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a b s t r a c t

In response to the increasing risk of well integrity failure during carbon dioxide capture, utilization and 
storage (CCUS), a multi-index evaluation and recommendation model based on the game theory 
combination-authority-DHHFLOWLAD was proposed to achieve the risk assessment of well integrity in 
CCUS and the selection of risky well treatment solutions in the same model. Through literature research, 
reference to relevant safety standards and norms, and expert inquiries, the Bow-tie diagram of wellbore 
integrity failure was established, the wellbore failure mechanism was analyzed, and the dual-layer 
hesitation fuzzy language (DHHFL) characteristics were combined to screen evaluation indicators to 
construct the CCUS wellbore integrity risk evaluation index system. Experts were invited to use DHHFL 
data for complex language evaluation and expected value transformation. Game theory combined an-
alytic hierarchy process (AHP) and entropy weight method were used to complete the optimization of 
comprehensive weights. The ordered weighted logarithmic mean distance (OWLAD) operator was 
introduced to aggregate the distance measurement between the well shaft and the scheme by 
combining the optimization weights of different indicators. Complete the recommendation of well risk 
assessment and management recommendations, and provide more accurate, scientific and practical 
guidance for CCUS well integrity evaluation and management.
© 2026 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

In the context of global carbon neutrality, many CO 2 disposal 
methods have been derived, among which CO 2 capture, utilization 
and storage (CCUS) technology has been widely recognized. By 
pressurization to salt-bearing strata or depleted oil and gas res-
ervoirs and coalfields, a large amount of supercritical CO 2 can be 
geologically sealed, and the safety of simultaneous storage has also 
received extensive attention from the public [1]. According to the 
literature [2–4], it is found that the main ways of sealing CO 2 
leakage can be divided into the following: leakage along the 
wellbore by destroying the integrity of the wellbore [5]; dissolved 
gas diffusion loss through the cap rock; leakage through pore 
space after exceeding the breakthrough pressure; leakage: 
Leakage through faults, cracks or groundwater. The wellbore [6] is 
the first channel for CO 2 geological storage and also the first 
storage barrier. The reliability damage of any link such as wellhead,

string, cement sheath or safety device during CO 2 injection will 
inevitably lead to the lack of wellbore integrity, which will lead to 
the failure of CO 2 geological storage. The leakage of CO 2 will not 
only affect human health, but also affect groundwater, and even 
threaten the balance of the ecosystem. According to the research 
by Xiang et al. by the end of 2019, China had invested 500 million 
tons of CO 2 for oil displacement and storage, and the annual 
storage capacity of the Jilin Oilfield demonstration area had 
reached 35 million tons. This large-scale engineering application 
highlights the urgent need for leakage risk management and 
control. [7]. Therefore, according to the characteristics of CCUS 
wellbore integrity, effective risk identification, early prevention 
and early treatment, to avoid wellbore integrity failure, establish a 
comprehensive, scientific and accurate risk assessment and 
treatment recommendation model, in order to ensure the wellbore 
integrity in the process of CCUS, which is of great significance to 
the safe geological storage of CO 2

In the field of wellbore-integrity risk assessment, the NRAP 
toolkit is among the most widely adopted worldwide [8–10]. It 
employs probabilistic approaches to quantify uncertainties asso-
ciated with reservoir characteristics, potential leakage scenarios, 
and the predicted impacts on shallow groundwater systems.
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Central to the toolkit is the derivation of computationally efficient 
reduced-order models (ROMs) for each system component, which 
are trained on high-fidelity physical and chemical simulations. 
These ROMs enable large-scale risk assessment and rigorous un-
certainty quantification without prohibitive computational cost. In 
addition, experts and scholars at home and abroad have carried 
out a variety of evaluation methods, including risk matrix method 
[11], analytic hierarchy process [12–14], fuzzy comprehensive 
evaluation method [15,16], principal component analysis method 
[17], TOPSIS method [18] and Bayesian network [19,20], artificial 
neural network [17] and random forest [21] based on the back-
ground of big data. However, whether it is for the evaluation of 
wellbore integrity in CO 2 storage or any underground gas engi-
neering such as oil, gas and natural gas, there are common prob-
lems such as difficulty in data acquisition, data ambiguity and 
strong uncertainty. Traditional monitoring technologies face is-
sues such as low accuracy, short lifespan, and weak adaptability in 
high-temperature and high-pressure complex environments, 
making it difficult to meet the full lifecycle monitoring re-
quirements [22]. Quantitative characterization of qualitative fac-
tors through expert scoring and other methods is currently widely 
used technical means. However, due to subjective and objective 
factors such as cognitive bias, information asymmetry and per-
sonal prejudice, experts judgments on things often have certain 
ambiguity and uncertainty, and are often given in fuzzy language 
forms such as 'excellent', 'good' and 'poor'.

Therefore, to enhance the accuracy of fuzzy language, Zadeh [23] 
proposed a fuzzy language method in 1975, which has been widely 
applied in evaluation and decision-making. After continuous 
development, Gou [24] proposed a double-layer hesitant fuzzy 
language (DHHFL) model in 2017, which includes a double-layer 
linguistic term set (DHLTS), which can accurately describe the 
language information and preference evaluation on the degree of 
adverbs, so that evaluators can express the evaluation of risk factors 
more accurately. The accuracy of the language evaluation results is 
more reflected in whether the distance operator can incorporate 
the evaluator's complex attitude into the decision-making process 
and solve the problem of logarithmic deviation. It measures the 
distance between data sets. Because the simple DHLTS distance 
formula is easily affected by extreme deviation values, the ordered 
weighted logarithmic mean distance (OWLAD) operator can 
effectively reduce the influence of maximum and minimum values. 
Fu Yuhe [25] used the two-layer language weighted ordered loga-
rithmic mean distance (DHLOWLAD) operator to show the differ-
ence and advantage of the distance measure operator compared 
with the simple distance formula; Yuhe Fu [26] applied the com-
bination of DHHFL and OWLAD operator to the application of the 
recommended treatment plan for patients with COVID-19 and 
achieved good results. The calculation results of OWLAD, weighted 
logarithmic average distance (WLAD) and ordered weighted 
average distance (OWAD) were compared, which showed a high 
degree of consistency in the recommendation of the optimal solu-
tion and affirmed the accuracy of the DHFFLOWAD operator. Zhang 
[27] combined DHHFL with TOPSIS method to measure the effect of 
urban haze control. The evaluation results are consistent with the 
actual situation, which affirms the accuracy of the combination of 
DHHFL and distance measure operator in evaluation application. 

