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A B S T R A C T

This study proposes a novel sustainability-focused model for evaluating agri-food supply chains, illustrated by a 
Turkish tea supply chain case ensuring environmental, economic, and social benefits. The research aims to assess 
and prioritize strategies for enhancing sustainability by identifying key criteria within the sustainability 
framework. We identify and weigh comprehensive environmental, social, economic, and technical criteria, then 
rank five strategies aimed at long-term resilience and efficiency. Findings reveal low R&D investment as a major 
barrier while adopting digital technologies emerges as the most effective solution. These results highlight the 
novelty of sustainability in our framework, guiding stakeholders toward more balanced decisions.

1. Introduction

Supply chain has become a frequently used concept for planners and 
academics since the 1980s [1]. Supply Chain Management (SCM) liter
ature deals with the supply chain formed by transforming raw materials 
into products and delivering them to consumers, combining various 
disciplines and enabling the formation of several research streams. The 
SCM concept has become more complex. Its definition considers multi
ple participants, layers, flows, purposes, and activities [2]. To meet the 
global demand for tea consumption and increase their market share, 
competitive and sustainable agriculture is essential for companies [3]. 
Since agricultural products are a fundamental component of human life, 
they play a critical role in ensuring that individuals take all vital nu
trients. Therefore, governments and facilities spend substantial eco
nomic resources and adjust their policies to advance a stable agricultural 
food supply chain [4].

In this paper, we considered sustainability for the tea supply chain 
and proposed a novel sustainability assessment model. This study aims 
to determine the most appropriate sustainable supply chain strategy by 
determining detailed criteria. In the first step, we calculated the sub- 
criteria weights, which we classified under environmental, financial, 
social, and technical main groups, by a novel approach, the Spherical 
Fuzzy PIvot Pairwise Relative Criteria Importance Assessment (SF- 

PIPRECIA) method. By introducing SF-PIPRECIA to the literature, the 
study aims to enhance a robust framework and reliability for the criteria 
weighting process under uncertainty. Then, we defined five different 
strategies within the sustainability framework for the agri-food supply 
chain (ASC). Using the obtained criteria weights, we also ranked the 
alternative strategy by the Spherical Fuzzy Combinative Distance-Based 
Assessment (SF-CODAS) method. Thus, for the first time in the litera
ture, the SF-PIPRECIA method was integrated into the SF-CODAS 
method. Integrating SF-PIPRECIA and SF-CODAS enables the uncer
tainty and complexity in decision-making processes to be evaluated 
comprehensively. This has led to the identification of the most sustain
able management strategy for the ASC.

1.1. Motivations of the study

In recent years, the concept of sustainability has become a significant 
topic in global forums, emphasizing the necessity of sustainability for 
organizations’ business activities [5]. Sustainability can be thought of as 
the degree of impact of organizations’ current decisions on the envi
ronment and the future of business [6]. It provides companies with cost 
reduction, increased efficiency, and competitive advantage. Companies 
and their internal and external stakeholders should focus on sustain
ability strategically and tactically [7]. Sustainable Supply Chain 

* Corresponding author at: College of Science and Engineering, Hamad bin Khalifa University, Doha, Qatar.
E-mail address: naydin@hbku.edu.qa (N. Aydin). 

Contents lists available at ScienceDirect

Sustainable Futures

journal homepage: www.sciencedirect.com/journal/sustainable-futures

https://doi.org/10.1016/j.sftr.2025.100710
Received 30 July 2024; Received in revised form 3 March 2025; Accepted 20 May 2025  

Sustainable Futures 9 (2025) 100710 

Available online 21 May 2025 
2666-1888/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC license ( http://creativecommons.org/licenses/by- 
nc/4.0/ ). 

https://orcid.org/0000-0003-3621-0619
https://orcid.org/0000-0003-3621-0619
mailto:naydin@hbku.edu.qa
www.sciencedirect.com/science/journal/26661888
https://www.sciencedirect.com/journal/sustainable-futures
https://doi.org/10.1016/j.sftr.2025.100710
https://doi.org/10.1016/j.sftr.2025.100710
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sftr.2025.100710&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Management (SSCM) has emerged from the inclusion of a sustainability 
perspective in management [2]. Based on these definitions, sustain
ability strategies should consider investment costs, future uncertainty, 
and risks and make supply chains more sustainable [8]. In addition to 
environmental and social criteria for SSCM, economic criteria must be 
considered to maintain competitiveness [9].

One of the types of SCM that has attracted attention from researchers 
in recent years is the ASC. ASC comprises procurement, production, 
post-harvest, storage, processing, and distribution stages [10]. Although 
ASC has similarities with traditional supply chains, it has a more com
plex structure [11]. Because most of the food types are perishable 
products [12]. In addition, demand and price variability make ASC more 
challenging and complex to manage than other supply chains [13]. 
Therefore, companies must adopt the most appropriate management 
strategies to overcome these difficulties by considering many criteria.

The contributions of this study are summarized: 

• The most applicable management strategies for the tea supply chain 
were determined using a novel Multi-Criteria Decision Making 
(MCDM) approach.

• An extensive number of criteria within the sustainability framework 
were determined, including environmental, financial, social, and 
technical as the main criteria.

• For the first time in literature, the SF-PIPRECIA method was used to 
weigh the criteria. SF-CODAS was applied using determined criteria 
weights to obtain the scores of alternative strategies. So, unlike the 
literature, PIPRECIA and CODAS methods within the spherical fuzzy 
environment were integrated.

Section 2 offers a brief literature review of relevant studies with 
SSCM and ASC. Section 3 shows the proposed methodology. Section 4
presents the real case study, the discussion is given in Section 5, and 
Section 6 presents concluding remarks and directions for future works.

2. Literature review

In recent years, with the concept of sustainability coming to the fore, 
there have been many studies on this field, especially in supply chain 
management, but the studies on agri-food are limited. Agrifood Supply 
Chain Management (ASCM) is an important issue affecting countries’ 
economies, the country’s future, and authorized companies. The tea 
industry, one of the foods that fall within the scope of this important 
issue and has a high consumption rate, has not been addressed before to 
select a sustainable management strategy. Moreover, studies on the tea 
industry’s supply chain are very limited. In this section, we researched 
sustainable supply chain management, ASC, and spherical fuzzy meth
odology literature in detail according to the purpose of the studies, 
research area, and method and presented summary tables.

SSCM has a very extensive literature. Many studies in the literature 
conducted detailed literature reviews of SSCM [2,5,14–20]. Research on 
SCM primarily focuses on environmental, economic, and social impacts, 
known as the Triple Bottom Line-TBL [21]. Although the TBL framework 
is often discussed in relation to economic benefits, some studies have 
emphasized its social and economic benefits [14,22–25]. The related 
studies found in the literature that stand out with some unique aspects 
are summarized in Table 1.

The ASC literature consists of several studies, reviews [40–43], and 
bibliometric analyses [12,44], which are valuable sources in ASC. In 
addition, some other studies on this subject in literature are summarized 
in Table 2.

The ASC is inherently complex, encompassing a wide range of ac
tivities from producing and processing to distributing and consuming 
[55,56]. Grain-based commodities such as wheat, rice and corn are 
particularly sensitive to disruptions due to resource constraints, envi
ronmental risks and volatile demand [57]. To manage these un
certainties, researchers and practitioners have increasingly turned to 

fuzzy logic and fuzzy set theory, which provide a robust framework for 
handling inaccurate data and linguistic assessments [58–60]. An 
important application of fuzzy logic in agri-food supply chains is in the 
selection of suppliers, an MCDM challenge that involves the reconcili
ation of conflicting attributes such as price, quality and sustainability 
performance [61–63]. Fuzzy models allow decision-makers to incorpo
rate subjective judgments, such as environmental practices and social 
responsibility, into quantitative rankings [64]. The use of fuzzy 
analytical network process (FANP) or fuzzy VIKOR methods has helped 
organizations to identify the most suitable suppliers while maintaining 

Table 1 
Summary of sustainable supply chain management studies.

Refs. Objective Research area Method

[26] Exploring the most 
reasonable functions of a 
Sustainable Supply Chain 
for possible blockchain 
implementations

Blockchain Fuzzy SWARA- 
COPRAS-EDAS and 
COPELAND

[27] Calculating sustainability 
in the supply chain

Renewable energy Fuzzy Inference 
Systems

[28] Supplier selection based 
on sustainable factors

Producer of 
industrial valves, 
fittings, and pipes

Fuzzy TOPSIS

[29] Supplier selection based 
on sustainable factors

Forklift truck 
manufacturer

Fuzzy MULTIMOORA, 
Best Worst Method 
(BWM)

[30] Evaluate and compare 
the company’s 
performances

Grocery retailer Fuzzy entropy, 
Multiple Attribute 
Utility Theory

[31] Determine the best- 
performing organizations

Green supply chain Fuzzy AHP, fuzzy 
VIKOR

[8] Identifying selected risks 
and their potential causes 
and impacts and testing 
potential correlations 
between identified risks.

Risk management Failure mode and effect 
analysis

[24] Evaluate the suitability of 
different locations for 
photovoltaic energy 
production.

Renewable energy AHP

[32] Designing and planning 
of closed-loop supply 
chains

Lead battery 
producer and 
distributor

Multi-objective 
mathematical 
programming

[33] Investigate the impact of 
lean, resilient, and green 
supply chain 
management practices.

Automotive supply 
chain

A deductive research 
approach

[34] Training assessment for 
green supply chain 
management (GSCM)

Green supply 
chain-chemical 
industry

AHP, Supply Chain 
Operations Reference 
Model

[35] Evaluating and ranking 
the GSCM performance of 
alternative companies

Machine 
manufacturing

Fuzzy DEMATEL, fuzzy 
ANP, fuzzy TOPSIS

[36] Sustainable strategy 
selection

Manufacturing 
industry

AHP, SOWIA, TOPSIS

[37] Addressing social 
sustainability for supplier 
selection

Footwear industry BWM

[38] Sustainable supplier 
selection

Textile 
manufacturing

Fuzzy preference 
programming, fuzzy 
TOPSIS

[39] Sustainable supplier 
selection

Lamp supply chain Fuzzy DEMATEL, fuzzy 
ANP, fuzzy TOPSIS, 
weighted goal 
programming

SWARA: Step-wise Weight Assessment Ratio Analysis; COPRAS: Complex Pro
portional Assessment; EDAS: Evaluation Based on Distance from Average Solu
tion; COPELAND: An extended version of the Borda method; TOPSIS: Technique 
for Order Preference by Similarity to Ideal Solution; MULTIMOORA: Multi- 
Objective Optimization based on a Ratio Analysis plus the full MULTIplicative 
form; AHP: Analytic Hierarchy Process; VIKOR: VlseKriterijuska Optimizacija I 
Komoromisno Resenje; DEMATEL: Decision-Making Trial and Evaluation Lab
oratory; ANP: Analytic Network Process; SOWIA: subjective and objective 
weight integrated approach; BWM: Best Worst Method.
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balanced trade-offs between different criteria [61]. Beyond supplier 
selection, fuzzy logic has also proven valuable in risk assessment and 
resilience evaluation [57,65]. For grain supply chains, disruptions can 
arise from extreme weather events, logistical bottlenecks or market 
volatility, which often have high levels of uncertainty. Fuzzy approaches 
address these challenges by representing the likelihood and impact of 
risks through membership functions, thereby capturing expert opinions 
and incomplete data in a structured way [66]. Recent studies have 
adopted fuzzy DEMATEL-ISM and fuzzy cross-impact matrix multipli
cation applied classification (MICMAC) to model interdependencies 
among risk factors, thus providing more realistic and proactive strate
gies for mitigating disruptions [57,67].

Traceability and transparency also rank high among current 

concerns in grain supply chains. Implementation of blockchain, coupled 
with fuzzy logic, offers a solution by recording each transaction or 
movement of grain on an immutable ledger and then applying fuzzy 
methods to evaluate product quality or safety indicators [68,69]. This 
synergy enables real-time monitoring of storage conditions, predictive 
maintenance of transport fleets, and improved trust among all stake
holders. Likewise, big data analytics and artificial intelligence (AI) can 
be integrated with fuzzy frameworks to optimize resource allocation, 
forecast demand further, and streamline operations across multiple 
levels of the agri-food network [70,71].

