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Abstract: Green supplier selection, as a core part of green supply chain management, has attracted
the attention of various researchers in the past decade. Plenty of green supplier selection methods
based on multi-criteria group decision-making have been presented in previous literature. However,
these approaches ignore the consensus level between the experts, and they rarely consider the priority
level among the experts and the interdependent relationship between criteria. To handle these
issues, an integrated framework of green supplier selection under the hesitant fuzzy linguistic (HFL)
environment was established. In this framework, the preference information expressed by HFL was
transformed into the hesitant 2-tuple linguistic (H2TL). Then, the consensus process was introduced
into the green supplier selection process to increase the consensus level between experts. The H2TL
prioritized operator and Choquet integral operator were respectively applied to construct the group
decision matrix and derive the ranking order of green suppliers. Finally, we used a numerical
example to demonstrate the validity and applicability of the presented framework and implemented
a comparative analysis to highlight the features of the presented method.

Keywords: green supplier selection; consensus process; hesitant 2-tuple linguistic; prioritized operator;
Choquet integral; multi-criteria group decision-making

1. Introduction

With the rapid development of economic globalization, humanity is facing some extremely serious
problems, including resource shortage and environment pollution. In light of growing consumer
awareness of environment protection and sustainable development, modern enterprise should focus on
resource conservation and environmental sustainable development when they pursue economic interests
and their own development. Green supply chain management (GSCM), which takes environment
performance into account, is deemed a novel management mode for enterprise [1]. The main objective of
implementing GSCM is to reduce the environmental pollution produced by activities related to the supply
chain [2]. GSCM includes various activities, such as green product development, green purchasing,
green production, green packaging, green warehousing, green marketing, green transportation, resource
recycling, and green supplier selection. In these activities, green supplier selection can directly influence
the competitiveness of a supply chain and the environmental performance of an enterprise [3], and
it is a key part of GSCM [4]. Furthermore, efficient supply chain management can help enterprises
to minimize supply chain and production risk, optimize inventory management, improve customer
service levels, enhance competitive advantage, and increase profitability and customer satisfaction [5,6].
Therefore, to keep a strategically competitive advantage in the fiercely competitive global environment,
it is significant for enterprises to select the most appropriate green supplier.
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Green supplier selection is generally deemed a multi-criteria group decision-making (MCGDM)
problem that includes many decision makers and evaluation criteria. In the literature, many green
supplier selection methods based on MCGDM have been presented by a number of researchers [7–12].
In these approaches, the selection process of green supplier is usually implemented by several experts
that come from different fields. However, there may exist a large deviation among the experts’ preference
information for green supplier selection. Apparently, with the results derived by this preference
information, it is difficult to guarantee that the finial decision scheme is accepted by the group of
experts. However, this situation is ignored in the existing approaches to green supplier selection, that is,
the consensus level among experts is not considered in the previous studies. The consensus reaching
process aims at increasing the agreement level between experts [13] and is applied in group decision
making before aggregating the evaluation information of experts. The consensus reaching process has
been widely employed in different areas [14–18]. Therefore, it is necessary to introduce the consensus
reaching process to the method of green supplier selection.

Green supplier selection, which involves various quantitative and qualitative criteria, is complex
decision process [7,19]. To select a suitable green supplier, the selection process is commonly carried
out by a group of experts with different backgrounds, experiences, expertise, and prestige, rather
than an individual. In real decision making, members of the group of experts should be assigned
to different priority levels. Nevertheless, the existing methods all assume that experts are of equal
importance, which may lead to a biased result in the final decision. In order to handle this situation,
the prioritized averaging (PA) operator was presented by Yager [20]. The prominent feature of the
PA operator is its ability to reflect the priority levels among experts. Based on the advantage of the
PA operator, it has been successfully applied to various problems [21–24]. In addition, the preference
information provided by experts generally has aspects of uncertainty, vagueness, and hesitancy.
To address this situation, Rodriguez et al. [25] originally presented the hesitant fuzzy linguistic term
set to flexibly express an expert’s preference information. Many studies and applications concerning
the hesitant fuzzy linguistic term set have been performed [25–30]. Accordingly, it is very interesting
to apply the PA operator to aggregate the hesitant fuzzy linguistic preference of experts in the green
supplier selection.

On the other hand, dependencies and interactions may exist among the evaluation criteria in
green supplier selection. However, there are few approaches in previous literature that focus on
this issue. Qin et al. [11] argued that the interaction among criteria should be taken into account in
green supplier selection. To this end, Feyzioğlu and Büyüközkan [31] investigated the green supplier
performance evaluation issue, taking into account the interdependent relationships among criteria.
Nia et al. [32] presented a comprehensive green supplier selection method under a fuzzy environment,
in which a Delphi method is used to determine the weight of criteria, and the Choquet integral is
applied to obtain the best green supplier. However, these two methods have two drawbacks: (1) They
fail to consider the consensus level between the experts; (2) They ignore the priority level between
experts. Moreover, the Choquet integral has been widely utilized in many fields [33–41] due to its
ability to depict the interdependent relationships among the criteria. Hence, selecting the best green
supplier by combining the Choquet integral and other methods is meaningful work.

Based on the above discussion, the currently study aims at establishing a synthetical green supplier
selection framework under the hesitant fuzzy linguistic environment to select the most appropriate
green supplier, which considers both the priority levels among experts and the interdependent
relationship between criteria simultaneously. The major contributions of our study are listed as follows.
First, the consensus level between experts was improved by applying a consensus-reaching process
before constructing the group decision matrix. Second, the priority level among experts was reflected
by employing a priority aggregation operator to aggregate the individual preference. Furthermore,
a comparative analysis with the existing methods was carried out to demonstrate the advantages of the
presented framework. The remaining parts of this study are arranged in the following way. The related
literature of green supplier selection, consensus reaching process, prioritized aggregation operator, and
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Choquet integral are reviewed in Section 2. Section 3 introduces the essential concepts of the hesitant
fuzzy linguistic term set, 2-tuple linguistic variable and hesitant 2-tuple linguistic term set, and the
definition of consensus measure. A synthetical framework for green supplier selection is presented in
Section 4. In Section 5, a case study and a comparative analysis are carried out by applying the green
supplier selection issue to an international automobile company. Finally, the conclusions of this article
and suggestions for future studies are provided in Section 6.

2. State-of-the-Art Review

This section reviews related literature from four aspects, that is, green supplier selection, consensus
reaching process, and application of the prioritized aggregation operator and the Choquet integral.

2.1. Methods for Green Supplier Selection

In light of green supplier selection being a typical multi-criteria decision-making (MCDM) issue,
plenty of methods, particularly based on MCDM techniques, have been presented in the past decade.
For instance, Handfield et al. [42] proposed a supplier selection approach based on an analytical hierarchy
process in which evaluation criteria include environmental criteria. Büyüközkan [7] constructed a decision
model for green supplier selection in which an axiomatic design is employed to obtain the best green
supplier. Hashemi et al. [8] presented a synthetical green supplier selection approach by integrating
an analytic network process and gray relational analysis (GRA). Ghorabaee et al. [9] established a new
MCGDM method based on WASPAS (Weighted Aggregated Sum Product ASsessment) to evaluate green
suppliers. Sari [10] constructed a new decision model based on an analytical hierarchy process, VIKOR
(VIsekriterijumska Optimizacija I Kompromisno Resenje), and Monte Carlo simulation to the assessment
for green supply chain management. Qin et al. [11] introduced the TODIM method into an interval
type-2 fuzzy set and presented an MCGDM approach to handle green supplier selection. To evaluate
the green performance of suppliers, Wang et al. [3] developed a comprehensive approach according to
the cloud model and QUALIFLEX (QUALitative FLEXible multiple criteria) method. Yazdani et al. [43]
presented a synthetical approach for green supplier selection by combining the decision-making trial
and evaluation laboratory method, quality function deployment model, and complex proportional
assessment. Liao et al. [12] put forward a hesitant fuzzy linguistic thermodynamic approach to deal
with green supplier selection by combining cumulative prospect theory and PROMETHEE (Preference
Ranking Organization METHod for Enrichment Evaluation) method. Banaeian et al. [44] applied
the VIKOR, GRA, and TOPSIS (Technique for Order Preference by Similarity to an Ideal Solution)
approaches to study a green supplier selection issue in the agri-food industry, and a comparison
analysis between the three methods was carried out.