In the previous verification, DHHFLOWLAD algorithm has the 
advantages of strong expression ability and accurate distance 
measurement results in risk assessment and decision-making 
level. Based on the characteristics of standard language de-
scriptions in existing wellbore risk assessment, the DHHFLOWLAD 
operator is applied to address the challenges of inaccurate de-
scriptions in wellbore risk assessment and the selection of

treatment recommendations during CO 2 geological storage. The 
main steps of risk assessment are: 'comment conversion-weight 
distribution-aggregate calculation-result analysis'. Among them, 
weight distribution refers to assigning appropriate weight co-
efficients to risk factors to reflect the importance or contribution of 
factors to the whole. Experts and scholars in the above research 
have adopted different weight distribution methods in the process 
of risk assessment, such as analytic hierarchy process, entropy 
weight method risk matrix method, etc. [12–17]. However, the 
single weighting method will be subjectively affected by the 
evaluator or the data is unreasonable, resulting in objective devi-
ation. Therefore, scholars at home and abroad have carried out 
research on the improvement of the method of evaluating the 
weight of indicators, focusing on the establishment of combination 
weighting ideas, fully integrating the weights calculated by 
various weighting methods for linear combination weighting, and 
then how to rationally allocate the weighting coefficients has 
become the focus of combination weighting. Therefore, the 
introduction of a more mature methodology-game theory [1], 
which is mainly used to study the scientific problem of how two or 
more factors make favorable decisions in an adversarial or 
competitive situation, can be essentially attributed to an optimi-
zation problem. The basic idea is to find consistency or compro-
mise between different weights, that is, to minimize the possible 
weights and the respective deviations between the basic weights. 
Therefore, this study chooses to use the combination of subjective 
and objective weighting methods of game theory to complete the 
weight distribution of risk assessment.

Based on this research, this study focuses on the integrity of 
CO 2 geological storage wellbores. Using the bow-tie analysis 
model, index screening and evaluation system construction were 
completed. Through expert evaluations of DHHFL-based knowl-
edge transformation, a combination of game theory optimization, 
AHP, and entropy weighting methods was applied to assign sub-
jective and objective weights. The OWLAD operator was then 
introduced to aggregate expected values. Simultaneously, well-
bore risk assessments and treatment recommendations were 
completed. The advantages of this model include: (1) more accu-
rate descriptions of qualitative indicators, reducing the impact of 
linguistic ambiguity; and (2) the ability to provide wellbore 
integrity management recommendations with a high degree of 
precision, offering more scientific and practical guidance for CCUS 
wellbore integrity assessment and management.

2. Double-layer hesitant fuzzy language theory

2.1. Bi-level language term sets

Definition 1 [24,28]: Let S = {s α |α = − ε; :::; 1; 0; 1; :::; ε} denote
the first-level linguistic term set, and let 
O = 

{ 
o β
⃒
⃒ β = − δ; :::; − 1; 0; 1; :::; δ 

} 
denote the second-level linguistic 

term set. Then the two-level linguistic term set is defined as: S O = 
{ 
s α〈o β 〉

⃒
⃒ α = − ε; :::; − 1; 0; 1; :::; ε; β = − δ; :::; − 1; 0; 1; :::; δ 

} 
. 

Among them, s α〈o β 〉 is a double-layer language term; s α and o β 
are the first-level and second-level linguistic terms, respectively. 

In the above way, the two-level fuzzy linguistic term elements
{ 
s 1〈o − 1 〉 

} 
and 

{ 
s 1〈o 1 〉 

} 
can be used to describe 'a little high' and 'very 

high'.

2.2. Double-layer hesitation fuzzy language term set

Definition 2 [21]: Building on the two-layer linguistic termi-
nology, the concept of hesitant fuzzy is introduced, leading to the 
derivation of the DHHFL terminology set. Given a set Z, then the
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DHHFL term set is a mapping function from Z to a subset of S O , 
whose mathematical expression is:

H S o = {z i ;h s o (z i )|z i ∈ Z}

h s o (z i ) represents the possibility of language z i to s o , which 
satisfies:

h s o (z i ) = 
{ 

s μ 
m 〈o v m 〉 

(z m) 
⃒ 
⃒
⃒s μ m〈o v m 〉 

∈ S O 
}

where m = 1; 2; ⋯; M; μ m = − ε; ⋯; − 1;0;1; ⋯; ε; v m = − δ; ⋯; − 

1;0;1; ⋯; δ; s μ m 〈o v m 〉 (z m ) is a continuous term and M is the number of 
bi-level linguistic terms. In addition, h s o (z i ) is called the DHHFL 
element.

Definition 3 [27]: Let S O = 
{ 
s α〈o β 〉

⃒
⃒ α ∈ [− ε; ε]; β ∈ [− δ; δ] 

} 
be a

continuous two-level linguistic term set, h s o = 
{ 
s μ m 〈o v m 〉

⃒ 
⃒s μ m 〈o v m 〉

∈ SO 
} 
be a DHHFL element, and h η = {η m |η m ∈ [0;1]; m = 1;2; …;M} 

be a hesitant fuzzy set. Through the monotone function f : [ − ε;ε] ×
[ − δ; δ]→[0; 1], the subscript (μ m ; ν m ) can be converted into a nu-
merical scale η m with equivalent information, which satisfies Eq. (1):

The monotone function F: U × V→II based on monotone func-
tions f , h s o and numerical scale set η m satisfies:

F(h s o ) = = {η m |η m = f (μ m ; ν m ); m = 1;2; ⋯;M} = h η (2)

Where U × V and II are the sets of all DHHFL elements and all 
numerical scales, respectively. In particular, when the DHHFL 
element h s o contains only one two-level language term, the func-
tion F degenerates into the function F ́ , satisfying:

F ́ : S O → [0;1]; F ́ (h s o ) = f (μ; ν) = η (3)

Similarly, the equivalent information between the subscript
μ m 〈o v m 

〉 of s μ m 〈o v m 〉 and the scale η m can be converted by the func-
tion f − 1 to satisfy:

where [ ] represents rounding.

3. Game theory combination weighting-DHHFLOWLAD 
evaluation model

Let T = {T i ; i = 1; 2; :::; m} be the scheme set, 
B = {b i ; i = 1; 2; …; n} be the index set, and P = {p i ; i = 1;2; …;n} 
be the object set. The two levels of completely independent lan-
guage term sets are used as the first level and the second level 
language term sets S = {s α |α = − ε;…;1;0;1;…;ε}, O = 

{ 
o β
⃒
⃒ β = − 

δ;… − 1;0;1;…δ 
} 
, respectively, to generate language expressions. 

A total of l experts A = {A k ; k = 1; 2; :::; l} are set up, and A ij repre-
sents the evaluation value of the k-th expert on the scheme A ij 
under the index b j .
Step 1: Set the double-layer hesitant fuzzy language set
The original language evaluation information of the wellbore

and scheme given by l experts is converted into DHHFL element 
h so = 

{ 
S α(Oβ)

⃒
⃒ S α(Oβ) ∈ S o 

} 
to form l language matrices. The expected

values of the above matrix elements are calculated by using 
formulas (1) and (4) to form i index data matrix E l = 

( 
e ij 
) 

mn. 
Step 2: Data preparation

(1) Construct the index set B = 
{ 

b j ; j = 1;2; …;n 
} 
of the evalu-

ation object.
(2) Construct the recommended scheme set T = (t 0 ;t 1 ;t 2 ;:::;t m ), 

scheme t 0 is used for risk level assessment, and scheme t 1 − 
t m is used for governance scheme recommendation.

