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ABSTRACT

Sustainability and circular economy are becoming leading concepts in the context of contemporary
industrialization due to global warming, economic implication, and social consciousness. This has
encouraged the implementation of sustainable circular supply chain management (SCSCM). Supplier
Selection, as it is known, plays the foremost basic part within the circle of the supply chain under the
organization’s position. Therefore, this study proposed a sustainable circular supplier selection model using
Fuzzy-Decision Making Trial and Evaluation Laboratory (FDEMATEL) technique to support SCSCM.
FDEMATEL was used to determine the interrelationships between the criteria. In this regard, 22 criteria
were identified under 4 dimensions (Economic, Environment, Social and Circular), and evaluated by 20
experts using pairwise comparison. The results indicate that the criteria (Environmental Management
System) is the most important. While (Financial Stability) and (Green Technology) are the most influential
criteria over the other criteria, however (Cost) is mostly influenced by other factors. Moreover, limitations
of the study and recommendation for further work highlighted

Keywords: Sustainability, Circular Economy, and Supplier Selection.
1. INTRODUCTION

Recently, the importance of sustainable supply chain management (SSCM) has increased due
to the global population growth, resource controls, consumption activities, and the increasing
levels of waste and pollution(Tseng et al., 2022). Accordingly, especially with the competitive
global market, most of the business organizations need their supply chains to be more sustainable
in the direction of the economic, environment, and social aspect (Gaziulusoy and Brezet, 2015;
Ottomano Palmisano et al., 2016; Nosratabadi et al., 2019). The world, at its current level of
utilization, will exhaust many natural resources in the near future if there is no change within the
way the products are sourced, produced, consumed, delivered, recovered, and regenerated (Hazen
et al., 2017). Nevertheless, global forms of production, consumption, and trade still remain
severely unsustainable (Farooque et al., 2019). Hence, to tackle these issues, one important
philosophy that may bring about this change which is shifting towards more sustainable mode of
production in the supply chain (SC) by following the concept of circular economy (CE) (Lahane
et al., 2020). As a result, an increasing awareness has encouraged the incorporation of
sustainability and CE thinking in SC paradigms (Chain and Zanin, 2019; Pieroniet al., 2019).

The CE philosophy is developing into a powerful driving force behind sustainability and it
has started to be distinguished as a great potential to assist organizations to accomplish a
breakthrough in sustainability execution (Lahane et al., 2020). Accordingly, sustainability
advances have empowered business firms to implement CE practices in a more efficient way
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(Awan, 2022). Despite that the CE eliminates precious material from waste stream by highlighting
product reuse and repair and forming restorative industrial systems (Ruggieri et al., 2016), these
actions offer advantages for the firms’ supply chains in terms of sustainability and improve the
firms’ sustainable performance (Govindan et al., 2020; Khan et al., 2021). Consequently, CE is
expected to be beneficial for achieving the sustainable development goals (SDGs) such as SDG 12
“sustainable production and consumption patterns” (Dantas ef al., 2021). Hence, an increasing
awareness has encouraged the incorporation of sustainability and CE thinking in supply chain
paradigms (Chain and Zanin, 2019; Pieroniet a/., 2019).Therefore, recently, gathering the CE and
sustainability is becoming progressively more and gaining more attention from practitioners and
academics (Nikolaou and Tsagarakis, 2021).

As it is known that suppliers are at the first level of the supply chain network, their actions
have an essential effect on the efficacy of the entire network (Mani et al., 2018). Consequently,
selecting the right suppliers improves the firms’ sustainability and circularity performance, as they
can diminish environmental destruction and costs and lead to circularity of used materials (Yu et
al., 2019; Govindan et al., 2020; Hendiani et al., 2020). In this context, a new perspective of
supplier selection problem had been recently appeared, which is sustainable circular supplier
selection (Kannan et al., 2020a).

To select the proper supplier, different criteria have to be considered and evaluated with regard
to the supplier’s attribute (Khan et al., 2018). Consequently, the supplier selection is considered
as a multicriteria decision making (MCDM) problem (Memari et al., 2019). Although that there
are numerous MCDM methods have been conducted in sustainable supplier selection such as
Fuzzy-TOPSIS (Govindan et al., 2013; Yu et al., 2019); Fuzzy-AHP (Gold and Awasthi, 2015);
Fuzzy-AHP AND Fuzzy-TOPSIS (Fallahpour et al., 2017); DEA (Bai and Sarkis, 2014); Fuzzy-
AHP-VIKOR approach (Awasthi et al., 2018); and FBWM (Hendiani et al., 2020), there is a few
studies had been conducted for MCDM methods in the context of SCSS (Kannan et al., 2020b;
Alavi, Tavana and Mina, 2021).