2.2. Consensus Reaching Process

The consensus reaching process is generally deemed an interactive and dynamic group negotiation
process to enhance the consensus level among decision makers [13]. Therefore, the consensus reaching
process for group decision-making has attracted the attention of various researchers. For example,
Herrera et al. [45] presented the first soft consensus model in group decision-making with fuzzy
linguistic preferences. Xu and Wu [46] established a discrete model to support the consensus reaching
process in which a convergent algorithm was proposed to improve the consensus level between
experts. To address the MCGDM problems with respect to group consensus requirements, Fu and
Yang [47] presented a consensus model based on an evidential reasoning method. Dong et al. [48]
constructed a consensus framework for group decision-making to handle non-cooperative behaviors
between decision makers. Wu et al. [49] investigated a visual interaction consensus model in which
a trust relationship is used to calculate the trust degree of experts, and a trust-based recommendation
mechanism was designed to produce advice. In addition, the consensus reaching process also has been
employed to solve different application problems. For example, Xu et al. [14] developed a dynamic
consensus model for large-group emergency decision-making, in which an exit–delegation mechanism
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is utilized to handle clusters. Xu et al. [15] presented a consensus model with the hesitant fuzzy
preference relations and applied it to water allocation management. Gong et al. [50], using a consensus
decision model, investigated preferential voting problems related to abstention. To improve business
process outsourcing, a framework based on a fuzzy linguistic consensus model was constructed by
Ciasullo et al. [16]. Xu et al. [17] set up a two-stage consensus model and used it to deal with earthquake
shelter selection.

2.3. Application of Prioritized Operator

Yager [51] explored prioritized MCDM problems, where a prioritization relationship exists among
criteria. Next, in order to manage such MCDM problems, Yager [20] originally introduced a PA
operator. To handle uncertainty and vagueness information, the PA operator has been extended to
various environments by many scholars. For example, Yu and Xu [52] introduced the PA operator into
the intuitionistic fuzzy context and devised an intuitionistic fuzzy PA operator. Wei [53] investigated
PA operators under the hesitant fuzzy environment and proposed some hesitant fuzzy PA operators.
Wu et al. [54] defined two simple neutrosophic PA operators and two effective cross-entropy measures
of simple neutrosophic numbers. Moreover, the PA operator also has been used in several fields, such
as that presented by Yu [21], wherein two triangular intuitionistic fuzzy prioritized operators were
employed to handle a teaching quality evaluation. To cope with a water source management problem,
Wang et al. [22] proposed a non-homogeneous group decision-making approach by applying the
prioritized order-weighted averaging (OWA) operator. Ji et al. [55] developed a novel approach to
select third-party logistics providers, for which the interdependent relationship and prioritization level
among criteria are considered simultaneously. Ma et al. [23] investigated a medical treatment selection
problem with different prioritization levels of decision makers by using the prioritized harmonic
mean operators. Avilés-Ochoa et al. [24] defined a prioritized induced probabilistic ordered weighted
averaging distance operator and used it to measure government transparency. Yu et al. [56] designed
a mathematical model to explore hotel selection on websites, for which the weights of criteria are
calculated according to the idea of the PA operator.

2.4. Application of Choquet Integral

Choquet [57] originally presented the concept of the Choquet integral in the environment of
capacity theory. Next, Murofushi and Sugeno [58] defined the Choquet integral as a fuzzy integral
function with regard to fuzzy measures, and the Choquet integral was successfully introduced by
Grabisch [59] into the field of multi-criteria decision-making. To cope with the fuzzy information, the
Choquet integral has been extended to several fuzzy environments. For instance, Tan and Chen [60]
introduced the Choquet integral into an intuitionistic fuzzy environment and proposed an intuitionistic
fuzzy Choquet integral operator. Yu et al. [61] explored the hesitant fuzzy aggregation operator
based on the Choquet integral. Peng and Yang [62] investigated the Choquet integral operator under
a Pythagorean fuzzy environment. In addition, the Choquet integral has also expanded to other
fuzzy sets, such as the 2-tuple linguistic set [63], interval neutrosophic set [64], and hesitant 2-tuple
linguistic set [65]. On the other hand, the prominent feature of the Choquet integral is its depiction
of the interactions among input arguments. Inspired by this characteristic, the Choquet integral has
been extensively used by many researchers to solve MCDM problems. For example, Wang et al. [66]
utilized the Choquet integral to solve a two-sided matching decision-making problem for public–private
partnership projects. For the site selection of a solar thermal power plant, Wu et al. [67] put forward
a decision model based on the linguistic Choquet integral. Moradi et al. [68] employed game theory and
the Choquet integral to establish a GIS-based MCDM model for earthquake vulnerability assessment.
Ferrira et al. [69] constructed an evaluation framework for improving the decision-making virtuous cycle
of ethical banking practices by applying the Choquet integral. Furthermore, the Choquet integral also
has been applied to many areas, such as pattern recognition [33–35], selection of alternatives [36–39],
and risk assessment [40,41].
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3. Preliminary

In this section, the basic concepts of a hesitant fuzzy linguistic term set (HFLTS), 2-tuple linguistic
variable and hesitant 2-tuple linguistic term set, and the definition of consensus measure are presented.

3.1. Hesitant Fuzzy Linguistic Term Set

Definition 1. [25,26] Let S = {st|t = 0, 1, . . . , τ − 1, τ} be a discrete ordered linguistic term set and
X = {x1, x2, . . . , xn} be a fixed set. An HFLTS, denoted by HS, is a finite subset of the consecutive linguistic
terms of S. Then the mathematical expression of HFLTS is defined as follows

HS = {< x, hS(xi) > |xi ∈ X}, i = 1, 2, . . . , n. (1)

where hS(xi) is a collection of some linguistic terms in S and can be denoted as hS(xi) = {si
t|i = 1, 2, . . . , l(hS)},

where l(hS) is the number of linguistic term in hS(xi). For convenience, hS(xi) is designated as the hesitant
fuzzy linguistic element (HFLE).

Definition 2. [27] Let hS = {si
t|i = 1, 2, . . . , l(hS)} be an HFLE, the minimum and maximum linguistic term

in hS is s− and s+, respectively. Let σ ∈ [0, 1] be an optimized parameter, then an added linguistic term can be
defined as follows

s̄ = σs+ + (1− σ)s− (2)

Hence, we can add a linguistic term to HFLEs by employing different σ values. The optimized parameter σ

is given by the decision maker, which is utilized to depict a decision maker’s risk preference.

