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Abstract: Supplier selection is an important task in supply chain management, as suppliers have a
vital role in the success of organisations in a supply chain. Sustainability has emerged as a solution
to decreasing resources and increasing environmental and social problems in the past few decades.
It has been applied to various industrial operations, one of them is supplier selection, to mitigate
unwanted effects in the future. Sustainable supplier selection is a complicated multi-criteria decision
making problem, including several criteria from economic, environmental, and social perspectives.
To deal with subjective judgements of decision makers, fuzzy and grey methods are widely used in
multi-criteria decision making, In the case of small, limited, and incomplete data, the grey theory
provides satisfactory results, compared to fuzzy methods. Therefore, this study is an integrated
method including grey Best-Worst Method (BWM) and grey Weighted Sum-Product (WISP) for
choosing the most sustainable supplier for a textile manufacturer, which includes three main criteria
and twelve sub-criteria. According to the result of the proposed model, the supplier with the best
performance was determined to be the supplier with the SP2 coded. The results of the developed
model were shown to the experts, and the accuracy of the results was confirmed. According to the
experts, a higher amount of product can be purchased from the supplier with the SP2 code, and a
tighter relationship can be worked with this supplier. The contributions of this study are: (1) Develop
a new grey MCDM model called Grey WISP. (2) Create a new integrated MCDM model with grey
theory, BWM, and WISP methods that can be applied to assess supplier sustainability using this
hybrid model. The proposed model can be used not just for selecting sustainable suppliers, but also
for any other decision problems that have multiple criteria and alternatives. The findings suggest
that the Grey WISP method achieved accurate results.

Keywords: grey WISP; grey BWM; MCDM; supplier selection; sustainability

1. Introduction

Sustainability has appeared as a concept that aims to make decisions today with less
effects on tomorrow. It basically considers the economic, environmental, and social effects
of any strategic decisions to lessen the negative consequences of the decisions in the future.
Because of the increased awareness of environmental preservation and social responsibility,
the notion of sustainability is becoming a crucial principle for many industrial sectors,
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including supply chain management. Many firms are increasingly including environmental
aspects in their supplier selection process, as a result of rising environmental knowledge
and concerns. Furthermore, selecting a sustainable supplier is a vital milestone for the
whole sustainable supply chain [1].

Supplier selection is among the most significant tasks in supply chain management,
since suppliers are critical to the performance of supply chain organizations [2,3]. Selecting
the most optimal supplier is a complex process, as it involves various criteria and alter-
natives. However, it has become more challenging with the sustainability, as it requires
handling the economic, environmental, and social effects of decisions. In order to choose
the suppliers who perform the best in the supply chains, in terms of the three dimensions
of sustainability, businesses must first identify and analyse the right suppliers and their
supply networks [4]. This means that, in order to be sustainable, businesses must address
environmental challenges, while also satisfying social criteria at all levels of the supply
chain and attaining specified economic outcomes. As a result, the sustainable supplier
selection decision problem is frequently referred to as a multi-criteria decision making
(MCDM) problem [5–10].

The recent literature review studies about sustainable supplier selection have pre-
sented that MCDM methods were among the most often used ways to assess and choose
sustainable suppliers [11]. In the earlier studies, the analytic hierarchy process (AHP) and
analytic network process (ANP) methods have been found as the most used methods in
sustainable supplier selection. Govindan et al. [12] found, in their study that reviewed
sustainable supplier selection studies in the literature between 1996 and 2011, that AHP
and ANP methods were the most used techniques in the selection. Zimmer et al. [13]
conducted a systematic assessment of studies on the use of decision-making approaches for
supplier selection that were published between 1997 and 2014. They discovered that the
most common techniques for tackling sustainable supplier selection are the AHP, ANP, and
fuzzy methods. However, with the development of new techniques in MCDM, the variety
of the methods used in decision problems has increased.

The main goal of this study is to assess and select suppliers from a sustainability
viewpoint for a textile manufacturer in Turkey with a new hybrid model, including the grey
numbers method, best-worst method (BWM), and weighted sum-product (WISP) method.
The following goals will be addressed in further detail in this paper:

• Developing the criteria for evaluating the sustainability of alternative suppliers;
• Presenting a new integrated model including grey numbers, BWM, and WISP methods

for assessing sustainability of suppliers;
• Applying the suggested new hybrid model to a case study to identify the most sus-

tainable supplier.

The following actions were taken in this study to achieve these goals. A preliminary
literature review was carried out in order to define the sustainability criteria. Following
that, a novel integrated MCDM, based on the grey numbers, BWM, and WISP methods,
was developed. Then, sustainable suppliers were analyzed and prioritized with the criteria
and new hybrid method.

The following are the study’s contributions: (1) The creation of the Grey WISP MCDM
model, which is a new grey MCDM model. (2) Building a new, integrated MCDM model
that incorporates the WISP, BWM, and grey theory techniques for evaluating supplier
sustainability.

This paper has been organized as follows. In Section 2, a literature review on sus-
tainable supplier selection is conducted. In Section 3, the methodology, which includes
grey BWM and grey WISP methods, has been presented. In Section 4, the case study
and application of the methodology are described. In Section 5, the proposed method is
validated by a sensitivity analysis. Finally, in Section 6, the conclusion of the paper, with
recommendations for further research, is provided.
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2. Literature Review

Supplier selection problem has a wide coverage in the literature for a long time.
It has been studied from various perspectives, with several methodologies and criteria.
Traditionally suppliers were assessed from economic viewpoint in the studies. Then,
environmental criteria began to be used in supplier selection, with increasing environmental
concerns. Additionally, sustainability was introduced to supplier selection in the literature
by the end of 2000s. In this review, we review sustainable supplier selection in two parts.
The first part will present the MCDM methods that have been used in sustainable supplier
selection in a timely order. The second part will provide criteria used in the sustainable
assessment of supplier alternatives.

2.1. The Review of MCDM Methods in Sustainable Supplier Selection

As a subfield of operations research, MCDM supports decision-makers who deal
with several alternatives and various conflicting criteria while making decisions. As in all
decision problems, supplier selection problem, too, has various criteria and alternatives
to consider. To deal with this complexity in supplier selection, MCDM techniques are
employed by supply chain decision makers to analyse and categorize data, in order to
make optimal decisions. There are several studies in the literature-reviewed methods used
in supplier selection [12,14,15]. There are several MCDM methods used in the literature
for supplier selection, such as technique of order preference similarity to the ideal solution
(TOPSIS), complex proportional assessment (COPRAS), and viekriterijumsko kompromisno
rangiranje (VIKOR); however, the most used ones are namely AHP, data envelopment
analysis (DEA), and ANP [16]. In this part, we will look at how various MCDM methods
were used to solve supplier selection in the literature.