In summary, fuzzy logic has emerged as an influential methodology 
for addressing the many uncertainties in grain and other agri-food 
supply chains. Applications range from supplier selection to risk man
agement and traceability solutions, underscoring the adaptability and 
relevance of fuzzy frameworks. Moving forward, there is scope for 
further integration of emerging technologies—such as AI, blockchain, 
and the Internet of Things (IoT)—into fuzzy decision models, which can 
enhance sustainability, efficiency, and resilience in agri-food supply 
chains [72,73].

Recent studies have used fuzzy DEMATEL-ISM and fuzzy cross- 
impact matrix multiplication applied classification (MICMAC) to 
model interdependencies between risk factors, providing more realistic 
and proactive strategies to mitigate disruptions [57,67].

Fuzzy logic has emerged as an influential methodology for address
ing the many uncertainties in grain and other agri-food supply chains. 
Applications range from supplier selection to risk management and 
traceability solutions, highlighting the adaptability and relevance of 
fuzzy frameworks. From now on, there is scope to further integrate 
emerging technologies - such as AI, blockchain and the Internet of 
Things (IoT) - into fuzzy decision models, which can improve the sus
tainability, efficiency and resilience of agri-food supply chains [72,73].

According to Tables 1 and 2, the management strategy selection in 
sustainable ASC has yet to be addressed in the literature. Table 2 shows 
the limited number of ASC studies generally on mathematical modeling. 
The inadequacy of the multi-criteria decision-making methods used 
effectively in important decision-making problems such as location and 
strategy selection is striking in this field. Additionally, Table 2 shows 
that studies on ASCs generally focus on supply chain network design or 
supplier selection. In addition, despite focusing on different types of 
agri-food, a sustainable supply chain has not been addressed for tea, an 
important source of income for a specific part of the population in some 
countries such as Turkiye and is consumed a lot globally. This study 
selects the most suitable strategy for the tea supply chain with a novel 
MCDM approach considering sustainability, a popular and essential 
framework for SCM. Table 3 summarizes some important studies in the 
literature using spherical fuzzy sets-based methods. The most notable of 
these studies is the research that aims to determine the best sustainable 
green strategy in a similar way presented by [74]. The study was con
ducted for logistics companies, and the hybrid T-spherical fuzzy (T-SF) 
methodology was used. Five green sustainable energy strategies were 
evaluated under criteria such as cost and technical barriers with litera
ture research.

3. Methodology

The growing complexity of ASCs and the increasing demand for 
sustainable practices pose significant challenges for producers, sup
pliers, and policymakers. In particular, environmental degradation, 
inefficient resource use, and limited technology adoption are challenges 
facing the tea supply chain in Turkiye. A structured approach to 
assessing and prioritizing sustainability strategies is required to address 
these challenges. As traditional methods may not fully capture the 
multifaceted nature of sustainability in agri-food systems, a reliable 
framework to evaluate different sustainability factors in supply chains 
has become critical. To address this problem, this study aims to develop 
a comprehensive decision-making methodology that evaluates and 

Table 2 
Summary of ASC studies.

Refs. Objective Research area Method

[45] Proposing an 
innovative and 
sustainable ASC 
model

Olive oil Food supply chain 
model

[46] Exploring the link 
between ASCs and 
circular economy 
levels

Sugar cane Cascade chain theory

[47] Green supplier 
selection

Food goods Fuzzy MABAC, 
MARCOS, CRADIS

[4] ASC network design Coconut 
industry

Mixed-integer linear 
programming model, 
Non-Dominated 
Sorting Genetic 
Algorithm-II, MCDM

[48] Maximizing total 
profit and customer 
satisfaction and 
reducing water 
consumption

Saffron industry Multi-objective 
optimization model, 
convex robust 
optimization, MCDM

[49] Selecting suppliers, 
transformer sites, 
and critical 
distribution hubs

Raw materials Multi-objective 
mixed-integer 
programming, 
COPRAS, BWM

[50] Develop and analyze 
a mathematical 
model with a 
perishable product in 
agricultural food

Organic and 
conventional 
agricultural 
products

multi-objective linear 
mathematical model

[51] Researching 
coordination 
strategies

Fresh 
agricultural 
products

Dynamic game 
models

[52] Coordinate fresh 
agricultural product 
supply chain with 
strategic consumer 
behavior.

Fresh 
agricultural 
products

Two-period 
newsvendor model

Ahumada 
and 
Villalobos, 
2011

Helping growers 
maximize their 
income by making 
production and 
distribution 
decisions during the 
harvest season

Perishable 
products

Mixed integer 
programming

[53] Vehicle scheduling 
and routing

Cross-docking Mixed-integer linear 
programming

[54] Minimizing effects of 
the disruption

Perishable 
products

Multi-objective 
mixed-integer 
programming, 
augmented 
ε-constraint method

This paper Sustainable strategy 
selection

Tea supply chain SF-PIPRECIA, SF- 
CODAS

MABAC: Multi-Attributive Border Approximation Area Comparison; MARCOS: 
Measurement of alternatives and ranking according to COmpromise solution; 
CRADIS: Compromise Ranking of Alternatives from Distance to the Ideal 
Solution.
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ranks alternative strategies for improving sustainability in the tea supply 
chain. The proposed approach provides an innovative way to model 
uncertainty and hesitancy in expert judgments by employing a novel 
integration of the spherical fuzzy environment with decision-making 
techniques. The combination of criteria weighting and strategy evalua
tion methods provides a more nuanced analysis and contributes to the 
literature by extending the application of fuzzy decision-making in 
sustainability contexts. This study makes several novel contributions to 
literature. First, it extends the PIPRECIA method by incorporating 
spherical fuzzy numbers, introducing the SF-PIPRECIA model. This 
extension allows for better handling of uncertainty and hesitancy in 
expert judgments. In addition, the study pioneers the combination of 
PIPRECIA with the CODAS method, offering a new hybrid approach to 
multi-criteria decision-making. Beyond methodological advances, this 
research proposes the first comprehensive sustainability assessment 
model tailored to the ASC. In doing so, it fills a critical gap in the 
literature and provides a robust framework for improving sustainability 
practices in the sector.

In this study, we proposed a two-level criteria hierarchy to determine 
the best strategy for the tea supply chain, considering experts’ opinions 
and literature review. Firstly, after the main criteria and sub-criteria 
were determined, criteria weights were obtained using the SF- 
PIPRECIA method. Then, using these criteria weights, alternative stra
tegies were ranked using the SF-CODAS method. Fig. 1 shows the 
flowchart of the research.

3.1. Spherical fuzzy-based decision-making methodology

The proposed methodology integrates the PIPRECIA and CODAS 
decision-making techniques within a spherical fuzzy environment, 
comprising two main stages to evaluate and determine the most sus
tainable strategies for ASCs. In the first stage, the SF-PIPRECIA method 
assesses and assigns weights to each criterion within the established 
hierarchical structure. This stage ensures that the importance of each 
criterion is accurately reflected, considering the inherent uncertainties 

and vagueness associated with expert judgments. In the second stage, 
the SF-CODAS method evaluates and ranks the alternative strategies. 
This approach involves calculating each alternative’s Euclidean and 
Taxicab distances from the negative ideal solution, thus facilitating a 
robust comparison of the strategies under consideration. By integrating 
SF-PIPRECIA and SF-CODAS, the methodology provides a comprehen
sive framework for addressing the complexity and fuzziness in decision- 
making processes, ultimately identifying the most sustainable strategy 
for enhancing ASC resilience and sustainability.

3.2. Preliminaries of spherical fuzzy sets

In traditional fuzzy set theory, the membership function (μ) is used to 
represent the degree of membership of an element to a set, while the 
non-membership degree is calculated as 1-μ. However, relying solely on 
the membership function may not fully capture the inherent fuzziness in 
some scenarios. Atanassov [84] extended the fuzzy set theory by intro
ducing intuitionistic fuzzy sets (IFSs) to address this limitation. In IFSs, 
both membership (μ) and non-membership (v) functions define an ele
ment’s relationship to the set, with their values ranging between [0,1]. A 
third function, hesitancy (π), is introduced, which accounts for the un
certainty or hesitation between the membership and non-membership 
degrees, ensuring their sum does not exceed 1.

Definition 1: An intuitionistic fuzzy number (IFN) within a fixed set 
X is represented as ̃I in Eq. (1). IFNs simplify IFSs and are defined [84]: 

Ĩ ≅ {x, μĨ(x), vĨ(x); x ∈ X} (1) 

where μĨ(x) and vĨ(x) indicate the membership and non-membership 
degrees of the element x ∈ X to Ĩ. Their sum must not exceed 1. The 
degree of hesitancy is calculated as. 

πĨ(x) = 1 − μĨ(x) − vĨ(x) (2) 

Picture fuzzy sets (PiFS), introduced by Cuong and Kreinovich [85], 
expand on intuitionistic fuzzy sets by allowing for a broader range of 
responses, particularly useful in contexts such as voting or 
decision-making, where multiple responses (e.g., yes, no, abstain, reject) 
are possible. While traditional IFSs are limited in situations where 
decision-makers might express multiple probabilities, PiFSs provide a 
more refined way to capture decision-makers’ evaluations [86]. This 
method is particularly effective when faced with four possible responses: 
support, oppose, neutral, or refusal [87].

Definition 2. A PiFs on a Ãp in the universe of discourse U is defined 
by Cuong and Kreinovich [85], 

Ãp =
{〈

u,
(

μÃp
(u), IÃp

(u), vÃp
(u)

)⃒
⃒
⃒u ∈ U

}
(3) 

Summation of μÃp
(u), IÃp

(u), vÃp
(u)] cannot exceed 1. For each 

element u, these values represent membership, indeterminacy, and non- 
membership degrees, respectively. The refusal degree is calculated as. 

χÃp
= 1 −

(
μÃp

(u)+ vÃp
(u)+ IÃp

(u)
)

(4) 

Mahmood et al. [88] introduced the concept of spherical fuzzy sets 
(SFS) and T-spherical fuzzy sets (T-SFS) as a generalization of fuzzy sets, 
intuitionistic fuzzy sets, and Pythagorean fuzzy sets. Gündoğdu and 
Kahraman contributed to the literature by further developing definitions 
of SFSs and applying them to decision-making problems [89]. SFSs are 
characterized by functions defined on a spherical surface, with the pa
rameters of these functions independently specified within a broader 
domain [90]. Similar to intuitionistic, Pythagorean, and neutrosophic 
fuzzy sets, spherical fuzzy numbers (SFNs) are defined using three pa
rameters [91]. These parameters are allocated on a spherical surface, 
providing a more generalized framework for fuzzy sets. This general
ization offers decision-makers greater flexibility in modeling in
formation’s inherent ambiguity and uncertainty. By enabling a more 

Table 3 
Summary of spherical fuzzy sets studies.

Refs. Objective Research area Method

[75] Solving a multiple 
criteria selection 
problem

3D printers SF-TOPSIS

[76] Evaluate the food 
circulation center

Food circulation 
center

Spherical fuzzy t’- 
norm, spherical fuzzy 
t’-conform

[75] Selection of industrial 
robots

Robot industry SF-WASPAS

[77] Manufacturing system 
selection

Tractor components SF-AHP, SF-TOPSIS

[78] Offer a sustainable 
solution for the public 
bus transport system

Sustainable urban 
transport

SF-AHP

[74] Selection of sustainable 
green strategy

Logistic Hybrid T-spherical 
fuzzy

[79] Renewable energy 
selection

Renewable energy SF-DEMATEL, SF- 
ANP, SF-VIKOR

[80] Evaluate risk 
mitigation strategies

Offshore wind farms SF-SWARA, SF-VIKOR

[81] Selection of enterprise 
resource planning 
system

ERP system Spherical fuzzy Hamy 
mean, complex 
spherical fuzzy Dual 
Hamy mean

[82] Emergency location 
selection

Emergency temporary 
hospital during the 
COVID-19 pandemic 
location

Spherical weighted 
arithmetic mean, 
spherical aggregation 
operator

[83] Ranking of the states 
for business climate

Indian states SF-AHP

WASPAS: Weighted Aggregated Sum Product Assessment; SWARA: Improved 
Fuzzy Stepwise Weight Assessment Ratio Analysis
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comprehensive representation of uncertainty, SFSs enhance the preci
sion and robustness of decision-making processes, making them partic
ularly valuable in complex and uncertain environments such as those 
encountered in sustainability assessments and supply chain 
management.

