
Tavana, Madjid; Sorooshian, Shahryar; Mina, Hassan

Article  —  Published Version

An integrated group fuzzy inference and best–worst
method for supplier selection in intelligent circular supply
chains

Annals of Operations Research

Suggested Citation: Tavana, Madjid; Sorooshian, Shahryar; Mina, Hassan (2023) : An integrated
group fuzzy inference and best–worst method for supplier selection in intelligent circular supply
chains, Annals of Operations Research, ISSN 1572-9338, Springer US, New York, Vol. 342, Iss. 1, pp.
803-844,
https://doi.org/10.1007/s10479-023-05680-0

This Version is available at:
https://hdl.handle.net/10419/317747

Standard-Nutzungsbedingungen:

Die Dokumente auf EconStor dürfen zu eigenen wissenschaftlichen
Zwecken und zum Privatgebrauch gespeichert und kopiert werden.

Sie dürfen die Dokumente nicht für öffentliche oder kommerzielle
Zwecke vervielfältigen, öffentlich ausstellen, öffentlich zugänglich
machen, vertreiben oder anderweitig nutzen.

Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen
(insbesondere CC-Lizenzen) zur Verfügung gestellt haben sollten,
gelten abweichend von diesen Nutzungsbedingungen die in der dort
genannten Lizenz gewährten Nutzungsrechte.

Terms of use:

Documents in EconStor may be saved and copied for your personal
and scholarly purposes.

You are not to copy documents for public or commercial purposes, to
exhibit the documents publicly, to make them publicly available on the
internet, or to distribute or otherwise use the documents in public.

If the documents have been made available under an Open Content
Licence (especially Creative Commons Licences), you may exercise
further usage rights as specified in the indicated licence.

  http://creativecommons.org/licenses/by/4.0/

https://www.econstor.eu/
https://www.zbw.eu/
http://www.zbw.eu/
https://doi.org/10.1007/s10479-023-05680-0%0A
https://hdl.handle.net/10419/317747
http://creativecommons.org/licenses/by/4.0/
https://www.econstor.eu/
https://www.leibniz-gemeinschaft.de/


Annals of Operations Research (2024) 342:803–844
https://doi.org/10.1007/s10479-023-05680-0

ORIG INAL RESEARCH

An integrated group fuzzy inference and best–worst method
for supplier selection in intelligent circular supply chains

Madjid Tavana1,2 · Shahryar Sorooshian3 · Hassan Mina4

Received: 11 May 2023 / Accepted: 23 October 2023 / Published online: 17 November 2023
© The Author(s) 2023

Abstract
Circular supplier evaluation aims at selecting themost suitable supplierswith zerowaste. Sus-
tainable circular supplier selection also considers socio-economic and environmental factors
in the decision process. This study proposes an integrated method for evaluating sustain-
able suppliers in intelligent circular supply chains using fuzzy inference and multi-criteria
decision-making. In the first stage of the proposed method, supplier evaluation sub-criteria
are identified and weighted from economic, social, circular, and Industry 4.0 perspectives
using a fuzzy group best–worst method followed by scoring the suppliers on each crite-
rion. In the second stage, the suppliers are ranked and selected according to an overall score
determined by a fuzzy inference system. Finally, the applicability of the proposed method is
demonstrated using data from a public–private partnership project at an offshore wind farm
in Southeast Asia.

Keywords Circular economy · Sustainable supplier selection · Industry 4.0 · Artificial
intelligence · Multi-criteria decision-making

1 Introduction

Supplier selection methods are designed to methodically and thoroughly determine the best
suppliers who propose the best value for money. Companies must control and manage their
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supply chainproductivity byminimizing costs and satisfying customer requirements (Mirzaee
et al., 2018; Parkouhi&Ghadikolaei, 2017). Supplier selection problems involvemultiple and
often conflicting quantitative and qualitative criteria (Guarnieri & Trojan, 2019). Companies
have also embarked on including sustainability in their supply chains in response to pressure
from their shareholders and stakeholders. Lu et al. (2007) argue collaboration and cooperation
with green suppliers and purchasing environmentally friendly rawmaterials is the initial stage
in applying a green supply chain in this process. Other researchers, such as Govindan et al.
(2020b) and Perçin (2022), show that circular suppliers can address the sustainability agenda
in companies. Circular and sustainable suppliers aimat zerowaste by taking advantage of both
forward and reverse flows in supply chains (Perçin, 2022). The fourth industrial revolution
(Industry 4.0) has transformed the economy by bringing relevant changes to the supply
chains through the Internet of Things (IoT), cyber-physical systems, and smart factories
(Pivoto et al., 2021). Today’s supply chains are designed considering disruptive technological
transformations (Fatorachian&Kazemi, 2021). Industry 4.0 technologies can help companies
prepare for unpredictable disasters (Choi et al., 2022). The industrial revolution considerably
benefits the performance in supply chains, from planning and sourcing to final delivery
(Rad et al., 2022). In this regard, market needs are met with better quality of products and
punctuality in the delivery of products, the possibility of product customization, the tracking
and traceability of products, and the design of supply chains towards the minimization of
pack size.

Environmentalmanagement has emerged as one of themost essential organizational strate-
gies for mitigating harmful ecological effects (Barros et al., 2021; Pizzi et al., 2021). These
harmful environmental effects reflect both the production and consumption perspectives in
operations. The circular economy is one of the practical options for overcoming these chal-
lenges by adopting sustainable development approaches (Lopes de Sousa Jabbour et al.,
2018). Moving to the total value of sustainable development will require overcoming many
organizational challenges (Wamba et al., 2023). Cooperation with a sustainable circular sup-
plier is a practical and effective solution for increasing environmental and social impacts in
organizations (Alavi et al., 2021; Kumar et al., 2021).

Today’s industrial revolution brings resilience into supply chains to reach the minimum
possible internal and external disruptions through practical data analysis (Kusi-Sarpong et al.,
2021). In addition, customer satisfaction is greatly valued and improved, and the inventory
volume is vastly reduced. This industrial revolution also dealt with desirable monitoring,
engagement of local supplies, and attachment to a higher rate of sustainability than ever (Xie
et al., 2020). When looking at the literature on sustainable supply chain (SSC), one will
come up with the two new concepts of Industry 4.0 and circular economy (CE), which are
not practiced well. Industry 4.0 and the circular economy are highly influential in shaping the
future of supply chains. To name some capabilities of Industry 4.0, one can refer to enhanced
communication, transparency, and data availability during the supplier selection process
(Asif et al., 2022). Considering all these benefits, decision-makers are highly recommended
to benefit from Industry 4.0 technologies in their decision-making processes and supplier
selection.

This paper proposes a fuzzy inference decision support system based on the fuzzy group
best–worst method (BWM) for sustainable supplier selection in intelligent circular supply
chains. In the first stage, economic, social, circular, and Industry 4.0 criteria are considered
evaluation criteria, and their relevant sub-criteria are formulated by expert opinions and the
literature review. A multi-criteria decision-making (MCDM) technique is used to evaluate
each supplier’s performance on each criterion. A novel fuzzy group BWM is proposed to
weigh each sub-criteria. In the second stage, a fuzzy inference system (FIS) is developed to
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calculate the final score of suppliers by establishing a non-linear relationship between the
final score and the supplier’s score on each criterion. The suppliers’ scores on the economic,
social, circular, and Industry 4.0 criteria are inputs in the fuzzy groupBWM, and the suppliers’
final performance scores are considered outputs of the FIS. The purpose of this study is to
answer the following questions:

• What sub-criteria are suitable for evaluating suppliers from the economic, social, circular,
and Industry 4.0 perspectives?

• What is a practical approach for evaluating and ranking the suppliers?
• How can we evaluate and validate the effectiveness of the proposed approach?

