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Abstract

Selecting suppliers for circular supply chains is an important requirement, demanding
evaluation frameworks that capture reuse, reverse flows, and waste minimization beyond
traditional metrics. This paper introduces a structured model designed to assess suppliers
against specific circularity-oriented criteria. The Best-Worst Method (BWM) derives criteria
weights, the Analytic Hierarchy Process (AHP) ratings evaluate alternatives, and a risk
assessment stage consolidates the final ranking. The primary insights of this research
include: (i) the development of a structured supplier evaluation model that encompasses
dimensions like closed-loop integration, end-of-life management, material efficiency, and
waste management into a multi-criteria perspective; (ii) applying BWM to derive consistent
criteria weights, clarifying how circular performance attributes shape supplier prioritiza-
tion; (iii) applying AHP ratings and risk assessment to consolidate the evaluation into a
final ranking of alternatives; and (iv) demonstrating the operational feasibility and applica-
bility of the framework through a real-world case analysis, providing empirical evidence
for assessing circular supplier performance in industrial environments.

Keywords: AHP; BWM; circular economy; circular supplier selection; multi-criteria
decision-making; risk analysis

1. Introduction

The circular economy (CE) is rapidly expanding due to growing corporate adoption,
especially as policymakers acknowledge that traditional “take-make-waste” linear models
are obsolete. Factors such as the energy transition, stakeholder pressure, and strict regula-
tions heavily foster closed-loop systems, emphasizing waste minimization and material
reintroduction into production cycles [1]. Moreover, implementing reuse strategies, such
as reducing packaging emissions and lowering operational costs, significantly enhances
corporate sustainability and efficiency [2]. Driven by these advancements, circular business
models are projected to increasingly dictate supply chain profitability [3].

During this paradigm shift, circular supplier selection (CSS) emerges as a core en-
abler of important advancements. Effective evaluation extends well beyond traditional
supply chain metrics like cost and product quality. Instead, it must capture a candidate’s
ability to enable circular practices, including reverse logistics, reuse strategies, and waste
minimization [4]. Standard purchasing approaches fail to isolate these specific circularity
requirements. Consequently, the term “circular supplier selection” has gained significant
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traction, with numerous authors emphasizing its relevance within the CE domain [5-8].
Parallel streams investigate this research area using related concepts, such as sustainable
supplier selection [9-18].

Further contributions evaluate suppliers through similar sustainability lenses. These
studies employ alternative terminologies such as “supplier evaluation in CE” [19], “data-
driven supplier selection in CE” [20], and “green supplier selection” [21]. More recent
literature introduces variants like the “viable supplier selection problem” [22] and “reliable
circular supplier selection” [23]. This conceptual diversity highlights a wide array of
methodological perspectives.

Collectively, these pioneering works demonstrate that despite varying terminology,
whether circular, sustainable, green, data-driven, viable, or reliable, all approaches share a
central concern: developing structured evaluation frameworks aligned with CE principles.
This shared focus underscores the importance of implementing adaptive circular supply
chain (CSC) frameworks that simultaneously support environmental sustainability and
corporate profitability.

To address these assessment challenges, Multi-Criteria Decision-Making (MCDM) is in-
creasingly adopted [24]. This structured approach assists decision-makers through two core
phases: preference modeling and criteria weighting. MCDM protocols allow for the sys-
tematic and transparent evaluation of multiple, often conflicting, criteria. Among these
methods, the Best-Worst Method (BWM) distinguishes itself through efficient weight assess-
ment. Notably, BWM requires significantly fewer pairwise comparisons than traditional
matrix-based approaches. Empirical applications of BWM in supply chain management
and digital innovation validate its capacity to handle highly complex decision settings [25].

Advancing from this understanding, this study introduces a novel methodologi-
cal structure based on BWM. By integrating dimensions specific to circularity, such as
closed-loop integration, end-of-life management, material efficiency, and waste manage-
ment, the proposed framework delivers an actionable pathway for evaluating suppliers
within CSC domains. While prior literature addresses supplier selection in sustainable
contexts, few studies propose structured evaluation frameworks explicitly aligned with
logistics operations.

Beyond BWM, the literature reveals a variety of MCDM applications within CSS.
Fuzzy-based techniques are widely adopted to capture data uncertainty and enhance eval-
uation robustness [26-28]. Broader integrated frameworks have also been proposed for
sustainable contexts [29,30]. A study highlights applications in resilient and sustainable
supply chain network configuration and sourcing strategies within circular business frame-
works [31]. Within this stream, hybrid approaches combining BWM have further advanced
partner evaluation [32,33]. This study advances this research stream by incorporating
Analytic Hierarchy Process (AHP) ratings for alternative evaluation. Furthermore, we
complement the framework with a risk assessment stage, ensuring that final prioritization
reflects both circular performance and exposure to potential operational vulnerabilities.

In industrial systems aligned with CE principles, selecting circular suppliers directly
affects resource recovery, waste management, and process efficiency. These decisions
are critical for enabling cleaner production, reducing material losses, and supporting
economically viable recovery practices. This practical applicability is illustrated by an actual
industrial application. The results highlight the framework’s relevance for environmental
quality management by supporting decision-makers in improving waste reduction and
resource utilization.

Consequently, the primary insights of this research include: (i) the development of
a structured, circularity-oriented supplier evaluation framework that integrates closed-
loop integration, end-of-life management, material efficiency, and waste management
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into a multi-criteria perspective; (ii) applying BWM to derive consistent criteria weights,
offering a clearer understanding of how circular performance attributes shape supplier
prioritization; (iii) applying AHP ratings and risk assessment to consolidate the evaluation
into a final ranking of alternatives; and (iv) demonstrating operational feasibility and
applicability through a case study conducted in a chemical manufacturer based in the
Latin American region, providing empirical evidence for assessing circular performance in
industrial environments.

Regarding the text organization, the background literature is reviewed first, followed
by the formulation of the methodological design. Subsequently, the empirical implementa-
tion outcomes are disclosed, leading to a comprehensive analysis of the results. Finally, the
paper presents concluding remarks and potential paths for ongoing studies.

2. Theoretical Foundations of Circular Supply Chains
2.1. Foundations of CSC

Circular supply chain (CSC) strategies are gaining significant traction in sustainable
value creation by integrating green principles directly into corporate objectives. Within this
scenario, multiple industrial sectors are redefining their traditional logistics frameworks
to align with CE concepts [34]. In the textile industry, for instance, norm-based drivers
such as institutional collaboration and research subsidies are instrumental for suppliers to
overcome implementation barriers [35].