In this viewpoint, this study introduces for the first time, a structural model of criteria for
sustainable circular supplier selection including the four dimensions (economic, environmental,
social, and circular) through the well-known MCDM method, Fuzzy- Decision-Making Trial and
Evaluation Laboratory (FDEMATEL). The FDEMATEL method is used in this study for
analyzing the interdependencies between the criteria.

The remainder of the paper is arranged as follows: Section 2 discusses the literature in relation
to three main topics including (1) Sustainable Supply Chain Management and CE are presented,
(2) Approaches and methods of supplier selection regarding sustainability and CE, (3) Criteria for
supplier selection. Section 3 explains the research methodology including data collection. Section
4 presents main findings of the FDEMATEL. Section 5 concludes this paper together with future
research direction and the research limitation.

2. LITERATURE REVIEW

A significant number of research studies been conducted on supplier selection problem with
various criteria and methods. In this section, based on the research purpose, only the criteria and
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approaches/methods used in selecting suppliers from a sustainable and CE perspectives are
reviewed. The reviewed papers are classified into three categories depending on their focus: (1)
SSS methods, (2) SSS in the context of CE, and (3) Addressing the SSS criteria comprising CE

criteria.
- Sustainable Supplier Selection (SSS) methods

Supplier selection problem is a critical and strategic decision-making process. Selecting
suppliers became more intensified and complex in the context of sustainability which
fundamentally increases the number of selection criteria and the trade-offs between sustainability-
related criteria (e.g. environmental considerations) and others such as cost of the product, quality
of products, delivery lead-time, flexibility , etc. (Trapp and Sarkis, 2016; Khan et al., 2018). This
imposes a major challenge on purchasing managers when evaluating and selecting suppliers given
the impact of sustainability (Amindoust et al., 2012). Moreover, supplier evaluation towards
sustainability aspects helps organizations in achieving other benefits such as; improved financial
performance, fairness to the suppliers and customers, positive corporate reputation, social change,
good human relations, and inter-organizational learning (Baskaran, Nachiappan and Rahman,
2012).

Therefore, a considerable number of studies had been conducted on the supplier selection
problems with numerous evaluated criteria and methods related to the sustainability concept.
Ghadimi and Heavey (2014) gathered the most important criteria of SSS in medical device industry
and categorized it to the three dimensions of sustainability using an efficient Fuzzy Inference
System (FIS). Additionally, Mani, Agrawal and Sharma (2014) presented a methodology that
focused on socially SSS through social parameters using analytic hierarchy process (AHP)
technique. Azadi ef al. (2015) developed an integrated DEA enhanced Russell measure (ERM)
model in fuzzy context to select the best sustainable suppliers. Another research done by Orji and
Wei (2015) presented a novel modeling approach of integrating information on supplier behavior
in fuzzy environment with system dynamics simulation modeling technique which results in a
more reliable and responsible decision support system. Also, Lin et al. (2015) applied analytic
network process (ANP) in supplier selection problem at Taiwanese Electronics Company under
sustainability. Likewise, Gold and Awasthi (2015) proposed a two-step fuzzy AHP approach for
sustainable global supplier selection problem that considers sustainability risks from sub-suppliers.

More work done by Sarkis and Dhavale (2015) recognized that one of the Environmental
concerns in selecting sustainable suppliers is the “Use of environmental and pollution control
technology”, in which the sustainable supplier is expected to use appropriate greenhouse gases
reduction technologies and install pollution control equipment as necessary in its operation.
Moreover, Su et al. (2016) proposed a hierarchical grey decision-making trial and evaluation
laboratory method to identify and analyze criteria and alternatives in incomplete information in
sustainable supply chain management context. Luthra et al. (2017) proposed a framework to
evaluate by using an integrated Analytical Hierarchy Process (AHP), ViseKriterijumska
Optimizacija I Kompromisno Resenje (VIKOR), a multi-criteria optimization and compromise
solution approach with 22 SSS criteria and three dimensions of criteria (economic, environmental,
and social) have been identified through literature and experts' opinions, although that this study
very close to the research novelty, it wasn’t engage to the carbon management criteria in its
framework as well. Song, Xu and Liu (2017) summarized the SSS criteria drawing the greatest
attention in previous literature, they did a novel integrated method based on pairwise comparison
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method, DEMATEL, and rough set theory has been proposed. Vahidi, Torabi and Ramezankhani
(2018) proposed a novel bi-objective two-stage mixed possibilistic-stochastic programming model
to address SSS and order allocation problem under operational and disruption risks.

2.1.1 Sustainable Supplier Selection (SSS) methods in the context of Circular Economy (CE)

Implementing CE in supply chains enforces suppliers to provide raw materials that are
technically restorative, recoverable, and would not have negative effects on the environment
(Genovese et al., 2017). Hence, circular supplier selection can have substantial effect on the waste
reduction of the supply chains (Kannan et al., 2020a).