Step 3: Combination weighting to determine the index weight 
In the index system of comprehensive evaluation, the impor-

tance or contribution of each index is not necessarily the same. To 
reflect the relative importance of indicators, it is necessary to 
determine the weight of indicators, that is, empowerment. Ac-
cording to the current mainstream, the weighting method can be 
divided into three types: subjective, objective and combined 
weighting. This model chooses to use the game theory combined 
analytic hierarchy process-entropy weight method to complete 
the optimal comprehensive weight assignment, hoping to reduce

f : [− ε; ε] × [− δ; δ]⇒[0; 1]

f (μ m ; ν m ) =

⎧ 
⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1 
ε 
× 

ν m + δ 
2δ

+ 
ε + μ m − 1 

2ε
= 

ν m + (ε + μ m )δ
2εδ

= η m ; − ε + 1 ≤ μ m ≤ ε − 1

1 
2ε 

×
ν m + δ

δ 
+

ε + μ m − 1
2ε

=
ν m + (ε + μ m )δ

2εδ 
= η m ; μ m = ε

1 
2ε 

×
ν m
δ 

= 
ν m
2εδ 

= η m ; μ m = − ε

(1)

f − 1 : [0; 1]⇒[− ε; ε] × [− δ; δ]

f − 1 (η m ) =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

1 − ε < o δ([2εη m − ε]− (2εη m − ε)− 1 > ; − ε ≤ 2εη m − ε < 1 − ε

[2εη m − ε] < o δ(2εη m − ε− [2εη m − ε]) > = [2εη m − ε] − 1 < o δ(2εη m − ε− [2εη m − ε]+1) > ;1 − ε ≤ 2εη m − ε < 0

[2εη m − ε] < o δ(2εη m − ε− [2εη m − ε]) > = [2εη m − ε] + 1 < o δ(2εη m − ε− [2εη m − ε]− 1) > ;0 < 2εη m − ε ≤ ε − 1

ε − 1 < o δ(2εη m − ε− [2εη m − ε]) > = ε < o δ(2εη m − ε− [2εη m − ε]− 1) > ; ε − 1 < 2εη m − ε ≤ ε

(4)
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the subjective influence of the evaluator on the evaluation results 
as much as possible, so that the weight can reflect the subjective 
judgment of the evaluator and the influence of objective data at 

the same time, and construct the weight set ω bj = 
{ 

ω bj ; j = 1;2;…;

n 
} 
. The process is as follows:

(1) Analytic hierarchy process subjective weighting ω 1 
The analytic hierarchy process (AHP) [29] is a multi-

criteria decision-making method that objectively quan-
tifies the subjective judgment of the evaluator. Analyze and 
compare the importance of each two factors to form a 
judgment matrix. According to the judgment matrix, the 
weight of each factor in the lowest layer is calculated, and 
the decision can be made after sorting according to the 
weight. The analytic hierarchy process is used to empower 
the indicators in the index system, and the steps are as 
follows.
a. The indicators are compared in pairs to form a judgment 
matrix. Let c 1 , c 2 , …, c n belong to n indexes, then the 
judgment matrix C is an n-order square matrix, as shown 
in the following formula.

C =

⎡ 

⎢ 
⎢
⎣ 

c 11 c 12 ⋯ c 1n
c 21 c 22 ⋯ c 2n
⋮ ⋮ ⋱ c 1n

c n1 c n2 ⋯ c nn

⎤

⎥
⎥
⎦ (5)

In the formula, c ij represents the importance value of index b i 
compared with index b j , which is commonly determined by 9-
level scaling method.

b. Consistency check. The judgment matrix involves the 
pairwise comparison of multiple indicators, which may 
lead to contradictory situations and make its consistency 
worse. Therefore, the consistency index is introduced.

CI = 
λ max − n

n − 1 
(6)

In the formula, λ max is the maximum eigenvalue of the 
judgment matrix, and n is the number of indexes, that is, the 
order of the matrix.

c. Calculate the consistency ratio

CR =
CI
RI

(7)

(2) Objective empowerment of entropy weight method ω 2 
The entropy weight method [30] is a weighting method 

based on the amount of information contained in each index. It 
is objective and can avoid the interference of too many human 
factors. Starting from the relationship between the original 
data, a certain mathematical method is used to analyze the 
degree of change of each evaluation index. The information 
entropy value is used to calculate the weight of each evalua-
tion index, and the objective weight in line with the actual 
situation is obtained. The entropy weight method is used to 
determine the objective weight of the wellbore integrity risk 
assessment index. The specific steps are as follows:
a. Construct the original data matrix and n evaluation risk 
factors to construct the original data matrix D =
( 

d ij 
) 

mn 
(i = 1; 2:::; m; j = 1; 2:::; n; ).

D = 

⎡

⎣ 
x 11 x 12 ⋯ x 1n
x 21 x 22 ⋯ x 2n
x m x m2 ⋯ x mn

⎤

⎦ (8)

b. The normalized value of the i-th evaluated object under 
the j-th evaluation index is calculated, and the following 
results are obtained:

p ij = 
x ij

∑ m
i=1 x ij

(9)

c. Calculate the information entropy value of the evaluation 
index e j :

e j = −
1 
lnm

∑m

i=1 
p ij ln p ij (10)

d. Calculate the objective weight of the evaluation index ω j

ω j = 
1 − e j

∑ n
j=1

( 
1 − e j 

) (11)

where 0 ≤ ω ≤ 1; and 
∑n

j=1ω j = 1:
(3) Game theory combination weighting ω * 

To reduce the one-sidedness of subjective and objective 
weighting, the subjective weight ω 1 determined by AHP 
method and the objective weight ω 2 determined by en-
tropy weight method are taken as the two sides of the 
game [31]. Based on the idea of game theory, the optimal
comprehensive weight ω * is calculated. The specific steps 
are as follows:
a. Linear combination of subjective and objective weights

ω * = β 1 ω
T
1 + β 2 ω

T
2 (12)

where ω * is the combination weight vector; β 1 and β 2 are weight 
coefficients and β 1 > 0;β 2 > 0.

b. The optimal combination is based on the idea of game 
theory, and the linear combination optimizes the weight 
coefficients β 1 and β 2 , so that the sum of deviations be-
tween ω * and subjective and objective weights ω 1 and ω 2 
is minimized. The game model for obtaining the optimal 
combination coefficient is as follows:

min(‖ω * − ω 1 ‖ 2 + ‖ω ́ − ω 2 ‖ 2 ) = 

min
(⃦ 
⃦
⃦β 1 ω

T
1 + β 2 ω 

T
2 − ω 1 

⃦
⃦
⃦
2 
+

⃦ 
⃦
⃦β 1 ω

T
1 + β 2 ω 

T
2 − ω 2

⃦
⃦
⃦
2 

)

(13)

c. According to the principle of matrix differential, the first-
order derivative of Eqs. (12) and (13) is carried out to 
solve the optimal combination coefficient. The derivative 
conditions are as follows:

⎧ 
⎨ 

⎩

β 1 ω 1 ω
T
1 + β 2 ω 1 ω

T
2 = ω 1 ωT

1

β 1 ω 2 ω
T
1 + β 2 ω 2 ω

T
2 = ω 2 ωT

2

(14)

According to Eq. (14), the coefficients β 1 and β 2 is obtained.
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d. The optimal comprehensive weight is calculated, and the 
obtained β 1 and β 2 are normalized. The optimal combi-
nation coefficients β 1 and β 2 are substituted into Eq. (12) 
to obtain the optimal comprehensive weight ω * :

ω * = β*1 ω
T
1 + β*2 ω

T
2 (15)