However, a significant operational contradiction emerges when contrasting strategic
environmental intent with practical industry limitations. While macro-level frameworks
promote immediate closed-loop adoption, recent studies in the battery sector reveal severe
structural bottlenecks in processing used recycling materials, especially during rapid
e-mobility expansion [36]. This friction demonstrates that CSC implementation cannot rely
on homogeneous assumptions. Instead, circular frameworks are deeply constrained by
sector-specific technological, regulatory, and operational realities. This baseline mismatch
highlights why evaluating and selecting suppliers based on precise, localized technical
capabilities is critical.

To operationalize these challenges, ref. [37] identified critical success factors for adopt-
ing sustainability initiatives, providing practical guidance to enhance governance. These
contributions prove that CSC effectiveness depends on structural governance mechanisms
and decision-support frameworks capable of managing uncertainty. From an operational
perspective, the viability of these circular configurations requires integrating stakeholders
with well-designed reverse logistics networks. Ref. [38] investigated the concrete limita-
tions of reverse flow strategies, proposing targeted optimization approaches to improve
material recovery.

This operational focus matches recent developments by [39], who explored founda-
tional attributes for circular integration in manufacturing. Their work emphasizes that
managerial engagement and workforce capacity building bridge the gap between economic
growth and sustainable innovation. Consequently, coordinated reverse networks and
strong organizational commitment jointly determine actual recovery performance. They
translate corporate environmental goals into predictable daily supply operations.

Shifting to systemic industrial dynamics, cyber-physical production environments
introduce both critical facilitators and complex constraints to organizational evolution [40].
To evaluate these advanced environments, ref. [41] proposed a comprehensive frame-
work focusing on analytics-based capabilities and key circularity indicators. Their re-
search underscores how eco-innovation and personnel analytics collectively shape supply
chain decisions.
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Synthesizing these distinct literary streams reveals that the modern evolution of
CSC practices depends heavily on the synergy between cyber-physical capabilities, data
analytics, and eco-innovation. These interconnected technological elements enable firms to
refine their circularity metrics. However, industrial planners still lack unified multi-criteria
instruments to evaluate if external suppliers possess the specialized infrastructure required
to support these cyber-physical transitions. This conceptual gap justifies the integration of
robust weighting and rating methodologies within supplier selection protocols.

2.2. Supplier Evaluation and Selection Criteria in Circular Supply Networks

Selecting appropriate suppliers within CSC is essential for operationalizing sustainability-
oriented strategies that target low-impact and resource-efficient objectives. To support these
practices, ref. [42] developed an evaluation framework that integrates the core sustainability
pillars: environmental, social, and economic dimensions. Similarly, ref. [43] established a
selection framework grounded in the triple bottom line by embedding circularity alongside
traditional multidimensional criteria. These early foundational frameworks centered pri-
marily on broad macro-environmental indicators. However, they lacked the granular focus
required to measure circular-specific performance, such as actual material recirculation
rates or product disassembly efficiency.

To address these limitations, recent research leverages innovative digital capabilities
and analytical mechanisms to enhance supplier assessment in dynamic, unpredictable
environments. Ref. [44] presented a hybrid machine learning-driven framework to as-
sess real-time supplier performance. Concurrently, ref. [45] expanded on fuzzy-based
approaches to incorporate uncertainty and complex multicriteria interactions. Extending
these methodologies, ref. [46] introduced an empirical approach integrating resilience,
circular attributes, and customer-oriented criteria, while [47] proposed advanced weighting
mechanisms to balance conflicting decision elements.

An operational contradiction arises, however, when evaluating these computational
developments. While advanced machine learning algorithms promise optimal automated
selection, their industrial execution frequently fails due to data scarcity, fragmented lifecycle
records, and high systemic noise within emerging circular networks. This technological
friction highlights a major operational mismatch. It demonstrates that purely automated
information-driven frameworks cannot function effectively without robust, expert-driven
qualitative grounding. Consequently, industrial planners require hybrid approaches that
combine structured expert judgment with rigid multi-criteria priority weights to bridge
this data gap.

Integrating specific CE concepts directly into supplier performance frameworks re-
solves these consistency issues. To address evaluation under high ambiguity, ref. [17]
successfully integrated BWM and COPRAS within the household appliances industry.
Moreover, ref. [21] enhanced the reliability of subjective expert feedback by deploying
structured aggregation strategies and rigorous benchmarking. These studies reveal an
increasing effort to embed circularity metrics directly into active decision frameworks.
They reinforce the academic requirement for structured methods that synthesize industrial
symbiosis, CE indicators, and human expertise under uncertainty.

Ultimately, achieving a comprehensive, mathematically stable assessment requires
balancing subjective preferences and objective criteria, effectively combining analytical
reasoning with intuitive strategic judgment [48]. This balanced architectural perspective
justifies the hybrid integration of weight derivation and alternative rating scales. Table 1
outlines the main evaluation criteria synthesized from the literature to operationalize this
CSS framework.
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To establish a rigorous operational framework, the identification and structural de-
sign of the evaluation criteria (Table 1) followed foundational multi-criteria modeling
protocols to ensure the parameters are mutually exclusive, conceptually comprehensive,
and hierarchically coherent [49,50]. The integration process began by capturing a broad
spectrum of performance criteria from recent CSC literature and clustering them based on
thematic alignment. Overlapping operational definitions and redundant parameters were
systematically scrutinized through semantic analysis and merged into unified constructs.

The refinement of these candidate elements was governed by three strict filtration
thresholds: first, a verified recurrence across contemporary CE and supplier selection
studies; second, distinct conceptual boundaries to eliminate the risk of mathematical
double-counting during the subsequent weighting phases; and third, a clear operational
connection to material recovery, waste minimization, or supply chain resilience. Through
this systematic consolidation, the final architecture was streamlined into nine core criteria,
providing a direct link between strategic circular objectives and industrial supply chain
practices. Before initiating the computational deployment, this unified set was subjected
to qualitative validation by academic experts to confirm its systemic completeness and
contextual suitability.

Table 1. Main evaluation criteria for supplier selection.

Criteria Cnter.“.m Focus and Objectives References
Identifier

To evaluate how effectively business partners maintain resources
.Closed-l.oop supply chain CL (Closed-Loop) within prqductlon cycles via integrated strategles.such as [46,51]
integration reprocessing, refurbishment, and recovery operations inside

circular networks.