Definition 3: A SFN S̃ is presented in a fixed set X [89]: 

S̃ ≅ {x, S̃(μs̃(x), vs̃(x), πs̃(x)); x ∈ X} (5) 

μs̃(x) : X ↦ [0, 1], vs̃(x) : X ↦ [0,1] and πs̃(x) : X ↦ [0, 1] define the 
membership function, non-membership function, and hesitancy func
tion of the element x ∈ X to S̃.

The primary difference between SFSs and other types of fuzzy sets 
lies in the treatment of hesitancy. In SFSs, the degree of hesitancy can 
reach a maximum value of 1. Additionally, the squared sum of the three 
functions falls within the range of 0 to 1, and each function is inde
pendently defined within the interval [0,1]. 

0 ≤ μs̃(x)
2
+ vs̃(x)

2
+ πs̃(x)

2
≤ 1; x ∈ U (6) 

Let α̃ = S (μα̃, vα̃, πα̃) and β̃ = S (μβ̃, vβ̃, πβ̃) are two SFNs.
Definition 4: Summation and multiplication operations are given 

[92]: 

α̃ ⊕ β̃ = S̃
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

μ2
α̃
+ μ2

β̃
− μ2

α̃
μ2

β̃

√
, vα̃vβ̃,

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
1 − μ2

α̃

)
π2

β̃
+
(

1 − μ2
β̃

)
π2

α̃
− π2

α̃
π2

β̃

√ )

(7) 

α̃ ⊗ β̃ = S̃
(

μα̃μβ̃,

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
v2

α̃
+ v2

β̃
− v2

α̃
v2

β̃

√
,

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
1 − v2

α̃

)
π2

β̃
+
(

1 − v2
β̃

)
π2

α̃
− π2

α̃
π2

β̃

√ )

(8) 

Definition 5: α̃ is multiplied by a scalar (λ > 0) [93]: 

λα̃ = S̃
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
(
1 − μ2

α̃

)λ
√

, vλ
α̃
,

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
1 − μ2

α̃

)λ
−
(
1 − μ2

α̃
− π2

α̃

)λ
√ )

(9) 

Definition 6: The power (λ > 0) of α̃ [89]: 

α̃λ
= S̃

(

μλ
α̃
,

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
(
1 − v2

α̃

)λ
√

,

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
1 − v2

α̃

)λ
−
(
1 − v2

α̃
− π2

α̃

)λ
√ )

(10) 

Definition 7: Score function of α̃ [94]. 

S(α̃) = 1
3
(
2+ μ2

α̃
− v2

α̃
− π2

α̃

)
(11) 

Definition 8: Spherical Weighted Arithmetic Mean (SWAM) oper
ator [95]: 

Fig. 1. Flowchart of the study.
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SWAMw(Ãs1 , Ãs2 ,…, Ãsn ) =

{[

1 −
∏n

i=1

(
1 − μ2

ÃS

)wi

]1/2

,

∏n

i=1
vwi

Ãs
,

[
∏n

i=1

(
1 − μ2

ÃS

)wi
−
∏n

i=1

(
1 − μ2

Ãs
− π2

Ãs

)wi

]1/2} (12) 

where w = (w1,w2,…,wn);wi ∈ [0,1];
∑n

i=1wi = 1

3.3. Spherical fuzzy PIPRECIA

This study introduces the SF-PIPRECIA method to the literature. This 
innovative approach is designed to assign weights to criteria specifically 
for assessing the sustainability of ASC. However, its potential applica
tions extend to various complex decision-making scenarios. The SF- 
PIPRECIA method provides a robust framework for evaluating and 
prioritizing various criteria under uncertainty. The following steps detail 
the process of the SF-PIPRECIA method:

Step 1.1. A decision matrix is created by gathering expert evalua
tions for each criterion using linguistic terms (Table 4). Initially, criteria 
are ranked without considering their importance. Experts then use lin
guistic terms to assess the relative importance of each criterion, starting 
with the second one. Each evaluation Lit = (μit , vit , πit) by expert t for 
criterion j is represented as a fuzzy number.

Step 1.2. Opinions from experts are aggregated via the SWAM 
operator.

Step 1.3. The score values of each aggregated evaluation are 
calculated.

Step 1.4. The coefficient is determined. 

kj =

{
= 1 if j = 1
2 − S

(
Ỹj
)

if j > 1 (13) 

Step 1.5. Unnormalized weight is calculated. 

qj =

⎧
⎪⎨

⎪⎩

= 1 if j = 1
qj − 1

kj
if j > 1

(14) 

Step 1.6. The normalized criteria weights are determined. 

wʹ́
j =

qj
∑n

j=1qj
(15) 

Let n is criteria number.
Step 2.1 The subsequent steps entail applying the inverse approach 

of the SF-PIPRECIA method. Initially, experts evaluate the criteria using 
the linguistic terms provided in Table 4, utilizing a pairwise comparison 
technique. Unlike traditional methods that start with the first criterion, 
this approach begins with the penultimate criterion. This reverse 
sequencing aims to mitigate potential biases and improve the accuracy 
of the relative importance assessments.

Step 2.2. Opinions from experts are aggregated via the SWAM 
operator.

Step 2.3. The score values of each aggregated evaluation are 
calculated.

Step 2.4. The coefficient is determined. 

kʹ
j =

{
= 1 if j = n
2 − S

(
Ỹj
)

if j < 1 (16) 

Step 2.5. Unnormalized weights are obtained. 

qʹ
j =

⎧
⎪⎨

⎪⎩

= 1 if j = n

qʹ
j+1

kʹ
j

if j < n
(17) 

Step 2.6. The normalized criteria weights are calculated. 

wʹ
j =

qj
∑n

j=1qj
(18) 

Step 3. The criteria weights are obtained. 

wj =
wʹ́

j + wʹ
j

2
(19) 

3.4. Spherical fuzzy CODAS

The CODAS method, introduced by Ghorabaee et al. in [96], assesses 
alternatives based on their distance from the negative ideal solution. It 
uses two distance measures: Euclidean and Taxicab (Manhattan). The 
primary measure, Euclidean distance, determines how far alternatives 
are from the negative ideal. In contrast, the secondary measure, Taxicab 
distance, addresses cases where alternatives are similar or nearly equal 
in Euclidean distance. Alternatives are first evaluated using the 
Euclidean (l2-norm) distance, and if they remain indistinguishable, the 
Taxicab (l1-norm) distance is used. The alternative farthest from the 
negative ideal solution is deemed the best. However, since these dis
tances are defined with crisp numbers, they may not be suitable in fuzzy 
environments. To address this, fuzzy weighted Hamming Euclidean 
distances can be used. This article contributes by allowing the use of 
SFSs for membership, non-membership, and hesitancy functions in the 
CODAS method. The steps for SF-CODAS are outlined below [97]:

Step 1. Assume that decision-makers construct the decision and 
benchmarking matrices using the linguistic variables outlined in 

Table 5. In this context, X̃
k
ij represents the evaluation. The alternatives 

are selected based on specific criteria denoted by the decision matrix K, 
which is formulated using linguistic terms. When assessing the alter
native locations, all criteria are considered benefit criteria, meaning that 
a higher value for any criterion indicates a better option.

Step 2. The linguistic variables identified in Step 1 are translated 
into SFNs according to Table 5, and the fuzzy decision matrix is subse
quently formed.

Step 3. The experts’ opinions are combined, considering the weight 
assigned to each one. Subsequently, the aggregated decision matrix is 
obtained using the SWAM operator. X̃ij is the aggregated evaluation of 
alternative i concerning criterion j.

Step 4. The crisp value of each SFN for the aggregated evaluation 
matrix is determined via the score function. Xij is the crisp value of X̃ij.

Step 5. The weighted decision matrix is calculated. 

uij = wjXij (20) 
Table 4 
Importance evaluations of criteria.

Linguistic Term μ, v, π

AL-Absolutely Low Important 0.10, 0.970, 0.00
VL-Very Low Important 0.20, 0.80, 0.10
L-Low Important 0.30, 0.70, 0.20
ML-Medium Low Important 0.40, 0.60, 0.30
EE-Equal Important 0.50, 0.50, 0.40
MH-Medium High Important 0.60, 0.40, 0.30
H-High Important 0.70, 0.30, 0.20
VH-Very High Important 0.80, 0.20, 0.10
AH-Absolutely High Important 0.9, 0.10, 0.00

Table 5 
Linguistic terms to evaluate the alternatives.

Linguistic Term μ v π

EL-Extremely Low 0.1 0.9 0.1
VL-Very Low 0.2 0.8 0.2
L-Low 0.3 0.7 0.3
F-Fair 0.5 0.5 0.5
H-High 0.7 0.3 0.3
VH-Very High 0.8 0.2 0.2
EH-Extremely High 0.9 0.1 0.1

B. Yildirim et al.                                                                                                                                                                                                                                Sustainable Futures 9 (2025) 100710 

6 



where wj is the weight of the criteria.
Step 6. The negative ideal solution is determined for each criterion. 

nhj = mi
j
nuij (21) 

Step 7. Euclidean and Taxicab distances are calculated for each 
alternative from negative ideal solutions. 

Ei =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

j=1

(
uij − nhj

)2

√
√
√
√ (22) 

Ti =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

j=1

⃒
⃒uij − nhj

⃒
⃒

√

(23) 

Step 8. The relative assessment matrix is formed based on distances. 

Ra =
[
hip

]

n×n (24) 

hip =
(
Ei − Ep

)
+
(
ψ
(
Ei − Ep

)
×(Ti − p)

)
(25) 

m is the number of alternatives and p ϵ {1,2,…, m}. The function ψ acts 
as a threshold to identify when the Euclidean distances of two alterna
tives are equal. 

ψ(x) =
{

1| if |x| ≥ τ
0| if |x| < τ (26) 

The threshold parameter τ is set by decision-makers. If the Euclidean 
distance between two alternatives is less than τ, the alternatives are then 
compared using the Taxicab distance.

Step 9. The evaluation score of each alternative is determined. 

Hi =
∑n

p=1
hip (27) 

Step 10. Alternatives are ranked in descending order according to 
their evaluation scores, with the highest value indicating the best 
alternative.

4. Case study

The ASC is a critical sector in Turkey that contributes significantly to 
the national economy. Tea is culturally and economically important 
among the various agricultural products. Türkiye is one of the largest tea 
producers in the world, and the sustainability of its tea supply chain has 
become increasingly important due to growing concerns about envi
ronmental impact, resource depletion, and social equity. Challenges 
such as inefficient resource management, high energy consumption, and 
inadequate implementation of sustainable agricultural practices plague 
current practices in the agri-food sector, including the tea industry. 
These challenges highlight the urgent need for effective strategies to 
improve sustainability in the sector.

This study focuses on developing a sustainability model tailored to 
the ASCs in Turkey, with a specific application to the tea industry. The 
proposed methodology, which integrates spherical fuzzy PIPRECIA with 
CODAS, is particularly suited to address the complexities and un
certainties inherent in the sector. By applying this methodology, the 
study aims to identify the most sustainable strategies for the tea in
dustry, thus bridging existing research gaps in sustainability assessment 
within ASCs. The model addresses environmental concerns and social 
and economic factors, providing a holistic approach to sustainability. 
This case study thus represents a meaningful application of the proposed 
methodology, demonstrating its usefulness in addressing real-world 
challenges faced by the Turkish agri-food sector.

This study aims to determine the best sustainable strategy for the tea 
supply chain. For this purpose, we determined four main criteria and 49 
sub-criteria in the sustainability perspective, as described in Table 6. The 
determination of criteria in this study followed a structured process to 

ensure a comprehensive and relevant evaluation of the ASC sustain
ability, particularly within the tea industry in Türkiye. The criteria se
lection is based on an extensive literature review, industry reports, and 
expert consultations. Key sustainability factors commonly addressed in 
agri-food sectors, such as environmental impact, economic viability, 
social responsibility, and technological advancement, were considered. 
To refine the criteria, input from industry professionals and stakeholders 
is sought to ensure alignment with real-world challenges and 

Table 6 
Main criteria and sub-criteria.

Main criteria Sub-criteria Refs.