Awasthi et al. [17] assessed suppliers sustainably with fuzzy TOPSIS. Kuo and Lin [18]
suggested a strategy for evaluating green suppliers that combines ANP and DEA. Amin-
doust et al. [19] applied a fuzzy inference system (FIS) for supplier selection of a manufac-
turing company from sustainability perspective. Govindan et al. [20] used fuzzy set theory
and TOPSIS to rank sustainable supplier for supply chains. Orji and Wei [21] employed
fuzzy decision making trial and evaluation laboratory (DEMATEL) and TOPSIS methods
to select a sustainable supplier for a manufacturer in China. Jia et al. [22] assessed suppliers
to select the most sustainable one with TOPSIS method for an apparel company located
in India. Jiang et al. [23] assessed sustainable suppliers with fuzzy DEMATEL for a chem-
istry enterprise in China. Luthra et al. [24] provided an integrated model using AHP and
VIKOR methods for supplier selection of automobile company in India from a sustainable
viewpoint. Khan et al. [25] examined sustainable supplier alternatives for a manufacturing
company in Pakistan with a hybrid method including fuzzy Shannon Entropy (FSE) and
fuzzy inference system (FIS) for a manufacturing company. Wang et al. [26] presented an
integrated model with fuzzy AHP and green DEA for the sustainable supplier selection of
a food oil company in Vietnam. Durmic [27] aimed to provide the most significant criteria
for evaluating and selecting a long-term supplier for a lime company with the full consis-
tency method (FUCOM). Memari et al. [28] used an intuitionistic fuzzy TOPSIS technique
for choosing the most sustainable supplier for an automobile spare parts manufacturer.
Rani et al. [29] introduced an extended model including the hesitant fuzzy set, COPRAS,
and stepwise weight assessment ratio analysis (SWARA) to rank the supplier alternatives
for a trading company. Stević et al. [30] used the measurement of alternatives and ranking
according to compromise solution (MARCOS) method to choose the most optimal supplier
for a healthcare company. Shang et al. [31] assessed suppliers with a hybrid MCDM method
including BWM, FSE, and fuzzy multi-objective optimization by ratio analysis plus full
multiplicative form (MULTIMOORA) for a company that is a prominent provider of forklift
trucks and warehousing equipment across the world. Tong et al. [32] utilized the extended
preference ranking organization method for enrichment of evaluations II (PROMETHEE II)
method for a furniture company in China. The previous studies have been summarised in
Table 1.
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Table 1. The review of previous studies about sustainable supplier selection methods.

Studies Methodologies Company

Awasthi et al. [17] Fuzzy TOPSIS Logistics
Kuo and Lin [18] ANP and DEA Manufacturing
Amindoust et al. [19] FIS Manufacturing
Govindan et al. [20] Fuzzy set theory and TOPSIS Supply chain
Orji and Wei [21] DEMATEL and TOPSIS Manufacturing
Jia et al. [22] TOPSIS Textile
Jiang et al. [23] Fuzzy DEMATEL Chemistry
Luthra et al. [24] AHP and VIKOR Automobile

Khan et al. [25] Fuzzy Shannon Entropy (FSE) and
fuzzy inference system (FIS) Manufacturing

Wang et al. [26] Fuzzy AHP and green DEA Food oil
Durmic [27] FUCOM Agricultural products
Memari et al. [28] Intuitionistic fuzzy TOPSIS Automobile
Rani et al. [29] Hesitant fuzzy SWARA-COPRAS Trading
Stević et al. [30] MARCOS Healthcare
Shang et al. [31] BWM, FSE, and fuzzy MULTIMOORA Warehouse
Tong et al. [32] Extended PROMETHEE II Furniture

2.2. The Review of Assessment Criteria for Sustainable Supplier Selection

Determining relevant and appropriate criteria is one of the most difficult aspects
of supplier selection [33]. The review of criteria used in the supplier selection prior to
2000 shows that there are three main categories of emphasis in supplier selection. First, cost
was the main focus until the early 1980s. Second, cycle time and customer responsiveness
were taken into account in the early 1990s. Third, flexibility was considered in the late 1990s.
The beginning of supplier selection studies extends to the 1960s. Dickson [34] has presented
23 criteria for supplier selection in 1966 and asked the managers of 273 companies, mostly
manufacturing companies, to rank these criteria according to their importance. It was
found that the most significant criterion was quality, the second significant one is delivery,
and the third one was historical performance. Weber et al. [35] examined and categorised
74 relevant papers published between 1966 and 1991. They stated that, with the influence
of just-in-time (JIT) on supplier selection, the cycle time and customer responsiveness were
added as assessment criteria in supplier selection. In the late 1990s, studies identified the
need of a flexibility criterion as a critical factor [36]. By the 2000s, innovation criterion
has been appeared in the assessment of suppliers [37]. With the increasing concerns
about environmental problems, the quest for ways to manage and alleviate environmental
deterioration has been an objective for most businesses and organizations by 2000s. With
those environmental considerations, a new trend focused on green supply chains has
emerged. Handfield et al. [38] added environmental criteria such as waste management
and green programs to supplier selection problem of three manufacture companies in US.
The need for supplier assessment from a sustainable viewpoint has become more evident,
as firms began to place a more emphasis on environmental and social concerns as the
notion of corporate social responsibility matured in the second half of 2000s [39]. Bai and
Sarkis [40] used internal and external social criteria for the assessment of suppliers with
grey relational analysis (GRA) and rough set theory. Since then, sustainable criteria are
commonly used in supplier selection.

The most used supplier selection criteria from the sustainability perspective are cate-
gorised into three groups: economic, environmental, and social concerns. The most used
economic criteria in the sustainable supplier selection studies are cost, quality, and deliv-
ery [27–29,41,42]. Some of the most used environmental criteria include environmental
management systems, environmental competencies, and pollution [19,25,31]. Work safety,
information disclosure, and reputation are among the most used social criteria [21,30].

In practice, MCDM typically takes decision makers’ own preferences into considera-
tion. Because decision makers are not able to evaluate their preferences using an accurate
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scale, due to the complexity and ambiguity of evaluations and options, linguistic evalu-
ations can only be supplied in place of precise evaluations. Fuzzy or grey numbers are
included in the proposed MCDM framework [43–50] to address this ambiguity. The lit-
erature review has demonstrated that approaches based on fuzzy set theory have been
primarily used to tackle the challenge of sustainable supplier selection (FST). However,
the fundamental benefit of the grey theory over the FST is that it takes into consideration
the fuzziness issue. In addition, the grey theory produces excellent findings using little,
limited, and partial data [40,51–53].

A new grey MCDM model is created in this paper. Grey BWM and grey WISP
techniques are part of the suggested grey MCDM model. The grey WISP approach will
be used to rank the alternatives, while the grey BWM method is used to determine the
criterion weights. In two respects, this study makes a contribution to the literature. The
first contribution is the development of the WISP approach with the addition of grey
numbers. As far as we are aware, the WISP approach has no grey extensions in the
literature. Uncertainties that the crisp WISP technique cannot manage will be handled by
the grey WISP approach. The second contribution is that the combination of the grey BWM
and grey WISP approaches is a first in the literature. This grey MCDM model can, therefore,
account for uncertainties in the presence of small, sparse, and missing data.

3. Materials and Methods

The criteria weights will be determined with the grey BWM and the ranking of the
alternatives will be determined with the grey WISP method in this study. Basic grey
operations are presented as follows.

3.1. Basic Grey Operations

The arithmetic operations between these two grey numbers and z positive crisp
number, where ⊗ A =

[
lA, uA] and ⊗ B =

[
lB, uB] are two different grey numbers and z

a positive crisp number, are as follows [54,55].