Step 4: Calculate the distance measure by DHHFLOWLAD 
operator [32]
a. Based on the DHHFLOWLAD operator, the distance formula 
between the index data matrix p i and the scheme t i is 
calculated:

d DHHFL 

(
h pi 

S O
;hti

SO 

) 
=

( 
1 
M

∑M

m=1

(⃒ 
⃒ 
⃒F ́ 
(
s pi

μ m〈o νm 〉 

) 
− F ́ 

( 
sti

μ m 〈o νm 〉

)⃒ 
⃒
⃒ 
) λ 
)1

λ
(16)

b. The DHHFLOWLAD aggregation wellbore individual distance 
measure d ́ defined in the formula:

d ́ = DHHFLOWLAD 
(
H 

p
So 
;Ht

So 

)

= exp 

{ 
∑n

i=1
ω i ln 

( 
d DHHFL 

(
h pi 

s o ;h
ti 
s o

)) 
} (17)

c. Normalize the distance measure:

d = 
d ́ − min(d ́ )

max(d ́ ) − min(d́  ) 
(18)

Among them, d t0 represents the risk degree R, the closer the 
distance between the risk wellbore and the risk assessment 
scheme t 0 is, the lower the risk degree is, and vice versa; the closer 
the distance is to the recommended governance scheme, the more 
effective the governance scheme is for the integrity of the

wellbore. The DHHFLOWLAD operator is used to calculate the 
distance between each governance scheme in matrix Z and the 
corresponding evaluation factors of each risk wellbore in matrix P. 

To facilitate the evaluation, the risk value is converted to the 
range of 0–1 as the benchmark. The risk of wellbore integrity 
damage is divided into five risk levels according to the risk degree, 
and the relevant countermeasures are formulated according to the 
expert experience. The specific contents are shown in Table 1.

4. Analysis of CO 2 geological storage wellbore integrity 
failure process

4.1. Description of wellbore integrity failure problem

(1) Problem posing
a. According to the existing CCUS standards, specifications 
and guidelines, the evaluation of wellbore integrity risk 
indicators is mostly based on linguistic information 
description, and there is a problem that it is difficult to 
accurately express the evaluator ‘s intuitive feelings in 
details.

b. By investigating a large number of literatures 
[3,4,6,11–19], it is determined that the main influencing 
factors of wellbore integrity failure are wellhead device 
sealing, casing sealing, cement ring quality, safety device 
effectiveness, corrosion degree and annular pressure.

(2) Problem analysis
a. The introduction of two-layer language terms can be used 
to solve the problem of fuzzy language accuracy. For a 
single-layer language such as “low, medium, and high,” 
an auxiliary descriptive language, including terms like 
“only one point,” “one point,” “just right,” “more than,” 
and “much more than,” is added to form a second layer. 
This second layer is used for the original language 
assessment description of CO 2 geological storage well-
bore risk.

b. Numerous studies on CO 2 geological storage wells concur 
that corrosion is the principal mechanism undermining 
wellbore integrity [3,4,6,11,12,33]. Simultaneously, the 
chemical alteration of the cement sheath by CO 2 consti-
tutes a critical and ubiquitous indicator of potential

Table 1
Criteria for determining CCUS well risk levels and control measures.

Risk 
level 

Value-at-
risk ogoLerusaeMetatsk siR

Ⅰ (0~0.2] Low Normal maintenance and management Green 

Ⅱ (0.2~0.4] General Take appropriate control measures, monitor risks, and keep risks 
within an acceptable range  Blue 

Ⅲ (0.4~0.6] High Take maintenance or risk reduction measures, maintain stable storage, 
and closely monitor the changes of various risk sources Yellow 

Ⅳ (0.6~0.8] Serious 

First, formulate emergency plans, monitor production or take risk 
reduction measures according to the situation, closely track 
production dynamics, timely analyze and evaluate problems and take 
corresponding measures 

Orange 

Ⅴ (0.8~1] Dangerous 

After the red well is determined, it must be treated immediately. The 
business management department should immediately organize the 
preparation of the governance plan, and the production unit should 
immediately take emergency plans and implement risk reduction 
measures; organize and implement the governance plan 

Red 
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failure [34,35]. When the sequestered super-critical CO 2 
or CO 2 -saturated acidic formation water intrudes into the 
cement sheath via micro-annuli, fractures, or permeable 
cement, it reacts with hydrated cement phases, precipi-
tating calcium carbonate and other secondary products. 
Although initial precipitation may temporarily occlude 
pores, prolonged exposure ultimately dissolves the 
cementitious matrix, increases porosity and perme-
ability, and markedly reduces mechanical strength [36]. 
Such alteration not only directly compromises the phys-
ical barrier and zonal-isolation capacity of the cement 
sheath, thereby elevating the risk of fluid migration along 
the annulus or between strata, but also represents a 
common driver of anomalous annular-pressure build-up. 
However, interactions among multiple risk sources can 
trigger more severe wellbore-integrity failures; for 
example, fault slip may deform or rupture the casing, 
subsequently inducing annular-pressure escalation or 
further cement-sheath damage; excessive corrosion may 
degrade the sealing integrity of the wellhead and tubu-
lars, introducing additional failure modes. Hence, a Bow-
tie model for CCUS wellbore-integrity failure is required 
to systematically map the failure pathways, identify risk 
factors, and formulate targeted risk-control measures.

4.2. Bow-tie model of wellbore integrity failure

Based on the research results of experts and scholars at home 
and abroad and the existing engineering theory, the risk of well-
bore integrity damage during CO 2 injection is studied from three 
parts: human factors, wellbore internal state, formation and 
environmental factors. Based on the identification and identifica-
tion of risk factors in the wellbore structure Fig. 1, the analysis is 
carried out from the following three parts: (1) The formation and 
environmental factors, in the absence of reference to the me-
chanical and microscopic effects of the level, the wellbore is 
mainly affected by whether the surrounding formation will slip 
and the surrounding mining disturbance; (2) The effectiveness of 
wellbore components is mainly to evaluate the failure possibility 
of wellbore components from the aspects of sealing and integrity 
of wellhead and string, effectiveness of safety devices, quality of 
cement sheath, and annulus pressure level; (3) The human factors 
are mainly measured by the adequacy of the system, management, 
maintenance and safety measures, and the risk factors of wellbore 
integrity failure are identified from the three aspects of 'formation 
environment-wellbore component-human'. The wellbore failure 
control process is 'initial risk-manual intervention-wellbore 
inspection-uncontrollable factors intervention-shut-in treatment/ 
CO 2 storage failure'. In summary, the Bow-tie model of CO 2

Fig. 1. Wellbore integrity risk distribution of CO 2 injection wells.

B. Qin, W. Duan, S. Nan et al. Petroleum 12 (2026) 182–195

187



geological storage wellbore integrity failure is established as 
shown in Fig. 2.