To-date, to the best authors’ knowledge, there are few previous studies that addressed the
context of circular economy in supplier selection process. Kusi-Sarpong et al. (2019) proposed a
decision framework based on industry 4.0 initiatives within circular economy implementation to
evaluate and select sustainable suppliers. They used a multi-criteria decision-making support tool
composed of the ‘best-worst method’ (BWM) and VIKOR was applied to aid in the evaluation and
selection of a sustainable supplier in Pakistan’s textile manufacturing company. Regarding the
criteria of selecting suppliers, they categorized the criteria into 4 main categories with 17 sub-
categories. The four main categories were Organizational, Regulatory, and Institutional,
Technological, and Infrastructural, and Supply Chain collaboration. It was also expected that the
criteria presented by them would be considered in the three categories of economic, social, and
environmental/circular criteria, but this was not the case (Kannan et al., 2020b). Moreover,
Govindan et al. (2020) proposed a strategic operational level hybrid approach based on Fuzzy-
DEMATEL, FANP, and mathematical programming for circular supplier evaluation, selection and
order allocation. They categorized their main criteria for 3 criteria; (1) Circular, (2) Quality, and
(On time deliver) with 13 sub-criteria. However, they did a valuable approach in weighting criteria
and selecting suppliers, they did not consider all the sustainability dimensions in their work with
its main criteria. Furthermore, Kannan et al. (2020) combined the fuzzy BWM and the interval
VIKOR technique to evaluate and prioritize sustainable suppliers in circular supply chains. The
evaluation criteria were classified into three categories of economic, social, and circular factors.
Even Though they have used a proper evaluation approach based on two useful methods, they
developed only the criteria related to the Economic and Social dimensions and ignored any other
Environmental criteria in their approach rather than circular economy ones. This affected the
achievement of the full viewpoint of sustainability in the context of circular economy.

2.2.3 Sustainable Circular Supplier Selection (SCSS) Criteria:

As mentioned earlier, some authors addressed the criteria under sustainability concept, and
circular economy. According to the research objectives, by considering previous literatures,
criteria are classified into four main dimensions; Economic, Environmental, Social, and CE to
achieve the full view of evaluating and selecting suppliers’ performance towards sustainable
circular, as shown in Table 1.

Table 1. Sustainable Circular Supplier Selection Criteria

ECONOMIC

Cost The factors that show all expenditures and price of purchased material (Fallahpour, 2016).

(Bai and Sarkis, 2010; Biiyiikozkan and Cif¢i, 2011; Amindoust et al., 2012; Dai and Blackhurst, 2012;
Govindan, Khodaverdi and Jafarian, 2013; Azadnia et al., 2013: Ghadimi and Heavey, 2014; Gold and
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Awasthi, 2015; Sarkis and Dhavale, 2015; Azadi et al., 2015; Fallahpour et al., 2017; Jauhar and Pant,
2017; Luthra et al., 2017; Song, Xu and Liu, 2017; Vahidi, Torabi and Ramezankhani, 2018; Awasthi,
Govindan and Gold, 2018; Cheraghalipour and Farsad, 2018; Alikhani, Torabi and Altay, 2019; Memari
et al., 2019; El Mariouli and Abouabdellah, 2019)

Quality

The degree of excellence of supplied material (Fallahpour, 2016).

(Bai and Sarkis, 2010; Biiyiikozkan and Cif¢i, 2011; Amindoust et al., 2012; Dai and Blackhurst, 2012;
Govindan, Khodaverdi and Jafarian, 2013; Azadnia et al., 2013; Ghadimi and Heavey, 2014; Gold and
Awasthi, 2015; Lin et al., 2015; Orji and Wei, 2015; Sarkis and Dhavale, 2015; Jauhar and Pant, 2017;
Luthra et al., 2017; Song, Xu and Liu, 2017; Fallahpour et al., 2017; Awasthi, Govindan and Gold, 2018;
Cheraghalipour and Farsad, 2018; Alikhani, Torabi and Altay, 2019; Memari et al., 2019; El Mariouli
and Abouabdellah, 2019)

Delivery time and
services

The effort of supplier in delivering the material and solving its related problems to the customer
(Fallahpour, 2016).

(Bai and Sarkis, 2010; Biiyiikozkan and Cif¢i, 2011; Amindoust et al., 2012; Dai and Blackhurst, 2012;
Govindan, Khodaverdi and Jafarian, 2013; Azadnia et al., 2013; Ghadimi and Heavey, 2014; Gold and
Awasthi, 2015; Sarkis and Dhavale, 2015; Jauhar and Pant, 2017; Luthra et al., 2017; Song, Xu and Liu,
2017; Fallahpour et al., 2017; Awasthi, Govindan and Gold, 2018; Vahidi, Torabi and Ramezankhani,
2018; Cheraghalipour and Farsad, 2018; El Mariouli and Abouabdellah, 2019)

Flexibility

The level of flexibility of supplier in supplying material and price of material (Fallahpour, 2016).