3.2. The 2-Tuple Linguistic Variable

Definition 3. [63] Let S = {st|t = 0, 1, . . . , τ − 1, τ} be a discrete ordered linguistic term set, and let
β ∈ [0, 1] be a crisp number representing the value of a symbolic aggregation. β, representing a 2-tuple linguistic
variable, can be obtained by the following equivalent transformation function ∆

∆ : [0, 1]→ S× [− 1
2τ

,
1

2τ
) (3)

∆(β) = (st, α) =

{
st, t = round(βτ)

α = β− t
τ , α ∈ [− 1

2τ , 1
2τ ).

(4)

where round(·) is the common rounded function. On the contrary, a reverse equivalent transformation function
can be employed to convert a 2-tuple linguistic variable into an equivalent crisp value β

∆−1 : S× [− 1
2τ

,
1

2τ
)→ [0, 1] (5)

∆−1(st, α) = β = α +
t
τ

(6)

3.3. The Hesitant 2-Tuple Linguistic Term Set

Definition 4. [28,70] Let X = {x1, x2, . . . , xn} be a fixed set, S = {st|t = 0, 1, . . . , τ − 1, τ} be a discrete
ordered linguistic term set, and (si, αi) be a 2-tuple linguistic variable on S, such that (si, αi) > (sj, αj) for any
i > j. Then, a hesitant 2-tuple linguistic set is defined as

HT = {< x, hT(xi) > |xi ∈ X}, i = 1, 2, . . . , n. (7)

where hT(xi) is a collection of 2-tuple linguistic variables and can be defined as hT(xi) = {(si
t, αi)|i =

1, 2, . . . , l(hT)}, where l(hT) is the number of 2-tuple linguistic variables in hT(xi). For convenience, hT(xi) is
called to the hesitant 2-tuple linguistic element (H2TLE).
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Definition 5. [70] Let hT = {(si
t, αi)|i = 1, 2, . . . , l(hT)} be an H2TLE, and l(hT) is the number of 2-tuple

linguistic variables in hT . The score function and variance function of hT can be respectively defined as follows

S(hT) =
1

l(hT)

l(hT)

∑
i=1

∆−1(si
t, αi) (8)

V(hT) =
1

l(hT)

(
l(hT)

∑
i=1

(∆−1(si
t, αi)− S(hT))

2

) 1
2

(9)

Definition 6. [70] Let hT1 and hT1 be two H2TLEs on S, and S(hTi ) and V(hTi ) (i = 1, 2) are the score function
and variance function, respectively. Then, the order relationships of hT1 and hT2 are defined as follows

(1) If S(hT1) > S(hT2), then hT1 is superior hT2 , denoted by hT1 > hT2 ;
(2) If S(hT1) = S(hT2), then

a. if V(hT1) > V(hT2), then hT1 is superior to hT2 , denoted by hT1 > hT2 ;
b. if V(hT1) = V(hT2), then hT1 is equal to hT2 , denoted by hT1 = hT2 .

Definition 7. Let hT1 = {(si
t, αi)|i = 1, 2, . . . , l(hT1)} and hT2 = {(s̄i

t, ᾱi)|i = 1, 2, . . . , l(hT2)} be two
H2TLEs on S, where (l(hT) = l(hT1) = l(hT2)). Then, the distance between hT1 and hT2 can be defined as

d(hT1 , hT2) =

(
1

l(hT)

l(hT)

∑
i=1

(∆−1(si
t, αi)− ∆−1(s̄i

t, ᾱi))2

) 1
2

(10)

3.4. Consensus Measure

Definition 8. The consensus degree on elements (CDE) between experts Ep(p = 1, 2, . . . , q) and
Ek(k = 1, 2, . . . , q and k 6= p) on the elements of alternatives Ai(i = 1, 2, . . . , m) with respect to criterion
Cj(j = 1, 2, . . . , n) is defined as

CDEp
ij =

1
q− 1

q

∑
k=1,k 6=p

(1− d(hp
Tij

, hk
Tij
)) (11)

Definition 9. The consensus degree on alternatives (CDA) between experts Ep(p = 1, 2, . . . , q) and
Ek(k = 1, 2, . . . , q and k 6= p) can be defined as

CDAp
i =

1
n(q− 1)

n

∑
j=1

q

∑
k=1,k 6=p

(1− d(hp
Tij

, hk
Tij
)) (12)

Definition 10. The consensus degree on the individual evaluation matrix (CDI) of experts Ep(p = 1, 2, . . . , q)
can be defined as

CDIp =
1

mn(q− 1)

m

∑
i=1

n

∑
j=1

q

∑
k=1,k 6=p

(1− d(hp
Tij

, hk
Tij
)) (13)

4. The Presented Green Supplier Selection Framework

In this section, we propose a new green supplier selection model under the hesitant fuzzy
linguistic environment, which is based on the consensus reaching process, prioritized operator, and
Choquet integral. In what follows, we depict the presented model for green supplier selection
in four parts. In the first part, the desired criteria and alternatives of a company are determined,
and hesitant fuzzy linguistic evaluation matrix is obtained. The second part presents the hesitant
2-tuple linguistic assessment matrix output based on the consensus reaching process. In the third
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part, the comprehensive hesitant 2-tuple linguistic evaluation matrix is constructed. In the fourth
part, the comprehensive values of each alternative are calculated by employing the Choquet integral.
The schematic diagram of the presented framework are shown in Figure 1.

Figure 1. The schematic diagram of the presented framework.

For the convenience of framework description, a detailed depiction of variables used in this study
is provided in Table 1. The detailed steps of the presented framework are as follows:

Step 1: Determine the set of alternatives and criteria.
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Table 1. The depiction of variables used in this study.

Variables Meanings

A = {A1, A2, . . . , Ai, . . . , Am} A set of alternative green suppliers
C = {C1, C2, . . . , Cj, . . . , Cn} A set of evaluation criteria
E = {E1, E2, . . . , Ep, . . . , Eq} A set of experts
S = {s0, s1, . . . , sτ} A linguistic term set
Wp

ij = (wp
ij)m×n, wp

ij ≥ 0, ∑
q
p=1 wp

ij = 1 The weight vector of experts
Wij = (wij)m×n, wij ≥ 0, ∑n

j=1 wij = 1 The weight vector of criteria
I1 and I2 Benefit criteria and cost criteria
Hp

Sij
Hesitant fuzzy linguistic evaluation matrix provided by Ep

H̄p
Sij

Normalized hesitant fuzzy linguistic evaluation matrix

Hp
Tij

Hesitant 2-tuple linguistic evaluation matrix provided by Ep

HTij Hesitant 2-tuple linguistic comprehensive evaluation matrix
µ(Cj) A fuzzy measure of criterion Cj

A group of experts, denoted by E = {E1, E2, . . . , Eq}, in which each expert has a different background
and experience, is established first. Then, the collection of the alternatives and the criteria are identified
by the group of experts, and they are denoted by A = {A1, A2, . . . , Am} and C = {C1, C2, . . . , Cn},
respectively. In addition, hesitancy and ambiguity commonly exist in the expert’s judgment for green
supplier selection problem. Therefore, the hesitant fuzzy linguistic is very suitable to express the
expert’s preference.

Step 2: Establish the hesitant fuzzy linguistic evaluation matrix.
Assume that S = {s0, s1, . . . , sτ} is a linguistic term set, which is utilized by experts to evaluate

the alternative green suppliers with respect to each criterion. The hesitant fuzzy linguistic evaluation
matrix provided by expert Ep is denoted by

Hp
Sij

=


hp

S11
hp

S12
· · · hp

S1n

hp
S21

hp
S22

· · · hp
S2n

...
...