4.3. Wellbore integrity risk evaluation index system

The risk assessment and management of wellbore integrity in 
the process of CO 2 geological storage is a multi-attribute evalua-
tion and recommendation decision-making problem. In the anal-
ysis of the causes of wellbore integrity failure in the above Bow-tie 
model diagram, there may be problems such as sealing device 
failure, casing corrosion deformation, packer failure and safety 
valve failure caused by excessive corrosion. The logical relation-
ship between the factors is sorted out to select the index. 
Wellbore-integrity assessment focuses on the factors listed in 
Table 2. This selection is not intended to disregard other poten-
tial drivers, but rather reflects a deliberate alignment with the 
model's specific objectives and methodological framework. Table 2 
indicators directly and quantitatively capture the principal failure 
mechanisms identified by the Bow-tie model; their evaluation 
criteria are measurable, readily monitored, and objective, thereby 
mitigating the subjectivity inherent in descriptive risk approaches. 
Inherent design parameters that remain unchanged during the 
operation and maintenance phase are excluded because their risk 
contribution is already implicitly embodied in dynamic degrada-
tion indicators. Likewise, indirect causal factors are accounted for 
through the corresponding direct outcome metrics. The

establishment of this model is to solve two problems: (1) As far as 
possible to reduce the subjectivity of the evaluator's risk point 
description in the risk assessment process and improve the accu-
racy of quantitative conversion; (2) Taking managers and techni-
cians as the center, risk management decisions can be carried out. 
When faults such as deformation, sealing loss, and component 
damage occur in the wellbore, a well integrity management pro-
posal with a high degree of matching can be quickly and accurately 
recommended. Therefore, in the selection of indicators, human 
factors and management factors are considered separately from 

the evaluation model. Based on the difficulty of data acquisition, 
the indicators in Table 2 below are selected to characterize the risk 
of damage to the integrity of CO 2 geological storage wellbore:

4.4. Wellbore integrity risk assessment and governance proposal 
process

First of all, monitoring and evaluation technologies are used to 
determine whether there is CO 2 leakage in the wellbore and to 
assess the reliability of wellbore components in identifying well-
bore risks. Meanwhile, expert groups are formed to develop and 
organize a set of candidate management programs for wellbore 
management. By consulting previous literature, relevant safety 
standards and specifications, expert consultation and other 
methods, the Bow-tie model diagram of wellbore integrity failure 
of CO 2 geological storage is established. The risk factors are

Fig. 2. Bow-tie model diagram of CCUS well integrity failure.
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identified from the failure process, and the indexes that can 
characterize the damage degree of wellbore integrity in the pro-
cess of storage are selected to construct the evaluation index 
system. By inviting a number of experts combined with the DHHFL 
terminology set, the complex language evaluation of the wellbore 
state and the treatment plan to be evaluated is given, and the 
language information is converted into the expected value by us-
ing the DHHFL knowledge. The analytic hierarchy process is used 
to complete the weight distribution of each expert under different 
indicators. The subjective weighting is completed according to the 
expert ability, cognition and other factors. The entropy weight 
method is used to complete the objective weighting of the ex-
pected value matrix. Based on the game theory, the subjective and 
objective combination optimization comprehensive weight

calculation is carried out. The OWLAD operator is introduced to 
combine the optimization weights of different indicators to 
aggregate the distance measure between the expected value of the 
wellbore and the expected value of the scheme, and the risk 
assessment and treatment scheme recommendation of the CO 2 
geological storage wellbore are completed. The specific process is 
shown in Fig. 3:

5. Application of CO 2 geological storage wellbore integrity 
risk assessment and treatment suggestion model

5.1. Model application

Set T = {T i ; i = 1; :::; 13} as the scheme set, 
B = 

{ 
b j ; i = 1; 2; …10 

} 
as the index set, P = {p i ; i = 1; 2; 3; 4} as the 

wellbore object set to be evaluated, and there are l experts
A = {A k ; k = 1; 2; :::; 4} in total. The two levels of completely inde-
pendent language term sets are S = {s α |α = − 3; …; 0; …; 3} and O =
{ 
o β
⃒
⃒ β = − 3;… − 1;0;1;…3 

} 
, respectively, as the first level and the 

second level of language term sets to generate language 
expressions.
Step 1: Set the double-layer hesitant fuzzy language set:

As the first level and the second level of language term sets, 
respectively, to produce language expression.
Step 2: Data preparation
The original language information of each risk factor of the 

selected risk shaft was evaluated by four invited experts according 
to the DHHFL data. Table 3 is the evaluation content of the original 
language information of expert A 1 .

Table 2
CCUS well integrity evaluation index system.

Goal layer First grade indexes Second grade indexes Specific meaning or evaluation criteria of indicators

Wellbore risk degree Internal factors of wellbore Wellhead sealing loss (b 1 ) Test wellhead pressure drop value or wellhead bubble 
frequency, with or without blowout and other engineering 
events;

Wear degree of pipe string (b 2 ) The service life and stability of the wellbore string are 
evaluated by monitoring the surface roughness and the loss 
degree of the wear area;

Loss of string sealability (b 3 ) Relying on the thread strength at the connection of the pipe 
string and the decline evaluation of the sealing test; 

The deformation degree of pipe string (b 4 ) Monitoring the deformation depression degree of the pipe 
string;

Corrosiveness (b 5 ) Monitoring the surface roughness of the string and the 
corrosion rate of the wellbore;

Cement sheath quality (b 6 ) It is characterized by the quality of cement sheath, the size 
and number of cracks on the surface of cement sheath and 
the existence of free section;

Annulus pressure (b 7 ) Evaluate whether the annular pressure is within the 
maximum allowable pressure range designed between 
different casings;

Safety device (b 8 ) Through regular functional testing, verify the reliability of 
the equipment;

Stratum and environmental factors Surrounding mining disturbance (b 9 ) Whether there is operation activity within 2 km around the 
wellbore is the judgment standard;

Fault slip displacement (b 10 ) Judging by the trend of fault slip and whether the fault slip 
distance is greater than 10 mm.

S = 

{
s − 3 = perfect; s − 2 = very good; s − 1 = good; s 0 = middle; 

s 1 = bad; s 2 = very bad; s 3 = none

}

o =

⎧
⎪⎨

⎪⎩  

{o 0 = just right; o 1 = only a little; o 2 = a little; o 3 = far from}; t = − 3
{ 

o − 3 = far from; o − 2 = a little; o − 1 = only a little; o 0 = just right;

o 1 = much; o 2 = very much; o 3 = entirely

} 

; − 3 < t < 3

{o − 3 = far from; o − 2 = a little; o − 1 = only a little; o 0 = far from}; t = 3

⎫  
⎪⎬  

⎪⎭
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There is a strong correlation between the single factors of risk 
indicators. Therefore, the governance scheme given by the expert 
group is mainly based on the causal relationship between the in-
dicators. The failure mechanism of the specific scheme is shown in 
Table 4 (note: due to the large number of CCUS wellbore integrity 
governance methods and schemes, only a part of them is selected in 
this study to study the reliability of the model. The scheme mainly 
focuses on the III and IV risk level wellbore governance schemes): 

To ensure the scientific rigor of the recommended governance 
model, the expert group primarily focuses on wellbore integrity 
governance measures targeting moderate risks. The selected com-
bination of schemes t 1 − t 13 constitutes the governance scheme set. 
At the same time, the addition t 0 scheme is set to evaluate the risk 
degree of the target wellbore. The specific content of t 0 − t 13 risk 
wellbore integrity management scheme is as follows.