(Bai and Sarkis, 2010; Biiytikdzkan and Cif¢i, 2011; Amindoust et al., 2012; Govindan, Khodaverdi and
Jafarian, 2013; Ghadimi and Heavey, 2014; Gold and Awasthi, 2015; Fallahpour et al., 2017; Luthra et
al., 2017; Awasthi, Govindan and Gold, 2018; El Mariouli and Abouabdellah, 2019)

Financial Stability

The financial status of the supplier that analyzed based on the information about the annual turn-over
of the supplier and their financial structure based on the past history (Chan ef al., 2008).

(Amindoust et al., 2012; Alidrisi, 2014; Suraraksa and Shin, 2019)

ENVIRONMENTAL

Environmental
Management System
(ISO 14001)

Efforts of supplier in environmental management and the certification related environmental
management systems (Fallahpour, 2016).

(Bai and Sarkis, 2010; Amindoust et al., 2012; Govindan, Khodaverdi and Jafarian, 2013; Orji and Wei,
2015; Sarkis and Dhavale, 2015; Su et al., 2016; Fallahpour et al., 2017; Luthra et al., 2017; Song, Xu
and Liu, 2017; Vahidi, Torabi and Ramezankhani, 2018; Cheraghalipour and Farsad, 2018; Alikhani,
Torabi and Altay, 2019)

Green Products/Design

To what extend the supplier produce green products (Fallahpour, 2016)

(Amindoust et al., 2012; Orji and Wei, 2015; Su et al., 2016; Fallahpour et al., 2017; Luthra et al., 2017,
Alikhani, Torabi and Altay, 2019)

Green transportation

Minimizing the environmental pollution when transporting the needed order (Fallahpour, 2016)

(Fallahpour et al., 2017)

Green technology

The technology used to provide producing green products.(Fallahpour, 2016)

(Fallahpour et al., 2017)(Vahidi, Torabi and Ramezankhani, 2018)

GHG emissions/effect

Gases and substances emitted from the manufacture and transport the products. (El Mariouli and
Abouabdellah, 2019)

Gold, 2018; Cheraghalipour and Farsad, 2018; El Mariouli and Abouabdellah, 2019)

Carbon Disclosure
Report

Reports regarding GHG emissions. (Hsu et al., 2013)

(Hsu et al., 2013; Luthra et al., 2017; Yu, Yang and Chang, 2018)

SOCIAL

Training related Carbon
Management

Employee awareness of carbon management practices, relevant education and training need to be
launched to promote environmental consciousness.(Hsu et al., 2013)

(Hsu et al., 2013)

Workers’ rights

The supplier’s respect of its worker’s rights; employment insurance, standard working hours,
employments compensations (Fallahpour, 2016).

(Bai and Sarkis, 2010; Amindoust et al., 2012; Govindan, Khodaverdi and Jafarian, 2013; Sarkis and
Dhavale, 2015; Gold and Awasthi, 2015; Song, Xu and Liu, 2017; Fallahpour et al., 2017; Luthra et al.,
2017; Vahidi, Torabi and Ramezankhani, 2018; Awasthi, Govindan and Gold, 2018; Cheraghalipour
and Farsad, 2018; Alikhani, Torabi and Altay, 2019; Memari et al., 2019; El Mariouli and Abouabdellah,
2019)

Occupational health &
safety systems

Efforts of supplier to provide health and safety for employees at work; medical insurance, training for
safety at work, providing appropriate equipment. (Fallahpour, 2016)

(Bai and Sarkis, 2010; Amindoust et al., 2012; Dai and Blackhurst, 2012; Azadnia et al., 2013;
Govindan, Khodaverdi and Jafarian, 2013; Mani, Agrawal and Sharma, 2014; Ghadimi and Heavey,
2014; Orji and Wei, 2015; Gold and Awasthi, 2015; Luthra et al., 2017; Song, Xu and Liu, 2017;
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Fallahpour ef al., 2017; Vahidi, Torabi and Ramezankhani, 2018; Cheraghalipour and Farsad, 2018;
Memari et al., 2019; El Mariouli and Abouabdellah, 2019)

Society’s rights / social
responsibilities

Suppliers’ competency in improving sustainability, such as; social responsibilities, cleaner

environmental/production (Biiyiikozkan and Cifei, 2011)

(Biiyiikozkan and Cifci, 2011)(Sarkis and Dhavale, 2015)(Gold and Awasthi, 2015)(Luthra et al.,
2017)(Vahidi, Torabi and Ramezankhani, 2018)(Alikhani, Torabi and Altay, 2019)(Cheraghalipour and
Farsad, 2018)

Information disclosure

Providing information to the supplier’s customer and stakeholders regarding material used, carbon
emissions and toxins released during production. (Luthra et al., 2017)

(Amindoust ef al., 2012; Azadnia et al., 2013; Orji and Wei, 2015; Luthra et al., 2017; Yu et al., 2019)

CIRCULAR

Eco-friendly raw

Utilizing recyclable raw materials in producing products (Govindan et al., 2020).

materials (Gupta and Barua, 2017; Govindan et al., 2020; Kannan et al., 2020b)
Respecting Utilization of the environmental standards in recycling process (Govindan et al., 2020).
environmental (Rashidi and Saen, 2018; Govindan et al., 2020; Kannan et al., 2020b)

standards and
regulations in the
process of recycling

Air pollution resulting
from recycling process

Consideration of minimizing air pollution in the operation of recycling the products (Govindan et al.,
2020).