Addressing these research questions will result in the following contributions:

• Identifying a comprehensive set of economic, social, circular, and Industry 4.0 criteria for
supplier evaluation;

• Developing a novel approach to evaluate and rank the suppliers using a fuzzy group BWM
and FIS;

• Validating the applicability and efficacy of the proposed approach with a real-world case
study.

The remainder of this paper is organized as follows. Section 2 presents a literature review.
The proposed approach is presented in Sect. 3. In Sect. 4, the application of the proposed
approach is demonstrated through a real-world case study. Finally, the managerial implica-
tions and conclusion are presented in Sects. 5 and 6, respectively.

2 Literature review

This section consists of two sub-sections. First, the supplier evaluation criteria are examined
from four perspectives: economic, circular, social, and Industry 4.0. Then, the BWM-based
approaches used in the supplier selection area are reviewed.

2.1 Supplier evaluation criteria

The supplier selection problem is an MCDM problem of high complexity and includes
contradictory criteria. Identifying appropriate and effective criteria is a key factor in supplier
selection that strongly depends on the studied business context.

In general, supplier evaluation criteria can be categorized into two groups of economic and
non-economic criteria. In the literature, various categories have been presented based on the
nature of the problem under study. In this article, we categorize supplier evaluation criteria
into four groups including economic, circular, social, and Industry 4.0. In the following, each
group of criteria is examined.

2.1.1 Economic criteria for supplier evaluation

Since a large part of production costs are related to purchasing costs, organizations and
companies look for suppliers that provide raw materials at a low price. Therefore, the cost is
one of the most critical economic criteria in the supplier selection process, used in almost all
articles. The cost criterion has been applied in different categories, such as product cost, price,
operational costs, transportation costs, and cost of logistics services. Economic criteria for
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Table 1 Economic criteria for supplier selection in manufacturing industries

Authors Criteria Case study

Alavi et al. (2021) Cost, Reputation, Risk, Technological capacity,
R&D, On-time delivery, Flexibility, Service
efficiency, Financial capability,
Responsiveness, Productivity, Quality

Petrochemical

Orji and Ojadi (2021) Cost, Quality, Financial capability, Efficient
production methods

Manufacturing
companies

Ortiz-Barrios et al. (2021) Financial profile, Quality, Innovation,
Commercial profile, Service level

Mining

Fallahpour et al. (2021b) Cost, Flexibility in delivery, Operating capacity,
Technology, Quality

Food

Wu et al. (2021) Delivery on time, Price, Transit loss, Quality,
Technology capability

Chemical

Yazdani et al. (2021) Delivery allowance and flexibility, Product
quality, Financial stability

Food

Rahman et al. (2022) Price, capability to produce, Quality, Meeting
delivery time, Technology of production

Textile

Wei and Zhou (2022) Cost, Price, Flexibility, Quality, Service Electric vehicle

Tong et al. (2022) Cost, Risk, Quality, Delivery, Service Sofa Production

Chai et al. (2023) Cost, Technical capability, Quality, Delivery,
Service, Flexibility

E-bike sharing

Ojadi et al. (2023) Financial capability, Reputation, Quality Banking sector

Hailiang et al. (2023) Quality, Price, Flexibility, Delivery reliability,
Service, Supply capacity, Relationship
condition

Oil refinery

Rasmussen et al. (2023) Financial stability, Flexibility, Technology, Cost,
Delivery, Quality, Lead-time, Relationship

Aerospace and defense
industry

evaluating suppliers are not limited to cost criteria only; quality, risk, and on-time delivery
are other widely used economic criteria in this field. Table 1 shows themost critical economic
criteria for selecting suppliers in manufacturing industries.

2.1.2 Circular criteria for supplier evaluation

In recent decades, increasing pressure from the government and people on the one hand, and
creating a competitive environment on the other hand, has required industrial owners and
manufacturers tomove towards a green supply chain. Thefirst step in achieving environmental
goals is to collaborate with green suppliers. Green suppliers are suppliers who, in addition to
economic criteria, also pay attention to environmental factors in designing, manufacturing,
packaging, and distributing products. The concept of green supplier was first proposed by
Noci (1997), who presented a rating approach to evaluate suppliers from an environmental
point of view. The literature review shows that pollution control, green technology, green
packaging, and environmental management systems are among the most widely used green
criteria for evaluating suppliers. In recent years, with the emergence of CE, companies have
structured their environmental activities with the aim of moving towards zero waste. Kannan
et al. (2020) were the first researchers to apply the concept of CE to the supplier selection
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problem. Kusi-Sarpong et al. (2021), Alavi et al. (2021), and Mina et al. (2021) are among
the other pioneers of this field who have elaborately interpreted the circular criteria in the
supplier selection problem. Table 2 reports the most critical circular criteria for selecting
suppliers in manufacturing industries.

2.1.3 Social criteria for supplier evaluation

In addition to economic and environmental criteria, social criteria should also be included to
evaluate suppliers from the sustainability perspective. Evaluating suppliers considering all
three dimensions of sustainability has received much attention in recent years. Meanwhile,
the studies of the previous decades paid less attention to the social dimension (Memari et al.,
2019). Occupational health and safety, rights of employees and stakeholders, information
disclosure, and child and forced labor are among themost well-known andwidely used social
criteria in the supplier selection problem. Table 3 provides some essential social criteria for
the supplier selection problem in manufacturing industries, which are extracted from the
literature.

2.1.4 Industry 4.0 criteria for supplier evaluation

The circular business model requires companies and organizations to strictly stick to non-
stop monitoring and increasing the lifecycle of their products. Therefore, the strong need
for supporting these technologies is felt more than ever (Geissdoerfer et al., 2020). The
integration of CE into businesses and companies, in itself, needs some significant changes
into the production process of companies (Chen et al., 2020). One of these changes can be
the entry of new technologies like smart ones that can be enhanced via Internet/wireless
technology in such a way that the green environment will not be threatened (Dantas et al.,
2021).

To pursue this objective, Industry 4.0 can have a highly prominent role due to its increasing
popularity among companies, its eco-friendly nature, and its benefits in the production pro-
cess. This industry is referred to as the fourth industrial revolution since it has been founded
upon internet technologies, which is focused on smart production and services (Lin, 2018).

Nowadays, the owners of industries use internet-based technologies to increase their effi-
ciency and improve their performance. It is imperative to evaluate suppliers from the Industry
4.0 perspective in some industries before committing to cooperating with a supplier. Table 4
displays some of the most important Industry 4.0 criteria for evaluating suppliers in manu-
facturing industries.

2.2 Supplier selectionmethods

The evolution of new strategies for selecting and evaluating sustainable suppliers is one of
the most promising developments in SSC management. In supply chain management, the
MCDM approaches are frequently used for choosing suppliers. Due to their adaptability and
simplicity of use, MCDM approaches have become increasingly popular for resolving green
and socially responsible supply chain problems involving multiple, often competing, criteria.
The analytical hierarchy process (AHP) is a well-accepted MCDM technique for resolving
issues associated with evaluating and selecting suppliers.
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Table 2 Circular criteria for supplier selection in manufacturing industries

Authors Circular criteria Industry

Kannan et al. (2020) Utilizing eco-friendly and recyclable raw
materials, Air pollution resulting from
production and recycling products, Using
recyclable materials in packaging products,
Employing proper and clean technologies in
production and recycling products, and
Respecting environmental standards and
regulations in the production and recycling
products

Wire and cable

Govindan et al. (2020b) Eco-friendly raw materials, Environmental
standards, Air pollution, Eco-friendly
packaging, Eco-design, Clean technology,
Eco-friendly transportation

Automotive
parts

Feng and Gong (2020) Cleaning technology, Green technique level,
Cleaning design capability, Green R&D,
Greenmarket share, Recycling, Environmental
certification, Reuse, Carbon emissions,
Resource consumption, Green maintenance,
Green packaging