Environmental Group 1: Resource Utilization ​
High water consumption (C1) [30,34]
High energy consumption (C2) [30]
Using renewable energy (C3) [30,34]
Low-capacity utilization (C4) [98]
Using recycled materials (C5) [30,31]
Energy scarcity (C6) [99]
Group 2: Pollution ​
High pollution generation (C7) [30,33]
Odor and dust disruption to the community 
(C8)

[100]

Climate change mitigation (C9) [101]
Biodiversity conservation (C10) [101]
Impact of extreme weather conditions (C11) [99]
Carbon footprint (C12) [102]

Social Group 3: Community Impact ​
Lack of community initiatives (C13) [30,101]
Poor health and safety (C14) [30,103]
Social equity (C15) [101]
Poor social acceptance (C16) [101]
Low contribution to regional development 
(C17)

[101]

Low community engagement (C18) [101]
Group 4: Efficiency ​
Regulatory non-compliance (C19) [98]
Low labor competency (C20) (Asrol et al. 

2024)
Low flexibility (C21) [33]
Poor mobility and accessibility (C22) [104,105]
Group 5: Employment and Labor 
Conditions

​

Unemployment for local labor (C23) (Asrol et al. 
2024)

Weak stakeholder partnership (C24) [101]
Low employee satisfaction (C25) [106]
Unfair profit allocation (C26) [101]
Non-compliance with corporate social 
responsibility (C27)

[98]

Financial Group 6: Economic ​
Insufficient investments (C28) [30,24]
Low employment opportunities (C29) [30,104]
Low supply chain competitiveness (C30) [30,98]
High employment requirement (C31) [30,107]
Financial instability (C32) [99]
Group 7: Market ​
Low service capability (C33) [104]
Low market competitiveness (C34) [98]
Inefficient value chain (C35) [101]
High production loss (C36) [100]
Gap to reference price (C37) [108]
Low consumer satisfaction (C38) [106]

Technical Group 8. Operational ​
Transportation failures and delays (C39) [99]
Demand volatility (C40) [99]
Unavailability of machinery and tools (C41) [107]
Inefficient material usage (C42) [109]
Low product diversity (C43) Expert view
Group 9: Technological Advancements ​
Weak IT integration (C44) [110]
Limited automation and robotics usage (C45) Expert view
Low precision agriculture adoption (C46) [107]
Lag in digitalization (C47) Expert view
Cybersecurity threats (C48) [101]
Low innovation and R&D investment (C49) Expert view
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opportunities specific to the tea industry. We used the SF-PIPRECIA 
method to calculate the criteria weights.

The alternatives were developed by identifying actionable strategies 
to enhance sustainability within the supply chain. These strategies were 
grounded in empirical evidence and reflected the key trends and in
novations driving sustainability efforts in similar industries. The chosen 
alternatives—adopting digital technologies, establishing buyer-supplier 
partnerships, enhancing regulatory and environmental support, invest
ing in sustainable proficiency and skill development, and diversifying 
supply chains geographically—represent practical, high-impact solu
tions. Each alternative was validated through expert judgment to ensure 
its applicability and potential effectiveness in addressing the identified 
sustainability criteria. The ranks of alternative strategies were calcu
lated by integrating the criteria weights obtained with SF-PIPRECIA into 
the SF-CODAS method.

4.1. Strategies for sustainable supply chain

To meet social expectations, businesses turn to actions that create 
better environmental, economic, and social impacts. Thus, they act in 
line with their and society’s interests by managing and improving these 
factors throughout the supply chain [99]. Although sustainable ap
proaches are important in the supply chain, many barriers exist. Stra
tegies should be developed to overcome these barriers. The strategies 
selected for this study are chosen based on their critical relevance to 
improving the sustainability of the ASCs, particularly in Türkiye’s tea 
industry. Each strategy addresses a distinct aspect of sustainability and 
has been supported by empirical evidence, industry reports, or prior 
research findings, making them highly appropriate for this analysis. 
Sustainable strategies help organizations deal with sustainability issues 
in production processes and supply chains [111]. For this purpose, we 
defined five different strategies based on literature review and expert 
opinions. Alternative strategies are as follows:

S1. Adopt Digital Technologies: Implement advanced agricultural 
technologies such as IoT, AI, and data analytics to optimize resource use 
(water, energy), monitor environmental impacts (pollution, carbon 
footprint), and enhance operational efficiency (market competitiveness, 
supply chain performance) [99]. Digital technologies are vital in 
enhancing efficiency and transparency throughout the supply chain. By 
adopting innovations such as blockchain, IoT, and AI, companies can 
monitor and optimize operations in real-time, reduce waste, and 
improve traceability. Digital technologies have significantly improved 
supply chain performance and sustainability across various sectors, 
including agriculture.

S2. Establish Buyer-Supplier Partnerships: Foster collaborative re
lationships with suppliers and buyers to promote sustainable practices 
throughout the supply chain. This includes joint initiatives for resource 
efficiency, waste reduction, and sustainable materials sourcing [111]. 
Strengthening partnerships between buyers and suppliers ensures a 
stable and resilient supply chain. Empirical studies show that close 
collaboration leads to better resource management, shared sustainabil
ity practices, and increased trust, which is essential for addressing the 
volatility in agricultural production.

S3. Enhance Regulatory and Environmental Support: Supply chain 
stakeholders should collaborate to both develop and enforce compre
hensive administrative policies and environmental regulations that 
promote sustainable practices while simultaneously advocating for 
enhanced government support and incentives [112]. Regulatory 
frameworks and environmental policies play a crucial role in shaping 
sustainable practices within the industry. Prior research has shown that 
strong regulatory support and environmental incentives can drive or
ganizations to adopt eco-friendly practices, ensuring that production 
processes align with sustainability goals.

S4. Invest in Sustainable Proficiency and Skill Development: Provide 
ongoing training and education programs for employees to enhance 
their skills in sustainable agricultural practices. This includes training on 
efficient resource use, biodiversity conservation, and compliance with 
environmental regulations [111]. Human capital is one of the key 
drivers of sustainability, particularly in industries like agriculture, 
where skill gaps can hinder the adoption of sustainable practices. By 
investing in education and skill development, companies can equip their 
workforce with the knowledge needed to implement sustainable tech
niques. Sustainable proficiency training leads to greater environmental 
performance and long-term viability in supply chains.

S5. Diversify Supply Chain Geographically: Expand the geographical 
scope of the supply chain to reduce risks associated with climate change 
impacts, such as extreme weather conditions and resource scarcity. 
Diversification can also enhance resilience against market fluctuations 
and geopolitical risks [99]. Geographic diversification is crucial for 
mitigating climate change, natural disasters, and geopolitical issues that 
could disrupt the supply chain. Diversifying production and sourcing 
locations reduces vulnerability and improves overall sustainability by 
balancing resource use and managing environmental impact across 
regions.

4.2. Expert group

In this study, eight experts—E1, E2, E3, E4, E5, E6, E7, E8—who 
knowledge in relevant fields, are collected. Six of these experts had 
previously worked in the tea industry. Expert evaluations are gathered 
to determine criteria, importance levels, and alternative strategies with 
the literature review within a hierarchical structure. Table 7 suggests 
detailed information about the expert group.

4.3. Calculation of criteria weights with SF-PIPRECIA

In this study, the determination of criterion weights and the ranking 
of alternative strategies are made with the opinions of eight experts.

First, experts evaluate the main criteria and then the sub-criteria 
based on each main criterion using the linguistic terms in Table 4. The 

Table 7 
Information about the expert group.

Experience Education Job Title Research area

E1 10 years PhD Academician Risk Assessment
E2 40 years Master’s Farmer -
E3 16 years PhD Academician Operation Research
E4 14 years PhD Academician Environmental Engineering
E5 15 years PhD Academician Management
E6 8 years Master’s Manager -
E7 10 years PhD Academician Agricultural Engineering
E8 12 years PhD Academician Biology

Table 8 
Expert opinions for main criteria.

SF-PIPRECIA SF-PIPRECIA INVERSE

E1 E2 E3 E4 E5 E6 E7 E8 E1 E2 E3 E4 E5 E6 E7 E8

Environmental ​ ​ ​ ​ ​ ​ ​ ​ Technical ​ ​ ​ ​ ​ ​ ​ ​
Social L VL VL L L AL L MH Financial EE MH MH MH L VL H MH
Financial VL ML H EE MH VL H ML Social MH L L EE L VH L H
Technical VL L VL ML H VH ML L Environmental H H VH H H AH VH H
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experts’ evaluations of the main criteria are summarized in Table 8. 
Based on Table 4, the linguistic terms are converted to SFNs.

Then, the SWAM operator (see Definition 8) is applied to aggregate 
expert opinions. It is assumed that all experts have the same weight. In 
the first phase of the methodology, the SF-PIPRECIA part of Table 7 is 
used. Aggregated expert opinions are presented in Table 9 for the main 
criteria. The score values are calculated via Eq. (8). The coefficient, 
unnormalized weight, and normalized weight for each main criterion 
are determined based on Eq. (13), Eq. (14), and Eq. (15), respectively, as 
given in Table 9.

Then, the inverse phase of the methodology is calculated. For this 
aim, the SF-PIPRECIA INVERSE part of the Table is used. Aggregated 
expert opinions are presented in Table 10 for the main criteria. The score 
values are calculated via Eq. (8). The coefficient, unnormalized weight, 
and normalized weight for each main criterion are determined based on 
Eq. (16), Eq. (17), and Eq. (18), respectively, as given in Table 10.

Then Eq. (19) is applied, and the weights of the main criteria are 
calculated, as shown in Fig. 2.

The weights of the main criteria of "Environmental, Technical, Social 
and Financial" are 0.284, 0.250, 0.235 and 0.231, respectively, as 
exposed in Fig. 2. The most important main criterion is “Environ
mental,” with a weight of 0.284. Moreover, "Financial" is the least 
important criterion, with 0.231.

According to the results, the weights obtained for the main criteria 
with the SF-PIPRECIA method illustrate that the most important factors 
to be considered in sustainable ASC management strategy selection are 
environmental and technical. Environmental factors certainly come to 
the fore when we consider today’s conditions, and consumers are 
conscious of the expectations of the sustainability framework. In addi
tion, technical factors are expected to be at the forefront when consid
ering sustainable SCM. The least important factor was determined by 
experts to be financial. However, it is realized that the criteria weights 
are very close.

The same group of experts is consulted to assess the sub-criteria for 
each main criterion, using pairwise comparisons as outlined in Appendix 
(Table A1). The steps of the SF-PIPRECIA method are followed to 
determine the local weights of the sub-criteria. The final weights for the 
sub-criteria are calculated by multiplying the weights of the main 
criteria with the corresponding sub-criteria weights, as shown in 
Table 11. This table’s "In-Criteria Rank” column shows sub-criteria 
rankings based on the same main criterion.

According to Table 9, “Carbon footprint (C12)”, “High water con
sumption (C1)” “Low innovation and R&D investment (C49)”, “Trans
portation failures and delays (C39)”, “Insufficient investments (C28)” 
are the most important criteria with weights of 0.0416, 0.0405, 0.0347, 
0.0347. Table 8 illustrates that sub-criteria related to the environmental 
criterion have priority. In particular, in pairwise comparisons, 62.5% of 
experts stated that the “Carbon footprint (C12)” criterion has higher 
importance than other criteria (see Appendix). According to the "In- 
Criteria Rank" column regarding the sub-criteria of environmental main 
criterion, the most critical sub-criteria are linked to high water and 
energy consumption after carbon footprint. Furthermore, the “Energy 
scarcity (C6)” criterion is the least important, with a weight of 0.0146.

4.4. Ranking alternative strategies with SF-CODAS

The tea supply chain is of significant importance to Türkiye, both 
economically and culturally. Türkiye is one of the largest tea producers 
in the world, within the Black Sea region, particularly Rize, being the 
primary cultivation area. In Türkiye, tea production is concentrated in 
the northeastern Black Sea region. The tea plantations are spread across 
Artvin, Rize, Trabzon, Ordu, and Giresun, as shown in Fig. 3. The tea 
industry supports the livelihoods of thousands of farmers and contrib
utes substantially to the country’s GDP. According to the Turkish Sta
tistical Institute, tea production in Türkiye reached over 260,000 tons in 
2021, underscoring its critical role in the agricultural sector [113]. 
Moreover, tea is an integral part of Turkish culture and daily life, with 
the country having one of the highest per capita tea consumption rates 
globally [114]. Therefore, sustainability in the tea supply chain is 

Table 9 
SF-PIPRECIA calculations for main criteria.