(Rashidi and Saen, 2018; dos Santos, Godoy and Campos, 2019; Govindan et al., 2020; Kannan ef al.,
2020b)

Clean technology for
recycling

Employing proper and green technology for recycling the returned products (Govindan et al., 2020).

(Govindan et al., 2020; Kannan et al., 2020b)

Eco-friendly packaging

Using recyclable materials in packaging (Govindan et al., 2020).

(Govindan et al., 2020; Kannan et al., 2020b)

Reverse Logistics

(Amindoust et al., 2012; Hashemkhani Zolfani, Chatterjee and Yazdani, 2019)

To this end, many authors revealed that selecting the right suppliers affects the firms’
sustainability and circularity performance, as they can diminish environmental destruction and
costs and lead to circularity of used materials (Yu et al., 2019; Govindan et al., 2020; Hendiani et
al., 2020). Moreover, sustainable circular supplier selection will increase the sustainability of the
supply chains in addition to waste reduction. Therefore, this study developed a structural model of
criteria for sustainable circular supplier selection including the four dimensions (economic,
environmental, social, and circular) based on FDEMATEL.

3. RESEARCH METHODOLOGY

As stated before, supplier selection process is multi-criteria evaluation which requires decision
makers to provide both quantitative and qualitative evaluations to identify the value of each
alternative (supplier) with respect to each criteria, as well as the relative importance of the criteria.
Hence, to achieve the purpose of this study, a FDEMATEL technique used to discover the
interactives relationships between the proposed sustainable circular supplier selection criteria as
shown in Fig. 1, which had been conducted from previous literatures as shown in Table 1 along to
their description. The methodology of the FDEMATEL is clarified in the next section.

Fig. (1). Sustainable Circular Supplier Selection Criteria
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Sustainable Circular Supplier Selection Criteria
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Fuzzy Decision-Making Trial and Evaluation Laboratory (FDEMATEL)

The Decision-Making Trial and Evaluation Laboratory (DEMATEL) technique introduced in
1973 by the Geneva Research Centre of the Battelle Memorial Institute to visualize the structure
of complex causal relationships among factors through matrices or diagraphs (Chiou, Hsu and
Chen, 2011; Muhammad and Cavus, 2017; Si et al., 2018; Raut et al., 2019). In particular,
DEMATEL as a kind of structural modeling approach, is valuable in analyzing the cause
and effect relationships among components of a framework (Si et al., 2018). The advantage of
DEMATEL over other MCDM techniques (such as AHP) that it uses structural modelling
technique to identify the interdependency among factors through a causal diagram using graphs or
matrices which portray the relationships and the strengths of influence between criteria (Wu and
Tsai, 2012; Su et al., 2016; Seker and Zavadskas, 2017). DEMATEL method not only converts the
interdependence relationships among factors into cause-and-effect group using matrices or graphs,
but also finds the critical factors of a complex framework using an influence relation diagram
(Mirostaw-Swiatek et al., 2021).

Although that DEMATEL technique is useful tool for analyzing interdependency among
factors using crisp value (Suo, Feng and Fan, 2012), in reality the crisp values are not effective
and inadequate due to fuzziness and uncertainty that are commonly involved in judgments of
experts (Suo, Feng and Fan, 2012). To overcome this problem in this study, it was decided by the
authors to extend the DEMATEL method with fuzzy logic for making superior judgments in fuzzy
environments. Fuzzy set theory established by Zadeh (1965) and introduced the membership
function concept. Fuzzy theory validates vague and unclear problems, along with unreliable human
judgments (Mavi and Shahabi, 2015). In this instance, Akyuz and Celik (2015) stated that a
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triangular fuzzy number is superior in the evaluation, which is the most generally used fuzzy
interpretation and can be classified as a triple called a Triangular Fuzzy Number (TFN).

Fuzzy DEMATEL can convert the relationship between the causes and effects of criteria into
intelligible structural model of the system (Rouhani et al., 2014).This method is employed in
different research areas to solve MCDM problems (Mavi and Shahabi, 2015; Muhammad and
Cavus, 2017; Seker and Zavadskas, 2017; Govindan ef al., 2020).