To evaluate vendors’ adherence to quality standards and regulatory
Compliance and quality QA (Quality Assurance) requlremen.ts, including product I"e.llab'lllty, customer satlsfa«?tlon, [10,43]
assurance and recognized management certifications, as well as compliance

with CE and waste management regulations.

To evaluate the total cost per unit incurred by the buyer when
Cost and economic EC (Economic/Cost) acquiring goods from a supplier, including expenses related to [10,43]

efficiency

manufacturing, product maintenance, warranty, and
sustainability-driven adaptations such as the greening of products.

Digitalization and clean
technology for circularity

DT (Digital Technology)

To evaluate vendors’ integration of advanced digital tools (such as

artificial intelligence, internet of things, and distributed ledger

solutions), alongside clean technologies aimed at monitoring, [43,52]
tracking, and optimizing resource flows, energy efficiency, and

waste reduction within CSC.

Employee rights and fair
labor practices

To evaluate suppliers’ commitment to upholding fundamental
employee rights, including ensuring no underage labor is utilized,
preventing discriminatory practices, and the promotion of equitable
and safe working conditions.

FL (Fair Labor) [10]

End-of-life product
management

To evaluate vendors’ strategies for post-consumer recovery, part
rebuilding, and reconditioning to prolong operational lifespans and [53]
decrease environmental refuse.

EL (End-of-Life)

Logistics performance for
circular operations

To evaluate vendors’ capabilities in both reverse and forward

logistics, with a focus on infrastructure for material return,

remanufacturing, reintegration into the supply chain, and timely [32,43]
delivery of goods and recovered resources to ensure continuity and

efficiency in circular supply flows.

LP (Logistics
Performance)

Material efficiency and
circular use

ME (Material Efficiency)

To evaluate vendors’ resource efficiency strategies by reducing
consumption without compromising functionality or performance,
and their use of recyclable or eco-friendly materials that enable
reuse and minimize environmental impact.

[10,43]

Waste management and
process efficiency

To assess suppliers’ ability to implement lean manufacturing
principles and other process optimization strategies aimed at [46]
minimizing inefficiencies and reducing waste generation.

WM (Waste
Management)
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2.3. Main Gaps That the Research Covers

This section presents a summary of the critical research opportunities observed within
the published body of work, emphasizing cross-cutting and interconnected themes. Based
on these limitations, it proposes directions for future research with high potential for
academic impact and practical application.

Strategic progress in the circular transition requires an integrated understanding
of institutional interplay and collaborative governance. Upcoming research should con-
sider the moderating role of corporate capabilities and macroeconomic conditions within
digital-circular transition processes [54]. Grounded in institutional theory perspectives,
the systematic influence of governance networks deeply shapes CE dynamics, particularly
under volatile regulatory conditions in developing nations [35]. Furthermore, aligning
entrepreneurial approaches with innovative human resource practices offers strategic levers
for manufacturing sustainability during intense technological disruptions. Broader policy
analyses also reveal enabling conditions for integrating regulatory levers into circular sup-
ply frameworks to prioritize emission reduction and collaborative network integration [55].

However, a clear contradiction emerges between theoretical policy ideals and opera-
tional reality. While broad political analyses assume that regulatory and fiscal mechanisms
seamlessly drive industry behavior, practical manufacturing systems face extreme friction
when aligning day-to-day supply chain with evolving compliance mandates. This mis-
match proves that high-level green intent fails without localized, robust decision-support
mechanisms at the supplier tier.

To address these execution challenges, emerging research seeks to enhance analyti-
cal approaches that increase applicability in CSC models. The deployment of advanced
decision-making tools, such as the Group Gray-Best-Worst Method, benefits significantly
from experimental validation using structured expert inputs [38]. These developments
highlight that circular transitions depend not only on technology but also on institutional
alignment, governance structures, and human capabilities. Significantly, these intercon-
nected dimensions remain underexplored in integrated frameworks. This specific math-
ematical and practical limitation directly justifies the development of our proposed CSS
framework, which couples the weight-assessment efficiency of BWM with specialized
risk diagnostics.

Further opportunities lie in advancing sustainability-based supplier evaluation by
embedding circular principles into context-specific frameworks. Future research could
explicitly examine the non-compensatory nature between circular and linear criteria [47].
This introduces another major conceptual conflict: traditional selection frameworks allow
high economic performance to compensate for poor environmental compliance. Conversely,
true circular networks require threshold-based enforcement where waste minimization and
material recovery cannot be compromised by supply chain costs.

Developing integrated systems capable of reconciling regulatory policies and fiscal
mechanisms, such as carbon taxation, remains vital for enabling realistic decision-making
within complex industrial environments [56]. Ultimately, contemporary research indicates
a pressing need for evaluation frameworks that explicitly integrate CE principles, directly
address the operational trade-offs with linear criteria, and align supplier prioritization
with evolving global fiscal mechanisms. To bridge these persistent limitations, this study
develops a comprehensive hybrid methodology that uniquely couples BWM, AHP ratings,
and an independent risk assessment stage. By assessing alternatives through targeted,
threshold-based circular dimensions while safeguarding the evaluation against high-risk
operational profile compensations, the proposed CSS framework delivers a mathematically
stable and practically viable instrument tailored for the current realities of complex circular
supply operations.
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3. Methodological Design and CSS Framework

The core methodological architecture sustaining our proposed CSS framework is de-
tailed here. To support CSS under conditions of multiple, interrelated, and potentially
conflicting evaluation criteria, an MCDM approach is adopted. The proposed CSS frame-
work combines the BWM, the AHP ratings, and a risk assessment phase within a sequential
and complementary structure (Figure 1). Importantly, while this multi-tiered architecture
introduces distinct parameters, its sequential layout is specifically engineered to control
and minimize human cognitive bias. By converting qualitative expert insights into stan-
dardized, mathematically checked matrices, the framework replaces arbitrary corporate
selection processes with an auditable and objective decision-making protocol.

Circular Supplier Selection Framework

No Is the
judgment

consistent?

[ Adjust & Reassess J

_b[ Solve Equations ]

Figure 1. Proposed CSS framework. Flowchart of the CSS framework, starting in orange, progressing
through blue stages, and featuring a gray decision point.