Automotive

Alavi et al. (2021) Producing products using recyclable raw
materials, Attention to air pollution in
production and recycling products, Attention to
energy consumption in production and recycling
products, Waste management, Respecting
environmental regulations and standards,
Utilizing clean and green technology in
production and recycling products,
Environmental management system, Employing
eco-friendly materials for packaging products,
Reverse logistics, Managing returned products

Petrochemical

Kusi-Sarpong et al. (2021) Financial well-being and availability for
implementing CE, Government support and
policies to favor CE, Top management support
and dedication towards CE, Sustainable product
lifecycle management to ensure circularity,
Supply chain partners’ pressure and demand to
adopt CE, Assuring data security throughout the
circular supply chain, A positive organizational
culture towards implementation of CE initiatives

Textile

Mina et al. (2021) Eco-friendly and recyclable raw material, Green
packaging, Greenhouse gas emissions from
production and recycling activities, Clean
technology, Environmental regulations, and
standards

Petrochemical

Nasr et al. (2021) Using recyclable materials in packaging products,
Utilizing eco-friendly and recyclable raw
materials, Design products to reuse

Garment
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Table 2 (continued)

Authors Circular criteria Industry

Liu et al. (2022) Pollution control, Green products, Green
technology innovation, Use of harmful
materials, Eco-design, Environmental
management system, Resource consumption

Manufacturing

Tushar et al. (2022) Pollution control initiatives, Use of green
technology, Environmental certification, Green
packaging, Green research and development,
Use of environment-friendly and recyclable raw
materials, Response toward environmental
regulations and standards

Construction

Chai et al. (2023) Eco-design, Environmental management,
Pollution control, Product recyclability

E-bike sharing

Hailiang et al. (2023) Control on pollution, Environmental management
system, Environmental cost, Energy
conversation, Green involvement

Oil refinery

Table 3 Social criteria for supplier selection in manufacturing industries

Authors Criteria Case study

Amiri et al. (2021) Ease of communication, after-sales service, employee
satisfaction, employee training, and development

Automotive parts

Chang et al. (2021) Worker education, safety, and health, Local
employment opportunities, information sharing,
stakeholder rights protection, and social feedback

electronics
manufacturing

Omair et al. (2021) Reliability, aesthetics, health and safety, flexibility,
delivery, serviceability, workplace design, and
relationship

Gloves production

Wang et al. (2021) Voice of the customer, health and safety, and
reputation

Logistics

Salimian et al. (2022) Education, credibility, policies, safety, employee
benefits and rights, information revelation, and
security acts

Healthcare

Shang et al. (2022) Customer satisfaction, workers’ rights, cooperative
willingness, reputation, and health and safety at
work

warehouse equipment
production

Xing et al. (2022) Sense of social responsibility and degree of harmony,
health status, and welfare of staff

Automotive

Chai et al. (2023) Social feedback, safety and health, stakeholder
relations, information sharing, employment
practices

E-bike sharing

Hailiang et al. (2023) Employee rights, staff training, stakeholder rights,
forced child labor, disclosure of information, health
and safety, and influence on the local community

Oil refinery
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Table 4 Industry 4.0 criteria for supplier selection in manufacturing industries

Authors Criteria Case study

Fallahpour et al. (2021a) Training and awareness on Industry 4.0, IT facilities,
smart production, and cyber-physical manufacturing
systems, collaboration in environmental initiatives
using Industry 4.0 technologies, R&D in environmental
issues using Industry 4.0 technologies, and readiness to
apply Industry 4.0 in green initiatives

Textile

Fallahpour et al. (2021b) E-commerce, Data Analytics, Customer experience Food

Kaur and Singh (2021) Cyber security, disaster sensing using big data analytics,
GIS/ GPS enabled logistics, IoT infrastructure, RFID,
shared platforms, smart contracts using blockchain,
resource efficiency using cloud computing, and data
visibility across the value chain

Automotive

Camci et al. (2022) Digitalization level, ERP system, integration ability, IT
security risk, digital data, and cloud usage

White goods

ForouzeshNejad et al. (2022) Cyber security, digital customer relationships, smart
factory, Industry 4.0 personnel, Industry 4.0 technology
usage, and information systems usage

Medical
device

Matthess et al. (2022) Data availability, willingness to exchange data, digital
equipment, and digital know-how

Electronics

Wang et al. (2022a) Blockchain, autonomous vehicles and robots, smart
containerization, artificial intelligence and machine
learning, cloud computing, and IoT

Leather and
footwear

In recent years, with the emergence of the BWM, attention was shifted from AHP to
BWM; because this method has fewer pairwise comparisons and higher consistency com-
pared to AHP. Many researchers have applied the BWM to evaluate and select suppliers.
Some researchers have also used the combination of BWM with other methods for this pur-
pose. In Table 5, articles that have used the BWM method in the supplier selection problem
have been reviewed.

2.3 Fuzzy inference system

FIS is a non-linear system that originates from integrating expert system technology and
fuzzy logic (Govindan et al., 2020a). FIS comprises several fuzzy IF–THEN rules obtained
from expert opinion. These rules are effective in mimicking the human reasoning process.
Readers can refer to Tavana et al. (2019) for the advantages of FIS and its flexible rules.

Fuzzy logic modeling can be categorized into the Mamdani (Mamdani & Assilian, 1993)
and the Takagi–Sugeno-Kang (Sugeno, 1985)methods. TheMamdanimodels refer to a fuzzy
set of antecedents and their consequences as the model’s elements. The antecedents of the
Mamdani models also exist in the Takagi–Sugeno-Kang models. It is noteworthy that linear
equations are the consequences of the Takagi–Sugeno-Kang models. Fuzzy relational equa-
tion models mainly aim at these fuzzy relation matrices according to input–output process
data. When it comes to the performance of multi-parameter synthetic evaluation and weight-
ing inputs and fuzzy rules, the pitfalls of Takagi–Sugeno-Kang FIS turn up. The advantages
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Table 5 Application of BWM in supplier selection problem

Method/Approach Authors

BWM/ fuzzy BWM/ developed BWM Rezaei et al. (2016), Aboutorab et al. (2018), Ecer
and Pamucar (2020), Nasr et al. (2021), Tavana
et al. (2021), Wang et al. (2022b)

Combination of BWM and TOPSIS Gupta and Barua (2017), Tian et al. (2018), Yucesan
et al. (2019), Javad et al. (2020), Mina et al. (2021),
Asadabadi et al. (2022)

Combination of BWM and VIKOR Cheraghalipour et al. (2018), Wu et al. (2019), Garg
and Sharma (2020), Kannan et al. (2020),
Kusi-Sarpong et al. (2021), Wei and Zhou (2022)

Combination of BWM and DEMATEL Yazdani et al. (2020), Qazvini and Maleki (2022),

Combination of BWM and COPRAS/ WASPAS Qin and Liu (2019), Sari et al. (2022), Masoomi et al.
(2022)

TOPSIS Technique of order preference similarity to the ideal solution,VIKORVIseKriterijumskaOptimizacija
I Kompromisno Resenje, DEMATEL Decision making trial and evaluation laboratory, COPRAS Complex
proportional assessment, WASPAS Weighted aggregated sum product assessment

of the Mamdani model can be summarized in its high legibility and understandability. Con-
sequently, it is claimed that Mamdani FIS is superior to similar models concerning output
expression (Govindan et al., 2020a).

A large number of researchers have presented hybrid approaches based on FIS andMCDM
methods in various fields, such as transportation (Zarrinpanjeh et al., 2022), project portfolio
selection (Tavana et al., 2019), finance (Veeramani et al., 2022), and healthcare (Karasan et al.,
2022) among others. The combination of FIS and MCDM methods in supplier selection has
received more attention than in other areas. Jain et al. (2020) proposed a practical approach
for sustainable supplier evaluation by integrating fuzzy AHP, TOPSIS, and FIS. Fallahpour
et al., (2021a, 2021b) developed a fuzzy inference decision support systembased onBWMfor
sustainable supplier evaluation. Similarly, with the help of fuzzy BWM and FIS, a dynamic
decision support system for the sustainable supplier selection problem in a circular supply
chainwas configuredbyAlavi et al. (2021).Ahybrid frameworkbasedon the fuzzypreference
programmingmethod andFIS for green supplier evaluationwas developed bySaghafinia et al.
(2022).