Therefore, the authors of this study decided to propose their approach through combining fuzzy
set theory to deal with the vagueness of human thoughts (experts’ opinions) and the DEMATEL
method to construct impact relation map and determine cause effect groups of criteria. Hence, the
fuzzy logic had been combined with DEMATEL method to determine the most significant criteria
and develop the ranking of the most valuable criteria in sustainable circular supplier selection
problem. The steps of the FDEMATEL used in this study are clarified as follows:

The steps of FDEMATEL methodology:
Step 1: To define an expert group and the criteria.

In this step, a panel of experts in manufacturing industries was provided. In addition, key
sustainable circular supplier selection criteria were identified from extensive literature review and
finalized as selecting/evaluating criteria.

Step 2: To generate the fuzzy direct-relation matrix

After recognizing the selecting/evaluating criteria, in this step a pair-wise comparison was
developed. To obtain pair-wise comparison, a five-point fuzzy linguistics scale (1= No influence,
2= Very low influence, 3= Low influence, 4= High influence, and 5= Very high influence) is
designed to assist experts evaluate the interrelationships between criteria, as shown in Table 2.
Arithmetic mean of all experts' opinions is used to generate the direct relation matrix z.

0 anl
a0

The membership function TFN is used in this step, A=(L, M,U), where L, M and U denote
lower, medium and upper numbers of the fuzzy sets (x< y< z), respectively

7 =

Table 2 Fuzzy Linguistic Scale.

Triangular Fuzzy Number
Code Linguistic terms L M U
1 No influence 0 0 0.25
2 Very low influence 0 0.25 0.5
3 Low influence 0.25 0.5 0.75
4 High influence 0.5 0.75 1
5 Very high influence 0.75 1 1

Step 3: To normalize the fuzzy direct-relation matrix
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This step for normalizing the fuzzy direct-relation matrix that can be obtained using the
following formula:

P (l_z mij h)
r

X - ) )
9) r r r
Where;
n n
r = max maxz uij,maxZuij i,j €{1,23,..,n}
Lj L J
j=1 i=1

Step 4: Calculate the fuzzy total-relation matrix

In this step, the fuzzy total-relation matrix is formed by the following formula:
T = kligloo(a?l DD .0 x"

' n

ij?

mj;, Uy , it can be

If each element of the fuzzy total-relation matrix is expressed as &j; = (I 'i]-,

calculated as follows:
[l =xxd—x)™"
[m U] = Xm X (I = xp) 7!

] =% % (I = %)~

Step 5: Defuzzify into crisp values

This step is the process of converting the fuzzy numbers to clear value through the CFCS
(Converting Fuzzy data into Crisp Scores) defuzzification method which is proposed by Opricovic
and Tzeng (2003). The CFCS has been used to obtain a crisp value of total-relation matrix. The
steps of CFCS method are as follows:

t gt
(ll] — min ll]

ln —
ij — max
" min ;
n _ (mU — min ll]
mij - max
. min .
n _ (ul] — min lU
uij - max
min
So that
max

_ t .t
min = Maxu; — minl;
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Calculating the upper and lower bounds of normalized values:

15, = "0
ij A +mf =13

um
us, = Y n n

The output of the CFCS algorithm is crisp values.

Calculating the total normalized crisp values:

N [15(1 = 1) +ujy x )]

Step 6: Summing up the rows (D) and columns (R)

This step is to find out the sum of each row (D) and each column (R). The sum of rows (D)
and columns (R) can be calculated as follows:

D =Y Ty
R=Xi,Ti

“D”refers to the overall effects of one criteria (i) on the other criteria (j), while “R “refers to the
overall effects experienced by criteria (j) due to criteria (i).

Step 7: Create a causal-effect diagram by mapping the dataset of (D+R) and (D-R)

In this final step, the causal-effect diagram is composed using the values of (D+R) and (D-R),
in which (D+R) represents the degree of importance, and (D-R) represents the net effects that the
criteria contribute to the sustainable circular supplier selection process. If (D-R) value is positive,
that criteria relates to the cause group, and if (D-R) value is negative, the criteria relates to the
effect group. The values of (D+R) are placed on the horizontal axis and the values of (D-R) on the
vertical axis. A flowchart of the steps involved in the FDEMATEL methodology is shown in Fig.
2.

Fig. (2). FDEMATEL flowchart of sustainable circular supplier selection criteria
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Using Literature and Defining expert panel and sustainable circular supplier

R .. selection criteria
expert’s opinion

Using experts’ opinion Constructing pair-wise comparison matrix (obtaining
and Triangular Fuzzy linguistic judgment based upon fuzzy linguistic scale to
Number develop relation matrix)

Obtaining the fuzzy direct relation matrix

Obtaining the normalized fuzzy direct relation matrix

Constructing the fuzzy total relation matrix

Converting the fuzzy numbers into crisp values

Calculating the sum of rows (D) and the sum columns (R)

Create a causal-effect diagram by mapping the dataset of
(D+R) and (D-R), and developing managerial implications

4. CALCULATIONS AND RESULTS

The application of the above research method is shown in this section; other points of interest
are given further.