Figure 1 illustrates how the relevant criteria for CSS were retrieved from the literature
review in Section 2.2. Through this systematic identification, nine specific operational
criteria were established: closed-loop supply chain integration (CL), compliance and quality
assurance (QA), cost and economic efficiency (EC), digitalization and clean technology
for circularity (DT), employee rights and fair labor practices (FL), end-of-life product
management (EL), logistics performance for circular operations (LP), material efficiency
and circular use (ME), and waste management and process efficiency (WM).
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Accordingly, this set of parameters establishes the foundational pillar for structuring
the hierarchical decision problem. The suppliers are evaluated as key alternatives within the
decision framework (Figure 2), where twelve specific candidates (S1 to 512) were identified.
The selection of this supplier base is justified by the company’s supply chain strategy,
which emphasizes a balanced allocation of suppliers per product to enhance management
efficiency, ensure reliable quality assurance, and foster resilient partnerships. Nevertheless,
the proposed methodology can be applied to a broader supplier base without any structural
limitation regarding the number of alternatives.

onecsve ([
Criteria
v v v v 3 v v v v
QL QA EC DI FL EL P ME WM

Alternatives

Wz | b ] e [oe] bee] bsa] bee] bee] b52]

Figure 2. Decision structure for assessing CSS. Showing the objective at the top, criteria in the middle,

and supplier alternatives below.

Figure 2 illustrates the hierarchical decision structure for assessing CSS. The purpose
of this hierarchy is to decompose the overall objective of CSC into relevant criteria and,
subsequently, into supplier alternatives. Such hierarchical arrangements are necessary
because they provide a systematic view of the problem, organize the evaluation into
comparable levels, and enable the prioritization process through BWM and AHP. As
Saaty [49] highlights, hierarchies are designed to capture the relationships among objectives,
criteria, and alternatives, allowing decision makers to synthesize priorities consistently
across levels. In this study, the hierarchy clarifies how CE dimensions are conceptually
integrated into the supplier evaluation framework.

Addressed through the BWM, the best-to-worst identification and pairwise compar-
isons are conducted at the criteria level. A primary justification for choosing the BWM
lies in its proven mathematical capability in managing CSS procedures while reducing
cognitive bias. While approaches such as TOPSIS and ELECTRE function well for se-
quencing or sorting candidates, they face operational bottlenecks related to accurate digital
values or comprehensive scaling techniques. Considering the complexity of innovative CSS,
which encompasses assessing operational capability alongside collaborative willingness,
BWM mitigates cognitive workload by securing logical consistency while streamlining the
required pairwise comparisons. BWM is implemented according to the sequential process
established by [57,58]:

A. Identify the criteria as the decision set {c1,¢2,...,cn}.

B.  Select the top-performing parameter (Best) alongside the lowest-priority option (Worst)
within the designated set.

C. Establish preference scores for each criterion combination via a 1-9 scale. The resulting
Best-to-Other matrix profile is formulated as the vector Ag = (ap1,app,...,4py), in
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which each element ag; reflects the comparative priority of the most critical criterion
over the remaining elements j.

D. The Others-to-Worst relationships are formulated via the vector Ay, = (14, 20, - - -, Anw) T,
where the superscript T signifies the vector transposition.

E. Calculate the target vector of optimal weights (wy, wy, ..., w},).

F.  Verify the results through a consistency assessment. The consistency ratio (CR) evalu-
ates the reliability of the derived BWM weights and is calculated using Equation (1).
This metric depends on the optimal consistency indicator (¢*) which reflects the
maximum comparison deviation, alongside the specific consistency index (CI).

*

_ ¢
CR= 1)

Based on the foundational BWM literature [57,59], the reference CI values for the
1-9 scale span from 0 up to 5.53. Adhering to these benchmarks confirms the logical
soundness and reliability of the resulting weight vector before proceeding to the AHP stage.
In practice, the participating experts identified the Best and Worst criteria, and consistency
was checked using the CR index.

The major architectural contribution of this CSS framework lies in integrating perfor-
mance ratings, derived from the theory of the AHP, into the BWM-based framework. This
integration distinguishes the proposed framework from traditional applications of BWM,
where structured performance scaling for alternatives is not explicitly incorporated. Each
alternative is assessed against the BWM-derived criteria weights using the operational
performance calculation presented in Equation (2):

n
Per formance Score; = Y w; X Ij; @)
j=1

where
i = index of the supplier (i =1,2,...,m)

j = index of evaluation criterion (j =1,2,...,n)

where w; represents the normalized weight assigned to each criterion j, subject to the
constraint that Y w; = 1. I;; € {1.00, 0.83, 0.67, 0.50, 0.25, 0.10} quantifies the efficiency
rating of each individual supplier i across criterion j. These values, adapted from [60],
range from poor to excellent and represent a standardized operationalization of the AHP
Absolute Measurement (Ratings approach) established by Saaty [49]. Rather than arbitrar-
ily assigning weights to this performance scale, these values were rigorously computed
in [60] using an AHP pairwise comparison matrix, where judgments were mathematically
validated for consistency (Consistency Ratio, CR < 0.10). To better reflect practical supply
chain operations where an active supplier rarely exhibits absolute zero efficiency, the lower
bound was adjusted from the original 0.00 to an operational floor of 0.10. Since all weights
and performance levels are bound within [0, 1], the resulting performance score also lies in
the range Performance Score; € [0, 1]. Therefore, the resulting vector represents a math-
ematically grounded scale, allowing alternatives in this current framework to be graded
directly without requiring new consistency checks.

Building upon the CSS framework, a comprehensive risk assessment was conducted
through expert evaluations of probability and operational impact [61]. To capture the core
vulnerabilities of sustainable supply chain, three distinct categories of risk were integrated:
environmental [62,63], financial [64,65], and operational [66-68].

The underlying numerical anchor values were determined collectively, ensuring trans-
parency and balance in the assessment of risk severity. Following the established matrix
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framework in [61], both probability and operational impact are operationalized through
a 5-point scale, ranging from very low (1), low (2), average (3), high (4), to very high (5).
Consequently, Equation (3) demonstrates how the initial raw risk score is derived for each
alternative across every category by calculating the product of the assigned probability and
impact values:

Raw risk score;; = Probabilityij X Impactij 3)

Following this calculation, Equation (4) illustrates the normalization process, where
each raw risk score is scaled against the maximum observed score within the sample to
guarantee complete data commensurability:

Raw risk score;;

25 @

Normalized risk scorejj =

Finally, Equation 5 integrates the overall performance indices (previously derived from

the integrated BWM weights and AHP ratings) with the normalized risk scores, applying a
mathematical adjustment to derive the unified prioritization ranking:

Adjusted Score = Overall x (1 — a x Normalized Risk Score) 5)

where:

e Overall score: reflects outcome.

e Normalized risk score: represents the risk value rescaled within the strict interval
bounds of 0 and 1, thereby avoiding mathematical bias during integration.

e o: denotes the corrective sensitivity term applied to regulate the intensity of the risk
exposure effect, commonly defined within industrial settings as 0.05 or 0.10. In this
study’s numerical application, a value of « = 0.10 was explicitly chosen and applied to
reflect the desired empirical sensitivity to risk variance.