3 Proposed approach

In manufacturing industries, procurement costs comprise a large part of production costs.
Cooperation with the appropriate suppliers can be significantly effective in reducing pro-
duction costs and increasing the quality of products. In recent decades, with the emergence
of Industry 4.0, manufacturing industries have moved their activities towards sustainable
production, relying on the CE concept. In such a situation, the supplier selection problem
becomesmore complicated; because evaluating and selecting suppliers deals with conflicting
and intertwined economic, social, circular, and Industry 4.0 criteria. This paper develops a
novel sustainable circular supplier evaluation approach by combining fuzzy group BWMand
FIS. The general structure of the proposed approach is depicted in Fig. 1.

The presented approach includes two stages, as follows:
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Fig. 1 The proposed approach for sustainable circular supplier selection in Industry 4.0

Stage 1 Calculating the score of suppliers for each criterion
Each criterion’s sub-criteria weights are calculated using the fuzzy group BWM in this

stage. This stage consists of the following steps:
Step 1.1 In this step, the economic, social, circular, and Industry 4.0 aspects are considered

supplier evaluation criteria. The sub-criteria of these criteria are recognized by investigating
the literature and applying the knowledge of experts.

Step 1.2 In this step, experts identify the best and the worst sub-criteria. Each expert
performs this operation independently.

Step 1.3 In this step, the best sub-criterion of each criterion is compared with other sub-
criteria of that criterion in pairs by the verbal phrases displayed in Table 6 to determine the
fuzzy best-to-others vector. These operations are performed for each expert independently.

Step 1.4 In this step, the worst sub-criterion of each criterion is compared with other
sub-criteria of that criterion in pairs by the verbal phrases displayed in Table 6 to determine
the fuzzy others-to-worst vector. These operations are performed for each expert separately.

Step 1.5 In this step, we calculate the weight of sub-criteria by applying the fuzzy opti-
mization model developed by Govindan et al. (2022). This model is given below.

Table 6 The fuzzy verbal phrases
and triangular fuzzy numbers for
pairwise comparison (Govindan
et al., 2022)

Verbal phrases Triangular fuzzy numbers

Equally important (1,1,1)

Relatively important (2/3,1,3/2)

Important (3/2,2,5/2)

Very important (5/2,3,7/2)

Absolutely important (7/2,4,9/2)
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Notations

c ∈ {1, 2, ..., C} Criterion

i ∈ {1, 2, ..., n} Sub-criterion

ic Sub-criterion i of criterion c

k ∈ {1, 2, ..., K } Decision-maker

s ∈ {1, 2, ..., S} Supplier

ϑ̃ick � (ϑ̇ick , ϑ̈ick ,...
ϑ ick)

The fuzzy best-to-others vector obtained from expert k

η̃ick � (η̇ick , η̈ick ,...
η ick)

The fuzzy others-to-worst vector obtained from expert k

ψ̃bk � (ψ̇bk , ψ̈bk ,...
ψbk)

The fuzzy weight of the best sub-criterion based on the opinion
of expert k

ψ̃wk � (ψ̇wk , ψ̈wk ,...
ψwk)

The fuzzy weight of the worst sub-criterion based on the opinion
of expert k

ψ̃ick � (ψ̇ick , ψ̈ick ,...
ψ ick)

The fuzzy weight of the sub-criterion i based on the opinion of
expert k

α̃k � (αk , αk , αk)
∑

k

αk � 1

The weight of expert k

θ̃k � (θ̇k , θ̈k ,
...
θ k) Max

{∣∣∣ψ̃bk − ψ̃ik × ϑ̃ik

∣∣∣,
∣∣∣ψ̃ik − ψ̃iw × η̃ik

∣∣∣
}

Mathematical model

Min
∑

k

α̃k × θ̃k

s.t .
∣∣∣ψ̃bk − ϑ̃ick × ψ̃ick

∣∣∣ ≤ θ̃k ∀ic, k
∣∣∣ψ̃ick − η̃ick × ψ̃wk

∣∣∣ ≤ θ̃k ∀ic, k
nc∑

ic�1

ψ̇ick + 4 × ψ̈ick +
...
ψ ick

6
� 1 ∀k

ψ̇ick ≤ ψ̈ick ≤ ...
ψ ick

ψ̇ick > 0 (1)

Assume that the optimal value of the objective function is represented by θ∗
k . In this case,

the mathematical model presented in Eq. (1) is transformed as follows.

Min
∑

k

αk × θ∗
k
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s.t .
∣∣∣(ψ̇bk , ψ̈bk ,

...
ψbk) − (ϑ̇ick , ϑ̈ick ,

...
ϑ ick) × (ψ̇ick , ψ̈ick ,

...
ψ ick)

∣∣∣ ≤ (θ∗
k , θ∗

k , θ∗
k ) ∀ic, k

∣∣∣(ψ̇ick , ψ̈ick ,
...
ψ ick) − (η̇ick , η̈ick ,

...
η ick) × (ψ̇wk , ψ̈wk ,

...
ψwk)

∣∣∣ ≤ (θ∗
k , θ∗

k , θ∗
k ) ∀ic, k

nc∑

ic�1

ψ̇ick + 4 × ψ̈ick +
...
ψ ick

6
� 1 ∀k

ψ̇ick ≤ ψ̈ick ≤ ...
ψ ick

ψ̇ick > 0 (2)

It should be noted that the model presented in Eq. (2) should be developed separately for
each criterion’s sub-criteria. The optimal values of the decision variables (i.e., the weights
of sub-criteria and objective function) are determined by solving the proposed model. If θ∗

k
is less than 0.1 for each k, there is consistency in pairwise comparisons; otherwise, pairwise
comparisons must be corrected.

The αk values are determined based on criteria such as work experience and job position.
The work experience criterion was used to give weight to the experts because all the experts
had a managerial position. The process of weighing the experts is given in the case study
section.

Step 1.6:This step determines the score of the suppliers for each sub-criterion. To this end,
experts must score the suppliers for each sub-criterion by the verbal phrases shown in Table
7. Therefore, (γ̇icks , γ̈icks ,

...
γ icks) represents the score assigned to supplier s in sub-criterion

ic by expert k.
Step 1.7: In this step, first, the fuzzy score of suppliers for each criterion is calculated

by Eq. (3). Then, the average defuzzified score of suppliers for each criterion is determined
using Eq. (4).

(λ̇cks , λ̈cks ,
...
λ cks) �

⎛

⎝
∑

ic

ψ̇ick × γ̇icks ,
∑

ic

ψ̈ick × γ̈icks ,
∑

ic

...
ψ ick × ...

γ icks

⎞

⎠ (3)

Table 7 The fuzzy verbal phrases
and triangular fuzzy numbers for
supplier evaluation

Verbal phrases Fuzzy score

Absolutely low (AL) (0,0,0)

Very low (VL) (0,1/10,2/10)

Low (L) (1/10,2/10,3/10)

Slightly Low (SL) (2/10,3/10,4/10)

Mid-Low (ML) (3/10,4/10,5/10)

Mid (M) (4/10,5/10,6/10)

Mid-high (MH) (5/10,6/10,7/10)

Slightly high (SH) (6/10,7/10,8/10)

High (H) (7/10,8/10,9/10)

Very high (VH) (8/10,9/10,1)

Absolutely high (AH) (1,1,1)
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μcs �
∑
k

αk × λ̇cks + 4 × ∑
k

αk × λ̈cks +
∑
k

αk × ...
λ cks

6
(4)

where (λ̇cks , λ̈cks ,
...
λ cks) and μcs represent the fuzzy and average defuzzified score of sup-

pliers for each criterion. It should be noted that μcs is considered as the input variable of
FIS.