Step 1: A panel of experts consisting of 20 experts was performed to define the purpose of this
study, to analyze the sustainable circular supplier selection criteria. The selection of the experts
was chosen based on their experience (a minimum eight years’ experience) and their expertise in
their area (individual profile). The experts were highly skilled and were capable in decision-
making regarding selecting and evaluating suppliers.

Twenty-two criteria as shown in Fig. (1). were proposed according to extensive literature
review and were validated by the experts’ opinions.

10
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Step 2: Experts made a pair-wise comparisons between the criteria of sustainable circular
supplier selection using the scale provided in Table (2), to figure out the interdependencies
between the criteria. APPENDIX I indicates the direct relation matrix.

Step 3: The normalized fuzzy direct-relation matrix was attained using the formulas explained
in the methodology section. APPENDIX II indicates the normalized fuzzy direct-relation matrix.

Step 4: The normalized matrix the inverse is first calculated, and then it is subtracted from the
matrix I, and finally the normalized matrix is multiplied by the resulting matrix. APPENDIX IIT
shows the fuzzy total relation matrix.

Step 5: APPENDIX IV shows the crisp total-relation matrix.

Step 6: The summation of rows (D) and the summation of columns (R) of the sustainable
circular supplier selection criteria were calculated by using the formulas determined in step S the
methodology part.

Step 7: The dataset (D+R) and (D-R) of the sustainable circular supplier selection criteria were
calculated and shown in Table 3.

Additionally, ranking the criteria of sustainable circular supplier selection were made based on
(D+R) dataset, and were categorized into cause-and-effect groups based on (D-R) dataset (for more
details, please see Table 3). In the last step, (D+R) and (D-R) datasets were developed to conclude
a causal diagram as shown in Fig. 3.

Table 3. Calculations (D+R) and (D-R) datasets of the sustainable circular supplier
selection criteria.

Criteria R D D+R Rank D-R Cause/Effect
ECl 1.692 0.57 2.262 18t -1.121 Effect
EC2 1.749 1.647 3.396 5th -0.103 Effect
EC3 1.085 0.65 1.734 21 -0.435 Effect
EC4 0.766 0.634 1.4 22nd -0.132 Effect
EC5 0.279 1.632 1.911 20t 1.352 Cause

ENV1 1.974 2.013 3.986 It 0.039 Cause

ENV2 1.738 1.705 3.443 4th -0.032 Effect

ENV3 1.296 1.045 2.34 16t -0.251 Effect

ENV4 0.792 2.112 2.905 12t 1.32 Cause

ENVS5 1.821 1.87 3.691 2nd 0.049 Cause

ENV6 1.572 1.15 2.721 13t -0.422 Effect
SO1 1.278 1.632 2911 11t 0.354 Cause
SO2 1.072 1.045 2.117 19t -0.028 Effect

1"
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SO3 1.56 1.686 3.246 7th 0.126 Cause
SO4 1.73 1.423 3.153 gth -0.308 Effect
SO5 1.17 1.406 2.576 15t 0.236 Cause
CE1 1.643 1.377 3.02 10t -0.266 Effect
CE2 1.447 1.576 3.023 9th 0.13 Cause
CE3 1.701 1.848 3.55 3t 0.147 Cause
CE4 1.511 1.795 3.307 6t 0.284 Cause
CE5 1.387 0.915 2.302 17t -0.471 Effect
CE6 1.531 1.065 2.596 14t -0.466 Effect

Fig. 3. The cause-and-effect diagram of the sustainable circular sustainable selection criteria.

Cause-Effect diagram
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Prominence (D+R) represents the importance of the criteria. Likewise, relation (D-R)
represents the categorization of the cause-and-effect group. The causal effect diagram delivers
useful insight to analyze the evaluated criteria. With respect to different criteria, their position and
the relative importance, experts distinguish the criteria which affects the decisions selecting the
suitable supplier regarding sustainable circular, and thus, improvements are made appropriately.
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5. DISCUSSIONS

According to the values of (D+R) given in Table 3, which represents the degree of importance,
the importance order of the twenty-two criteria for selecting sustainable circular supplier is given
as ENVI1- ENV5- CE3- ENV2- EC2- CE4- SO3- SO4- CE2- CE1- SO1- ENV4- ENV6- CE6-
SO5- ENV3- CES- EC1- SO2- EC5- EC3- EC4. The results showed that Environmental Mgt.
Systems (ENV1), GHG emissions (ENVS5), and Air pollution resulting from recycling process
(CE3) retain the highest significance in comparison to the other criteria with values 3.9, 3.6, and
3.5 respectively. These findings contradicts previous literature such as (Kar and Pani, 2014) that
found in their results that “Cost” is the most important criteria of supplier. What this mean is that,
nowadays, environmentally competitive conditions have led buying firms to prioritize their
suppliers’ selection criteria towards more sustainable and circular ones rather than thinking only
economically. Therefore, supplier companies must put in more attempts and resources to improve
these top ranked criteria to expand their opportunity for engaging with buying firms. Moreover,
Financial Stability (ECS5), Delivery & Services (EC3), and Flexibility (EC4) and have the values
1.9,1.7,and 1.4.