Aggregated Evaluations Score kj qj wʹ́
j

μ v π

Environmental ​ ​ ​ ​ 1.000 1.000 0.394
Social 0.329 0.696 0.196 0.528 1.472 0.679 0.268
Financial 0.519 0.569 0.264 0.625 1.375 0.494 0.195
Technical 0.501 0.555 0.202 0.634 1.366 0.362 0.143

Table 10 
SF-PIPRECIA INVERSE calculations for main criteria.

Aggregated Evaluations Score kj qj wʹ
j

μ v π

Environmental ​ ​ ​ ​ 1.000 1.000 0.358
Social 0.550 0.495 0.284 0.659 1.341 0.746 0.267
Financial 0.544 0.449 0.240 0.679 1.321 0.565 0.202
Technical 0.766 0.249 0.153 0.834 1.166 0.484 0.173

Fig. 2. Main criteria weights.
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crucial for economic stability and cultural heritage preservation. 
Implementing sustainable strategies is essential to address challenges 
such as resource scarcity, environmental degradation, and social equity, 
ensuring the long-term viability of the tea industry in Türkiye.

Initially, the alternative strategies specific to the sustainability of 
Türkiye’s tea supply chain are identified, ensuring a comprehensive 
evaluation of factors such as resource utilization, environmental impact, 
social implications, and economic stability. Applying the SF-CODAS 
method to evaluate five alternative strategies for the tea supply chain 
in Türkiye involves a structured decision-making process that addresses 
the complexities and uncertainties inherent in tea production. Expert 
opinions from industry professionals are gathered and represented using 
SFNs. The alternative strategies are assessed according to the relative 
importance of the predefined criteria. As illustrated in the Appendix 
(Tables A2 and A3), the initial step involves creating a decision matrix to 
evaluate options using linguistic terms.

These evaluations are subsequently converted into SFNs and aggre
gated via Eq. (12). At this stage, it is assumed that all experts have equal 
weight. Table 12 presents the aggregated evaluation matrix.

Then, the crisp value of each element in the aggregated evaluation 
matrix is determined via Eq. (8). The weighted decision matrix is 

Table 11 
Sub-criteria weights.

Main Criteria Sub-Criteria Local 
Weight

Final 
Weight

Global 
Rank

In- 
Criteria 
Rank

Environmental High water 
consumption (C1)

0.1428 0.0405 2 2

High energy 
consumption (C2)

0.1039 0.0295 9 3

Using renewable 
energy (C3)

0.0839 0.0238 17 5

Low-capacity 
utilization (C4)

0.0614 0.0174 27 8

Using recycled 
materials (C5)

0.0561 0.0159 30 9

Energy scarcity 
(C6)

0.0516 0.0146 38 12

High pollution 
generation (C7)

0.0535 0.0152 37 11

Odor and dust 
disruption to the 
community (C8)

0.0537 0.0152 36 10

Climate change 
mitigation (C9)

0.0645 0.0183 25 7

Biodiversity 
conservation 
(C10)

0.0785 0.0223 19 6

Impact of extreme 
weather 
conditions (C11)

0.1033 0.0293 10 4

Carbon footprint 
(C12)

0.1467 0.0416 1 1

Social Lack of 
community 
initiatives (C13)

0.1314 0.0309 8 2

Poor health and 
safety (C14)

0.1109 0.0261 13 3

Social equity 
(C15)

0.0783 0.0184 24 5

Poor social 
acceptance (C16)

0.0585 0.0137 41 7

Low contribution 
to regional 
development 
(C17)

0.0474 0.0111 43 9

Low community 
engagement (C18)

0.0368 0,0087 45 11

Regulatory non- 
compliance (C19)

0,0321 0,0075 47 13

Low labor 
competency (C20)

0,0294 0,0069 49 15

Low flexibility 
(C21)

0,0307 0,0072 48 14

Poor mobility and 
accessibility (C22)

0,0346 0,0081 46 12

Unemployment 
for local labor 
(C23)

0,0454 0,0107 44 10

Weak stakeholder 
partnership (C24)

0,0547 0,0129 42 8

Low employee 
satisfaction (C25)

0,0738 0,0173 28 6

Unfair profit 
allocation (C26)

0,1034 0,0243 15 4

Non-compliance 
with corporate 
social 
responsibility 
(C27)

0,1325 0,0311 7 1

Financial Insufficient 
investments (C28)

0,1462 0,0337 5 1

Low employment 
opportunities 
(C29)

0,1037 0,0240 16 4

Low supply chain 
competitiveness 
(C30)

0,0810 0,0187 22 6

Table 11 (continued )

Main Criteria Sub-Criteria Local 
Weight 

Final 
Weight 

Global 
Rank 

In- 
Criteria 
Rank

High employment 
requirement (C31)

0,0681 0,0157 31 8

Financial 
instability (C32)

0,0676 0,0156 34 9

Low service 
capability (C33)

0,0620 0,0143 40 11

Low market 
competitiveness 
(C34)

0,0632 0,0146 39 10

Inefficient value 
chain (C35)

0,0707 0,0163 29 7

High production 
loss (C36)

0,0878 0,0203 21 5

Gap to reference 
price (C37)

0,1090 0,0252 14 3

Low consumer 
satisfaction (C38)

0,1408 0,0325 6 2

Technical Transportation 
failures and 
delays (C39)

0,1385 0,0347 4 2

Demand volatility 
(C40)

0,1087 0,0272 11 3

Unavailability of 
machinery and 
tools (C41)

0,0911 0,0228 18 5

Inefficient 
material usage 
(C42)

0,0736 0,0184 23 7

Low product 
diversity (C43)

0,0624 0,0156 33 10

Weak IT 
integration (C44)

0,0615 0,0154 35 11

Limited 
automation and 
robotics usage 
(C45)

0,0625 0,0156 32 9

Low precision 
agriculture 
adoption (C46)

0,0725 0,0182 26 8

Lag in 
digitalization 
(C47)

0,0848 0,0212 20 6

Cybersecurity 
threats (C48)

0,1055 0,0264 12 4

Low innovation 
and R&D 
investment (C49)

0,1388 0,0347 3 1
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calculated via Eq. (20). The criteria weights determined by SF-PIPRECIA 
are used to obtain the weighted decision matrix. The negative ideal 
solution is determined for each criterion as given in Eq. (21). Euclidean 
and Taxicab distances from negative ideal solutions are determined via 
Eqs. (22) and (23). The distances for each alternative are given in 
Table 13.

The SF-CODAS methodology is then applied to rank the alternative 
strategies, considering Euclidean and Taxicab distances from the nega
tive ideal solution. The relative assessment matrix is created using 
Table 13, following Eqs. (24)–(26), with τ set at 0.002. The relative 
evaluation matrix is presented in Table 14.

Next, Eq. (27) is applied to determine the final assessment scores. 
Ultimately, the alternative strategy with the highest score is the optimal 
choice, as illustrated in Fig. 4.

According to the results, S1 emerges as the most effective option for 
enhancing the sustainability of the tea supply chain in Türkiye, with a 
high weight of 0.081. Additionally, S3 presents itself as a strong and 
viable alternative with 0.071. This strategy was determined as highly 
important by 62.5% of the experts in terms of “Carbon footprint (C12)”, 
which was determined as the most critical criterion (see Appendix). 
Conversely, S2 is identified as the least favorable choice for achieving 
sustainability within the tea supply chain, with a very low weight of 
-0.254. Experts evaluated this alternative strategy as having low 
importance, especially regarding sub-criteria related to the Environ
mental criterion. This strategy was assessed as low importance by 75% 
of the experts and medium importance by 25%, particularly regarding 
the “High water consumption (C1)” criterion, which was determined as 
the second vital criterion.

This method allows for a robust comparison of strategies, ultimately 
identifying the most sustainable and effective option to enhance the 
resilience, efficiency, and overall sustainability of Türkiye’s tea supply 
chain.

These conclusions underscore the importance of adopting advanced 
agricultural technologies and fostering regulatory and environmental 
support to achieve sustainable practices in the tea industry. The superior 
performance of S1 highlights the critical role of technology in opti
mizing resource use and minimizing environmental impacts, which are 
crucial for the long-term sustainability of the tea supply chain. The 
effectiveness of S3 suggests that regulatory frameworks and incentives 
also play a significant role, reinforcing the need for comprehensive 

policy support to encourage sustainable practices. On the other hand, 
the poor performance of S2 indicates that, while important, buyer- 
supplier partnerships may only be sufficient to drive substantial sus
tainability improvements with the support of technological advance
ments and robust regulatory frameworks.

4.5. Sensitivity analysis

A sensitivity analysis is conducted in this section to ensure the 
robustness and stability of the ranking results. This analysis involves 
generating ten different sets of criteria weights randomly. Each set is 
used to solve the problem independently, allowing us to observe how 
changes in criteria weights affect the ranking of alternative strategies. 
The randomly generated sets of criteria weights are presented in 
Table 15.

Subsequently, the ranking results derived from these sets are illus
trated in Fig. 5. This sensitivity analysis provides valuable insights into 
the reliability of the proposed methodology. By examining the variations 
in the rankings under different weight scenarios, we can assess the 
consistency and dependability of the findings.

Fig. 5 demonstrates that the rankings of the alternatives are indeed 
sensitive to the criteria weights. This sensitivity indicates that the model 
is highly responsive to variations in the assigned weights. Despite this 
sensitivity, the rankings of the alternatives exhibit a commendable level 
of stability across different sets of criteria weights. Notably, S1 emerges 
as the dominant alternative in most sets, except Set-6 and Set-7. This 
consistent performance of S1 across multiple scenarios suggests that the 
initial ranking result is robust and reliable. Furthermore, the sensitivity 
analysis highlights the robustness of the proposed methodology. Even 
with variations in the criteria weights, S1 consistently ranks as the top 
alternative, reinforcing its suitability as the best strategy for enhancing 
the sustainability of the tea supply chain in Türkiye.

4.6. Comparative analysis

A comparative analysis was conducted using multiple decision- 
making methods to strengthen the robustness and comprehensiveness 
of the proposed approach for strategy selection. The proposed approach 
was expanded to incorporate spherical fuzzy numbers into TOPSIS 
(Technique for Order Preference by Similarity to Ideal Solution) and 

Fig. 3. The production in Türkiye [115].
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WISP (Simple Weighted Sum-Product) techniques. This analysis aimed 
to assess the effectiveness and consistency of the proposed methodology 
across different methods.

TOPSIS was selected for its capability to evaluate multiple criteria 
simultaneously and provide an objective ranking of strategies concern
ing the ideal sustainable solution. Using the SF-TOPSIS (see [116]) for 
details). technique, the available alternatives were ranked based on the 
defined criteria. The results in Table 16 revealed that "Adopt Digital 
Technologies" (S1) was consistently the top choice, while other alter
natives exhibited variations in their rankings.

WISP was chosen for its simplicity in prioritizing alternatives and 
ease of use, thanks to its streamlined normalization process. Addition
ally, WISP uses four distinct utility measures to evaluate the total use
fulness of each alternative, offering a comprehensive framework for 
decision-making. The results from SF-WISP (see Kara et al. [117] for 
details), shown in Table 17, also confirmed "Adopt Digital Technologies" 
(S1) as the best alternative. While the rankings of other alternatives 
differed, both methods consistently identified the most sustainable 
strategy, showcasing the reliability and accuracy of the proposed 

Table 12 
Aggregated evaluation matrix.