This multi-tiered framework ensures a systematic appraisal of alternatives aligned
with targeted circularity objectives. By deploying the BWM, decision-makers can sys-
tematically quantify criteria importance levels, establishing a rigorous baseline for the
comprehensive analysis of CSC practices. The empirical findings derived from this inte-
grated methodology are presented and critically examined in the subsequent sections.

Empirical case studies underscore that multi-criteria frameworks are indispensable for
tackling interlocking operational and environmental challenges within CSC. The empirical
focus of this research centers on a leading multinational enterprise within the chemical
manufacturing sector, which holds a dominant market share as a solution provider across
Latin America.

To construct the MCDM framework, a targeted selection strategy was utilized to
engage fifteen experts in supply chain operations and industrial sustainability. These
experts each bring more than a decade and a half of industrial expertise within the chemical
manufacturing sector and allied industries across the Americas. These experts hold varied
academic degrees spanning production engineering, business administration, environmen-
tal management, and related scientific fields. The qualification process prioritized senior
corporate roles, advanced academic expertise, and territorial dispersion, thereby enriching
the analytical viewpoint and ensuring a comprehensive representation.

The data collection followed a process to preserve decision integrity. This process was
operationalized through an interactive session with the experts, utilizing a standardized
digital spreadsheet that bounded the comparison scales (1-9 for BWM and 1-5 for risk
parameters). To maintain a systematic procedure during the discussion rounds, the interac-
tion was focused exclusively on aligning the conceptual definitions of the criteria, followed
by a group decision process where the final judgments were reached through consensus to
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eliminate conformity bias. This consistent population of experts from the same industrial
sector, operating under this systematic procedure, ensured stability and reliability across
both the weighting and ranking stages of the CSS framework.

Furthermore, the rationale for the designated sample size is rooted in the principles of
multi-criteria decision analysis. Rather than relying on extensive, statistically generalized
populations, these methodologies prioritize the depth of domain knowledge, qualified
judgments, and the specialized experience of the chosen group of experts [69-71]. This inter-
active elicitation process successfully ensured consistency and coherence among judgments
while maintaining complete transparency and strict methodological rigor [72].

4. CSS Framework Deployment Results

Based on the group decision process established in the methodology, the framework
was operationalized to evaluate the circular sustainability criteria. Based on the criteria
indicated in Table 1, the expert group formulated the specific pairwise judgments detailed
in Table 2. To address any minor cognitive divergences or conflicting viewpoints during the
evaluation, the consensus-driven process allowed for debate until a mutual convergence
was achieved, ensuring that the final data reflected a unified agreement.

Table 2. Criterion Evaluation.

Evaluation CL QA EC DT FL EL LP ME WM
Best criterion (ME) compared against others 1 4 2 3 1 2 4 1 2
Others compared with worst criterion (QA) 4 1 2 3 1 4 3 4 3

Through this collaborative process, the experts selected material efficiency and circular
material (ME) as the best criterion, recognizing it as the fundamental cornerstone of the
CSC approach. Prioritizing material efficiency actively drives waste reduction, sustain-
able resource management, and cleaner production integration. Furthermore, this core
metric indicates how effectively an organization minimizes the use of primary resources,
enhances recyclability performance, and fosters product innovation aligned with circular
principles. As a result, establishing ME as the primary benchmark is essential to simultane-
ously advance environmental sustainability and operational productivity in the context
of CSC. Define wcy, wga, - - ., WmE, Wwm to denote the relative weights calculated for each
respective criterion detailed in Table 2:

The justification for choosing compliance and quality assurance (QA), considering that
QA was designated as the worst criterion by the experts, as the least relevant in this context,
is, in general, a basic prerequisite instead of contributing to a strategic advantage. All
approved alternatives are expected to adhere to legal and quality standards, which reduces
the relevance of QA in the context of circular initiatives. This best-worst comparison
illustrates the symmetric structure of the BWM, where the relative weights of the remaining
criteria are systematically determined through comparisons with the two anchor extremes.

This application uses ¢ detailed in Equations (6)—(10). In Equations (6)—(10), the
optimization decision variables are the weights w; and the tolerance parameter ¢. Equa-
tion (6) explicitly includes both under the minimization operator, ensuring clarity in the
optimization formulation.

minwj,;; ¢ (6)
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Normalization and non-negativity:
9
Y wi=1 )
i=1
w; >0fori=1,...,9 (10)

Upon executing the linear optimization model via a solver, the final criteria weights
were generated. The resulting Consistency Ratio (CR) achieved a value of 0.167, remaining
significantly below the admissible limit of 0.269 for a nine-criterion framework. This
confirms that a high level of consistency was achieved across the individual evaluations
provided by the experts (Table 3).

Table 3. BWM criteria weights.

Criterion Weight
CL Closed-loop supply chain integration 0.164
QA Compliance and quality assurance 0.040
EC Cost and economic efficiency 0.113
DT Digitalization and clean technology for circularity 0.076
FL Employee rights and fair labor practices 0.102
EL End-of-life product management 0.113
LP Logistics performance for circular operations 0.057
ME Material efficiency and circular use 0.221
WM Waste management and process efficiency 0.113

An analytical inspection of Table 3 reveals that material efficiency and circular use
(ME) emerged as the primary core metric, capturing the highest prioritization weight of
0.221. This positioning underscores the strategic pressure within contemporary chemical
networks to advance CSS contributions toward optimizing raw material consumption
without compromising performance, validating the choice of ME as a fundamental driver to
reduce primary resource reliance. Concurrently, closed-loop supply chain integration (CL)
secured a second-place ranking, with an established weight of 0.164. This programmatic
gap suggests that the long-term viability of material savings depends heavily on structured
strategies aimed at keeping resources active via industrial remanufacturing, refurbishment,
and cascading cycles within defined restorative supply networks.