. . .
...

hp
Sm1

hp
Sm2

· · · hp
Smn


Step 3: Normalize the hesitant fuzzy linguistic evaluation matrix.
The criteria can be divided into two types, that is, benefit criteria and cost criteria. Hence, the cost

criteria should be converted into benefit criteria according to Equation (14) [29], shown below. Then,
the hesitant fuzzy linguistic assessment matrix Hp

Sij
= (hp

Sij
)m×n is transformed into a normalized

hesitant fuzzy linguistic assessment matrix: H̄p
Sij

= (h̄p
Sij
)m×n.

h̄p
Sij

=


hp

Sij
, f or criteria Cj ∈ I1⋃

si∈hp
Sij

{sτ−i}, f or criteria Cj ∈ I2
(14)

Step 4: Implement the consensus reaching process.
Let the individual normalized hesitant fuzzy linguistic assessment matrix H̄p

Sij
(p = 1, 2, . . . , q),

the consensus threshold ϕ, and the maximum number of iterations γ. Then the steps of consensus
reaching process are described as follows.

Step 4.1: Let κ = 0 and H̄p
Sij,κ

= H̄p
Sij
(p = 1, 2, . . . , q).

Step 4.2: The normalized hesitant fuzzy linguistic assessment matrix H̄p
Sij,κ

= (h̄p
Sij,κ

)m×n is

converted into a hesitant 2-tuple linguistic evaluation matrix, denoted by H̄p
Tij,κ

, according to Definition 3.
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H̄p
Tij,κ

=


h̄p

T11,κ
h̄p

T12,κ
· · · h̄p

T1n,κ

h̄p
T21,κ

h̄p
T22,κ

· · · h̄p
T2n,κ

...
...

. . .
...

h̄p
Tm1,κ

h̄p
Tm2,κ

· · · h̄p
Tmn,κ


Step 4.3: Use Equations (11)–(13) to yield CDEp

ij,κ , CDAp
i,κ , and CDIp

κ , respectively. If CDIp
κ ≥ ϕ

for any p(p = 1, 2, . . . , q) or κ > γ, then go to Step 4.6. Otherwise, go to the next step.
Step 4.4: Identify the elements that need to be revised based on the following equation:

AIS = {p|min(CDIp
κ < ϕ)} (15)

AAS = {(p, i)|min(CDAp
i,κ < ϕ) ∩ p ∈ AIS} (16)

AES = {(p, i, j)|CDEp
ij,κ < ϕ ∩ (p, i) ∈ AAS} (17)

Step 4.5: Construct the revised hesitant fuzzy linguistic assessment matrix.
Let H̄p

Sij,κ+1
= (h̄p

Sij,κ+1
)m×n be the revised hesitant fuzzy linguistic assessment matrix

corresponding to H̄p
Sij,κ

. Then, h̄p
Sij,κ+1

can be generated by the following modification suggestions

h̄p
Sij,κ+1

=



⋃
si∈h̄p

Sij,κ

{si−1}, if S(h̄p
Sij,κ

) > θ

h̄p
Sij,κ

, if S(h̄p
Sij,κ

) = θ⋃
si∈h̄p

Sij,κ

{si+1}, if S(h̄p
Sij,κ

) < θ

(18)

where θ = 1
q−1 ∑

q
k=1,k 6=p S(h̄k

Sij,κ
). Then, let κ = κ + 1, and go to Step 4.2.

Step 4.6: Let Hp
Tij
(p = 1, 2, . . . , q) = H̄p

Tij,κ
and CDIp = CDIp

κ . Obtain the revised individual

hesitant 2-tuple linguistic assessment matrix Hp
Tij

, the consensus measure CDIp, and the number of
iterations κ.

Step 5: Construct the group evaluation matrix.
In the process of green supplier selection, experts often have different priority levels because

they come from different departments and have different backgrounds, experiences, expertise, and
prestige. To reflect this feature in the information aggregation process, Yager [20] presented the prioritized
aggregation operators. Inspired by the prominent characteristic of prioritized aggregation operators,
Wang et al. [65] introduced the prioritized aggregation operators into the hesitant 2-tuple linguistic
environment to propose a hesitant 2-tuple linguistic prioritized weighted averaging (H2TLPWA) operator.
Therefore, the H2TLPWA operator is used to aggregate individual evaluation matrices to obtain a group
evaluation matrix, denoted by HTij .

Step 5.1: Compute the values of Tp
ij and Wp

ij according to the following equations.

tp
ij =

p−1

∏
t=1

S(hp
Tij
), (p = 2, 3, . . . , q), T1

ij = 1(i = 1, 2, . . . , m, j = 1, 2, . . . , n) (19)

wp
ij =

tp
ij

∑n
j=1 tp

ij
, (i = 1, 2, . . . , m, j = 1, 2, . . . , n, p = 1, 2, . . . , q) (20)

Hence, we can obtain Tp
ij and Wp

ij as follows:
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Tp
ij =


tp
11 tp

12 · · · tp
1n

tp
21 tp

22 · · · tp
2n

...
...

. . .
...

tp
m1 tp

m2 · · · tp
mn

 , Wp
ij =


wp

11 wp
12 · · · wp

1n
wp

21 wp
22 · · · wp

2n
...

...
. . .

...
wp

m1 wp
m2 · · · wp

mn


Step 5.2: Aggregate the individual evaluation values hp

Tij
to comprehensive assessment values

hTij by using the H2TLPWA operator.

hTij = H2TLPWA(h1
Tij

, h2
Tij

, · · · , hq
Tij
) =

⋃
(sl

t ,α
l)∈hp

Tij
,(l=1,2,··· ,l(hp

Tij
))

∆

(
q

∑
p=1

(wp
ij∆
−1(sl

t, αl))

)
(21)

Then we yield the collective assessment matrix as follows:

HTij =


hT11 hT12 · · · hT1n

hT21 hT22 · · · hT2n
...

...
. . .

...
hTm1 hTm2 · · · hTmn


Step 6: Obtain the collective evaluation value of each alternative.
Green supplier selection problems are related to multiple criteria, and in these criteria may exist

some interactive or interdependent characteristics. To describe this situation, Choquet [57] proposed
the Choquet integral model. The main advantage of the Choquet integral is its reflection of the
interactive relationship among criteria. Based on the Choquet integral, Wang et al. [65] developed
a hesitant 2-tuple linguistic Choquet averaging (H2TLCA) operator to deal with hesitant 2-tuple
linguistic information. Consequently, the H2TLCA operator is employed to fuse the criterion values of
green suppliers.

Step 6.1: Calculate the fuzzy measure of criteria and the value of Wij in the following way.
Let C be a finite set, then

⋃n
j=1 Cj = C. The λ-fuzzy measure µ satisfies the following conditions [71]:

µ(C) =


1
λ

(
∏n

j=1(1 + λµ(Cj))− 1
)

, if λ 6= 0

∏n
j=1 µ(Cj), if λ = 0

(22)

Based on the boundary condition µ(C) = 1, the value of λ can be computed by the following
equation [71]:

n

∏
j=1

(1 + λµ(Cj)) = λ + 1 (23)

Then, we can obtain the criteria weight Wij as follows.

Wij =


w11 w12 · · · w1n
w21 w22 · · · w2n

...
...

. . .
...

wm1 wm2 · · · wmn

 (24)

where wij = µ(Fσ(j))− µ(Fσ(j−1)).
Step 6.2: Aggregate the criteria values hTij of each green supplier into collective values hTi by the

H2TLCA operator.
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hTi = H2TLCA(hTi1 , hTi2 , · · · , hTin) =
⋃

(sl
t ,α

l)∈hTij
,(l=1,2,··· ,l(hTij

))

∆

(
n

∑
j=1

(wij ∗ ∆−1(sl
t, αl))

)
(25)

Step 7: Determine the ranking order of green suppliers.
The comprehensive score value S(hTi ) of each green supplier can be calculated by Equation (8).