⊗ A +⊗ B =
[
lA + lB, uA + uB

]
(1)

⊗ A−⊗ B =
[
lA − uB, uA − lB

]
(2)

⊗ A×⊗ B =
[
min

{
lAlB, lAuB, uAlB, uAuB

}
, max

{
lAlB, lAuB, uAlB, uAuB

}]
(3)

⊗ A/⊗ B =
[
min

{
lA/lB, lA/uB, uA/lB, uA/uB

}
, max

{
lA/lB, lA/uB, uA/lB, uA/uB

}]
(4)

z⊗ A =
[
zlA, zuA

]
(5)

The lA value and lB value indicated in the equations present the lowest values of
⊗ A and ⊗ B grey numbers, respectively, while the uA value and uB value indicate the
highest values of ⊗ A and ⊗ B grey numbers, respectively. In Equation (1), the addition
operation between grey numbers is shown. As can be seen, the lowest values of the grey
numbers are summed up among themselves, and the highest values are among themselves.
Equation (2) shows the subtraction between grey numbers. As can be seen, while the lowest
value of the first grey number is subtracted from the highest value of the second grey
number, the lowest value of the second grey number is subtracted from the highest value
of the first grey number. Equation (3) shows the multiplication between grey numbers. In
this operation, the lowest value of the first grey number is multiplied by the lowest and
highest value of the second grey number. Additionally, the highest value of the first grey
number is multiplied by the lowest and highest value of the second grey number. The
lowest of the results of the mentioned four transactions is determined as the lowest value
of this operation, while the highest of the results is determined as the highest value of this
operation. Equation (4) shows the division between grey numbers. In this operation, the
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lowest value of the first grey number is divided by the lowest and highest value of the
second grey number. Additionally, the highest value of the first grey number is divided
by the lowest and highest value of the second grey number. The lowest of the results of
the mentioned four transactions is determined as the lowest value of this operation, while
the highest of the results is determined as the highest value of this operation. Equation
(5) shows the multiplication of a grey number and a crisp number. The crisp number is
multiplied by both the lowest value and the highest value of the grey number. Whitened of
any grey number is made by Equation (6).

A = (1− λ)lA + λuA (6)

Equation (6) shows how to convert a grey number to a crisp number. The λ value in
Equation (6) takes a value between 0 and 1.

3.2. Grey BWM

BWM, which is a method to use for computing criteria weights, was developed by
Rezaei [56]. The grey BWM method used in this study was adapted from the fuzzy BWM,
developed by [57]. The steps of grey BWM are clarified in detail below.

Step 1-1: Criteria list is determined.
Step 1-2: The best (tb) and the worst criteria (tw) are identified.
Step 1-3: Grey comparisons for the best criterion are determined. In other words,

decision-makers compare the best criterion with the other criteria using the linguistic values.
These linguistic values are as follows: absolutely important (AI)([3.5, 4.5]), very important
(VI)([2.5, 3.5]), medium important (MI) ([1.5, 2.5]), weakly important (WI)([0.667, 1.5]) and
equally important (EI) ([1, 1]). These values are adapted from [57]. The grey best-to-others
vector showing these comparisons is indicated in Equation (7).

⊗ DB = (⊗ dB1, ⊗ dB2, . . . ,⊗ dBB, . . . ,⊗ dBn) (7)

In the vector shown in Equation (7), the value of ⊗ dBB is equal to [1, 1].
Step 1-4: Grey comparisons for the worst criterion are determined. In other words,

decision makers compare the worst criterion with the other criteria using the linguistic
values which are mentioned above. The grey others-to-worst vector indicating these
comparisons is shown in Equation (8).

⊗ DW = (⊗ d1W , ⊗ d2W , . . . ,⊗ dWW , . . . ,⊗ dnW) (8)

In the vector shown in Equation (8), the value of ⊗ dWW is equal to [1, 1].
Step 1-5: An optimization model is created to find the grey weights. Equation (9)

indicates this model.
min⊗ E

s.t.∣∣∣⊗ wB
⊗ wj

−⊗ dBj

∣∣∣ ≤ ⊗ E∣∣∣ ⊗ wj
⊗ wW

−⊗ djW

∣∣∣ ≤ ⊗ E
n
∑

j=1

lw
j +uw

j
2 = 1

lw
j ≤ uw

j
lw
j > 0

j = 1, 2, 3, . . . , n

(9)

where E =
[
lE, uE] and ⊗ wj =

[
lw
j , uw

j

]
.
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Let lE ≤ uE and E∗ = [c∗, c∗] and c∗ ≤ lE, then Equation (9) can be transferred as:

min E∗

s.t.∣∣∣∣∣ [lw
B , uw

B ][
lw
j , uw

j

] − [lw
Bj, uw

Bj

]∣∣∣∣∣ ≤ [c∗, c∗]∣∣∣∣∣
[
lw
j , uw

j

]
[lw

W , uw
W ]
−
[
lw
jW , uw

jW

]∣∣∣∣∣ ≤ [c∗, c∗]

n
∑

j=1

lw
j +uw

j
2 = 1

lw
j ≤ uw

j lw
j > 0

j = 1, 2, 3, . . . , n

(10)

Step 1-6: Consistency ratios (CR) of grey comparisons are computed, with following
equation.

CR = E∗/CI (11)

There are two views on the consistency ratio. According to Guo and Zhao [57], a
CR close to 0 is sufficient, while according to Ghoushchi et al. [58], the CR should be less
than 0.1. Although the second view is preferred in this study, a number less than 0.1 will
be close to 0. Experts will use the linguistic values which are mentioned above for grey
comparisons for the best criterion and worst criterion. Additionally, each linguistic value
has CI (consistency index) value, and these values were computed with the methodology
of Guo and Zhao [57]. These CI values are as follows: 8.04 for AI, 6.69 for VI, 5.29 for MI,
3.8 for WI and 3 for EI. Please see Guo and Zhao’s study [57] for detailed information.

3.3. Grey WISP

Simple WISP method has been developed by Stanujkic et al. [59]. Four utility indicators
are used by the simple WISP technique to assess the total value of the option. In contrast to
simple WISP, results can be obtained faster in simplified WISP (WISP-S), as it employs two
utility indicators [6].

In this study, the grey WISP method is developed. The steps of grey WISP are explained
in detail below.

Step 2-1: Grey decision matrix (⊗ F) is built. The decision-makers will use the lin-
guistic values, while evaluating the performances of the alternatives for building the grey
decision matrix. Equation (12) indicates this matrix. Linguistic values used in evaluating
the performances of the alternatives are as follows: extremely high (EH)([0.8, 1.0]), very
high (VH)([0.7, 0.9]), high (H) ([0.6, 0.8]), moderately high (MH) ([0.5, 0.7]), medium (M)
([0.4, 0.6]), moderately low (ML) ([0.3, 0.5]), low (L) ([0.2, 0.4]), very low (VL) ([0.1, 0.3])
and extremely low (EL) ([0.0-0.2]). These values are taken from [60].

⊗ F =
[
⊗ fij

]
m×n (12)

In Equation (12), ⊗ fij =
[
l fij , u fij

]
, and it is one of the elements of ⊗ F. This grey

decision matrix consists of mth alternatives and nth criteria.
Step 2-2: This matrix is normalized by using Equation (13).

⊗ rij = [lrij , urij ] =

 l fij(
u fij
) ,

u fij(
u fij
)
 (13)
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Step 2-3: For all alternatives, the grey weighted sum and grey weighted product of
normalized values of non-beneficial (NB) and beneficial criteria (BNF) were determined
as below.

⊗ smax
i = ∑

j∈BNF
⊗ rij ⊗ wj (14)

⊗ smin
i = ∑

j∈NB
⊗ rij ⊗ wj (15)

⊗ pmax
i = ∏

j∈BNF
⊗ rij ⊗ wj (16)

⊗ pmin
i = ∏

j∈NB
⊗ rij ⊗ wj (17)

Step 2-4: The grey utility measures are computed as follows.

⊗ vsd
i = ⊗ smax

i −⊗ smin
i (18)

⊗ vpd
i = ⊗ pmax

i −⊗ pmin
i (19)

⊗ vsr
i =

⊗ smax
i

⊗ smin
i

(20)

⊗ vpr
i =

⊗ pmax
i

⊗ pmin
i

(21)

where⊗ vsd
i is computed as the grey difference between two grey sums of beneficial criteria

and non-beneficial criteria, multiplied by a grey weight. ⊗ vpd
i is computed as the grey

difference between two grey multiplications of beneficial criteria and non-beneficial criteria,
multiplied by a grey weight. The difference is between beneficial criteria and non-beneficial
criteria. ⊗ vsr

i is computed as the ratio between two grey sums of beneficial criteria and
non-beneficial criteria, multiplied by a grey weight. ⊗ vpr

i is computed as the ratio between
two grey multiplications of beneficial criteria and non-beneficial criteria, multiplied by a
grey weight. The ratio is between beneficial criteria and non-beneficial criteria.