Stage 2: Calculating the final score of suppliers using FIS
In this stage, the final score of each supplier is calculated by the FIS. This stage consists

of four steps, which are given below:
Step 2.1: This step aims at forming all the membership functions about input and output

variables in the proposed FIS. It is noteworthy thatMamdani FIS is employed in designing the
proposed FIS. The input variables include economic, circular, social, and Industry 4.0 criteria,
and the output variables in the FIS include the suppliers’ scores. The number of input variables
and their membership functions determine the number of fuzzy inference rules. When the
number of membership functions for the input variables increases, the number of rules will
also increase exponentially. However, the accuracy does not necessarily improve.

On the other hand, the number of rules is not affected by the increase in the number
of membership functions for the output variables. The accuracy will still improve in this
situation. Therefore, five and seven membership functions were considered for the input and
output variables to efficiently manage the number of rules and avoid additional complexity
and processing time.

Step 2.2: Expert opinions are used to extract the fuzzy inference rules. For this purpose,
experts link the input and output variables in the FIS through an “if–then” questionnaire. The
following relationship is what may be formed between the input and output variables:

If economic is …, circular is …, social is …, and Industry 4.0 is …, then the score is …
Based on this relationship, all the membership functions are put in the blank space one by

one for economic, circular, social, and Industry 4.0. Thus, one can refer to 54 non-iterative
rules when there are four input variables and five membership functions. Experts select a
suitable membership function for output variables to design the FIS based on each rule.

Step 2.3: In this step, every potential supplier is assigned an economic, circular, social,
and Industry 4.0 score according to Step 1.7, and this score is inserted in the rule reviewer
as input in the proposed FIS. Afterward, each supplier comes with a final score.

Step 2.4: The suppliers are ranked based on their scores in this step. The supplier with
the highest score is selected as the most preferred supplier.

4 Case study

The emissions of greenhouse gasses, particularly CO2, have witnessed an intense increase
due to increased human activity and energy consumption, such as fossil fuels. Nonetheless,
the energy needs of the Association of Southeast Asian Nations (ASEAN) are met almost
exclusively by fossil fuels, with renewables making up only a minor percentage: renewables
accounted for only 14% of the region’s energy mix in 2019. The region has taken a long time
to build its renewable energy sector, despite the supportive official policies and investment
climate. However, ASEAN is committed to diversifying its energy sources and raising renew-
ables by 2025. Yet, the energy transition in the ASEAN member states is moving at a snail’s
pace. Annual investments of USD 27 billion in renewable energy are required if ASEAN is
to meet its goal of 23% renewables in the primary energy supply by 2025. After giving those

123



816 Annals of Operations Research (2024) 342:803–844

Table 8 The demographic
information of the experts Demographic attributes No. of experts

Male Female

Age

30–40 years 1 1

40–50 years 2 –

Experience

5–10 years 1 1

10–15 years 2 –

Expertise

Project planning manager 1 –

Procurement manager 1 –

R&D manager 1 –

Financial manager - 1

above and from their research, Vakulchuk et al. (2023) conclude that “the ASEAN countries
need to improve their position in rankings of the renewable energy investment climate.” This
brings about the urgency for the emergence of new energy sources so that the economy can
experience even more economic growth and the environment will not be damaged (Triani
et al., 2023). Public–private cooperation could help accelerate the pace of change. Not only
ASEAN but many countries have been involved in bringing renewable energy sources (e.g.,
hydropower, wind power, geothermal, solar, tidal, and biomass) into use (Dong et al., 2022).
InASEANcountries, offshorewind power development shows promise (Thuy&Nhut, 2023).

Hence, the ASEAN options to set up an offshore wind farm in cooperation with the
private sector is the concern of this case study. In this regard, through initial evaluation, it
has identified six qualified suppliers out of many suppliers. In this section, the performance
of suppliers is evaluated using the proposed approach and with the help of the knowledge of
four experienced experts in the field of offshore wind energy. The demographic information
for the experts is reported in Table 8. As shown in this table, the work experience of the two
experts is 5–10 years, and the work experience of the other two is 10–15 years. A weight
of 0.3 is considered for managers with more than ten years of experience, while a weight of
0.2 is assigned to those with less than ten years of experience. The following presents the
process of evaluating suppliers using the proposed approach.

Stage 1: In this stage, the weight of the sub-criteria is calculated using fuzzy group BWM,
and finally, the score of suppliers is determined for each criterion. This stage consists of 7
steps, which are given below:

Step 1.1: In this step, sub-criteria for evaluating suppliers were identified from economic,
circular, social, and Industry 4.0 aspects by reviewing the literature and employing the knowl-
edge of experts. These sub-criteria are presented in Table 9.

Step 1.2: In this step, each expert determines the best and worst sub-criteria separately,
as shown in Table 10.

Step 1.3: In this step, the experts compare the best sub-criteria of each criterion with
other sub-criteria of that criterion via the verbal phrases presented in Table 6. The fuzzy best-
to-others vectors obtained from these comparisons for economic sub-criteria are reported in
Table 11. Also, the fuzzy best-to-others vectors for other sub-criteria are shown in “Appendix
A”.
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Table 9 Criteria and their sub-criteria for supplier evaluation

Criteria Sub-criteria Description References

Economic
(CR1)

Technological capability and
capacity (SCR11)

A set of technical and
managerial
skills/capacities to
exploit a technology

Chai et al. (2023),
Rahman et al. (2022),
Wu et al. (2021),
Alavi et al. (2021)

Financial capability (SCR12) Cash reserves and
profitability

Ojadi et al. (2023),
Alavi et al. (2021),
Orji et al. (2021),
Yazdani et al. (2021)

On-time delivery (SCR13) Using scheduling-based
methods to reduce
delivery time

Chai et al. (2023), Tong
et al. (2022),
Fallahpour et al.
(2021b), Wu et al.
(2021)

Flexibility (SCR14) Capability of suppliers to
respond to changing
demand (delivery,
volume, and
modification)

Chai et al. (2023),
Hailiang et al. (2023),
Rasmussen et al.
(2023), Wei and Zhou
(2022)

Quality (SCR15) Applying mechanisms to
increase the quality of
services and products

Chai et al. (2023), Tong
et al. (2022), Wu
et al. (2022), Rahman
et al. (2022)

Reputation (SCR16) Supplier performance in
previous
projects/supplier resume

Ojadi et al. (2023),
Alavi et al. (2021),
Nasr et al. (2021),
Kannan et al. (2020)

Circular (CR2) Environmental standards and
regulations (SCR21)

Attention to environmental
regulations and standards
from design to
production

Tushar et al. (2022),
Alavi et al. (2021),
Mina et al. (2021),
Nasr et al. (2021)

Pollution control (SCR22) Considering mechanisms
to reduce pollution from
the design process to the
production of the final
product

Chai et al. (2023),
Hailiang et al. (2023),
Liu et al. (2022)

Clean and green technology
(SCR23)

Applying the appropriate
technology to produce
and recycle the products

Liu et al. (2022),
Tushar et al. (2022),
Mina et al. (2021),
Govindan et al.
(2020b)

Reverse logistics (SCR24) Applying reverse logistics
activities for waste
management

Alavi et al. (2021),
Stević et al. (2020)

Green R&D (SCR25) Applying modern
environmental
knowledge from the
process of design to
production

Fallahpour et al.
(2021a), Feng and
Gong (2020)

123



818 Annals of Operations Research (2024) 342:803–844

Table 9 (continued)

Criteria Sub-criteria Description References

Green packaging (SCR26) Using eco-friendly raw
materials in product
packaging

Tushar et al. (2022),
Mina et al. (2021),
Feng and Gong
(2020)