Crucially, a numerical equilibrium occurred across three operational vectors, where an
identical weight of 0.113 was equally distributed across cost and economic efficiency (EC),
end-of-life product management (EL), and waste management and process efficiency (WM).
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From a management perspective, this identical distribution indicates that total acquisition
expenses, including sustainability-driven adaptations (EC), are treated as equally critical
to downstream take-back and remanufacturing initiatives (EL) and factory-floor lean
manufacturing principles (WM). It signals that within the chemical sector, cost efficiency
cannot be uncoupled from systemic product lifecycle extension and immediate process
optimization aimed at minimizing inefficiencies.

Furthermore, the integration of social and technological dimensions uncovered distinct
hierarchical tiers. Employee rights and fair labor practices (FL) commanded a weight of
0.102, outranking digitalization and clean technology for circularity (DT) at 0.076. This
distribution validates that a commitment to upholding fundamental human rights and safe
working conditions (FL) takes precedence over technological modernization via Al, IoT, or
blockchain deployment (DT), establishing ethical labor as a non-negotiable layer for digital
resource tracking. In parallel, logistics performance for circular operations (LP) at 0.057 and
compliance and quality assurance (QA) at 0.040 were assigned the lowest priorities. As
established during the qualitative baseline discussions, this position indicates that while
mandatory quality management standards (QA) and dual forward-reverse infrastructure
(LP) are operationally essential to ensure supply flows, they act merely as rigid prerequisites
that offer negligible differentiation value for strategic circular positioning.

In summary, the synergy between material efficiency and circular use (ME) and closed-
loop supply chain integration (CL) aligns with foundational principles of CE. This opera-
tional configuration directly supports Sustainable Development Goal (SDG) Target 12.5;
the framework emphasizes the minimization of waste via proactive prevention, continuous
reduction, systematic recycling, and open or closed-loop reuse. These findings strongly
complement the research of [73] and reinforce how institutional targets translate directly
into tactical purchasing decisions within the sustainable management literature.

Moving from criteria weights to alternative evaluation, the qualitative performance
assessment was conducted during a dedicated expert session. The participants evaluated each
alternative (S1 to 512) according to the predefined performance levels, ensuring comprehensive
cross-criteria standardization. Tables 4 and 5 display the consolidated expert assessments.

Table 4. Qualitative performance.

Criterion/Suppliers S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12
CL Closed-loop supply chain integration I Iy I I I3 I3 I3 Iy Iy Iy I5 Is
QA Compliance and quality assurance I I I I I I I I3 I3 I3 Iy Iy
EC Cost and economic efﬁciency 12 lz 12 12 l3 l3 l3 l4 l4 l4 15 l5
DT Digitalization clean technology for circularity I3 I I I I3 I3 Iy Iy Iy I5 I5 Ig
FL Employee rights and fair labor practices I I I I I I I I3 I3 I3 Iy Iy
EL End-of-life product management Iy Iy I I3 I3 Iy Iy I5 I5 I5 Ig lg
LP logistics performance for circular operations I3 I3 I3 I3 I3 Iy Iy Iy I5 I5 I5 lg
ME Material efficiency and circular use I I3 I I I I3 I3 Iy Iy I5 I5 Ig
WM Waste management and process efficiency I3 I I I I3 I3 Iy Iy I5 Is Ig lg

By integrating the criteria weights from Table 3 with the quantitative data detailed in Table 5,
the final synthesis was achieved. Table 6 provides a summary of these resulting outcomes.

An analysis of the CSS highlights consistent contrasts across the nine circular sustain-
ability criteria. Suppliers S1, S2, and S3 maintain distinct operational profiles that position
them as the leading candidates within the CSS framework. Specifically, S1 demonstrates a
well-balanced performance with pronounced strengths in material efficiency and circular
use (ME) and employee rights and fair labor practices (FL). In contrast, S2 shows a perfor-
mance advantage in closed-loop supply chain integration (CL) alongside stable values in
compliance and quality assurance (QA) and cost and economic efficiency (EC). Crucially,
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S3 continues to stand out by delivering superior outcomes in both material efficiency and
circular use (ME), end-of-life product management (EL), and waste management and pro-
cess efficiency (WM), reinforcing its strategic orientation toward comprehensive product
lifecycle optimization.

Table 5. Quantitative performance.

Criterion/Suppliers S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11  S12
CL Closed-loop supply chain integration 0.83 1.00 083 083 067 067 067 050 050 050 025 025
QA Compliance and quality assurance 1.00 1.00 1.00 1.00 083 083 0.83 067 067 067 050 0.50
EC Cost and economic efficiency 083 0.83 083 083 0.67 067 067 050 050 050 025 025
DT Digitalization clean technology for circularity 0.67 0.83 083 083 067 067 050 050 050 025 025 0.10
FL Employee rights and fair labor practices 1.00 1.00 1.00 1.00 083 083 0.83 067 067 067 050 0.50
EL End-of-life product management 050 050 083 067 067 050 050 025 025 025 010 0.10
LP Logistics performance for circular operations 0.67 0.67 067 067 067 050 050 050 025 025 025 0.10
ME Material efficiency and circular use 083 0.67 100 083 083 0.67 067 050 050 025 025 0.10
WM Waste management and process efficiency 0.67 0.83 1.00 083 0.7 067 050 050 025 025 010 0.10
Table 6. Weighted criteria matrix for the selected suppliers.
Criterion/Suppliers S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12
CL Closed-loop supply chain integration 014 016 014 014 011 011 011 0.08 0.08 0.08 0.04 0.04
QA Compliance and quality assurance 0.04 0.04 0.04 004 003 003 003 003 0.03 0.3 0.02 0.02
EC Cost and economic efficiency 0.09 0.09 0.09 009 0.08 008 008 0.06 006 0.06 003 0.03
DT Digitalization clean technology for circularity 0.05 0.06 006 006 005 005 0.04 0.04 0.04 0.02 0.02 0.01
FL Employee rights and fair labor practices 010 010 0.0 0.10 0.08 0.08 0.08 0.07 0.07 0.07 005 0.05
EL End-of-life product management 0.06 0.06 0.09 008 0.08 006 006 0.03 003 0.03 0.01 001
LP Logistics performance for circular operations 0.04 0.04 004 004 004 003 003 0.03 0.1 0.01 001 0.01
ME Material efficiency and circular use 018 015 022 018 018 0.15 015 011 011 0.06 006 0.02
WM Waste management and process efficiency 008 0.09 011 009 0.08 008 006 0.06 003 0.03 0.01 001

Beyond this top-tier cluster, alternatives S4 to S12 reveal a gradual decline in their
operational performance profiles, particularly under the heavily weighted criteria of mate-
rial efficiency and circular use (ME) and closed-loop supply chain integration (CL). While
mid-range options such as S4 and S5 retain moderate, stable values across most dimensions,
the subsequent alternatives (59-512) exhibit consistently lower performance, especially
in logistics performance for circular operations (LP) and digitalization and clean technol-
ogy for circularity (DT). This distribution suggests that the highest circular sustainability
potential is tightly concentrated in the first triad of alternatives. Conversely, the trailing
options demonstrate a lower level of technological readiness and infrastructure, resulting
in limited alignment with the targeted CE priorities of the purchasing firm. The interrelated
comparisons of criteria and alternatives are illustrated and visually mapped in Figure 3.