Scheme 1 (t 0 ): Assuming that all risk points are in an extremely 
safe state, the scheme t 0 distance measure is used to characterize 
the wellbore risk degree R;

Scheme 2 (t 1 ): It is used to control the increase of annular 
pressure caused by the decrease of wellhead sealing;

Scheme 3 (t 2 ): It is used to control the increase of annular 
pressure caused by the decrease of wellbore sealing caused by the 
quality problem of cement sheath;

Scheme 4 (t 3 ): It is used to control the problem of annular 
pressure rise caused by the failure of safety device;

Scheme 5 (t 4 ): It is used to control the cracking of cement ring 
in the wellbore caused by excessive mining disturbance around 
the wellbore;

Scheme 6 (t 5 ): it is used to control the cracking of wellbore 
cement ring caused by fault shear sliding;

Scheme 7 (t 6 ): for the treatment of safety device failure caused 
by excessive corrosion;

Scheme 8 (t 7 ): for the treatment of wellhead sealing loss caused 
by the failure of safety devices;

Scheme 9 (t 8 ): Troubleshooting of wellhead sealing device; 
Scheme 10 (t 9 ): It is used to control the serious loss of pipe 

string sealing caused by the deformation of pipe string caused by 
fault slip and the damage of pipe string connection;

Scheme 11 (t 10 ): It is used to control the deformation of the 
pipe string caused by the internal blockage of the pipe string;

Fig. 3. CCUS well risk assessment and treatment plan recommendation flowchart.
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Scheme 12 (t 11 ): for the treatment of the loss of pipe string 
sealing caused by serious corrosion;

Scheme 13 (t 12 ): control the aging damage of safety device;

Scheme 14 (t 13 ): the risk degree of the wellbore is at a high 
level, so it is necessary to stop the CO 2 injection operation of the 
wellbore and carry out all-round safety inspection.

Table 3
Expert A 1 original language assessment information.

Well casing p 1 p 2 p 3 p 4

Wellhead sealing loss
(b 1 )

The sealing loss is 
general, and no 
blowout accident has 
occurred.

The sealing loss is very small, 
and no blowout accident has 
occurred.

Bubbles erupted frequently at 
the wellhead, and no blowout 
accident occurred.

A large number of bubbles are 
generated at the wellhead, and 
blowout accidents have 
occurred.

Pipe string wear (b 2 ) Extremely low More than middle More than middle A little serious
Sealing loss of pipe
string (b 3 )

3.2% 5% 2.3% 4.6%

String deformation (b 4 ) Not large Critical Slightly higher Extremely serious
Corrosiveness (b 5 ) Very serious Middle A little serious Extremely serious
Cement sheath damage
(b 6 )

Back to the surface and
no cracks.

Back up to the surface there are
small cracks.

It does not return to the surface
and has a large number of 
cracks.

There are a large number of
connected cracks on the 
surface.

Annulus pressure (b 7 ) Few Up to 35% of the maximum 

allowable pressure
69% of the maximum allowable 
pressure

88% of the maximum allowable 
pressure

Safety device (b 8 ) Most of the safety valve 
failure problems.

Normal operation with slight 
mechanical wear.

Normal operation with slight 
mechanical wear.

Some safety valves have failure 
problems.

Mining disturbance
(b 9 )

Extremely low More than middle General A little high

Fault slip displacement
(b 10 )

There is no sliding 
trend.

Fault slip >20 mm Fault sliding within 15 mm Fault slip >20 mm

Table 4
Failure mechanism of CCUS well integrity.

Failure occurrence Failure cause

Wellhead sealing loss Failure of safety device (t 5 ) Corrosion damage Wellhead sealing aging (t 6 )
Sealing loss of pipe string Cement sheath damage (t 2 ) Corrosion damage (t 10 ) Fault shear sliding (t 8 ) String deformation (t 8 ) 
Cement sheath damage Fault shear sliding (t 12 ) Corrosion damage Mining disturbance (t 4 )
Annular pressure out of control Wellhead sealing loss (t 1 ) Sealing loss of pipe string (t 2 ) Cement sheath damage (t 2 ) Failure of safety device (t 3 )
Failure of safety device Corrosion damage (t 7 ) Device aging (t 11 )
String deformation Fault shear sliding (t 8 ) Corrosion damage Internal blockage of pipe string (t 9 )

Table 5
Expert A 1 evaluation decision information h S0 Matrix P u

#1 (p 1 ) #2 (p 2 ) #3 (p 3 ) #4 (p 4 )

b 1 {s 1<o-1> ,s 1<o0> } {s -1<o-2> ,s -1<o-1> } {s 2<o0> ,s 2<o3> } {s 2<o3> ,s 3<o-2> }
b 2 {s -3<o0> ,s -3<o1> } {s 0<o3> ,s 1<o-2> } {s 0<o3> ,s 1<o-2> } {s 2<o-2> ,s 2<o1> }
b 3 {s 0<o2.5> ,s 1<o0.5> } {s 3<o-2> ,s 3<o0> } {s 0<o-0.7> ,s 0<o2.3> } {s 2<o0.4> ,s 3<o-2.6> }
b 4 {s -1<o1> ,s -1<o3> } {s 2<o-2> ,s 2<o-1> } {s 1<o-3> ,s 1<o-2> } {s 2<o2> ,s 2<o3> }
b 5 {s 2<o0> ,s 2<o1> } {s 0<o1> ,s 0<o2> } {s 2<o-3> ,s 2<o-2> } {s 2<o2> ,s 2<o3> }
b 6 {s -3<o1> ,s -3<o2> } {s -2<o-2> ,s -2<o1> } {s 2<o2> ,s 2<o3> } {s 2<o0> ,s 2<o3> }
b 7 {s -3<o0> ,s -3<o1> } {s -1<o0.3> ,s 0<o-2.7> } {s 1<o0.4> ,s 2<o-2.6> } {s 2<o0.8> ,s 3<o-2.6> }
b 8 {s 2<o3> ,s 3<o-2> } {s -2<o0> ,s -2<o-1> } {s -2<o0> ,s -2<o-1> } {s 2<o-3> ,s 2<o-2> }
b 9 {s -3<o0> ,s -3<o1> } {s 0<o2> ,s 0<o3> } {s 0<o2> ,s 0<o3> } {s 1<o-3> ,s 1<o-2> }
b 10 {s -3<o1> ,s -3<o2> } {s 3<o-1> ,s 3<o0> } {s 1<o2> ,s 1<o3> } {s 2<o3> ,s 3<o-3> }