Step 2-5: Grey utility measures are recalculated as below.

⊗ vsd
i =

1 +⊗ vsd
i

1 +
(

uvsd
i

) (22)

⊗ vpd
i =

1 +⊗ vpd
i

1 +
(

uvpd
i

) (23)

⊗ vsr
i =

1 +⊗ vsr
i

1 +
(

uvsr
i

) (24)

⊗ vpr
i =

1 +⊗ vpr
i

1 +
(

uvpr
i

) (25)

where ⊗ vsd
i , ⊗ vpd

i , ⊗ vsr
i and ⊗ vpr

i indicate recalculated grey values of ⊗ vsd
i , ⊗ vpd

i , ⊗ vsr
i ,

and ⊗ vpr
i .

Step 2-6: The overall grey utility value (⊗ vi) for each alternative is computed
as follows.

⊗ vi =
1
4

(
⊗ vsd

i +⊗ vpd
i +⊗ vsr

i +⊗ vpr
i

)
(26)
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Step 2-7: The overall grey utility values (⊗ vi = (lvi , uvi )) are whitened to obtain crisp
overall utility values (vi).

vi = (1− λ)lvi + λuvi (27)

In this study, λ will be taken as 0.5. The highest vi presents the most optimal alternative.

4. Application

When the place of the textile industry in world trade for 2021 is examined, the countries
that come to the fore in exports are China (35%), India (6.9%), the USA (5.3%), Turkey
(4.2%), and Germany (4.2%) [61]. As can be seen, Turkey has an important share in world
textile exports. Therefore, the application of this study is carried out in a textile factory in
Turkey that has many production facilities in Central Asia and Europe. In the application,
data were obtained from an expert team consisting of seven top managers of the company.
The details of experts are summarised in Table 2.

Table 2. The Details of Experts.

Experts Role Degree Working Years

EXP 1 Textile Engineer BD: Textile Engineering 25
EXP 2 Industrial Engineer BD: Industrial Engineering 17
EXP 3 CFO BD: Business Administration 16

EXP 4 Operation
Manager

BD: Textile Engineering
MD: Industrial Engineering 10

EXP 5 Quality Manager BD: Textile Engineering 12
EXP 6 Logistics Manager BD: Industrial Engineering 10

EXP 7 Regional Manager BD: Business Administration
MD: MBA 8

The master list was created from the criteria found in the literature related to the
problem. This list has been shown to the expert team. In consultation with this expert team,
the criteria to be used in the sustainable supplier selection were determined. The main
criteria and sub-criteria used in the study are listed below.

• Economics (EC)

â Discount opportunity (DO);
â Price (P);
â Late delivery ratio (LDR);
â Defect ratio (DR);
â Technological capability (TC).

• Environmental Aspects (EV)

â Reduction of air emissions (RAE);
â Green warehouse management (GWM);
â Environmentally-friendly materials (EFM);
â Environmental performance evaluation (EPE).

• Social Aspects (SO)

â Work contract (WCT);
â Job safety and labour health (JSLH);
â Organization culture (OC).

Only three of the mentioned sub-criteria were taken as non-beneficial criteria. The
non-beneficial criteria were P, LDR, and DR.

First, the linguistic expressions in Appendix A were converted to grey numbers using
linguistic scales, which are mentioned in Step 1-3. This process step will be illustrated by
taking Expert 1’s opinions for the main criteria as an example. According to Expert 1, the
best criterion (tb) was determined as EC, while the worst criterion (tw) was determined as
SO. According to Expert 1, the EC criterion is very important (VI) ([2.5, 3.5]), compared
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to the EV criterion. Additionally, according to Expert 1, the EC criterion is absolutely
important (AI) ([3.5, 4.5]), compared to the SO criterion. Therefore, the grey best-to-others
vector for Expert 1 is shown below.

⊗ DB = ([1, 1], [2.5, 3.5], [3.5, 4.5])

According to Expert 1, the EC criterion is absolutely important (AI) ([3.5, 4.5]), com-
pared to the SO criterion. Additionally, according to Expert 1, the EV criterion is weakly
important (WI) ([0.667, 1.5]), compared to the SO criterion. Therefore, the grey others-to-
worst vector for Expert 1 is shown below.

⊗ DW = ([3.5, 4.5], [0.667, 1.5], [1, 1])

Then, with Equation (10), the main criteria and sub-criteria weights were obtained.
The weights of the main criteria and the weights of the sub-criteria were multiplied to
determine the global weights of the sub-criteria. Table 3 presents the findings of grey WISP.

Table 3. The Results of Grey WISP.

Experts EC EV SO E* CR

EXP 1 [0.634, 0.634] [0.171, 0.233] [0.136, 0.193] 0.216 0.027
EXP 2 [0.461, 0.513] [0.205, 0.308] [0.205, 0.308] 0.0001 0.00001
EXP 3 [0.358, 0.482] [0.216, 0.291] [0.272, 0.382] 0.269 0.051
EXP 4 [0.272, 0.382] [0.358, 0.482] [0.216, 0.291] 0.269 0.051
EXP 5 [0.427, 0.427] [0.427, 0.427] [0.122, 0.171] 1.81 × 10−7 2.71 × 10−8

EXP 6 [0.634, 0.634] [0.136, 0.193] [0.171, 0.233] 0.216 0.027
EXP 7 [0.522, 0.567] [0.207, 0.301] [0.174, 0.230] 0.234 0.035

Local
Weights DO P LDR DR TC E* CR

EXP 1 [0.112, 0.147] [0.258, 0.311] [0.209, 0.270] [0.209, 0.270] [0.097, 0.117] 0.289 0.043
EXP 2 [0.177, 0.248] [0.232, 0.313] [0.177, 0.248] [0.140, 0.189] [0.138, 0.138] 0.269 0.051
EXP 3 [0.153, 0.219] [0.381, 0.418] [0.126, 0.169] [0.128, 0.139] [0.128, 0.139] 0.239 0.036
EXP 4 [0.098, 0.138] [0.259, 0.270] [0.269, 0.288] [0.259, 0.259] [0.071, 0.088] 0.445 0.055
EXP 5 [0.105, 0.114] [0.198, 0.287] [0.198, 0.287] [0.259, 0.343] [0.104, 0.104] 0.234 0.035
EXP 6 [0.170, 0.218] [0.255, 0.339] [0.170, 0.255] [0.170, 0.255] [0.085, 0.085] 0.5 0.075
EXP 7 [0.103, 0.146] [0.139, 0.180] [0.322, 0.389] [0.139, 0.180] [0.176, 0.227] 0.291 0.043

Global
Weights DO P LDR DR TC

EXP 1 [0.071, 0.093] [0.164, 0.197] [0.133, 0.171] [0.133, 0.171] [0.061, 0.074]
EXP 2 [0.082, 0.127] [0.107, 0.161] [0.082, 0.127] [0.065, 0.097] [0.064, 0.071]
EXP 3 [0.055, 0.106] [0.136, 0.201] [0.045, 0.081] [0.046, 0.067] [0.046, 0.067]
EXP 4 [0.027, 0.053] [0.070, 0.103] [0.073, 0.110] [0.070, 0.099] [0.019, 0.034]
EXP 5 [0.045, 0.049] [0.085, 0.123] [0.085, 0.123] [0.111, 0.146] [0.044, 0.044]
EXP 6 [0.108, 0.138] [0.162, 0.215] [0.108, 0.162] [0.108, 0.162] [0.054, 0.054]
EXP 7 [0.054, 0.083] [0.073, 0.102] [0.168, 0.221] [0.073, 0.102] [0.092, 0.129]

Local
Weights RAE GWM EFM EPE E* CR

EXP 1 [0.120, 0.148] [0.165, 0.233] [0.165, 0.233] [0.453, 0.485] 0.445 0.055
EXP 2 [0.163, 0.163] [0.329, 0.499] [0.170, 0.170] [0.241, 0.266] 0.567 0.085
EXP 3 [0.117, 0.127] [0.221, 0.321] [0.221, 0.321] [0.289, 0.383] 0.234 0.035
EXP 4 [0.138, 0.184] [0.165, 0.240] [0.416, 0.452] [0.165, 0.240] 0.234 0.035
EXP 5 [0.205, 0.288] [0.269, 0.363] [0.163, 0.219] [0.205, 0.288] 0.269 0.051
EXP 6 [0.134, 0.144] [0.175, 0.208] [0.175, 0.208] [0.425, 0.532] 0.546 0.068
EXP 7 [0.177, 0.177] [0.251, 0.277] [0.128, 0.128] [0.342, 0.519] 0.567 0.085
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Table 3. Cont.