From a geometric perspective, the radar chart in Figure 3 visually operationalizes the
strategic hierarchy derived from the BWM-AHP framework. The outer perimeter repre-
sents the maximum priority envelope established by the criterion weights, characterized
by an asymmetric, elongated polygon with sharp outward vertices at ME and CL, and
a pronounced inward contraction at QA. Geometrically, the performance profiles of the
top-tier cluster (S1, S2, and S3) form expanded multidirectional webs that encompass a
larger internal area by tracking the outer baseline closely. In particular, the green poly-
gon of S3 projects clearly toward the ME-EL-WM axis, confirming its effective lifecycle
optimization path. Conversely, a pronounced geometric compression is visible as the
alternatives transition from mid-range candidates to the trailing group (59-512). The per-
formance vectors of these latter alternatives collapse toward the central origin of the axis,
forming a constricted, low-area polygon. This central convergence visually documents
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their lower capability to meet the high-weighted circular demands of material efficiency
and closed-loop integration.

Building upon the spatial configurations mapped within the multidirectional webs of
the radar chart, the qualitative judgments were mathematically synthesized to aggregate
the final prioritization vector. The performance scores, calculated according to Equation (2)
and based on the operational weights, show that alternative S3 achieved the highest
result (0.90), demonstrating a more consistent set of outcomes in advanced sustainability
implementation. It is followed by S4 (0.83), which exhibits steady performance, and
52 (0.80), which also reveals solid results across key dimensions (Table 7).

EC

=== Criterion Weight —— S3 S6 —— S9 — 511
— Sl — S4 — S7 — S10 — 12
— 52 — S5 S8

Figure 3. Criteria and suppliers comparison. Radar chart showing multiple suppliers compared
across criteria.

A deeper critical reflection on the numerical distributions in Table 7 reveals that the top-
performing candidate, S3 (0.90), establishes a benchmark for circular maturity within the
industry, driven by its systematic maximization of the highly weighted material efficiency
(ME) and end-of-life parameters. Interestingly, the close positioning between 54 (0.83)
and S2 (0.80) highlights two distinct paths to high performance: while S2 capitalizes on
mature closed-loop supply chain integration (CL), S4 compensates through balanced, steady
operational behaviors across economic and compliance vectors.
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Table 7. Final ranking and performance synthesis of the evaluated suppliers.

Supplier Overall
51 0.78
52 0.80
53 0.90
54 0.83
S5 0.73
56 0.66
57 0.63
S8 0.50
59 0.45

510 0.38
S11 0.25
S12 0.20

Slightly below this vanguard group, alternatives S1 (0.78) and S5 (0.73) form a second
performance cluster, indicating acceptable but less integrated circular practices, particu-
larly in criteria related to end-of-life management and digitalization. This intermediate
tier indicates that while baseline operational capacity is present, these alternatives lack
the systemic capabilities required to synchronize physical reverse flows with advanced
circular objectives. Mid-ranked alternatives (S6 and S7) show moderate results, reflect-
ing partial adoption of CSC practices and uneven performance across operational and
environmental dimensions.

In contrast, the lower-ranked alternatives (S8 to S12) present limited circular maturity,
with weaker scores in criteria associated with closed-loop integration, waste management,
and clean technology adoption. The extreme drop-off visible in S11 (0.25) and S12 (0.20)
isolates a critical structural threshold; these options represent severe operational risks
if selected for long-term strategic circular partnerships due to their low performance in
resource recovery. These results highlight the existence of significant performance gaps
among the evaluated alternatives and reinforce the discriminatory capability of the pro-
posed evaluation framework. Consequently, to ensure a resilient decision-making structure,
this efficiency-based prioritization must be balanced against systemic vulnerabilities; hence,
an independent risk assessment was conducted to evaluate the probability and operational
impact associated with each alternative, with the final risk profiles visually mapped in
Figure 4.

Figure 4 presents the results of the risk assessment carried out for alternatives S1-512,
with values normalized on a continuous scale from 0 to 1. This visualization highlights
the relative intensity of each alternative, where baseline options S1, S4, and S10 show the
lowest risk parameters (0.03-0.08), while 511 stands out as the most critical case (0.40).
The remaining alternatives are distributed across intermediate levels (0.12-0.32), allowing
a clear view of different degrees of risk exposure within the CSS framework. Crucially,
the concentration of the entire portfolio within the lower spectrum of the matrix provides
valuable empirical insights into the organization’s supply chain strategy. This single-
cluster distribution implies that the evaluated alternatives belong to a highly qualified,
pre-selected corporate database that has already undergone rigorous baseline vetting.
Furthermore, this low-vulnerability pattern directly confirms the firm'’s strategic objective
of achieving minimal risk exposure when configuring its circular supply network, ensuring
that operational security is prioritized alongside sustainability goals. Table 8 presents
the final ranking and risk-adjusted scores derived from integrating risk with the overall
performance indices.
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Figure 4. Suppliers’ risk assessment matrix. Scatter plot showing supplier alternatives positioned
according to probability of operational disruption and impact on circular performance, with green
for low risk, yellow for moderate risk, and red for high risk zones.

Table 8. Ranking of suppliers.