Social (CR3) Safety and health of
employees (SCR31)

Providing a safe and
healthy environment for
employees

Chai et al. (2023),
Hailiang et al. (2023),
Shang et al. (2022),
Xing et al. (2022),
Alavi et al. (2021)

Employee and stockholder
rights (SCR32)

Pay attention to the rights
and interests of
shareholders and
employees and use a
mechanism to clarify
them

Hailiang et al. (2023),
Salimian et al. (2022),
Chang et al. (2021)

Disclosure of information
(SCR33)

Providing information to
stakeholders and
customers regarding
carbon emissions,
material used, etc

Chai et al. (2023),
Hailiang et al. (2023),
Alavi et al. (2021)

Diversity programs (SCR34) Applying policies and
initiatives to increase the
participation of diverse
suppliers

Miguel and Tonelli
(2023), Sordi et al.
(2022)

Job creation (SCR35) Applying a suitable
mechanism for
employment practices
and increasing
employment

Kannan et al. (2020)

Industry 4.0
(CR4)

Cyber security (SCR41) Applying technologies
based on Industry 4.0 to
protect sensitive
information, digital
systems, etc. against
cyber threats

Camci et al. (2022),
ForouzeshNejad
(2022), Kaur and
Singh (2021)

Risk assessment using big
data analytics (SCR42)

Utilizing advanced
analytical techniques to
analyze big and complex
data sets for identifying
potential risks

Kaur and Singh (2021)

Data visibility and
availability (SCR43)

Using technology to create
transparency in data and
easy access to them

Matthess et al. (2022),
Kaur and Singh
(2021)

The infrastructure of IoT
(SCR44)

Having access to
equipment and
technologies to collect,
process, and share data
between network
components

Wang et al. (2022a),
Kaur and Singh
(2021)
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Table 10 The best and worst sub-criteria

Criteria Best Worst

Expert
1

Expert
2

Expert
3

Expert
4

Expert
1

Expert
2

Expert
3

Expert 4

Economic SCR11 SCR11 SCR12 SCR16 SCR14 SCR14 SCR14 SCR13

Circular SCR22 SCR23 SCR22 SCR23 SCR24 SCR26 SCR25 SCR24

Social SCR31 SCR31 SCR32 SCR31 SCR34 SCR33 SCR33 SCR34

Industry
4.0

SCR41 SCR44 SCR41 SCR41 SCR43 SCR42 SCR42 SCR43

Table 11 The fuzzy best-to-others vectors for economic sub-criteria

Expert Best SCR11 SCR12 SCR13 SCR14 SCR15 SCR16

Expert
1

SCR11 (1,1,1) (2/3,1,3/2) (3/2,2,5/2) (7/2,4,9/2) (3/2,2,5/2) (5/2,3,7/2)

Expert
2

SCR11 (1,1,1) (2/3,1,3/2) (3/2,2,5/2) (7/2,4,9/2) (2/3,1,3/2) (3/2,2,5/2)

Expert
3

SCR12 (2/3,1,3/2) (1,1,1) (5/2,3,7/2) (7/2,4,9/2) (3/2,2,5/2) (5/2,3,7/2)

Expert
4

SCR16 (2/3,1,3/2) (2/3,1,3/2) (7/2,4,9/2) (5/2,3,7/2) (3/2,2,5/2) (1,1,1)

Step 1.4: In this step, the experts compare theworst sub-criteria of each criterionwith other
sub-criteria of that criterion via the verbal phrases presented in Table 6. The fuzzy others-to-
worst vectors obtained from these comparisons for economic sub-criteria are reported inTable
12. Also, the fuzzy others-to-worst vectors for other sub-criteria are shown in “Appendix A”.

Step 1.5: In this step, the fuzzy optimization model shown in Eq. (2) is developed by the
vectors presented in Tables 11 and 12. It should be noted that this model is non-linear because
it includes absolute value equations. The linearized model is presented in “Appendix B”.

Table 12 The fuzzy others-to-worst vectors for economic sub-criteria

Expert Worst SCR11 SCR12 SCR13 SCR14 SCR15 SCR16

Expert
1

SCR14 (7/2,4,9/2) (5/2,3,7/2) (3/2,2,5/2) (1,1,1) (3/2,2,5/2) (2/3,1,3/2)

Expert
2

SCR14 (7/2,4,9/2) (5/2,3,7/2) (3/2,2,5/2) (1,1,1) (5/2,3,7/2) (3/2,2,5/2)

Expert
3

SCR14 (5/2,3,7/2) (7/2,4,9/2) (2/3,1,3/2) (1,1,1) (3/2,2,5/2) (2/3,1,3/2)

Expert
4

SCR13 (5/2,3,7/2) (5/2,3,7/2) (1,1,1) (2/3,1,3/2) (3/2,2,5/2) (7/2,4,9/2)
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The model presented in Appendix B is run by a CPLEX solver using GAMS software
to calculate the fuzzy weight of economic sub-criteria and consistency indicators. In the
same way, the weight of other sub-criteria is calculated. Table 13 shows the weight of the
sub-criteria and the values of consistency indicators for the sub-criteria of each criterion. As
seen in Table 13, consistency indicator values for all experts are less than 0.1. Therefore, the
calculated weights for the sub-criteria are confirmed.

Step 1.6: In this step, the experts evaluate the suppliers’ performance for each sub-criterion
using the verbal phrases shown in Table 7. Table 14 shows the results of this evaluation.

Step 1.7: In this step, the fuzzy and average defuzzified scores of suppliers are calculated
by Eqs. (3) and (4), respectively, which are displayed in Tables 15 and 16.

Stage 2: In this step, the final score of the suppliers is calculated using a FIS. The proposed
FIS implementation process is given in four steps below.

Step 2.1: This step determines the membership functions for input and output variables.
The proposed FIS states that economic, circular, social, and Industry 4.0 criteria are input
variables, and suppliers’ final scores are output variables. The input and output variables’
membership functions are shown in Figs. 2a and b.

Step 2.2: The experts connected the input and output variables determined by the mem-
bership functions. The result of this operation led to the creation of 625 fuzzy inference
rules (online resources). A screenshot of the rules defined in FIS is displayed in Fig. 3.
In addition, the relationship between input and output variables (fuzzy inference rules) in
three-dimensional space is depicted in Fig. 4. For example, in Fig. 4a, economic and circular
criteria are input variables, the final score is output variable, and all change between 0 and
1. The graphical representation in Fig. 4a illustrates an increase in output values as the input
values of economic and circular rise. In other words, the sensitivity of the output value is
proportionate to both economic and circular. Similarly, the relationship between input and
output variables can be analyzed in Fig. 4b–f.

Step 2.3: In this step, the scores calculated in step 1.7 for suppliers for each criterion are
considered as input variables. The proposed FIS calculates the final score of suppliers using
these input variables. Figure 5 shows the output of FIS in MATLAB software. This figure is
related to the final score of supplier 1. In Table 17, the final scores of suppliers are reported.

Step 2.4: Finally, suppliers are ranked based on their scores in this step. Table 18 shows
the prioritization of suppliers.

Based on the results, supplier 2, with a final score of 0.672, and supplier 3, with a final
score of 0.598, are rated as the best and worst suppliers, respectively. The results presented
in Table 17 show that the final score of supplier 5 is only 0.001 less than the final score of
supplier 1. Therefore, it is expected that the two suppliers do not have a significant difference
in their criteria scores with each other. But the results of Table 16 show that the score of
Supplier 5 in three economic, social, and circular criteria is significantly lower than Supplier
1, and the score of Supplier 5 in the Industry 4.0 criterion is better than that of Supplier 1.
Two conclusions can be drawn from this. First, the final score of suppliers is not a linear
combination of their criteria scores. Second, the Industry 4.0 criterion score has a significant
impact on the final score of suppliers.