Global
Weights RAE GWM EFM EPE

EXP 1 [0.021, 0.034] [0.028, 0.054] [0.028, 0.054] [0.077, 0.113]
EXP 2 [0.033, 0.050] [0.067, 0.154] [0.035, 0.052] [0.049, 0.082]
EXP 3 [0.025, 0.037] [0.048, 0.093] [0.048, 0.093] [0.062, 0.111]
EXP 4 [0.049, 0.089] [0.059, 0.116] [0.149, 0.218] [0.059, 0.116]
EXP 5 [0.088, 0.123] [0.115, 0.155] [0.070, 0.094] [0.088, 0.123]
EXP 6 [0.018, 0.028] [0.024, 0.040] [0.024, 0.040] [0.058, 0.103]
EXP 7 [0.037, 0.053] [0.052, 0.083] [0.026, 0.039] [0.071, 0.156]

Local
Weights WCT JSLH EFMOC E* CR

EXP 1 [0.522, 0.567] [0.207, 0.301] [0.174, 0.230] 0.234 0.035
EXP 2 [0.216, 0.291] [0.358, 0.482] [0.272, 0.382] 0.269 0.051
EXP 3 [0.207, 0.301] [0.522, 0.567] [0.174, 0.230] 0.234 0.035
EXP 4 [0.319, 0.479] [0.319, 0.479] [0.191, 0.213] 1.17 × 10−4 2.21 × 10−5

EXP 5 [0.174, 0.230] [0.522, 0.567] [0.207, 0.301] 0.234 0.035
EXP 6 [0.237, 0.343] [0.530, 0.602] [0.135, 0.153] 0.043 0.005
EXP 7 [0.486, 0.570] [0.244, 0.363] [0.155, 0.182] 0.163 0.024

Global
Weights WCT JSLH EFMOC

EXP 1 [0.071, 0.109] [0.028, 0.058] [0.024, 0.044]
EXP 2 [0.044, 0.090] [0.073, 0.148] [0.056, 0.118]
EXP 3 [0.056, 0.115] [0.142, 0.217] [0.047, 0.088]
EXP 4 [0.069, 0.139] [0.069, 0.139] [0.041, 0.062]
EXP 5 [0.021, 0.039] [0.064, 0.097] [0.025, 0.051]
EXP 6 [0.041, 0.080] [0.091, 0.140] [0.023, 0.036]
EXP 7 [0.085, 0.131] [0.042, 0.083] [0.027, 0.042]

After finding the sub-criteria weights, the suppliers were ranked by the grey WISP
method. Each expert evaluated five suppliers, according to their performance in the
criteria. While making this evaluation, the experts used the linguistic values shown in
Step 2-1. Experts’ assessments were combined with the arithmetic mean. Table 4 presents
the combined assessments of experts.

Table 4. The Combined Assessments.

Suppliers DO P LDR DR TC RAE

SP1 [0.386, 0.586] [0.371, 0.571] [0.186, 0.386] [0.200, 0.400] [0.629, 0.829] [0.486, 0.686]
SP2 [0.486, 0.686] [0.243, 0.443] [0.229, 0.429] [0.214, 0.414] [0.571, 0.771] [0.357, 0.557]
SP3 [0.443, 0.643] [0.371, 0.571] [0.143, 0.343] [0.243, 0.443] [0.571, 0.771] [0.386, 0.586]
SP4 [0.471, 0.671] [0.257, 0.457] [0.329, 0.529] [0.171, 0.371] [0.529, 0.729] [0.386, 0.586]
SP5 [0.486, 0.686] [0.314, 0.514] [0.371, 0.571] [0.314, 0.514] [0.543, 0.743] [0.429, 0.629]

Suppliers GWM EFM EPE WCT JSLH OC

SP1 [0.514, 0.714] [0.429, 0.629] [0.457, 0.657] [0.600, 0.800] [0.343, 0.543] [0.529, 0.729]
SP2 [0.514, 0.714] [0.486, 0.686] [0.557, 0.757] [0.586, 0.786] [0.343, 0.543] [0.529, 0.729]
SP3 [0.486, 0.686] [0.500, 0.700] [0.586, 0.786] [0.500, 0.700] [0.500, 0.700] [0.529, 0.729]
SP4 [0.357, 0.557] [0.443, 0.643] [0.543, 0.743] [0.443, 0.643] [0.414, 0.614] [0.643, 0.843]
SP5 [0.329, 0.529] [0.386, 0.586] [0.471, 0.671] [0.614, 0.814] [0.543, 0.743] [0.586, 0.786]

An example will be presented to illustrate the combined assessments shown in Table 4.
Expert 1, Expert 2, Expert 3, Expert 4, Expert 5, Expert 6, and Expert 7 have assigned the
following values to the DO criterion of the SP1 alternative, respectively: [0.2, 0.4], [0.3, 0.5],
[0.4, 0.6], [0.5, 0.7], [0.5, 0.7], [0.4, 0.6], and [0.4, 0.6]. The computation is as follows.

[((0.2 + 0.3 + 0.4 + 0.5 + 0.5 + 0.4 + 0.4)/7), ((0.4 + 0.5 + 0.6 + 0.7 + 0.7 + 0.6 + 0.6)/7)] = [0.386, 0.586]
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Using Equation (13), a grey normalized matrix is obtained. Table 5 shows the grey
normalized matrix.

Table 5. The Grey Normalized Matrix.

⊗ wj [0.063, 0.093] [0.114, 0.157] [0.099, 0.142] [0.087, 0.121] [0.054, 0.068] [0.039, 0.059]

Suppliers DO P LDR DR TC RAE

SP1 [0.563, 0.854] [0.650, 1.000] [0.326, 0.676] [0.389, 0.778] [0.759, 1.000] [0.708, 1.000]
SP2 [0.708, 1.000] [0.426, 0.776] [0.401, 0.751] [0.416, 0.805] [0.689, 0.930] [0.520, 0.812]
SP3 [0.646, 0.937] [0.650, 1.000] [0.250, 0.601] [0.473, 0.862] [0.689, 0.930] [0.563, 0.854]
SP4 [0.687, 0.978] [0.450, 0.800] [0.576, 0.926] [0.333, 0.722] [0.638, 0.879] [0.563, 0.854]
SP5 [0.708, 1.000] [0.550, 0.900] [0.650, 1.000] [0.611, 1.000] [0.655, 0.896] [0.625, 0.917]

⊗ wj [0.056, 0.099] [0.054, 0.084] [0.066, 0.115] [0.055, 0.100] [0.073, 0.126] [0.035, 0.063]