Then, the priority of all green suppliers can be obtained by the descending order of S(hTi ).

5. An Illustrative Example

With the rapid development of economic globalization, an international automobile company
is facing increasing competition pressure. To increase core competitiveness, GSCM has attracted
the attention of many international automobile companies, because it can save production cost and
protect the environment. Green supplier selection plays a core role in green supply chain management,
which can directly influence the company’s core competitiveness and environmental protection level.
In this section, therefore, we apply the presented model to solve a green supplier selection problem for
an international automobile company.

5.1. Comparative Analysis

The detailed implementation steps of the illustrative example can be found in Appendix A.
There are some other MCDM approaches that have been presented to solve hesitant fuzzy

linguistic MCDM problems. For example, the hesitant fuzzy linguistic TOPSIS (HFL-TOPSIS) method
was proposed by Beg and Rashi [72], and the hesitant fuzzy linguistic VIKOR (HFL-VIKOR) method
was developed by Liao et al. [73]. The detailed steps of the HFL-TOPSIS and HFL-VIKOR approaches
are described in Appendixes B and C, respectively. Here, we use these two methods to solve the
illustrative example, and carry out a comparison analysis with the proposed framework.

5.1.1. Solve the Example Using the HFL-TOPSIS Method

Step 1: The comprehensive decision matrix is established by Equations (A1) and (A2).

HS =


[s7, s7] [s1, s2] [s5, s6] [s4, s5]

[s4, s7] [s2, s3] [s5, s6] [s5, s6]

[s5, s8] [s0, s0] [s5, s6] [s3, s6]

[s5, s7] [s1, s1] [s7, s7] [s5, s7]


Step 2: The positive idea solution H+

S and negative idea solution H−S are obtained based on
Equations (A3) and (A4).

H+
S = ([s7, s8], [s0, s0], [s7, s7], [s6, s8]), H−S = ([s4, s4], [s3, s3], [s5, s5], [s3, s3])

Step 3: The distance between the comprehensive decision matrix and the positive idea solution
and negative idea solution are computed.

D+ =


0 + 1 1 + 2 2 + 1 2 + 3
3 + 1 2 + 3 2 + 1 1 + 2
2 + 0 0 + 0 2 + 1 3 + 2
2 + 1 1 + 1 0 + 0 1 + 1



D− =


3 + 3 2 + 1 0 + 1 1 + 2
0 + 3 1 + 0 0 + 1 2 + 3
1 + 4 3 + 3 0 + 1 0 + 3
1 + 3 2 + 2 2 + 2 2 + 4
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Step 4: The relative closeness of each green supplier to the positive idea solution are calculated
by Equation (A7).

RC(A1) = 0.52, RC(A2) = 0.40, RC(A3) = 0.60, RC(A4) = 0.72

Therefore, the ranking order of all green suppliers is obtained by descending order of the relative
closeness, that is, A4 > A3 > A1 > A2.

5.1.2. Solve the Example Using the HFL-VIKOR Method

Step 1: The collective decision matrix is constructed by Equation (A8).

HS =


{s6, s7, s8} {s1, s2} {s5, s6} {s4, s5, s6}
{s4, s5, s7} {s1, s2, s3} {s5, s6, s7} {s5, s6}
{s5, s6, s8} {s0, s1} {s5, s6} {s3, s6, s7}
{s5, s6, s7} {s0, s1} {s7} {s5, s6, s7, s8}


Step 2: For benefit criteria C1, C3, C4 and cost criteria C2, the positive idea solution and negative

idea solution can be calculated by Equations (A9) and (A10).

H+
S = ({s6, s7, s8}, {s0, s1}, {s7}, {s5, s6, s7, s8}), H−S = ({s4, s5, s7}, {s1, s2, s3}, {s5, s6}, {s4, s5, s6})

Step 3: The group utility and individual regret values are calculated based on Equations (A11)
and (A12).

GU(A1) = 0.6608, GU(A2) = 0.9092, GU(A3) = 0.5770, GU(A4) = 0.2481

IR(A1) = 0.2500, IR(A2) = 0.2500, IR(A3) = 0.2500, IR(A4) = 0.1443

Step 4: The compromise measure for each supplier is obtained by Equation (A13).

CM(A1) = 0.8121, CM(A2) = 1, CM(A3) = 0.7488, CM(A4) = 0

Step 5: According to the increasing compromise measure, the priority order of green suppliers is
determined as follows: A4 > A3 > A1 > A2. In addition, the qualifications Q1 and Q2 are satisfied at
the same time. Consequently, green supplier A4 is the only compromise solution.

5.2. Result Discussion

Based on the obtained results of the two comparative approaches, we can see that the best and
worst green suppliers determined by the two comparative approaches and the presented method are
respectively the same. That is, the best green supplier is A4, and the worst is A2. This reveals the
validity of the presented method in this article. However, the ranking orders obtained by the presented
method and the two comparative approaches are slightly different. The main reasons leading to this
difference are the features of the two comparative approaches. Both the HFL-TOPSIS and HFL-VIKOR
approaches fail to reflect the interdependency of criteria. In contrast, the H2TLCA operator employed
in the presented method can better characterize the interdependency of criteria. In addition, the two
comparative approaches utilized Equations (A1), (A2) and (A8) to establish the group decision-making
matrix, and ignored the consensus level and priority level among experts. In this paper, nevertheless,
the consensus reaching process and H2TLPWA operator are respectively used to increase the consensus
level among experts and reflect the priority level among experts. Consequently, the ranking order of
the green suppliers determined by the presented method is more accurate and reasonable.

Compared with the HFL-TOPSIS and HFL-VIKOR approaches, the prominent advantages of the
presented method in this article can be summarized as follows:
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• In the proposed framework, hesitant fuzzy linguistic information is transformed into hesitant
2-tuple linguistic information to avoid the loss of information, which makes the ranking result
more accurate and reasonable.

• The presented method can improve the consensus level among experts by introducing the
consensus reaching process into the green supplier selection problem. Therefore, the decision
results obtained by this method can be well accepted by the organization or company.

• The priority order relationship between experts can be considered by using the H2TLPWA
operator to construct the group decision matrix, which increases the application capacity of the
presented method.

• By employing the H2TLCA operator to aggregate the criteria values of each green supplier,
the interdependency of criteria are reflected, which makes this method closer to the real situation.