S1 S2 S3 S4 S5

μ v Π μ v π μ v π μ v π μ v π

C1 0.635 0.382 0.314 0.352 0.664 0.368 0.701 0.310 0.298 0.678 0.335 0.276 0.729 0.285 0.267
C2 0.635 0.382 0.314 0.380 0.637 0.399 0.660 0.352 0.291 0.678 0.335 0.276 0.729 0.285 0.267
C3 0.695 0.318 0.263 0.562 0.464 0.324 0.753 0.252 0.270 0.738 0.268 0.294 0.612 0.407 0.342
C4 0.697 0.308 0.324 0.737 0.272 0.305 0.600 0.423 0.336 0.680 0.324 0.337 0.590 0.427 0.374
C5 0.558 0.472 0.318 0.562 0.464 0.324 0.680 0.324 0.337 0.724 0.282 0.306 0.385 0.627 0.401
C6 0.612 0.407 0.342 0.517 0.499 0.395 0.658 0.357 0.305 0.717 0.305 0.265 0.605 0.404 0.382
C7 0.517 0.499 0.395 0.540 0.490 0.373 0.720 0.286 0.262 0.746 0.263 0.246 0.550 0.468 0.366
C8 0.517 0.499 0.395 0.550 0.468 0.366 0.663 0.352 0.349 0.647 0.365 0.354 0.545 0.476 0.361
C9 0.687 0.321 0.302 0.531 0.485 0.428 0.742 0.261 0.274 0.646 0.384 0.334 0.732 0.289 0.270
C10 0.542 0.483 0.375 0.547 0.475 0.380 0.753 0.252 0.270 0.664 0.353 0.322 0.757 0.262 0.225
C11 0.481 0.532 0.424 0.500 0.521 0.370 0.670 0.338 0.316 0.669 0.355 0.309 0.716 0.295 0.285
C12 0.658 0.357 0.305 0.605 0.404 0.382 0.753 0.252 0.270 0.738 0.268 0.294 0.742 0.270 0.268
C13 0.470 0.550 0.416 0.636 0.381 0.332 0.685 0.327 0.298 0.680 0.336 0.319 0.495 0.519 0.440
C14 0.568 0.460 0.341 0.550 0.468 0.366 0.729 0.285 0.267 0.639 0.382 0.370 0.561 0.457 0.385
C15 0.545 0.476 0.361 0.509 0.514 0.404 0.731 0.280 0.272 0.650 0.360 0.342 0.550 0.468 0.366
C16 0.491 0.536 0.380 0.613 0.406 0.359 0.701 0.310 0.298 0.673 0.345 0.301 0.476 0.541 0.420
C17 0.579 0.431 0.408 0.686 0.325 0.315 0.724 0.282 0.306 0.698 0.304 0.312 0.699 0.314 0.310
C18 0.550 0.468 0.366 0.636 0.381 0.332 0.701 0.310 0.298 0.732 0.276 0.259 0.683 0.330 0.323
C19 0.592 0.413 0.425 0.461 0.555 0.401 0.762 0.246 0.277 0.565 0.440 0.450 0.500 0.510 0.443
C20 0.639 0.368 0.386 0.550 0.468 0.366 0.605 0.404 0.382 0.670 0.338 0.316 0.639 0.368 0.386
C21 0.708 0.301 0.330 0.605 0.412 0.306 0.561 0.457 0.385 0.500 0.521 0.370 0.639 0.376 0.319
C22 0.716 0.295 0.285 0.576 0.445 0.351 0.615 0.400 0.347 0.547 0.475 0.380 0.755 0.257 0.256
C23 0.547 0.475 0.380 0.673 0.338 0.367 0.455 0.564 0.396 0.589 0.428 0.357 0.653 0.360 0.390
C24 0.615 0.400 0.347 0.738 0.268 0.294 0.572 0.453 0.346 0.546 0.467 0.431 0.513 0.508 0.391
C25 0.550 0.468 0.366 0.592 0.421 0.361 0.558 0.472 0.318 0.655 0.363 0.300 0.517 0.499 0.395
C26 0.603 0.418 0.322 0.724 0.282 0.306 0.599 0.425 0.316 0.612 0.407 0.342 0.615 0.400 0.347
C27 0.500 0.510 0.443 0.631 0.391 0.354 0.594 0.426 0.423 0.629 0.379 0.356 0.495 0.519 0.440
C28 0.607 0.426 0.304 0.481 0.532 0.424 0.569 0.459 0.360 0.505 0.535 0.288 0.510 0.515 0.388
C29 0.517 0.499 0.395 0.565 0.449 0.389 0.455 0.564 0.396 0.603 0.418 0.322 0.562 0.455 0.401
C30 0.639 0.376 0.319 0.650 0.360 0.342 0.565 0.449 0.389 0.526 0.503 0.349 0.642 0.375 0.374
C31 0.613 0.406 0.359 0.629 0.379 0.356 0.434 0.589 0.369 0.720 0.286 0.262 0.608 0.414 0.338
C32 0.481 0.532 0.424 0.672 0.334 0.303 0.573 0.451 0.364 0.510 0.515 0.388 0.455 0.564 0.396
C33 0.641 0.363 0.375 0.672 0.334 0.303 0.500 0.510 0.443 0.565 0.449 0.389 0.650 0.360 0.342
C34 0.676 0.339 0.291 0.653 0.368 0.314 0.619 0.408 0.331 0.385 0.627 0.401 0.603 0.409 0.394
C35 0.686 0.325 0.315 0.731 0.280 0.272 0.576 0.445 0.351 0.434 0.589 0.369 0.650 0.360 0.342
C36 0.668 0.342 0.328 0.678 0.340 0.331 0.627 0.392 0.291 0.690 0.327 0.287 0.637 0.395 0.312
C37 0.603 0.409 0.394 0.631 0.391 0.354 0.613 0.406 0.359 0.452 0.573 0.394 0.534 0.479 0.416
C38 0.605 0.404 0.382 0.641 0.363 0.375 0.639 0.376 0.319 0.670 0.338 0.316 0.602 0.411 0.379
C39 0.687 0.322 0.284 0.715 0.285 0.287 0.590 0.427 0.374 0.592 0.421 0.361 0.724 0.282 0.306
C40 0.688 0.333 0.282 0.624 0.390 0.364 0.455 0.564 0.396 0.427 0.599 0.363 0.502 0.532 0.381
C41 0.668 0.342 0.328 0.649 0.361 0.325 0.500 0.521 0.370 0.527 0.504 0.330 0.530 0.487 0.412
C42 0.627 0.384 0.368 0.510 0.505 0.456 0.531 0.495 0.355 0.509 0.514 0.404 0.524 0.500 0.423
C43 0.550 0.468 0.366 0.543 0.483 0.359 0.517 0.499 0.395 0.576 0.436 0.419 0.662 0.341 0.351
C44 0.813 0.191 0.217 0.522 0.512 0.344 0.534 0.479 0.416 0.545 0.476 0.361 0.584 0.440 0.368
C45 0.831 0.171 0.182 0.492 0.537 0.362 0.590 0.427 0.374 0.658 0.357 0.305 0.540 0.490 0.373
C46 0.703 0.306 0.270 0.550 0.468 0.366 0.622 0.404 0.301 0.690 0.329 0.267 0.678 0.340 0.331
C47 0.824 0.183 0.177 0.575 0.438 0.405 0.500 0.521 0.370 0.618 0.395 0.333 0.634 0.388 0.311
C48 0.786 0.217 0.230 0.450 0.574 0.391 0.529 0.497 0.333 0.484 0.547 0.354 0.584 0.440 0.368
C49 0.822 0.182 0.205 0.561 0.457 0.385 0.699 0.314 0.310 0.627 0.384 0.368 0.634 0.388 0.311

Table 13 
Distances from negative ideals.

S1 S2 S3 S4 S5

Euclidean 0.020 0.012 0.019 0.018 0.019
Taxicab 0.310 0.241 0.303 0.298 0.279

Table 14 
Relative assessment matrix.

S1 S2 S3 S4 S5

S1 0.0000 0.0772 0.0007 0.0017 0.0016
S2 -0.0772 0.0000 -0.0694 -0.0630 -0.0444
S3 -0.0007 0.0694 0.0000 0.0010 0.0009
S4 -0.0017 0.0630 -0.0010 0.0000 -0.0001
S5 -0.0016 0.0444 -0.0009 0.0001 0.0000
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spherical fuzzy-based MCDM approach.
The comparative analysis highlights the strength of the proposed 

methodology when evaluated against SF-TOPSIS and SF-WISP. Fig. 6
visually represents the comparison between these methods, reinforcing 
the findings.

The comparative analysis reveals a consistent ranking for the top 
strategy across all three methods, with "Adopt Digital Technologies" (S1) 
emerging as the best option in each case, highlighting its robust po
tential for improving the sustainability of the tea supply chain. However, 
there are slight variations in the rankings of other strategies. For 
instance, "Enhance Regulatory and Environmental Support" (S3) ranks 
second in the proposed methodology but is ranked lower in SF-TOPSIS 
(5th) and SF-WISP (2nd), indicating the proposed method’s higher pri
oritization of regulatory factors. Conversely, "Establish Buyer-Supplier 
Partnerships" (S2) ranks consistently low, particularly in the proposed 
methodology and SF-WISP, underscoring its lesser impact on sustain
ability compared to other strategies. These variations demonstrate how 
different evaluation methods can influence strategic prioritization, with 
the proposed methodology showing a stronger focus on regulatory 
support.

In addition to applying the spherical fuzzy-based MCDM approach, a 
comprehensive sensitivity analysis is conducted to evaluate the robust
ness of the results. This analysis examined the stability of the rankings 
when varying the input data and criteria weights, ensuring that the 
chosen strategies were not overly sensitive to small fluctuations in these 
values. Furthermore, a comparative analysis is performed using alter
native decision-making techniques to validate the consistency of the 
findings. The results from both the sensitivity and comparative analyses 
demonstrate the reliability of the proposed model, thus addressing po
tential concerns regarding the need for traditional statistical tests, which 
are not directly applicable to fuzzy logic-based MCDM approaches.

5. Discussion

This study provides scientific results for SSCM for companies in the 
field of ASC management. In the study, the main criteria, such as envi
ronmental, social, financial, and technical importance for SCM, were 
divided into detailed sub-criteria, and five different strategies were 
determined based on a literature review and expert opinions. The 
determined strategies address different aspects of sustainability in the 
supply chain.

As a result of the SF-PIPRECIA method, “environmental” and 
“technical” criteria were the most essential main criteria with weights of 
0.284 and 0.250, and the least critical main criteria were determined as 

“financial” with 0.231. Especially for ASC management, considering 
advances in SCM, more consumer awareness, and the requirements of 
the sustainability factor, it is expected that the “environmental” crite
rion will be important. Considering today’s conditions, the “environ
mental” criterion is critical in tea SCM strategy selection. Most 
companies in the agri-food sector measure their success in terms of so
cial and environmental factors rather than purely financial terms [118].

Sustainable concentration is achieved by producing more food from 
the same land while reducing environmental impacts [119]. In addition, 
the “technical” criterion, which includes transportation situations, dig
ital transformations, and innovation factors, is one of the most important 
factors to be considered in SCM.

According to the sub-criteria weights, the sub-criteria related to the 
environmental main criterion also has the highest level of importance. 
Especially " Carbon footprint (C12)" is determined as the most critical 
sub-criterion with a high weight of 0.0416, and " High water con
sumption (C1)" is the second most important criterion with 0.0405, 
compared to other criteria. In the studies conducted in the field of sus
tainable supply chains in the last few years, it can be seen that in the 
environmental dimension, more focus has been placed on carbon 
emissions [49]. Additionally, among water-dependent activities, agri
culture accounts for more than 70% of water consumption worldwide; 
considering the current water crisis, controlling water consumption is a 
must for all businesses [48]. Therefore, these criteria should be decisive 
in selecting the most suitable strategy for ASCMs, especially in industrial 
factories where environmental impact should be a priority. Because 
these factories are both affected by the environment and affect the 
environment. "Low innovation and R&D investment (C49)" is selected as 
another important criterion with a weight of 0.0347.

The least important criterion was " Low labor competency (C20)" with 
a weight of 0.0069. The analysis highlights that social criterion and 
criteria related to this criterion are less critical in SCM strategy selection 
for tea supply. This suggests that such factors should not be prioritized in 
the selection process with a sustainability framework.

As a result of the calculation with the SF-CODAS method, based on 
the outcomes offered in Fig. 4, the proposed strategies for the tea supply 
chain are ranked as follows: S1-S3-S4-S5-S2. With a weight of 0.081, 
“Adopt Digital Technologies (S1)” emerges as the most critical strategy 
dealing with technological developments in agriculture, such as IoT, AI, 
and data analytics, to optimize resource use, display environmental 
impacts, and improve operational productivity. 62.5% of the experts 
evaluated this strategy as highly important in terms of " Carbon footprint 
(C12)," which was determined as the most critical criterion (see Ap
pendix). The importance of this strategy for sustainable tea supply chain 

Fig. 4. Final scores of alternative strategies.
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technology is evident, especially when considering its environmental 
impacts and features that support advances in agriculture. Today, 
technological advances have accelerated rapidly. Companies also need 
to adapt to this situation. They should adopt efficient strategies that 
support technological developments in agriculture, considering envi
ronmental impacts. Another essential strategy is “Enhance Regulatory 
and Environmental Support (S3)” with a weight of 0.071. These strate
gies include supporting the developments needed for a sustainable 
supply chain. It is seen that these two strategies take into account 
environmental impacts. The least suitable strategy was evaluated as 
“Establish Buyer-Supplier Partnerships (S2),” with a low weight of 
-0.254. This strategy was assessed as low importance by 75% of the 
experts and medium importance by 25%, especially regarding the “High 
water consumption (C1)” criterion, which was selected as the second 
most important.