Suppliers GWM EFM EPE WCT JSLH OC

SP1 [0.720, 1.000] [0.613, 0.899] [0.581, 0.836] [0.737, 0.983] [0.462, 0.731] [0.628, 0.865]
SP2 [0.720, 1.000] [0.694, 0.980] [0.709, 0.963] [0.720, 0.966] [0.462, 0.731] [0.628, 0.865]
SP3 [0.681, 0.961] [0.714, 1.000] [0.746, 1.000] [0.614, 0.860] [0.673, 0.942] [0.628, 0.865]
SP4 [0.500, 0.780] [0.633, 0.919] [0.691, 0.945] [0.544, 0.790] [0.557, 0.826] [0.763, 1.000]
SP5 [0.461, 0.741] [0.551, 0.837] [0.599, 0.854] [0.754, 1.000] [0.731, 1.000] [0.695, 0.932]

An example will be presented to illustrate the grey normalized values shown in Table 5.
The grey normalized value of the SP1 alternative in the DO criterion was calculated as
follows.

max (0.586, 0.686, 0.643, 0.671, 0.686) = (0.686)

[(0.386/0.686), (0.586/0.686)] = [0.563, 0.854]

Using Equations (18)–(21), grey utility measures are calculated. Table 6 shows grey
utility measures.

Table 6. The Grey Utility Measures.

Suppliers ⊗ vsd
i ⊗ vsr

i ⊗ vpd
i ⊗ vpr

i

SP1 [−0.035, 0.581] [0.899, 5.150] [−0.00141677, −8.0512 × 10−5] [4.36269 × 10−11, 1.38438 × 10−6]
SP2 [−0.004, 0.614] [0.988, 5.912] [−0.00126624, −7.056 × 10−5] [5.47331 × 10−11, 1.73074 × 10−6]
SP3 [−0.015, 0.613] [0.957, 5.379] [−0.00138788, −7.585 × 10−5] [6.40027 × 10−11, 1.83237 × 10−6]
SP4 [−0.039, 0.573] [0.887, 5.182] [−0.00143602, −8.4303 × 10−5] [3.25741 × 10−11, 1.08325 × 10−6]
SP5 [−0.086, 0.554] [0.787, 4.078] [−0.00242266, −0.0002137] [2.53878 × 10−11, 5.33678 × 10−7]

The grey utility measures are recalculated using Equations (22)–(25). Table 7 presents
recalculated grey utility measures.

Table 7. Recalculated Grey Utility Measures.

Suppliers ⊗ v
−

sd

i
⊗ v

-
sr
i

⊗ v
-

pd
i

⊗ v
-

pr
i

SP1 [0.598, 0.980] [0.275, 0.890] [0.99865, 0.99999] [0.99999816767, 0.9999996000]
SP2 [0.617, 1.000] [0.288, 1.000] [0.9988, 1.000] [0.99999816768, 0.9999999]
SP3 [0.610, 0.999] [0.283, 0.923] [0.998680, 0.999995] [0.99999816769, 1.0000000]
SP4 [0.595, 0.975] [0.273, 0.894] [0.998630, 0.999986] [0.99999816766, 0.99999930000]
SP5 [0.566, 0.963] [0.259, 0.735] [0.997650, 0.999857] [0.99999816765, 0.99999870]

In the final step of the grey WISP, the overall grey utility value and the overall crisp
utility value are calculated for each supplier by using Equations (26) and (27). The rankings
of the suppliers are presented in Table 8.
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Table 8. The Results of Grey WISP.

Suppliers ⊗ vi vi Rankings

SP1 [0.7179, 0.9675] 0.8427 3
SP2 [0.7259, 1.0000] 0.8630 1
SP3 [0.7229, 0.9805] 0.8517 2
SP4 [0.7167, 0.9672] 0.8420 4
SP5 [0.7057, 0.9245] 0.8151 5

The grey combinative distance-based assessment (CODAS), grey COPRAS, and grey
additive ratio assessment (ARAS), grey multi-attributive border approximation area com-
parison (MABAC), and grey multi-attributive ideal-real comparative analysis (MAIRCA)
methods were applied to the Grey decision matrix to confirm whether the developed Grey
WISP method presented accurate results. Table 9 shows the ranking of suppliers according
to these grey methods and the developed grey WISP method.

Table 9. The Results of Grey MCDM Methods.

Suppliers Grey
WISP

Grey
CODAS

Grey
COPRAS

Grey
ARAS

Grey
MABAC

Grey
MAIRCA

SP1 3 3 3 3 3 3
SP2 1 2 1 2 1 1
SP3 2 1 2 1 2 2
SP4 4 4 4 4 5 4
SP5 5 5 5 5 4 5

As can be seen from Table 9, the grey WISP, grey MAIRCA, and grey COPRAS methods
obtained the same rankings of suppliers. Small differences were observed in the rankings
between the grey WISP method and grey CODAS, grey MABAC, and grey ARAS methods.
The Pearson correlation coefficient between the grey MCDM methods and grey WISP was
determined as 0.9. Based on this, it is concluded that results from the proposed grey WISP
approach are precise.

5. Sensitivity and Comparative Analysis

In the sensitivity analysis, the effect of the change of the six most important criteria, P,
LDR, DR, JSLH, EPE, and DO were analysed. By applying Equation (28), Mešić et al. [62], a
total of 60 scenarios (Figure 1) were formed.

Wnβ = (1−Wnα)
Wβ

(1−Wn)
(28)

In Equation (28), Wnβ indicates a new value of criteria, and Wβ presents original value
of criteria. Additionally, Wnα shows the reduced criterion value, and Wn indicates the
original value of the criterion with a reduced value [62].

In scenarios S1–S10, the most significant criterion was P, criterion LDR in scenarios
S11–S20, criterion DR in scenarios S21–S30, criterion JSLH in scenarios S31–S40, criterion
EPE in scenarios S41–S50, and criterion DO in scenarios S51–S60. The results of performed
sensitivity analysis are represented in Figure 2.
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Figure 2. Results of sensitivity analysis at new criterion values.

Based on 60 sets, in which new criteria values are represented, we can see that there
were significant changes in some scenarios. In scenarios S1–S5 and S21–S60, there were no
changes in alternative ranking, but scenarios S6–S20 had significant changes in alternative
ranking. In S6 and S7, in which criterion P had values (0.051, 0.071) and (0.040, 0.055),
respectively, the second and third alternatives replaced their position, so SP3 was the best
solution. In scenarios S8-S10, three alternatives (SP1, SP2, and SP3) changed their initial
rank, so SP2 was in third place. These changes in alternative ranking meant that the most
important criterion P had a large influence on the final alternative ranking. Additionally,
the second most important criterion LDR had a large influence on the alternative ranking
because, in scenarios S11–S20, only the best and worst alternatives kept their position.
Despite the change in criteria weights, we found that SP5 was the last ranked alternative.

After sensitivity analysis, we performed a statistical correlation test, including the
Spearman’s correlation coefficient (SCC) [63] and Wojciech Salabun (WS) coefficients [64]
represented in Figure 3.



Sustainability 2022, 14, 16921 15 of 20

Sustainability 2022, 14, x FOR PEER REVIEW 16 of 21 
 

rank, so SP2 was in third place. These changes in alternative ranking meant that the most 

important criterion P had a large influence on the final alternative ranking. Additionally, 

the second most important criterion LDR had a large influence on the alternative ranking 

because, in scenarios S11–S20, only the best and worst alternatives kept their position. 

Despite the change in criteria weights, we found that SP5 was the last ranked alternative.  

After sensitivity analysis, we performed a statistical correlation test, including the 

Spearman’s correlation coefficient (SCC) [63] and Wojciech Salabun (WS) coefficients [64] 

represented in Figure 3. 