6. Conclusions

It is highly significant for a company to maintain competitive power in the globalized market by
selecting the most suitable green supplier. Therefore, the green supplier selection problem, considering the
consensus level among experts, the priority order relationship among experts, and the interdependency
of criteria, is presented in this article. We established a hybrid green supplier selection framework
by combining the consensus reaching process, H2TLPWA operator, and H2TLCA operator. In this
framework, the consensus reaching process was used to enhance the consensus level among experts.
Then, the H2TLPWA operator was applied to aggregate the individual evaluation to a group decision
matrix, which reflects the priority order relationship between experts. To consider the interdependence of
criteria, the comprehensive assessment value of each green supplier was obtained by the H2TLCA operator.
Finally, the effectiveness and practicability of the presented model was validated by an illustrative example
of green supplier selection, and a comparative analysis was conducted to demonstrate the advantages of
the presented framework. The green supplier selection framework presented in this paper has some
advantages, but there are several drawbacks that merit addressing in the future. In the real situation,
the experts express the bounded rationality behavior under an uncertainty environment. Consequently,
the bounded rationality behavior of experts should be incorporated into the presented model in
further research. In addition, the other MCDM approaches, such as MULTIMOORA (MOORA plus
Full Multiplicative Form), MABAC (Multi-Attributive Border Approximation area Comparison), and
WASPAS (Weighted Aggregated Sum Product Assessment), can be extended to the presented model to
solve green supplier selection problems.
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The following abbreviations are used in this manuscript:

HFLE Hesitant Fuzzy Linguistic Element
HFLTS Hesitant Fuzzy Linguistic Term Set
HFL-TOPSIS Hesitant Fuzzy Linguistic TOPSIS
HFL-VIKOR Hesitant Fuzzy Linguistic VIKOR
H2TLE Hesitant 2-Tuple Linguistic Element
H2TLCA Hesitant Fuzzy Linguistic Choquet Averaging
H2TLPWA Hesitant Fuzzy Linguistic Prioritized Weighted Averaging
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GRA Grey Relational Analysis
GSCM Green Supply Chain Management
MABAC Multi-Attributive Border Approximation area Comparison
MCDM Multi-Criteria Decision Making
MCGDM Multi-Criteria Group Decision-Making
MOOR Multi-Objective Optimization by Ratio Analysis
MULTIMOORA MOORA plus Full Multipliative
OWA Order Weighted Averaging
PA Prioritized Averaging
PROMETHEE Preference Ranking Organization METHod for Enrichment Evaluation
QUALIFLEX Qualitative Flexible multiple criteria method
TODIM an acronym in Portuguese of interactive and multiple attribute decision-making
TOPSIS Technique for Order Preference by Similarity to an Ideal Solution
WASPAS Weighted Aggregated Sum Product ASsessment
VIKORA VIsekriterijumska Optimizacija I Kopromisno Resenje

Appendix A

In what follows, the steps of the green supplier selection problem, solved by employing the
presented approach, are described in detail.

Step 1: The collection of green suppliers and criteria are defined.
To choose the most suitable green supplier, a group of experts is formed, and it includes

three experts (E1, E2, E3) who come from different departments in an international automobile
company. Through preliminary screening, the group of experts identifies four potential green suppliers,
(A1, A2, A3, A4), for further assessment. Four criteria to be taken into account in this green supplier
selection process are: environment management systems (C1), price (C2), quality (C3), and service
level (C4).

Step 2: The hesitant fuzzy linguistic evaluation matrices are provided by the group of experts.
Linguistic term set S = {s0 = extremly bad, s1 = very bad, s2 = bad, s3 = slightly bad, s4 =

medium, s5 = slightly good, s6 = good, s7 = very good, s8 = extremely good} is used by experts to
assess each green supplier with regard to each criterion. The assessment results provided by experts
are shown in Table A1.

Table A1. Hesitant fuzzy linguistic evaluation matrices.

Expert Alternatives C1 C2 C3 C4

E1 A1 {s7} {s1} {s5, s6} {s4}
A2 {s4, s5} {s3} {s6} {s6}
A3 {s5} {s0, s1} {s6} {s6}
A4 {s6} {s1} {s7} {s6, s7, s8}

E2 A1 {s7, s8} {s2} {s5} {s5, s6}
A2 {s7} {s1, s2, s3} {s5} {s5}
A3 {s8} {s0} {s5, s6} {s3}
A4 {s5} {s0, s1} {s7} {s5}

E3 A1 {s6, s7} {s1} {s6} {s5}
A2 {s4} {s2} {s6, s7} {s6}
A3 {s6} {s0, s1} {s5} {s6, s7}
A4 {s7} {s1, s2} {s7} {s7}

Step 3: Normalize the hesitant fuzzy linguistic evaluation matrices.
In these criteria, criteria C1, C3, and C4 are benefit criteria, while criterion C2 is a cost criterion.

Therefore, the evaluation value of criterion C2 should be normalized according to Equation (13).
Step 4: Perform the consensus reaching process.
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The consensus threshold and the maximum number of iterations are designated as ϕ = 0.85 and
γ = 3 by the group of experts, respectively, before implementing the consensus reaching process. Then,
the consensus reaching process is performed.

Step 4.1: Let κ = 0 and H̄p
Sij,κ

= H̄p
Sij
(p = 1, 2, . . . , q).

Step 4.2: Covert the hesitant fuzzy linguistic evaluation matrices H̄p
Sij,κ

into hesitant 2-tuple

linguistic assessment matrices H̄p
Tij,κ

. The obtained results are shown in Table A2.

Table A2. Hesitant 2-tuple linguistic assessment matrices

Expert Alternatives C1 C2 C3 C4

E1 A1 {(s7, 0), (s7, 0)} {(s7, 0)} {(s5, 0), (s6, 0)} {(s4, 0), (s4, 0)}
A2 {(s4, 0), (s5, 0)} {(s5, 0), (s5, 0), (s5, 0)} {(s6, 0), (s6, 0)} {(s6, 0)}
A3 {(s5, 0)} {(s7, 0), (s8, 0)} {(s6, 0), (s6, 0)} {(s6, 0), (s6, 0)}
A4 {(s6, 0)} {(s7, 0), (s7, 0)} {(s7, 0)} {(s6, 0), (s7, 0), (s8, 0)}

E2 A1 {(s7, 0), (s8, 0)} {(s6, 0)} {(s5, 0), (s5, 0)} {(s5, 0), (s6, 0)}
A2 {(s7, 0), (s7, 0)} {(s5, 0), (s6, 0), (s7, 0)} {(s5, 0), (s5, 0)} {(s5, 0)}
A3 {(s8, 0)} {(s8, 0), (s8, 0)} {(s5, 0), (s6, 0)} {(s3, 0), (s3, 0)}
A4 {(s5, 0)} {(s7, 0), (s8, 0)} {(s7, 0)} {(s5, 0), (s5, 0), (s5, 0)}

E3 A1 {(s6, 0), (s7, 0)} {(s7, 0)} {(s6, 0), (s6, 0)} {(s5, 0), (s5, 0)}
A2 {(s4, 0), (s4, 0)} {(s6, 0), (s6, 0), (s6, 0)} {(s6, 0), (s7, 0)} {(s6, 0)}
A3 {(s6, 0)} {(s7, 0), (s8, 0)} {(s5, 0), (s5, 0)} {(s6, 0), (s7, 0)}
A4 {(s7, 0)} {(s6, 0), (s7, 0)} {(s7, 0)} {(s7, 0), (s7, 0), (s7, 0)}

Step 4.3: Based on Equations (11)–(13), the values of CDEp
ij,0, CDAp

i,0, and CDIp
0 are obtained.

CDE1
ij,0 =


0.9116 0.9375 0.9116 0.8387
0.7965 0.8568 0.8933 0.9375
0.7500 0.9558 0.8933 0.7683
0.8750 0.9116 1.0000 0.8140

 , CDE2
ij,0 =


0.8933 0.8750 0.8933 0.8570
0.6532 0.8683 0.8387 0.8750
0.6875 0.9116 0.9116 0.5916
0.8125 0.8933 1.0000 0.7400



CDE3
ij,0 =


0.8933 0.9375 0.8933 0.8933
0.7683 0.8865 0.8570 0.9375
0.8125 0.9558 0.8933 0.7349
0.8125 0.8933 1.0000 0.8240

 ,

CDA1
i,0 = (0.8999, 0.8710, 0.8419, 0.9002)

CDA2
i,0 = (0.8797, 0.8088, 0.7756, 0.8615)

CDA3
i,0 = (0.9044, 0.8623, 0.8491, 0.8825)

CDI1
0 = 0.8783, CDI2

0 = 0.8314, CDI3
0 = 0.8746

From the results, we can see that CDI2
0 < 0.85. Then, go on the next step.