4.1 Discussion

The literature review denotes many approaches/methods to evaluate/select the suppliers,
some of which have applied classical techniques, and others have used conjunction of two or
more techniques. Each techniquemay suffer from disadvantages in addition to its advantages.
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Table 15 The fuzzy score of suppliers for each criterion from the perspective of different experts

Criteria Expert Supplier 1 Supplier 2 Supplier 3

λ̇c, k, 1 λ̈c, k, 1
...
λc, k, 1 λ̇c, k, 2 λ̈c, k, 2

...
λc, k, 2 λ̇c, k, 3 λ̈c, k, 3

...
λc, k, 3

CR1 k � 1 0.37 0.816 1.022 0.391 0.859 1.073 0.368 0.808 1.012

k � 2 0.373 0.815 1 0.371 0.82 1.012 0.332 0.742 0.924

k � 3 0.408 0.903 1.131 0.364 0.816 1.032 0.361 0.802 1.01

k � 4 0.386 0.857 1.06 0.395 0.871 1.075 0.358 0.796 0.991

CR2 k � 1 0.16 0.378 2.291 0.16 0.376 2.279 0.176 0.409 2.462

k � 2 0.306 0.693 0.845 0.323 0.728 0.884 0.298 0.68 0.833

k � 3 0.486 0.66 0.95 0.484 0.657 0.948 0.464 0.63 0.905

k � 4 0.318 0.715 0.909 0.334 0.752 0.955 0.325 0.733 0.935

CR3 k � 1 0.146 0.349 2.22 0.156 0.372 2.354 0.123 0.304 1.974

k � 2 0.164 0.39 2.414 0.168 0.39 2.362 0.142 0.339 2.095

k � 3 0.291 0.674 0.872 0.304 0.705 0.912 0.286 0.662 0.859

k � 4 0.325 0.75 0.967 0.29 0.673 0.871 0.253 0.611 0.815

CR4 k � 1 0.112 0.287 1.882 0.133 0.328 2.115 0.102 0.268 1.789

k � 2 0.153 0.281 1.915 0.183 0.328 2.196 0.154 0.284 1.944

k � 3 0.105 0.276 1.854 0.132 0.32 2.037 0.132 0.326 2.099

k � 4 0.137 0.339 2.198 0.116 0.295 1.949 0.091 0.246 1.677

Criteria Expert Supplier 4 Supplier 5 Supplier 6

λ̇c, k, 4 λ̈c, k, 4
...
λc, k, 4 λ̇c, k, 5 λ̈c, k, 5

...
λc, k, 5 λ̇c, k, 6 λ̈c, k, 6

...
λc, k, 6

CR1 k � 1 0.36 0.791 0.988 0.331 0.738 0.932 0.38 0.831 1.035

k � 2 0.384 0.841 1.033 0.351 0.781 0.971 0.395 0.869 1.069

k � 3 0.359 0.806 1.021 0.333 0.76 0.974 0.351 0.793 1.008

k � 4 0.327 0.741 0.933 0.373 0.827 1.022 0.373 0.813 0.993

CR2 k � 1 0.157 0.367 2.212 0.163 0.376 2.264 0.159 0.374 2.297

k � 2 0.292 0.669 0.821 0.312 0.704 0.857 0.293 0.661 0.809

k � 3 0.421 0.579 0.832 0.423 0.582 0.841 0.414 0.575 0.836

k � 4 0.279 0.637 0.82 0.29 0.658 0.843 0.272 0.62 0.796

CR3 k � 1 0.133 0.319 2.017 0.139 0.328 2.066 0.195 0.445 2.72

k � 2 0.157 0.369 2.26 0.134 0.32 1.976 0.175 0.407 2.468

k � 3 0.258 0.612 0.808 0.297 0.681 0.877 0.251 0.592 0.777

k � 4 0.251 0.599 0.794 0.238 0.568 0.753 0.217 0.537 0.728

CR4 k � 1 0.113 0.281 1.822 0.111 0.282 1.848 0.145 0.351 2.212

k � 2 0.173 0.313 2.117 0.164 0.306 2.11 0.145 0.277 1.937

k � 3 0.136 0.334 2.136 0.157 0.373 2.324 0.108 0.273 1.784

k � 4 0.127 0.315 2.015 0.131 0.326 2.096 0.116 0.293 1.903

Table 16 The average score of suppliers for each criterion

μcs Supplier 1 Supplier 2 Supplier 3 Supplier 4 Supplier 5 Supplier 6

CR1 0.8068 0.7947 0.7449 0.7603 0.7369 0.7855

CR2 0.6682 0.6835 0.6693 0.6174 0.6353 0.6148

CR3 0.6683 0.6682 0.597 0.5992 0.5903 0.643

CR4 0.5405 0.5838 0.5288 0.5729 0.5939 0.5404
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Fig. 2 Membership functions

Combining techniques makes it possible to strengthen the disadvantages or weaknesses of
one technique with another technique. Based on this logic, this paper develops an efficient
approach to evaluate and rank the sustainable circular supplier in the Industry 4.0 era. The
proposed approach consists of the combination of fuzzy group BWM and FIS. Our approach
is computationally composed of two parts. In the first part, the score of the suppliers is
calculated for each criterion. It should be noted that the score of suppliers in each criterion is
a linear combination of the score of suppliers in the sub-criteria of that criterion. In this way,
the weight of the sub-criteria is calculated by fuzzy group BWM, and by using the calculated
weights, a linear relationship is created between the score of each criterion and the score of its
sub-criteria. It is important to note that the final score of suppliers is not a linear combination of
their criteria scores. For this purpose, in the second part of the proposed approach, a decision
support system based on FIS defines the logical and non-linear relationship between the
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Fig. 3 The fuzzy inference rules defined in FIS

criteria and the final score of suppliers. It can be concluded from the results presented in
Tables 16 and 17 that the Industry 4.0 criterion has a relatively large effect on the output of
FIS (final score of suppliers). For example, see the calculated results for suppliers 1 and 5 in
Table 16. Supplier 1 is 9.5%, 5.2%, and 13.2% superior to Supplier 5 in economic, circular,
and social criteria, respectively.

Meanwhile, supplier 5 is only 9.8% superior to supplier 1 in the Industry 4.0 criterion. At
first glance at the results of Table 16, we expect that the final score of Supplier 1 significantly
differs from the final score of Supplier 5. Still, Table 17 denotes that Supplier 1 performs only
0.001 better than Supplier 5. Therefore, it can be concluded that the Industry 4.0 criterion
plays a relatively large role in the final score of suppliers. Because fuzzy inference rules
follow a non-linear structure, it is difficult to examine the importance of other criteria in the
final score of suppliers. For this purpose, we consider two virtual suppliers, one with the
same performance as Supplier 2 (the best supplier) and the other with the same performance
as Supplier 3 (the worst supplier) in all criteria except one. Our goal is a sensitivity analysis
of the FIS output variable for input changes. Based on this, we define four scenarios for
virtual Supplier 1 and four scenarios for virtual Supplier 2, as shown in Table 19. We have
assumed that the virtual suppliers 1 and 2 have a 10% better performance in one criterion
than suppliers 2 and 3 in all scenarios,

As shown in Table 19, the Industry 4.0 criterion is the most effective criterion for FIS
output. Economic, social, and circular criteria are placed after this criterion.

Sustainable business management is an approach for leading a business towards sustain-
ability by integrating economic, social, and environmental aspects. In recent years, with the
emergence of Industry 4.0, the role of this criterion in improving the sustainability of busi-
nesses has been demonstrated (Bai et al., 2022; Javaid et al., 2022). One of the ways to
improve the sustainability of companies is to cooperate with suppliers who have satisfactory
performance in economic, circular, social, and Industry 4.0 aspects. The literature review
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Fig. 4 The fuzzy inference rules

shows that the Industry 4.0 criterion plays a significant role in sustainability because it can
effectively improve the economic, environmental, and social performance of SCNs (Patyal
et al., 2022). The results obtained from the sensitivity analysis also confirm that Industry
4.0 significantly affects suppliers’ final scores. Therefore, businesses must cooperate with
suppliers who pay attention to Industry 4.0 criteria and triple bottom line aspects.