 

Figure 3. Correlation test—calculated SCC and WS coefficients. 

Besides the changes in the alternative ranking, we can conclude that the ranks had a 

high correlation (SCC = 0.943), while WS = 0.948. 

6. Conclusions 

Since suppliers are crucial to the success of the organizations in a supply chain, 

supplier selection is important in the supply chains. In recent decades, sustainability has 

become a viable response to the world’s depleting natural resources and growing social 

and environmental issues. In order to reduce environmental impacts, sustainability has 

been used in a variety of industrial procedures, with supplier selection being one of them. 

This study’s primary objective was to analyse and choose suppliers for a Turkish textile 

manufacturing based on their sustainability scores using a new hybrid model that 

incorporates grey numbers, BWM, and WISP methodologies. The supplier with the best 

performance was determined to be the supplier with the SP2 coded. The SP2 coded 

supplier is followed by the SP3 coded supplier. The SP3 coded supplier is followed by the 

SP1, SP4, and SP5 coded suppliers, respectively. The results of Grey WISP have been 

compared with the grey CODAS, grey COPRAS, grey MABAC, grey MAIRCA, and grey 

ARAS methods. The grey WISP, grey MAIRCA, and grey COPRAS methods obtained the 

same rankings of suppliers. In other words, the suppliers were ranked according to their 

performance, as follows: SP2, SP3, SP1, SP4, and SP5. However, small differences were 

observed in the rankings between the grey WISP method and grey CODAS, grey MABAC, 

and grey ARAS methods. According to the results of the grey CODAS and grey ARAS 

methods, the SP2 coded supplier is in the second place and the SP3 coded supplier is in 

Figure 3. Correlation test—calculated SCC and WS coefficients.

Besides the changes in the alternative ranking, we can conclude that the ranks had a
high correlation (SCC = 0.943), while WS = 0.948.

6. Conclusions

Since suppliers are crucial to the success of the organizations in a supply chain,
supplier selection is important in the supply chains. In recent decades, sustainability
has become a viable response to the world’s depleting natural resources and growing
social and environmental issues. In order to reduce environmental impacts, sustainability
has been used in a variety of industrial procedures, with supplier selection being one of
them. This study’s primary objective was to analyse and choose suppliers for a Turkish
textile manufacturing based on their sustainability scores using a new hybrid model that
incorporates grey numbers, BWM, and WISP methodologies. The supplier with the best
performance was determined to be the supplier with the SP2 coded. The SP2 coded supplier
is followed by the SP3 coded supplier. The SP3 coded supplier is followed by the SP1, SP4,
and SP5 coded suppliers, respectively. The results of Grey WISP have been compared with
the grey CODAS, grey COPRAS, grey MABAC, grey MAIRCA, and grey ARAS methods.
The grey WISP, grey MAIRCA, and grey COPRAS methods obtained the same rankings
of suppliers. In other words, the suppliers were ranked according to their performance,
as follows: SP2, SP3, SP1, SP4, and SP5. However, small differences were observed in
the rankings between the grey WISP method and grey CODAS, grey MABAC, and grey
ARAS methods. According to the results of the grey CODAS and grey ARAS methods, the
SP2 coded supplier is in the second place and the SP3 coded supplier is in the first place,
unlike the grey WISP method. The rankings of other suppliers (SP1, SP4, SP5) remained
the same. According to the results of the grey MABAC method, the SP4 coded supplier is
in the fifth place and the SP5 coded supplier is in the fourth place, unlike the grey WISP
method. The rankings of the other suppliers (SP1, SP2, SP3) remained the same. Despite
the slight differences in the results, the Pearson correlation coefficient between all three
methods (grey CODAS, grey ARAS, and grey MABAC) and the grey WISP method was
determined to be 0.9. These results have confirmed that the developed grey WISP method
is reliable with accurate results. After comparing the grey WISP method with the other grey
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MCDM methods, the weights of the criteria were changed, and the sensitivity analysis was
conducted. In the sensitivity analysis, the criteria weights of P, LDR, DR, JSLH, EPE, and
DO were changed to analyse the effect weight change. Based on 60 sets, which represented
the new criteria values, there were significant changes in some scenarios. In scenarios
S1–S5 and S21–S60, there were no changes in alternative ranking, but scenarios S6-S20 had
significant changes in alternative ranking. In S6 and S7, the second and third alternatives
replaced their position, so SP3 was determined as the best solution. In scenarios S8-S10,
three alternatives (SP1, SP2, and SP3) changed their initial rank, so SP2 was in third place.
These changes in alternative ranking mean that the most important criterion, P, had a
large influence on the final alternative ranking. Additionally, the second most important
criterion LDR had a large influence on alternative ranking because in scenarios S11-S20,
only the best and worst alternative kept their position. Despite the change in criteria
weights, it was found that SP5 was the last ranked alternative. After sensitivity analysis, a
statistical correlation test including the SCC and WS coefficients was performed. According
to the results of the statistical correlation, it can be concluded that the ranks have a high
correlation. Thus, it has been determined that the developed grey WISP method is sensitive
to changes in the criteria weights. The study makes two contributions to the literature.
First, the WISP method’s grey extension was created first. As far as we are aware, the
WISP approach had no grey extensions in the literature. Uncertainties that the crisp WISP
technique cannot manage will be handled by the grey WISP approach. Second, this study
is the first to combine the grey BWM and grey WISP approaches. This grey MCDM model
can, therefore, account for uncertainties in the presence of small, sparse, and missing data.

The results of the developed model were shown to the experts, and the accuracy of the
results was confirmed. According to experts, a higher amount of product can be purchased
from the supplier with the SP2 code, and a tighter relationship can be worked out with this
supplier. According to the same experts, the performance of SP4 and SP5 coded suppliers
will be closely monitored, and more detailed performance analysis will be made.

This study has various limitations, even though it offered a comprehensive grey model.
First, only subjective (expert judgments) data were employed in this study; no objective
data were. By utilizing objective data from the factories, future research will be able to
produce more comprehensive and effective results. Additionally, this study did not employ
objective weighing techniques such as CRITIC, Entropy, or MEREC. One of these methods
can be used in future studies to create a more robust model. Historical data were not
included in this study; only subjective data were. By employing historical data, future
research will be able to produce comprehensive results. Only 3 main criteria and 12 sub-
criteria were assessed at in this study. Future research may take into account other factors
and produce inclusive solutions. Additionally, no method has been used in this study for
order allocation. However, one of the crucial steps in the supplier selection process is order
allocation. A model that additionally takes order allocation into account might be presented
in further investigations. Due to the WISP method’s recent development, its stochastic,
neutrosophic, and plithogenic extensions have not yet been created. Therefore, these WISP
approach extensions may be developed in further studies. Additionally, they can apply the
grey WISP approach created in this study to address other MCDM issues (3PLs selection,
logistics centre selection, ERP software selection, etc.). Additionally, future research can
use the created grey WISP technique to address the sustainable supplier selection issue in
other industries (chemical, machinery, automotive, etc.).
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Appendix A

Table A1. The Experts’ Evaluation of the Criteria.