Step 4.4: The elements that need to be revised are obtained by Equations (14)–(16), that is,
AES = {(2, 3, 1), (2, 3, 4)}.

Step 4.5: According to Equation (17), the modification suggestions are generated. Then, let κ = 1,
and go to Step 4.2.

First iteration.
Step 4.2: Transform the hesitant fuzzy linguistic evaluation matrices H̄p

Sij,1
into hesitant 2-tuple

linguistic assessment matrices H̄p
Tij,1

.

Step 4.3: The values of CDEp
ij,1, CDAp

i,1, and CDIp
1 are obtained according to Equations (11)–(13).

CDE1
ij,1 =


0.9116 0.9375 0.9116 0.8387
0.7965 0.8568 0.8933 0.9375
0.8125 0.9558 0.8933 0.8308
0.8750 0.9116 1.0000 0.8140

 , CDE2
ij,1 =


0.8933 0.8750 0.8933 0.8570
0.6532 0.8683 0.8387 0.8750
0.8125 0.9116 0.9116 0.7157
0.8125 0.8933 1.0000 0.7400
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CDE3
ij,1 =


0.8933 0.9375 0.8933 0.8933
0.7683 0.8865 0.8570 0.9375
0.8750 0.9558 0.8933 0.7965
0.8125 0.8933 1.0000 0.8240

 ,

CDA1
i,1 = (0.8999, 0.8710, 0.8731, 0.9002)

CDA2
i,1 = (0.8797, 0.8088, 0.8379, 0.8615)

CDA3
i,1 = (0.9044, 0.8623, 0.8802, 0.8825)

CDI1
1 = 0.8861, CDI2

1 = 0.8470, CDI3
1 = 0.8824

Based on the above results, we know that CDI2
1 < 0.85. Then, go to the next step.

Step 4.4: The elements that need to be modified are obtained based on Equations (14)–(16), that is,
AES = {(2, 2, 1), (2, 2, 3)}.

Step 4.5: According to Equation (17), the modification suggestions are generated. Then, let κ = 2,
and go to Step 4.2.

Second iteration.
Step 4.2: Transform the hesitant fuzzy linguistic evaluation matrices H̄p

Sij,2
into hesitant 2-tuple

linguistic assessment matrices H̄p
Tij,2

.

Step 4.3: The values of CDEp
ij,2, CDAp

i,2, and CDIp
2 are obtained based on Equations (11)–(13).

CDE1
ij,2 =


0.9116 0.9375 0.9116 0.8387
0.8570 0.8568 0.9558 0.9375
0.8125 0.9558 0.8933 0.8308
0.8750 0.9116 1.0000 0.8140

 , CDE2
ij,2 =


0.8933 0.8750 0.8933 0.8570
0.7762 0.8683 0.9558 0.8750
0.8125 0.9116 0.9116 0.7157
0.8125 0.8933 1.0000 0.7400



CDE3
ij,2 =


0.8933 0.9375 0.8933 0.8933
0.8308 0.8865 0.9558 0.9375
0.8750 0.9558 0.8933 0.7965
0.8125 0.8933 1.0000 0.8240

 ,

CDA1
i,2 = (0.8999, 0.9018, 0.8731, 0.9002)

CDA2
i,2 = (0.8797, 0.8688, 0.8379, 0.8615)

CDA3
i,2 = (0.9044, 0.8916, 0.8802, 0.8825)

CDI1
2 = 0.8938, CDI2

2 = 0.8620, CDI3
2 = 0.8897

According to the results, we know that CDIp
2 > 0.85 for any p. Then, go to Step 4.6.

Step 4.6: Output the revised individual hesitant 2-tuple linguistic evaluation matrices Hp
Tij

,
the consensus measure CDIp = 0.8620, and the number of iterations κ = 2.

Step 5: Construct the group evaluation matrix.
Step 5.1: According to Equations (18) and (19), we obtain Tp

ij and Wp
ij as follows:

T1
ij =


1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1

 , T2
ij =


0.8750 0.8750 0.6875 0.5000
0.5625 0.6250 0.7500 0.7500
0.6250 0.9375 0.7500 0.7500
0.7500 0.8750 0.8750 0.8750



T3
ij =


0.8203 0.6563 0.4297 0.3438
0.4219 0.4688 0.5625 0.4688
0.5469 0.9375 0.5156 0.3750
0.4688 0.8203 0.7656 0.5649

 , W1
ij =


0.3710 0.3950 0.4723 0.5423
0.5039 0.4776 0.4324 0.4507
0.4604 0.3478 0.4414 0.4706
0.4507 0.3710 0.3787 0.4129



W2
ij =


0.3246 0.3457 0.3247 0.2712
0.2835 0.2985 0.3243 0.3380
0.2878 0.3261 0.3310 0.3529
0.3380 0.3246 0.3314 0.3613

 , W3
ij =


0.3044 0.2593 0.2030 0.1865
0.2126 0.2239 0.2433 0.2113
0.2518 0.3261 0.2276 0.1765
0.2113 0.3044 0.2899 0.2258


Step 5.2: The group evaluation matrix is obtained by Equation (21), and the results are shown in

Table A3.
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Table A3. Group evaluation matrix.

Ai C1 C2 C3 C4

A1


(s7,−0.0380),
(s7, 0),
(s7, 0.0025),
(s7, 0.0406)


{

(s7,−0.0432)
} {

(s5, 0.0254),
(s6,−0.0406)

} {
(s4, 0.0572),
(s5,−0.0339)

}

A2

{
(s5,−0.0541),
(s5, 0.0089)

} 
(s6,−0.0597),
(s6,−0.0224),
(s5, 0.0280)


{

(s6, 0),
(s6, 0.0304)

} {
(s6,−0.0422)

}

A3
{

(s6,−0.0216)
} 

(s7, 0.0408),
(s8,−0.0435),
(s8,−0.0408),
(s8, 0)


{

(s5, 0.0552),
(s6,−0.0284)

} {
(s5, 0.0368),
(s5, 0.0588)

}

A4
{

(s6,−0.0158)
} 

(s7,−0.0380),
(s7, 0),
(s7, 0.0025),
(s7, 0.0406)


{

(s7, 0)
} 

(s6,−0.0169),
(s6, 0.0347),
(s7,−0.0387)


Step 6: Obtain the collective evaluation value of each green supplier.
Step 6.1: Calculate the fuzzy measures of criteria and the value of Wij. We suppose that µ(C1) = 0.5,

µ(C2) = 0.2, µ(C3) = 0.4, and µ(C4) = 0.3. Then, λ = −0.65 is obtained based on Equation (23).
According to the three axioms of the fuzzy measure µ [71], the fuzzy measures of criteria set are
obtained, that is, µ(C1, C2) = 0.635, µ(C1, C3) = 0.77, µ(C1, C4) = 0.7025, µ(C2, C3) = 0.548, µ(C2, C4) =

0.461, µ(C3, C4) = 0.622, µ(C1, C2, C3) = 0.8699, µ(C1, C2, C4) = 0.0.8112, µ(C1, C3, C4) = 0.9199,
µ(C2, C3, C4) = 0.7411, µ(C1, C2, C3, C4) = 1. Further, the matrix Wij is obtained based on Equation (24).