Regarding the value of (D-R) given in Table 3, which represents the degree of influence of
each criteria on the sustainable circular supplier process, the criteria are divided into two groups;
causal group and effect group. The positive value of (D-R) signifies that the criteria is in the causal
group, and the negative value of (D-R) represents that the criteria is in the effect group. As shown
in Figure 3, the causal group includes the criteria EC5, ENV1, ENV4, ENVS5, SO1, SO3, SOS5,
CE2, CE3, and CE4. Although experts did not consider the criteria EC5 (Financial Stability) and
ENV4 (Green Technology) as very important evaluation criteria of significance, these criteria are
the most causal criteria with (D-R) scores 1.352 and 1.32, respectively. This tells that EC5 and
ENV4 have the more impact on the whole process of sustainable circular supplier selection.
Therefore, suppliers must improve their financial resources in a feasible way to guarantee that they
are trusted by the buying firms. Moreover, suppliers must use innovative green technology in their
operations.

On the other hand, the effect criteria, as it is known, they can effectively be influenced by other
criteria. According to the cause-and-effect diagram in Figure 3, EC1 (Cost) has the highest
negative D-R value, with score (-1.121). Hence, it is the criteria that all other sustainable circular
criteria affect it. Mavi and Shahabi (2015) confirmed this, and they stated that cost is one of the
major outcomes in supplier selection process and if the companies evaluate and select the best
suppliers, they can save enormous money in their operations. The other effect criteria are EC2,
EC3, EC4, ENV2, ENV3, ENV6, SO2, SO4, CE1, CES, and CE6.

6. PRACRTICAL IMPLICATION

Since that this study presents an applicable supplier selection model for assisting decision
makers in selecting suppliers towards sustainability and circular economy, based on MCDM
method called FDEMATEL, it has some significant implications for manufacturing companies
especially for decision makers while selecting and evaluating their suppliers. These implications
come from two perspectives: (1) the perspective of the proposed model, and (2) the perspective of

13
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the integrated Fuzzy-DEMATEL method. This study provides a supplier selection model for
decision makers in MENA region to help them identify the suitable criteria for sustainable circular
supplier selection. The model can be applied across different industries in MENA region. By
evaluating and ranking the proposed criteria, this study principally helps decision makers to
identify which criteria are important over the others for supporting sustainable supply chain
management towards circular economy.

Methodologically, the integration of Fuzzy and DEMATEL into a unified method, though not
novel, its application to the sustainable circular supplier selection in the MENA region is a novel.
The FDEMATEL provides the structure of interdependencies between criteria. Thus, by
identifying the structure and interdependencies, the crucial criteria influencing sustainable circular
supplier selection have been recognized, which can be beneficial for decision makers to rank and
prioritize their suppliers regarding sustainability and circular economy issues, to improve their
companies’ sustainable circular supply chain performance.

7. CONCLUSION

The integration of sustainability within the circular economy is a developing worldview that
can offer a long-term vision to realize environmental and social targets. However, there have been
limited studies concerning the supplier selection process towards sustainability within the circular
economy context. To remedy the gap, this study proposed a supplier selection model towards
sustainability and circular economy based on a combined method of fuzzy sets and DEMATEL.
The method is used in order to evaluate the interdependencies of sustainable circular criteria for
supplier selection. The method is useful in finding out the relationships among the criteria and
ranking them according to the type of relationships and seriousness of their effects on each other.
As the DEMATEL delivers a smart decision-making approach to sustainable circular supplier
selection criteria by dividing them into cause-effect groups, the fuzzy sets empower to manage
with uncertain and unclear judgments in group decision making. Thus, the sustainable circular
supplier selection criteria are identified and assessed associated with causal-effect relation
diagram. The main findings of this study show that Environmental Mgt. Systems (ENV1), GHG
emissions (ENVS5), and Air pollution resulting from recycling process (CE3) retain the highest
significance, which means that they are the most important criteria over the other criteria.
Furthermore, EC5 (Financial Stability) and ENV4 (Green Technology) are the most causal criteria
with the highest values of (D-R). On the other hand, EC1 (Cost) is mostly influenced by other
factors.

This study results are not feasible without some limitations. These limitations provide some
areas for improvement and offer useful basis for future research in sustainable circular supplier
selection in particular and sustainable circular supply chain in general. For example, the results of
the study based in a single MCDM method (FDEMATEL). More MCDM methods can be applied

for the proposed criteria and compare the results.

Further study may involve the extension of the proposed model and combine it with another
MCDM method such as TOPSIS to select and rank the suppliers in order to improve the buying
companies’ sustainable circular supply chain performance.

14
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