Overall, the study contributes significantly to determining a sus
tainable management strategy for the tea supply chain by providing a 
structured framework, expert-focused insights, and actionable recom
mendations. The findings provide perspectives for company managers to 
manage their supply chain processes efficiently in this perspective. In 

this context, the highlighted results reinforce the necessity for com
panies in the tea industry to prioritize ’Environmental’ focused strategy 
determination in their sustainable supply chain management.

6. Managerial and theoretical implications

The results of this study, with a focus on the tea industry in Türkiye, 
have significant theoretical implications, particularly in the area of 
supply chain sustainability in the agri-food sector. The findings highlight 
the importance of adopting digital technologies (S1), which emerged as 
the most effective strategy. This confirms existing sustainability theories 
that emphasize the role of technology and digital transformation in 
improving operational efficiency and reducing environmental foot
prints. In addition, factors such as high water consumption (C1) and 
carbon footprint (C12) contribute to the growing body of literature 
highlighting the environmental challenges in agricultural supply chains.

From a practical management perspective, the study provides 
actionable insights for supply chain managers and policymakers in the 
tea industry. For perspective, decision-makers can use the findings to 
prioritize adopting digital technologies (S1), which addresses the 

Table 15 
Weight sets for sensitivity analysis.

Set-1 Set-2 Set-3 Set-4 Set-5 Set-6 Set-7 Set-8 Set-9 Set-10

C1 0.0324 0.0109 0.0046 0.0174 0.0219 0.0285 0.0315 0.0309 0.0347 0.0119
C2 0.0366 0.0162 0.0336 0.0249 0.0343 0.0232 0.0314 0.0025 0.0230 0.0107
C3 0.0016 0.0203 0.0291 0.0243 0.0317 0.0268 0.0323 0.0093 0.0173 0.0351
C4 0.0244 0.0050 0.0053 0.0372 0.0277 0.0231 0.0321 0.0136 0.0075 0.0389
C5 0.0161 0.0334 0.0374 0.0222 0.0185 0.0005 0.0144 0.0089 0.0278 0.0040
C6 0.0248 0.0302 0.0365 0.0329 0.0244 0.0140 0.0089 0.0156 0.0251 0.0258
C7 0.0369 0.0108 0.0199 0.0249 0.0414 0.0116 0.0319 0.0181 0.0106 0.0107
C8 0.0230 0.0266 0.0222 0.0242 0.0083 0.0262 0.0196 0.0287 0.0040 0.0072
C9 0.0087 0.0307 0.0388 0.0116 0.0015 0.0220 0.0167 0.0353 0.0313 0.0128
C10 0.0140 0.0056 0.0375 0.0114 0.0124 0.0359 0.0107 0.0248 0.0150 0.0142
C11 0.0168 0.0377 0.0073 0.0260 0.0031 0.0291 0.0212 0.0191 0.0145 0.0287
C12 0.0102 0.0165 0.0398 0.0118 0.0327 0.0308 0.0400 0.0286 0.0036 0.0235
C13 0.0359 0.0368 0.0276 0.0139 0.0119 0.0294 0.0351 0.0037 0.0130 0.0237
C14 0.0317 0.0073 0.0074 0.0211 0.0119 0.0291 0.0210 0.0171 0.0298 0.0062
C15 0.0343 0.0050 0.0362 0.0142 0.0053 0.0122 0.0241 0.0279 0.0348 0.0375
C16 0.0307 0.0159 0.0379 0.0182 0.0257 0.0199 0.0039 0.0119 0.0032 0.0193
C17 0.0371 0.0099 0.0124 0.0253 0.0012 0.0132 0.0173 0.0310 0.0296 0.0214
C18 0.0072 0.0289 0.0020 0.0333 0.0038 0.0151 0.0372 0.0065 0.0170 0.0398
C19 0.0007 0.0296 0.0056 0.0267 0.0296 0.0049 0.0262 0.0304 0.0137 0.0039
C20 0.0050 0.0078 0.0103 0.0340 0.0051 0.0306 0.0190 0.0106 0.0253 0.0214
C21 0.0164 0.0051 0.0326 0.0106 0.0363 0.0121 0.0345 0.0164 0.0263 0.0275
C22 0.0206 0.0369 0.0337 0.0050 0.0421 0.0345 0.0233 0.0138 0.0256 0.0271
C23 0.0116 0.0140 0.0098 0.0313 0.0060 0.0251 0.0177 0.0206 0.0126 0.0362
C24 0.0134 0.0329 0.0152 0.0274 0.0214 0.0239 0.0023 0.0333 0.0222 0.0173
C25 0.0290 0.0172 0.0381 0.0065 0.0005 0.0265 0.0280 0.0097 0.0218 0.0014
C26 0.0353 0.0316 0.0005 0.0382 0.0310 0.0114 0.0156 0.0320 0.0003 0.0184
C27 0.0010 0.0150 0.0009 0.0063 0.0042 0.0167 0.0139 0.0077 0.0163 0.0180
C28 0.0163 0.0179 0.0038 0.0145 0.0235 0.0222 0.0318 0.0282 0.0059 0.0171
C29 0.0064 0.0297 0.0210 0.0311 0.0065 0.0098 0.0218 0.0302 0.0212 0.0133
C30 0.0140 0.0168 0.0014 0.0183 0.0372 0.0375 0.0168 0.0193 0.0262 0.0218
C31 0.0334 0.0005 0.0206 0.0173 0.0265 0.0085 0.0009 0.0247 0.0245 0.0373
C32 0.0184 0.0140 0.0249 0.0065 0.0199 0.0322 0.0032 0.0169 0.0060 0.0308
C33 0.0234 0.0148 0.0081 0.0333 0.0227 0.0203 0.0121 0.0079 0.0331 0.0184
C34 0.0143 0.0300 0.0015 0.0263 0.0395 0.0163 0.0189 0.0250 0.0360 0.0166
C35 0.0251 0.0055 0.0136 0.0392 0.0155 0.0098 0.0164 0.0193 0.0319 0.0151
C36 0.0091 0.0304 0.0386 0.0185 0.0209 0.0218 0.0128 0.0187 0.0338 0.0071
C37 0.0356 0.0247 0.0073 0.0190 0.0343 0.0222 0.0075 0.0233 0.0208 0.0229
C38 0.0175 0.0251 0.0237 0.0012 0.0394 0.0348 0.0315 0.0355 0.0174 0.0077
C39 0.0135 0.0357 0.0138 0.0268 0.0174 0.0081 0.0233 0.0191 0.0198 0.0199
C40 0.0057 0.0186 0.0019 0.0150 0.0362 0.0248 0.0248 0.0053 0.0239 0.0328
C41 0.0254 0.0249 0.0327 0.0045 0.0118 0.0378 0.0180 0.0354 0.0043 0.0270
C42 0.0370 0.0287 0.0093 0.0289 0.0048 0.0300 0.0389 0.0334 0.0350 0.0033
C43 0.0227 0.0162 0.0159 0.0111 0.0104 0.0022 0.0314 0.0338 0.0279 0.0198
C44 0.0357 0.0351 0.0267 0.0028 0.0223 0.0316 0.0262 0.0303 0.0020 0.0274
C45 0.0361 0.0160 0.0043 0.0211 0.0414 0.0139 0.0026 0.0268 0.0021 0.0349
C46 0.0131 0.0009 0.0415 0.0153 0.0312 0.0169 0.0070 0.0042 0.0328 0.0155
C47 0.0331 0.0375 0.0258 0.0324 0.0132 0.0010 0.0175 0.0169 0.0287 0.0327
C48 0.0029 0.0124 0.0413 0.0176 0.0048 0.0056 0.0248 0.0257 0.0332 0.0254
C49 0.0061 0.0268 0.0404 0.0184 0.0265 0.0166 0.0018 0.0118 0.0276 0.0107
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industry’s immediate sustainability challenges and positions companies 
to remain competitive in a rapidly digitizing market.

These findings also underscore the need for managers to consider 
regulatory and environmental support (S3), which was ranked as a 
strong strategy, highlighting the importance of policy-driven sustain
ability initiatives. In addition, this study provides valuable guidance to 
industry stakeholders, including policymakers and sustainability advo
cates, by identifying key gaps in the tea supply chain’s sustainability 
efforts. Social and economic factors, such as unemployment for local 
labor (C23) and insufficient investments (C28), highlight the broader 
impact of supply chain decisions on community welfare and economic 
stability. Policymakers can use these insights to develop targeted regu
lations and incentives addressing environmental and socio-economic 
concerns, ensuring a more holistic approach to the sustainability of 
the supply chain.

Overall, the study contributes significantly to determining a sus
tainable management strategy for the tea supply chain by providing a 

Fig. 5. Results of sensitivity analysis.

Table 16 
Final scores of alternative strategies by SF-TOPSIS.

S1 S2 S3 S4 S5

Final Score 0.1615 0.0063 0.0019 0.0151 0.0172
Ranking 1 4 5 3 2

Table 17 
Final scores of alternative locations by SF-WISP.

S1 S2 S3 S4 S5

Final Score 1.0000 0.9888 0.9987 0.9978 0.9946
Ranking 1 5 2 3 4

Fig. 6. The results of the comparative analysis.
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structured framework, expert-focused insights, and actionable recom
mendations. The findings provide perspectives for company managers to 
manage their supply chain processes efficiently in this perspective. In 
this context, the highlighted results reinforce the necessity for com
panies in the tea industry to prioritize ’Environmental’ focused strategy 
determination in their sustainable supply chain management.

7. Conclusion

Sustainability has been the focus of many companies in recent years, 
especially in the supply chain area. Therefore, the scope of work in this 
context is also expanding. This study set out to address two primary 
research questions: (1) What are the most critical factors influencing the 
sustainability of the tea supply chain in Türkiye? (2) Which strategies 
are most effective in enhancing the sustainability of this supply chain? 
By applying a comprehensive MCDM approach, we sought to evaluate 
and prioritize a range of sustainability strategies based on an extensive 
set of criteria.

In this paper, we considered SSCM for the tea supply chain. We 
defined critical environmental, social, economic, and technical criteria 
within the sustainability framework and divided these main criteria into 
sub-criteria under various groups. For this purpose, we determined the 
criteria weights with SF-PIPRECIA, a novel MCDM method. As they 
differ from the literature, we integrated them into the SF-CODAS 
method by ranking the five alternative sustainable strategies. In addi
tion, we conducted a sensitivity analysis to observe the sensitivity of the 
results to the criterion weights. This study contributes to essential issues 
such as sustainability, ASC, and SCM strategies in an integrated manner. 
This study focuses on the tea industry, an important income source for 
the Black Sea Region in Türkiye. It emphasizes issues that have not been 
previously addressed in the literature. It guides tea industry company 
managers in determining the most appropriate sustainable supply chain 
management strategy.

The study results revealed that "Adopt Digital Technologies" (S1) 
emerged as the most effective strategy for enhancing the sustainability 
of the tea supply chain in Türkiye, with a weight of 0.081, indicating its 
high relevance in addressing current challenges. "Enhance Regulatory 
and Environmental Support" (S3) was also identified as a strong alter
native, highlighting the importance of governmental and environmental 
frameworks in driving sustainable practices. According to the results, 
the most and the least important main criteria are “environmental” and 
“financial,” respectively. However, the importance and value of all main 
criteria are close to each other. Sub-criteria related to the main envi
ronmental criterion are the most important. Furthermore, key sub- 
criteria such as carbon footprint (C12) and high-water consumption 
(C1) were the most critical factors impacting the sustainability of the 
supply chain, emphasizing the need for targeted interventions in these 
areas. The results illustrate that the proposed methodology effectively 
selects a management strategy for the tea supply chain. Additionally, 
this study proposes the advantage of the practical use of MCDM methods 
for policymakers and companies.