Table 6
Matrix T of scheme information h S0

t 0 t 1 t 2 t 3 … … t 13

b 1 {s -3<o0> ,s -3<o0> } {s 2<o-1> ,s 2<o1> } {s 2<o-1> ,s 2<o1> } {s -2<o0> ,s -2<o3> } … … {s 2<o2> ,s 3<o-1> }
b 2 {s -3<o0> ,s -3<o0> } {s -1<o-3> ,s -1<o0> } {s -1<o-3> ,s -1<o0> } {s -1<o-3> ,s -1<o0> } {s 2<o2> ,s 2<o3> }
b 3 {s -3<o0> ,s -3<o0> } {s 0<o-2> ,s 0<o2> } {s 0<o-2> ,s 0<o2> } {s 0<o-2> ,s 0<o2> } {s 2<o0> ,s 2<o3> }
b 4 {s -3<o0> ,s -3<o0> } {s 1<o-3> ,s 1<o0> } {s -1<o-3> ,s 1<o-1> } {s 1<o-3> ,s 1<o0> } {s 2<o0> ,s 2<o3> }
b 5 {s -3<o0> ,s -3<o0> } {s 1<o-3> ,s 1<o0> } {s 2<o-3> ,s 2<o-1> } {s 1<o-3> ,s 1<o-1> } … … {s 2<o-3> ,s 3<o-2> }
b 6 {s -3<o0> ,s -3<o0> } {s -2<o0> ,s -2<o3> } {s 2<o-2> ,s 2<o0> } {s -2<o0> ,s -2<o3> } {s 2<o0> ,s 2<o1> }
b 7 {s -3<o0> ,s -3<o0> } {s 1<o0> ,s 1<o3> } {s 1<o0> ,s 1<o3> } {s 1<o0> ,s 1<o3> } {s 2<o0> ,s 2<o3> }
b 8 {s -3<o0> ,s -3<o0> } {s -2<o3> ,s -1<o-2> } {s 2<o-3> ,s 2<o0> } {s 2<o-3> ,s 2<o0> } … … {s 2<o0> ,s 2<o1> }
b 9 {s -3<o0> ,s -3<o0> } {s -1<o0> ,s -1<o3> } {s 0<o-1> ,s 0<o3> } {s 0<o-1> ,s 0<o3> } {s 1<o-3> ,s 1<o-2> }
b 10 {s -3<o0> ,s -3<o0> } {s 0<o-1> ,s 0<o3> } {s 2<o-3> ,s 2<o0> } {s 2<o-3> ,s 2<o0> } {s 3<o-3> ,s 3<o-2> }
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(3) Information conversion

The original language evaluation information given by the 
four invited experts and the language information of the 
wellbore treatment scheme recommended by the expert group 
are converted into the corresponding DHHFL element h so = 
{ 
S α (Oβ)

⃒
⃒ S α(Oβ) ∈ S o 

} 
matrix, as shown in Table 5 and Table 6 

respectively.
Taking p 1 wellbore as an example, the distance measurement 

expectation value of the above decision matrix element h so is
calculated, and the index data matrix E l = 

( 
e ij
) 

nm
is constructed.

Table 7 is the data matrix composed of the distance measure-
ment expectation value of expert A 1 to p 1 under different schemes.

Step 3: Game theory combination weighting to determine the 
index weight

Based on the analytic hierarchy process, the subjective weight
ω 1 of the four experts under each index is determined, as shown in 
Table 8.

Comprehensively considering the expert qualification and 
experience, the weight coefficient k(D 1 ;D 2 ;D 3 ;D 4 )
= (0:29; 0:23; 0:26; 0:22) is taken, and the expected value of each 
expert in scheme t i is integrated to form the expert comprehensive

expected value data matrix, which is recorded as E*i = 
( 
e ij 
) 

nm 
.

Taking the wellbore p 1 as an example, the matrix information is 
shown in Table 9 below.

Table 7
Data matrix E 1 of Expert A 1 's expected value to p 1

t 0 t 1 t 2 t 3 t 4 t 5 t 6 t 7 t 8 t 9 t 10 t 11 t 12 t 13

b 1 0.6609 0.1111 0.6947 0.4321 0.9321 0.068 0.1111 1.0107 0.1111 0.068 0.6609 0.1111 0.6947 0.4321
b 2 0.2515 0.3017 0.1954 0.1843 0.3239 0.2357 0.9095 0.8165 0.5031 0.6199 0.2515 0.3017 0.1954 0.1843
b 3 0.2515 0.7945 0.1954 0.1361 0.162 0.8625 0.9095 0.8165 0.6872 0.8416 0.2515 0.7945 0.1954 0.1361
b 4 0.4581 0.3017 0.1954 0.1843 0.3643 0.2357 0.9095 0.2422 0.6872 0.8416 0.4581 0.3017 0.1954 0.1843
b 5 0.4581 0.3017 0.4918 0.2291 0.3239 0.4357 0.3017 0.8099 1.1132 0.2357 0.4581 0.3017 0.4918 0.2291
b 6 0.4581 0.3017 0.4918 0.2291 0.5256 0.4357 0.3017 0.8099 0.3017 0.8416 0.4581 0.3017 0.4918 0.2291
b 7 0.0962 0.3191 0.1021 0.1925 0.1303 0.8398 0.0556 0.068 0.3402 0.0393 0.0962 0.3191 0.1021 0.1925
b 8 0.1712 0.3017 0.4918 0.2291 0.3239 0.2357 0.3017 0.2422 0.3017 0.2357 0.1712 0.3017 0.4918 0.2291
b 9 0.1712 0.3017 0.4918 0.2291 0.5256 0.2357 0.3017 0.8099 0.3017 0.2357 0.1712 0.3017 0.4918 0.2291
b 10 0.0962 0.6585 0.3982 0.3402 0.162 0.8398 0.4547 0.8165 0.9095 1.0665 0.0962 0.6585 0.3982 0.3402

Table 8
Subjective weights of experts under different indicators.

A 1 (0.29) A 2 (0.23) A 3 (0.26) A 4 (0.22) Expert integrated weight (ω 1 )

ω b1 0.1691 0.2143 0.1694 0.1690 0.1795
ω b2 0.1051 0.1062 0.1265 0.0531 0.0995
ω b3 0.1691 0.1519 0.1513 0.1591 0.1583
ω b4 0.1051 0.0495 0.0293 0.0352 0.0572
ω b5 0.2546 0.2966 0.2902 0.2839 0.2800
ω b6 0.0480 0.0321 0.0442 0.0839 0.0513
ω b7 0.0713 0.0321 0.0442 0.0839 0.0581
ω b8 0.0327 0.0732 0.1043 0.0839 0.0719
ω b9 0.0225 0.0217 0.0203 0.0240 0.0221
ω b10 0.0225 0.0217 0.0203 0.0240 0.0221

Table 9
Data matrix of comprehensive expected value of experts E*1

t 0 t 1 t 2 t 3 t 4 t 5 t 6 t 7 t 8 t 9 t 10 t 11 t 12 t 13

b 1 0.7687 0.0946 0.6947 0.3548 0.9397 0.0840 0.0932 1.0357 0.0927 0.0802 0.7687 0.0946 0.6947 0.3548
b 2 0.1447 0.2747 0.1954 0.2685 0.3310 0.2238 0.8593 0.8530 0.4560 0.6206 0.1447 0.2747 0.1954 0.2685
b 3 0.1447 0.7683 0.1954 0.2188 0.1696 0.8496 0.8593 0.8530 0.6401 0.8423 0.1447 0.7683 0.1954 0.2188
b 4 0.5655 0.2747 0.1954 0.2685 0.3720 0.2238 0.8593 0.2382 0.6401 0.8423 0.5655 0.2747 0.1954 0.2685
b 5 0.5655 0.2747 0.4918 0.1607 0.3310 0.4290 0.2533 0.8329 1.0657 0.2367 0.5655 0.2747 0.4918 0.1607
b 6 0.5655 0.2747 0.4918 0.1607 0.5329 0.4290 0.2533 0.8329 0.2558 0.8423 0.5655 0.2747 0.4918 0.1607
b 7 0.2022 0.2927 0.1021 0.2380 0.1381 0.8269 0.0626 0.0554 0.2926 0.0556 0.2022 0.2927 0.1021 0.2380
b 8 0.1043 0.2747 0.4918 0.1607 0.3310 0.2238 0.2533 0.2382 0.2558 0.2367 0.1043 0.2747 0.4918 0.1607
b 9 0.1043 0.2747 0.4918 0.1607 0.5329 0.2238 0.2533 0.8329 0.2558 0.2367 0.1043 0.2747 0.4918 0.1607
b 10 0.2022 0.6322 0.3982 0.4222 0.1696 0.8269 0.4045 0.8530 0.8620 1.0672 0.2022 0.6322 0.3982 0.4222