5 Managerial implications

Sustainability can improve organizational competitiveness. Sustainable business manage-
ment is a practical approach to business development that integrates economic, environmental,
and social activities. With the emergence of the CE concept, sustainable business manage-
ment has become more critical in organizations. The main goal of CE is to reduce waste and
move towards zero waste, which leads to minimizing costs, reducing energy and resource
consumption, and increasing the efficiency of SCNs. Considering multiple and often con-
flicting criteria in supplier selection is a difficult task. Hence, this paper develops a practical
approach to evaluate suppliers from economic, circular, social, and Industry 4.0 perspectives
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Fig. 5 The output of the proposed FIS

Table 18 The rank of suppliers

Supplier 1 Supplier 2 Supplier 3 Supplier 4 Supplier 5 Supplier 6

Final score 2 1 6 4 3 5

Table 17 The final score of the suppliers

Supplier 1 Supplier 2 Supplier 3 Supplier 4 Supplier 5 Supplier 6

Final score 0.646 0.672 0.598 0.637 0.645 0.632

effectively and efficiently. The proposed approachmakes it possible to assess the performance
of each supplier from different perspectives. Finally, using a non-linear combination of crite-
ria, the final score of the supplier is calculated. Another feature of the proposed approach is
considering the weight of experts. This gives experts with more experience and knowledge
more influence in the evaluation process. The proposed approach can be used as a decision
support system to help with sustainable supplier evaluations and selection in organizations.
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While the proposed approach is used for sustainable supplier selection here, it could be eas-
ily used to solve many business problems involving multiple and often conflicting criteria in
uncertain environments.

6 Conclusion

This paper presents a decision support system for evaluating and prioritizing suppliers in
public–private partnership projects. The proposed approach consists of two stages. In the
first stage, the performance of six potential suppliers is evaluated from economic, circular,
social, and Industry 4.0 perspectives by a novel groupBWMmethod. In the second stage, non-
linear relationships between the input variables (four criteria) and the final score are mapped
with the help of the fuzzy inference rules and an FIS structure. The proposed FIS includes
625 rules. The data from the offshore wind farm project in this study and the knowledge of
four experts are used to validate the proposed approach. A sensitivity analysis showed the
FIS output is more sensitive to Industry 4.0 criteria than others.

When the sub-criteria of each criterion are intertwined, the proposed approach cannot
provide an accurateweight for the sub-criteria. In such a situation, interdependencies between
sub-criteria should be calculated by methods such as DEMATEL or weighted influence
non-linear gauge system (WINGS). Recently, with the emergence of Industry 5.0, some
researchers havemoved their research in this direction. To our knowledge, sustainable circular
supplier selection in the Industry 5.0 era is an open topic that has not been investigated.
Therefore, it is suggested that future studies focus on these issues.
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Table 20 The fuzzy best-to-others vectors for circular sub-criteria

Expert Best SCR21 SCR22 SCR23 SCR24 SCR25 SCR26

Expert
1

SCR22 (3/2,2,5/2) (1,1,1) (2/3,1,3/2) (5/2,3,7/2) (3/2,2,5/2) (2/3,1,3/2)

Expert
2

SCR23 (3/2,2,5/2) (2/3,1,3/2) (1,1,1) (3/2,2,5/2) (5/2,3,7/2) (7/2,4,9/2)

Expert
3

SCR22 (2/3,1,3/2) (1,1,1) (2/3,1,3/2) (3/2,2,5/2) (5/2,3,7/2) (3/2,2,5/2)

Expert
4

SCR23 (5/2,3,7/2) (3/2,2,5/2) (1,1,1) (7/2,4,9/2) (2/3,1,3/2) (3/2,2,5/2)

Table 21 The fuzzy others-to-worst vectors for circular sub-criteria

Expert Worst SCR21 SCR22 SCR23 SCR24 SCR25 SCR26

Expert
1

SCR24 (2/3,1,3/2) (5/2,3,7/2) (3/2,2,5/2) (1,1,1) (2/3,1,3/2) (3/2,2,5/2)

Expert
2

SCR26 (3/2,2,5/2) (5/2,3,7/2) (7/2,4,9/2) (3/2,2,5/2) (2/3,1,3/2) (1,1,1)

Expert
3

SCR25 (3/2,2,5/2) (5/2,3,7/2) (3/2,2,5/2) (2/3,1,3/2) (1,1,1) (2/3,1,3/2)

Expert
4

SCR24 (2/3,1,3/2) (3/2,2,5/2) (7/2,4,9/2) (1,1,1) (5/2,3,7/2) (3/2,2,5/2)

Table 22 The fuzzy best-to-others vectors for social sub-criteria

Expert Best SCR31 SCR32 SCR33 SCR34 SCR35

Expert 1 SCR31 (1,1,1) (2/3,1,3/2) (3/2,2,5/2) (5/2,3,7/2) (3/2,2,5/2)

Expert 2 SCR31 (1,1,1) (2/3,1,3/2) (5/2,3,7/2) (2/3,1,3/2) (3/2,2,5/2)

Expert 3 SCR32 (2/3,1,3/2) (1,1,1) (7/2,4,9/2) (3/2,2,5/2) (5/2,3,7/2)

Expert 4 SCR31 (1,1,1) (2/3,1,3/2) (5/2,3,7/2) (7/2,4,9/2) (3/2,2,5/2)

Table 23 The fuzzy others-to-worst vectors for social sub-criteria

Expert Worst SCR31 SCR32 SCR33 SCR34 SCR35

Expert 1 SCR34 (5/2,3,7/2) (3/2,2,5/2) (2/3,1,3/2) (1,1,1) (2/3,1,3/2)

Expert 2 SCR33 (5/2,3,7/2) (3/2,2,5/2) (1,1,1) (3/2,2,5/2) (2/3,1,3/2)

Expert 3 SCR33 (5/2,3,7/2) (7/2,4,9/2) (1,1,1) (3/2,2,5/2) (2/3,1,3/2)

Expert 4 SCR34 (7/2,4,9/2) (5/2,3,7/2) (2/3,1,3/2) (1,1,1) (3/2,2,5/2)
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Table24 The fuzzy best-to-others vectors for Industry 4.0 sub-criteria

Expert Best SCR41 SCR42 SCR43 SCR44

Expert 1 SCR41 (1,1,1) (2/3,1,3/2) (5/2,3,7/2) (3/2,2,5/2)

Expert 2 SCR44 (2/3,1,3/2) (3/2,2,5/2) (2/3,1,3/2) (1,1,1)

Expert 3 SCR41 (1,1,1) (5/2,3,7/2) (3/2,2,5/2) (2/3,1,3/2)

Expert 4 SCR41 (1,1,1) (3/2,2,5/2) (5/2,3,7/2) (2/3,1,3/2)

Table 25 The fuzzy others-to-worst vectors for Industry 4.0 sub-criteria

Expert Worst SCR41 SCR42 SCR43 SCR44

Expert 1 SCR43 (5/2,3,7/2) (3/2,2,5/2) (1,1,1) (2/3,1,3/2)

Expert 2 SCR42 (2/3,1,3/2) (1,1,1) (2/3,1,3/2) (3/2,2,5/2)

Expert 3 SCR42 (5/2,3,7/2) (1,1,1) (2/3,1,3/2) (3/2,2,5/2)

Expert 4 SCR43 (5/2,3,7/2) (2/3,1,3/2) (1,1,1) (3/2,2,5/2)

Appendix B
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