In addition, to underscore the novelty of sustainability in this 
research, we have integrated spherical fuzzy MCDM techniques, which 
allow for the nuanced handling of uncertainties across environmental, 
social, economic, and technical areas. By systematically weighting and 
prioritizing criteria relevant to long-term resilience, our model high
lights how targeted investments can promote both profitability and 
environmental stewardship in the tea supply chain. This approach goes 
beyond traditional sustainability frameworks and provides a holistic 
method for identifying interventions that can simultaneously strengthen 
environmental protection, social well-being and operational efficiency, 
clearly aligning our findings with the study’s objectives.

This study makes several significant contributions to both theory and 
practice. Theoretically, it extends the application of MCDM methodol
ogies by integrating a comprehensive set of sustainability criteria 
tailored explicitly for the agri-food sector. This provides a novel 

framework for future studies evaluating supply chain sustainability in 
other contexts. Practically, the results offer valuable insights for industry 
stakeholders, policymakers, and supply chain managers within the tea 
industry and beyond, highlighting actionable strategies that can lead to 
improved sustainability outcomes. The study also addresses critical 
sustainability gaps in the tea supply chain, providing a structured 
approach to prioritizing interventions supporting long-term resilience 
and efficiency. Incorporating MCDM methodologies confirms that the 
decision-making process is comprehensive and adaptable to changing 
related conditions and priorities. Additionally, the proposed methodol
ogy reduces the complexity of the problem, facilitating more sustainable 
decisions.

There are some limitations to this research on sustainable tea supply 
chains. Firstly, Turkiye was selected as the study area. Geographical bias 
may have an impact on the results and may also limit the generaliz
ability of the findings. The expert team brings different viewpoints. 
Nevertheless, there is subjectivity due to the determination of an expert 
team and probable biases in their research field. An additional limitation 
of this research is access to different expert levels. The use of SF- 
PIPRECIA and SF-CODAS methods in this study is novel but may have 
essential limitations that still need to be addressed. Moreover, even 
though the literature review is comprehensive, it might overlook new 
challenges that still need to be recognized in the literature. The absence 
of any similar study in the sustainable tea supply chain study, to the best 
of our knowledge, the literature prevents the results from being 
compared with other methods. The literature review is limited to studies 
published up to the latest date for the time of this study, which may 
result in missing recent developments. Furthermore, external factors 
such as regulatory changes might affect the importance of the identified 
challenges.

Several aspects of this paper can be addressed in future work, such as 
different strategies defined for different ASCMs. Future research di
rections for this study could focus on expanding the scope of the sus
tainability criteria and strategies considered, particularly by 
incorporating additional case studies from different regions or sectors 
within the agri-food industry. Exploring how emerging technologies 
such as blockchain, artificial intelligence, and precision agriculture can 
further enhance sustainability in supply chains could provide new in
sights. Second, conducting longitudinal studies to assess the long-term 
impact of the prioritized strategies on supply chain sustainability 
would be valuable. Third, incorporating stakeholder perspectives, such 
as farmers, consumers, and policymakers, could enrich the analysis by 
providing a more holistic understanding of the challenges and oppor
tunities in achieving sustainability. Fourth, integrating dynamic and 
real-time data in the decision-making process could lead to more 
adaptive and resilient supply chain strategies in the future. Fifth, the 
proposed approach offers potential avenues for extending the model to 
encompass other groups of fuzzy sets, such as complex spherical fuzzy 
sets [120–122], T-spherical fuzzy Sets [123,124] and complex 
T-spherical fuzzy sets [125–127]. Sixth, different fuzzy-based MCDM 
methods can be applied to weigh the criteria and used to rank the al
ternatives. Finally, the proposed methodology can be used for other 
SSCM problems.
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[92] F. Kutlu Gündoğdu, C. Kahraman, A novel spherical fuzzy analytic hierarchy 
process and its renewable energy application, Soft Comput. 24 (2020) 
4607–4621, https://doi.org/10.1007/s00500-019-04222-w.

[93] J. Ali, A novel score function based CRITIC-MARCOS method with spherical fuzzy 
information, Comput. Appl. Math. 40 (2021) 1–27, https://doi.org/10.1007/ 
s40314-021-01670-9.

[94] M. Akram, S. Alsulami, A. Khan, F. Karaaslan, Multi-criteria group decision- 
making using spherical fuzzy prioritized weighted aggregation operators, Int. J. 
Comput. Intell. Syst. 13 (2020), https://doi.org/10.2991/ijcis.d.200908.001.

[95] C. Kahraman, F.K. Gundogdu, S.Ç. Onar, B. Oztaysi, Hospital location selection 
using spherical fuzzy TOPSIS, in: Proceedings of the 11th Conference of the 
European Society for Fuzzy Logic and Technology, Atlantis Press, 2019, 
pp. 77–82. EUSFLAT 2019.

[96] M. Keshavarz Ghorabaee, E.K. Zavadskas, Z. Turskis, J. Antucheviciene, A new 
combinative distance-based assessment (CODAS) method for multi-criteria 
decision-making, Econ. Comput. Econ. Cybern. Stud. Res. 50 (2016) 25–44.

[97] S. Jafarzadeh Ghoushchi, H. Garg, S. Rahnamay Bonab, A. Rahimi, An integrated 
SWARA-CODAS decision-making algorithm with spherical fuzzy information for 
clean energy barriers evaluation, Expert Syst. Appl. 223 (2023), https://doi.org/ 
10.1016/j.eswa.2023.119884.

[98] A. Choudhary, A. De, K. Ahmed, R. Shankar, An integrated fuzzy intuitionistic 
sustainability assessment framework for manufacturing supply chain: a study of 
UK based firms, Ann. Oper. Res. (2021), https://doi.org/10.1007/s10479-019- 
03452-3.

[99] F. Göçer, A novel interval value extension of picture fuzzy sets into group decision 
making: an approach to support supply chain sustainability in catastrophic 
disruptions, IEEE Access 9 (2021), https://doi.org/10.1109/ 
ACCESS.2021.3105734.

[100] M. Yani, A.M. MacHfud, et al., An adaptive fuzzy multi-criteria model for 
sustainability assessment of sugarcane agroindustry supply chain, IEEE Access 10 
(2022), https://doi.org/10.1109/ACCESS.2022.3140519.

[101] H. Sonar, I. Sharma, N. Ghag, B. Raje, Harvesting sustainability: assessing 
industry 4.0 in agri-food supply chains, Int. J. Logist. Manag. (2024), https://doi. 
org/10.1108/IJLM-10-2023-0443.

[102] S.L. Ngan, M.A.B. Promentille, P. Yatim, et al., Developing sustainability index for 
Malaysian palm oil industry with fuzzy analytic network process, Chem. Eng. 
Trans. 70 (2018), https://doi.org/10.3303/CET1870039.

[103] M. Hussain, A. Awasthi, M.K. Tiwari, Interpretive structural modeling-analytic 
network process integrated framework for evaluating sustainable supply chain 
management alternatives, Appl. Math. Model. 40 (5-6) (2016) 3671–3687.

[104] M. Khokhar, W. Iqbal, Y. Hou, M. Abbas, A. Fatima, Assessing supply chain 
performance from the perspective of Pakistan’s manufacturing industry through 
social sustainability, Processes 8 (9) (2020) 1064.

[105] J.S. Shang, S. Li, P. Tadikamalla*, Operational design of a supply chain system 
using the Taguchi method, response surface methodology, simulation, and 
optimization, Int. J. Prod. Res. 42 (18) (2004) 3823–3849.

[106] H.A. Ibrahim, A.A. Zaidan, S. Qahtan, B.B. Zaidan, Sustainability assessment of 
palm oil industry 4.0 technologies in a circular economy application based on 
interval-valued Pythagorean fuzzy rough set-FWZIC and EDAS methods, Appl. 
Soft Comput. 136 (2023), https://doi.org/10.1016/j.asoc.2023.110073.

[107] M. Asrol, M. Marimin, et al., A multi-criteria model of supply chain sustainability 
assessment and improvement for sugarcane agroindustry, Heliyon 10 (2024), 
https://doi.org/10.1016/j.heliyon.2024.e28259.

[108] M. Asrol, YM. Machfud, et al., Design of intelligent decision support system for 
supply chain sustainability assessment, Procedia Comput. Sci. (2023).

[109] A. Almeida, J. Bastos, R.D.P. Francisco, et al., Sustainability assessment 
framework for proactive supply chain management, Int. J. Ind. Syst. Eng. 24 
(2016), https://doi.org/10.1504/IJISE.2016.078900.

[110] B.D. Naghi, F.K. Jamali, S. Dorniani, A model of service supply chain 
sustainability assessment using fuzzy methods and factor analysis in oil and gas 

B. Yildirim et al.                                                                                                                                                                                                                                Sustainable Futures 9 (2025) 100710 

18 

https://doi.org/10.3390/logistics5040066
https://doi.org/10.1080/00207543.2020.1725684
https://doi.org/10.1080/18756891.2015.1046325
https://doi.org/10.1080/18756891.2015.1046325
https://doi.org/10.31181/dma1120237
https://doi.org/10.31181/dma1120237
https://doi.org/10.3390/sym11030350
https://doi.org/10.33889/ijmems.2022.7.1.008
https://doi.org/10.33889/ijmems.2022.7.1.008
https://doi.org/10.1080/00207543.2022.2037779
https://doi.org/10.1155/2017/9653261
https://doi.org/10.1080/00207543.2021.1924412
https://doi.org/10.3390/buildings13051312
https://doi.org/10.3390/buildings13051312
https://doi.org/10.3109/03639045.2015.1075027
https://doi.org/10.3109/03639045.2015.1075027
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0128
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0128
https://doi.org/10.3390/electronics10010041
https://doi.org/10.1007/s10479-021-04308-5
https://doi.org/10.1109/ACCESS.2021.3116814
https://doi.org/10.1109/ACCESS.2019.2940227
https://doi.org/10.3390/s22218377
https://doi.org/10.3390/s22218377
https://doi.org/10.3390/s22082931
https://doi.org/10.3390/s22082931
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0016
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0016
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0016
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0049
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0049
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0011
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0011
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0011
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0084
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0084
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0084
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0086
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0086
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0023
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0023
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0023
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0017
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0017
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0017
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0039
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0039
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0039
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0025
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0025
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0025
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0099
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0099
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0099
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0014
https://doi.org/10.1109/WICT.2013.7113099
https://doi.org/10.1007/s11356-022-24486-4
https://doi.org/10.1016/j.asoc.2017.12.014
https://doi.org/10.1007/s00521-018-3521-2
https://doi.org/10.3233/JIFS-181401
https://doi.org/10.3233/JIFS-181401
https://doi.org/10.1016/J.ASOC.2021.107934
https://doi.org/10.1016/J.ASOC.2021.107934
https://doi.org/10.1007/s11356-020-09640-0
https://doi.org/10.1007/s11356-020-09640-0
https://doi.org/10.1007/s00500-019-04222-w
https://doi.org/10.1007/s40314-021-01670-9
https://doi.org/10.1007/s40314-021-01670-9
https://doi.org/10.2991/ijcis.d.200908.001
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0063
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0063
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0063
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0063
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0067
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0067
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0067
https://doi.org/10.1016/j.eswa.2023.119884
https://doi.org/10.1016/j.eswa.2023.119884
https://doi.org/10.1007/s10479-019-03452-3
https://doi.org/10.1007/s10479-019-03452-3
https://doi.org/10.1109/ACCESS.2021.3105734
https://doi.org/10.1109/ACCESS.2021.3105734
https://doi.org/10.1109/ACCESS.2022.3140519
https://doi.org/10.1108/IJLM-10-2023-0443
https://doi.org/10.1108/IJLM-10-2023-0443
https://doi.org/10.3303/CET1870039
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0057
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0057
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0057
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0070
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0070
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0070
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0110
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0110
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0110
https://doi.org/10.1016/j.asoc.2023.110073
https://doi.org/10.1016/j.heliyon.2024.e28259
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0013
http://refhub.elsevier.com/S2666-1888(25)00277-1/sbref0013
https://doi.org/10.1504/IJISE.2016.078900


industry, J. Model. Manag. 18 (2023), https://doi.org/10.1108/JM2-01-2021- 
0010.

[111] H. Gupta, S. Kusi-Sarpong, J. Rezaei, Barriers and overcoming strategies to supply 
chain sustainability innovation, Resour. Conserv. Recycl. 161 (2020) 104819.
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