Experts Best EC EV SO

Expert 1 EC EI VI AI
Expert 2 EC EI MI MI
Expert 3 EC EI MI WI
Expert 4 EV WI EI MI
Expert 5 EV EI EI VI
Expert 6 EC EI AI VI
Expert 7 EC EI MI VI

Experts Worst EC EV SO

Expert 1 SO AI WI EI
Expert 2 SO MI WI EI
Expert 3 EV MI EI WI
Expert 4 SO WI MI EI
Expert 5 SO VI VI EI
Expert 6 EV AI EI WI
Expert 7 SO VI WI EI

Experts Best DO P LDR DR TC

Expert 1 P MI EI WI WI VI
Expert 2 P WI EI WI MI MI
Expert 3 P MI EI VI VI VI
Expert 4 LDR MI WI EI WI AI
Expert 5 DR VI WI WI EI VI
Expert 6 P WI EI MI MI VI
Expert 7 LDR VI MI EI MI MI

Experts Worst DO P LDR DR TC

Expert 1 TC WI VI MI MI EI
Expert 2 DR WI MI WI EI EI
Expert 3 LDR WI VI EI EI EI
Expert 4 TC WI VI AI VI EI
Expert 5 DO EI MI MI VI EI
Expert 6 TC MI VI VI VI EI
Expert 7 DO EI WI VI WI MI

Experts Best RAE GWM EFM EPE

Expert 1 EPE AI MI MI EI
Expert 2 GWM MI EI VI WI
Expert 3 EPE VI WI WI EI
Expert 4 EFM VI MI EI MI
Expert 5 GWM WI EI MI WI
Expert 6 EPE AI MI MI EI
Expert 7 EPE VI WI VI EI

Experts Worst RAE GWM EFM EPE

Expert 1 RAE EI WI WI AI
Expert 2 EFM WI VI EI EI
Expert 3 RAE EI MI MI VI
Expert 4 RAE EI WI VI WI
Expert 5 EFM WI MI EI WI
Expert 6 RAE EI WI EI AI
Expert 7 RAE EI EI WI VI
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Table A1. Cont.

Experts Best WCT JSLH OC

Expert 1 WCT EI MI VI
Expert 2 JSLH MI EI WI
Expert 3 JSLH MI EI VI
Expert 4 WCT EI WI MI
Expert 5 JSLH VI EI MI
Expert 6 JSLH MI EI AI
Expert 7 WCT EI MI VI

Experts Worst WCT JSLH OC

Expert 1 OC VI WI EI
Expert 2 WCT EI MI WI
Expert 3 OC WI VI EI
Expert 4 OC MI MI EI
Expert 5 WCT EI VI WI
Expert 6 OC MI AI EI
Expert 7 OC VI MI EI
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Strateg. Manag.-Int. J. Strateg. Manag. Decis. Support Syst. Strateg. Manag. 2022. online first. [CrossRef]
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41. Kizielewicz, B.; Więckowski, J.; Shekhovtsov, A.; Wątróbski, J.; Depczyński, R.; Sałabun, W. Study towards the time-based mcda

ranking analysis–a supplier selection case study. Facta Univ. Ser. Mech. Eng. 2021, 19, 381–399. [CrossRef]
42. Fazlollahtabar, H.; Kazemitash, N. Green supplier selection based on the information system performance evaluation using the

integrated Best-Worst Method. Facta Univ. Ser. Mech. Eng. 2021, 19, 345–360. [CrossRef]
43. Jana, C.; Pal, M.; Wang, J. A robust aggregation operator for multi-criteria decision-making method with bipolar fuzzy soft

environment. Iran. J. Fuzzy Syst. 2019, 16, 1–16.
44. Jana, C.; Pal, M. A dynamical hybrid method to design decision making process based on GRA approach for multiple attributes

problem. Eng. Appl. Artif. Intell. 2021, 100, 104203. [CrossRef]
45. Jana, C.; Pal, M. Extended bipolar fuzzy EDAS approach for multi-criteria group decision-making process. Comput. Appl. Math.

2021, 40, 9. [CrossRef]
46. Jana, C. Multiple attribute group decision-making method based on extended bipolar fuzzy MABAC approach. Comput. Appl.

Math. 2021, 40, 227. [CrossRef]
47. Arora, H.D.; Naithani, A. Significance of TOPSIS approach to MADM in computing exponential divergence measures for

pythagorean fuzzy sets. Decis. Mak. Appl. Manag. Eng. 2022, 5, 246–263. [CrossRef]
48. Das, A.K. FP-intuitionistic multi fuzzy N-soft set and its induced FP-Hesitant N soft set in decision-making. Decis. Mak. Appl.

Manag. Eng. 2022, 5, 67–89. [CrossRef]

http://doi.org/10.1016/j.jclepro.2012.04.014
http://doi.org/10.3926/jiem.1203
http://doi.org/10.3390/su7021603
http://doi.org/10.1016/j.jclepro.2016.09.078
http://doi.org/10.1016/j.jclepro.2018.09.144
http://doi.org/10.3390/math6120302
http://doi.org/10.31181/oresta1901085d
http://doi.org/10.1016/j.jmsy.2018.11.002
http://doi.org/10.3390/sym12071152
http://doi.org/10.1016/j.cie.2019.106231
http://doi.org/10.1016/j.eswa.2022.116567
http://doi.org/10.1016/j.jclepro.2021.129830
http://doi.org/10.1016/j.knosys.2018.07.013
http://doi.org/10.1111/j.1745-493X.1966.tb00818.x
http://doi.org/10.1016/0377-2217(91)90033-R
http://doi.org/10.1108/09576059910284159
http://doi.org/10.1007/s001700300063
http://doi.org/10.1016/S0377-2217(01)00261-2
http://doi.org/10.1016/j.ijpe.2007.02.049
http://doi.org/10.1016/j.ijpe.2009.11.023
http://doi.org/10.22190/FUME210130048K
http://doi.org/10.22190/FUME201125029F
http://doi.org/10.1016/j.engappai.2021.104203
http://doi.org/10.1007/s40314-020-01403-4
http://doi.org/10.1007/s40314-021-01606-3
http://doi.org/10.31181/dmame211221090a
http://doi.org/10.31181/dmame181221045d


Sustainability 2022, 14, 16921 20 of 20

49. Riaz, M.; Athar Farid, H.M. Picture fuzzy aggregation approach with application to third-party logistic provider selection process.
Rep. Mech. Eng. 2022, 3, 318–327. [CrossRef]

50. Ashraf, A.; Ullah, K.; Hussain, A.; Bari, M. Interval-Valued Picture Fuzzy Maclaurin Symmetric Mean Operator with application
in Multiple Attribute Decision-Making. Rep. Mech. Eng. 2022, 3, 301–317. [CrossRef]

51. Liu, S.; Lin, Y. Grey Information: Theory and Practical Applications; Springer Science & Business Media: London, UK, 2006.
52. Xia, X.; Govindan, K.; Zhu, Q. Analyzing internal barriers for automotive parts remanufacturers in China using grey-DEMATEL

approach. J. Clean. Prod. 2015, 87, 811–825. [CrossRef]
53. Ulutas, A. A grey hybrid model to select the optimal third-party logistics provider. S. Afr. J. Ind. Eng. 2021, 32, 171–181. [CrossRef]
54. Liu, S.; Forrest, J.Y.L. Grey Systems: Theory and Applications; Springer Science & Business Media: Berlin, Germany, 2010.
55. Liu, S.; Rui, H.; Fang, Z.; Yang, Y.; Forrest, J. Explanation of terms of grey numbers and its operations. Grey Syst. Theory Appl.

2016, 6, 436–441. [CrossRef]
56. Rezaei, J. Best-worst multi-criteria decision-making method. Omega 2015, 53, 49–57. [CrossRef]
57. Guo, S.; Zhao, H. Fuzzy best-worst multi-criteria decision-making method and its applications. Knowl.-Based Syst. 2017,

121, 23–31. [CrossRef]
58. Ghoushchi, S.J.; Yousefi, S.; Khazaeili, M. An extended FMEA approach based on the Z-MOORA and fuzzy BWM for prioritization

of failures. Appl. Soft Comput. 2019, 81, 105505. [CrossRef]
59. Stanujkic, D.; Popovic, G.; Karabasevic, D.; Meidute-Kavaliauskiene, I.; Ulutaş, A. An integrated simple weighted sum product
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