Wij =


0.5 0.135 0.2349 0.1301
0.4 0.222 0.1191 0.2589
0.2 0.435 0.2349 0.1301
0.2 0.348 0.1931 0.2589


Step 6.2: The comprehensive evaluation value of each green supplier is aggregated by Equation (25).

A1 =


(s6, 0.0061), (s6, 0.0105), (s6, 0.0199), (s6, 0.0243), (s6, 0.0251), (s6, 0.0295), (s6, 0.0389),
(s6, 0.0433), (s6, 0.0263), (s6, 0.0307), (s6, 0.0402), (s6, 0.0446), (s6, 0.0454), (s6, 0.0498),
(s6, 0.0592), (s7,−0.0614)


A2 =

{
(s5, 0.0577), (s6,−0.0551), (s6,−0.0510), (s6,−0.0388), (s5, 0.0622), (s6,−0.0507),
(s6,−0.0465), (s6,−0.0344), (s6,−0.0584), (s6,−0.0462), (s6,−0.0421), (s6,−0.0299)

}

A3 =


(s6, 0.0225), (s6, 0.0253), (s6, 0.0056), (s6, 0.0085), (s6, 0.0040), (s6, 0.0069), (s6, 0.0138),
(s6, 0.0166), (s6, 0.0046), (s6, 0.0074), (s6, 0.0143), (s6, 0.0172), (s6, 0.0127), (s6, 0.0156),
(s6,−0.0041), (s6,−0.0012)


A4 =

{
(s6, 0.0535), (s6, 0.0611), (s6, 0.0616), (s7,−0.0557), (s7,−0.0615), (s7,−0.0539),
(s7,−0.0534), (s7,−0.0458), (s7,−0.0515), (s7,−0.0439), (s7,−0.0434), (s7,−0.0358)

}

Step 7: Determine the ranking order of green suppliers. According to Equation (8), the comprehensive
score values of green suppliers are obtained, that is, S(A1) = 0.7848, S(A2) = 0.7014, S(A3) = 0.7606,
S(A4) = 0.8214. Then, we obtain the priority order of green suppliers, which is A4 > A1 > A3 > A2.
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Appendix B

In the following, the HFL-TOPSIS method [72] is described in detail.
Step 1: Establish the hesitant fuzzy linguistic group decision matrix HSij by aggregating the

individual evaluation matrix Hp
Sij

, where hSij = [s−ij , s+ij ], and the s−ij and s+ij is calculated by the
following equations:

s+ij = max

 q
min
p=1

( max
st∈hp

Sij

st),
q

max
p=1

( min
st∈hp

Sij

st)

 (A1)

s−ij = min

 q
min
p=1

( max
st∈hp

Sij

st),
q

max
p=1

( min
st∈hp

Sij

st)

 (A2)

Step 2: Determine the positive idea solution H+
S = (h+S1

, h+S2
, . . . , h+Sn

) and negative idea solution
H−S = (h−S1

, h−S2
, . . . , h−Sn

) by the following equations

h+Sj
=


[max

p
(max

i
( min

st∈hp
Sij

st)), max
p

(max
i

( max
st∈hp

Sij

st))], if j ∈ Ib

[min
p
(min

i
( min

st∈hp
Sij

st)), min
p
(min

i
( max

st∈hp
Sij

st))], if j ∈ Ic
(A3)

h−Sj
=


[min

p
(min

i
( min

st∈hp
Sij

st)), min
p
(min

i
( max

st∈hp
Sij

st))], if j ∈ Ib

[max
p

(max
i

( min
st∈hp

Sij

st)), max
p

(max
i

( max
st∈hp

Sij

st))], if j ∈ Ic
(A4)

where Ib and Ic are set of benefit criteria and cost criteria, respectively.
Step 3: Calculate the distance between the group decision matrix and the positive idea solution

and negative idea solution.

D+ =


d(hS11 , h+S1

) d(hS12 , h+S2
) . . . d(hS1n , h+Sn

)

d(hS21 , h+S1
) d(hS22 , h+S2

) . . . d(hS2n , h+Sn
)

...
...

. . .
...

d(hSm1 , h+S1
) d(hSm2 , h+S2

) . . . d(hSmn , h+Sn
)

 (A5)

D− =


d(hS11 , h−S1

) d(hS12 , h−S2
) . . . d(hS1n , h−Sn

)

d(hS21 , h−S1
) d(hS22 , h−S2

) . . . d(hS2n , h−Sn
)

...
...

. . .
...

d(hSm1 , h−S1
) d(hSm2 , h−S2

) . . . d(hSmn , h−Sn
)

 (A6)

where d(hSij , h−Sj
) and d(hSij , h+Sj

) are the distances between hSij and h−Sj
and h+Sj

, respectively, which is
defined by Definition 3 in [72].

Step 4: The relative closeness (RC) of each alternative is computed as follows:

RC(Ai) =
d−i

(d+i + d−i )
, i = 1, 2, . . . , m (A7)

where d+i = ∑n
i=1 d(hSij , h+Sj

) and d−i = ∑n
i=1 d(hSij , h−Sj

).
Therefore, the priority of alternatives can be obtained by descending order of relative closeness.
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Appendix C

In what follows, the HFL-VIKOR method [73] is depicted in detail.
Step 1: Construct the hesitant fuzzy linguistic group decision matrix HSij = (hSij)m×n as follows:

hSij = h1
Sij

⋃
h2

Sij

⋃
. . .
⋃

hq
Sij

(A8)

Step 2: Establish the positive idea solution H+
S = (h+S1

, h+S2
, . . . , h+Sn

) and negative idea solution
H−S = (h−S1

, h−S2
, . . . , h−Sn

) by the following equations

h+Sj
=

max
i

hSij , if j ∈ Ib

min
i

hSij , if j ∈ Ic
(A9)

h−Sj
=

min
i

hSij , if j ∈ Ib

max
i

hSij , if j ∈ Ic
(A10)

where Ib and Ic are sets of benefit criteria and cost criteria, respectively.
Step 3: The group utility (GU) and individual regrate (IR) values for alternative (Ai) are

determined by the following equations:

GU(Ai) =
n

∑
j=1

wj

d(h+Sj
, hSij)

d(h+Sj
, h−Sj

)
(A11)

IR(Ai) = max

wj

d(h+Sj
, hSij)

d(h+Sj
, h−Sj

)

 (A12)

where d(h+Sj
, hSij) and d(h+Sj

, h−Sj
) are the Euclidean distances between the two hesitant fuzzy linguistic

term sets computed by Equation (7) in [74].
Step 4: The compromise measure (CM) for Ai is calculated as follows:

CM(Ai) = ξ
GUi − GU−

GU+ − GU−
+ (1− ξ)

IRi − IR−

IR+ − IR−
(A13)

where GU+ = max(GUi), GU− = min(GUi), IR+ = max(IRi), and IR− = min(GUi), and ξ is the
weight of the maximum group utility. Without loss of generality, ξ = 0.5.

Step 5: Rank alternatives by ascending order of GUi, IRi, and CMi. The best alternative should
satisfy the following two qualifications at the same time.

Q1: CM(A(2))− CM(A(1)) ≥ 1
n−1 , where A(1) and A(2) are the alternatives located in the first

and second positions in the ranking list, respectively.
Q2: A(1) should also be the first position ranked by GUi and IRi.
If the qualification Q1 is not satisfied, the maximum value of M is calculated as follows:

CM(A(M))− CM(A(1)) <
1

n− 1
(A14)

where M is the number of compromise solutions.
If the qualification Q2 is not satisfied, the compromise solutions are the alternatives A(1) and A(2).
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