Table 10
Objective weight ω 2 based on entropy weight method.

b 1 b 2 b 3 b 4 b 5 b 6 b 7 b 8 b 9 b 10

0.1133 0.0693 0.0743 0.0749 0.0855 0.1261 0.0743 0.0851 0.1396 0.1320
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b. Based on the entropy weight method, the objective weight of 
each index is determined.

The weight ω j of index B = 
{ 

b j 
} 
is calculated by entropy 

method, and the calculation result ω 2 is shown in Table 10.

c. Combination weighting based on game theory

Based on the fundamental principles of game theory, the 
weights obtained separately by the AHP and the entropy-weight 
methods were substituted into Eqs. (12)–(14). After normalization

and optimization, the combined coefficients were derived as
β 1 * = 0.6997 and β 2 * = 0.3003. Substituting these normalized 
optimal coefficients into Eq. (15) yields the optimal comprehensive 
weights from the game-theory-based AHP–entropy combination 
approach, as presented in Fig. 4.
Step 4: Risk level R and recommended result d ti
Based on the optimal comprehensive weight ω * , the distance

between the index data matrix E*i and the scheme matrix T i is
calculated based on the DHHFLOWLAD operator. After normali-
zation, the risk degree R and distance measurement results d ti of 
each wellbore are comprehensively analyzed as shown in Table 11.

5.2. Analysis of model application results

The distance measure between the wellbore to be evaluated 
and the treatment scheme is calculated by using the DHHFL term 

combined with the OWLAD operator. According to the calculation 
results, the determination of the wellbore risk degree and the 
recommendation of the reasonable treatment scheme are 
completed. The smaller the distance measure from the scheme t 0 , 
the lower the risk degree of the wellbore. On the contrary, it means 
that the risk degree of the wellbore is higher. Schemes t 1 − t 13 are 
recommended treatment schemes. The smaller the distance 
measure, the higher the recommendation degree of the treatment 
scheme as the corresponding wellbore. The risk wellbore p 1 -p 4 
evaluation and treatment scheme recommendation results are 
shown in Fig. 5 and Table 12 below:

Fig. 4. Optimal comprehensive weight ω *

Table 11
Risk degree R and distance measurement results d ti

p 1 p 2 p 3 p 4

R 0.3532 0.5280 0.6637 0.8853
d t1 0.2499 0.2177 0.1369 0.3011
d t2 0.2661 0.2376 0.0805 0.2139
d t3 0.3011 0.1736 0.2033 0.3536
d t4 0.3274 0.2116 0.3240 0.5407
d t5 0.3637 0.2231 0.3229 0.5337
d t6 0.1269 0.2975 0.2249 0.2922
d t7 0.2001 0.2623 0.2846 0.3765
d t8 0.2450 0.2717 0.2885 0.4648
d t9 0.3105 0.1301 0.1646 0.2476
d t10 0.3618 0.2267 0.3745 0.5549
d t11 0.1787 0.1754 0.3120 0.2889
d t12 0.3245 0.2811 0.4151 0.5236
d t13 0.2866 0.2130 0.1622 0.1013

Fig. 5. Distance measurement between risk wellbore and treatment plan.
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6. Conclusions

(1) The Bow-tie model diagram of CCUS wellbore integrity 
failure is established, and the failure mechanism of wellbore 
integrity is analyzed. Combined with the characteristics of 
DHHFL, 10 evaluation indexes are selected to construct the 
evaluation index system of CCUS wellbore integrity.

(2) The game theory is used to combine the subjective and 
objective weighting results of the analytic hierarchy process 
and the entropy weight method to complete the compre-
hensive optimization weight assignment, which avoids the 
subjective or objective influence of the single weighting 
method. It is determined that CO 2 acid gas corrosion during 
storage is the most important inducing factor for wellbore 
integrity failure.

(3) Based on the idea of combining risk assessment with 
treatment plan, a new evaluation model is proposed, which 
realizes the risk assessment of CCUS wellbore integrity and 
the selection of treatment plan for deviated wellbore in the 
same model. The application distance results of the model 
directly and clearly show the selection process of the p 1 -p 4 
wellbore in the governance scheme. The recommended re-
sults can better match the risk performance characteristics 
described by the experts on the wellbore, accurately select

the main causes of wellbore integrity damage, and give 
governance recommendations.

(4) The evaluation index and model proposed in this study are 
suitable for medium-high and dangerous wellbores, and 
have certain reference significance for CCUS safety storage. 
With the development of theory and technology, the eval-
uation system needs to be further improved. The follow-up 
research can also enrich the management plan library ac-
cording to practice to improve the model and provide more 
accurate, scientific and practical guidance for CCUS wellbore 
integrity management.
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Table 12
Results of CCUS wellbore risk level evaluation and recommended results of management plan.

Well 
casing

Risk 
level

Value-
at-risk Risk state Proposed 

layout Measure Logo

p1 Ⅱ 0.3532 General t6

Replace the damage safety device, take appropriate 
corrosion control measures, monitor and control the 
temperature, pressure and humidity of the 
surrounding environment of the wellbore, so as to 
slow down the speed of metal corrosion;

Blue

p2 Ⅲ 0.5280 High t9

The treatment scheme of string deformation caused 
by fault slip is adopted to check the inclination, 
deviation and shear failure degree of wellbore, 
determine whether it is necessary to evaluate the 
residual strength and thickness of casing, whether to 
replace the damaged pipe section, so as to maintain 
stable storage and closely monitor the fault slip;

Yellow

p3 Ⅳ 0.6637 Critical t2

Firstly, an emergency plan is formulated, and a 
treatment plan for the increase of annular pressure 
caused by cement sheath damage is implemented. 
To upgrade cementing quality, strengthen cementing 
strength of cement sheath, test annulus pressure, 
implement conventional pressure relief treatment, 
supplement annulus protection fluid, monitor 
production or take risk reduction measures 
according to the situation, closely track production 
dynamics, analyze and evaluate problems in time 
and take corresponding measures;

Orange

p4 Ⅴ 0.8853 Dangerous t13

After the dangerous well is determined, it is 
necessary to stop the CO2 storage operation of the 
wellbore and carry out the comprehensive safety 
inspection of the wellbore. The business 
management department should immediately 
organize the preparation of the governance plan, and 
the production unit should immediately take the
emergency plan, implement the risk reduction 
measures, and organize the implementation of the 
governance plan.

Red
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