Supplier Overall Adjusted Score Rank
S1 0.78 0.77 4
S2 0.80 0.79 3
S3 0.90 0.89 1
S4 0.83 0.82 2
S5 0.73 0.72 5
S6 0.66 0.65 6
S7 0.63 0.61 7
S8 0.50 0.49 8
S9 0.45 0.45 9

510 0.38 0.38 10
511 0.25 0.24 11
512 0.20 0.19 12

Table 8 consolidates the evaluation framework by integrating the overall performance
scores with the risk-adjusted values, resulting in the final ranking of alternatives. The
outcomes confirm S3 (Adjusted Score = 0.89) as the top-performing option, followed by
54 (0.82) and A2 (0.79), which maintain strong positions even after risk adjustment. Al-
ternatives S1 and S5 remain competitive in intermediate ranks (4 and 5), while S6 to 5122
progressively decline, with S11 (0.24) and 512 (0.19) occupying the lowest positions. Criti-
cally, a comparative reflection between the raw performance and the adjusted scores reveals
a structural consistency in the hierarchical prioritization. Because the pre-selected supply
base inherently carries a compressed risk profile, the resulting mathematical penalties are
marginal and successfully buffered by the strong operational and sustainability margins
of the leading alternatives. This consolidated ranking demonstrates the robustness of the
proposed CSS framework, ensuring that both performance and risk exposure.

While the risk-adjusted penalties are marginal in this specific application, this outcome
validates the stability of the purchasing firm’s pre-qualified supplier base. Importantly, the
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mathematical architecture of the risk module (Equations (3)—(5)) is purposefully built to
serve supply chain environments characterized by high volatility, disruption, and supplier
variety. In markets with lesser vendor maturity or severe environmental and financial
turbulence, the sensitivity term () is capable of introducing pronounced penalties. In such
disruptive contexts, the framework is mathematically equipped to trigger significant shifts
in the final rankings, preventing the selection of high-performing but highly vulnerable
alternatives. As a result, the model provides both a safety check for stable baselines and a
robust filtering mechanism for volatile sourcing networks.

5. Discussion

To advance CSS, this research introduces a structured multicriteria framework that
leverages the BWM. By embedding CE principles directly into the selection protocol, this
research bridges a critical gap in the literature, since conventional, cost-centric supply chain
assessments frequently overlook these specific dimensions.

The novelty of the proposed framework lies in conceptually integrating closed-loop
integration, end-of-life management, material efficiency, and waste management as inter-
dependent pillars of CSC. Rather than treating them as isolated criteria, the framework
embeds them into a unified multi-criteria structure where closed-loop strategies enable
end-of-life recovery, material efficiency drives resource minimization, and waste manage-
ment ensures systemic reuse. This conceptual integration ensures that supplier evalua-
tion reflects circularity as a holistic system, advancing beyond traditional cost-centric or
compliance-based assessments.

Methodologically, applying the BWM improves the elicitation phase by fundamen-
tally changing the mechanics of data collection. Instead of forcing experts to complete a
full, exhausting pairwise comparison matrix, the method structures the evaluation strictly
around reference vectors derived from the most and least preferred criteria. Mathematically,
this targeted procedure minimizes the volume of pairwise judgments, thereby mitigat-
ing decision fatigue and systematic bias. By simplifying the structural layout presented
to the experts, the framework inherently minimizes random judgment variances and
yields reliable consistency ratios, supporting the operational integrity of the collective
industrial weights.

Regarding the key findings, the application of BWM highlighted the prominence of
material efficiency and circular use (ME) and closed-loop supply chain integration (CL)
as the key determinants in CSS. This outcome underscores a strategic paradigm shift
within industrial networks; contemporary CSCs transcend raw cost-efficiency metrics and
demand deep structural capabilities in resource recovery. The mathematical alignment of
the weights demonstrates the viability of an evaluative architecture that embeds supplier
evaluation firmly within the reduce-reuse-recycle-synergy framework of CE.

In terms of theoretical contributions, this paper enriches both the CSC domain and
decision-making literature. It provides a replicable analytical framework based on BWM
and performance levels capable of harmonizing disparate circularity-oriented theoretical
approaches into a unified CSS framework.

From a managerial perspective, the developed CSS framework provides a practical
tool for orchestrating sustainable supply networks. Instead of treating risk and performance
as isolated metrics, this framework normalizes vulnerability parameters and blends them
into a single, actionable priority index. To operationalize these findings within real-world
purchasing operations, managers can deploy distinct, tailored action plans based on the
three performance clusters identified in the CSS framework:

o Leading alternatives (S1-55): These alternatives represent the strategic core of the
circular network, exhibiting advanced lifecycle maturity and minimal risk exposure.
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Managers should secure long-term, high-volume contract commitments with this
cluster. Actionable steps include establishing collaborative research and development
(R&D) partnerships to co-design raw materials with higher circular yields and inte-
grating digital resource-tracking systems (such as IoT or blockchain) directly with
their closed-loop infrastructure to maximize real-time transparency.

e  Mid-Ranked alternatives (56-57): This group exhibits acceptable baseline operations
but suffers from uneven performance across environmental and digital dimensions.
Managers should treat these alternatives as development candidates. Rather than
diverting volume, the firm should implement structured supplier development pro-
grams. Practical actions include conducting joint industrial audits to identify waste
bottlenecks and introducing technical training focused on lean manufacturing princi-
ples to gradually upscale their process efficiency.

e Lower-Ranked alternatives (58-512): These alternatives represent severe operational
risks and significant circular deficiencies, positioning close toward the center of the risk
matrix due to their lack of resource-recovery capabilities. Managers must enforce strict,
non-negotiable corrective action plans (CAPs). The focal organization should freeze
any volume expansions for these suppliers and set mandatory six-month deadlines for
them to achieve foundational integrated management certifications in environmental
management and quality assurance. Failure to meet these circular baselines should
trigger systematic phase-out strategies.

The operational feasibility of these recommended actions lies in their direct alignment
with established corporate workflows. Rather than requiring the firm to invent new
governance mechanisms, the framework leverages existing, industry-standard supplier
relationship management (SRM) tools, such as long-term contracts, joint R&D, Supplier
Development Programs (SDPs), and Corrective Action Plans (CAPs). By allocating these
standard tools based on the objective mathematical boundaries derived from the BWM-
matrix approach, the CSS framework reduces subjective corporate bias. This strategic
allocation ensures that capital and managerial effort are optimized, targeting intensive
technological integration where performance is proven (51-S5) and restricting enforcement
to clear risk-containment thresholds (58-512). Consequently, these steps represent an
immediately deployable roadmap for industrial practitioners looking to transition from
traditional operations to high-performance CSC management.

6. Conclusions

This study successfully illustrates the application of a comprehensive multicriteria
framework for CSS, bridging a critical operational gap by embedding multidirectional CE
dimensions directly into supply chain management. The core utility of this CSS framework
lies in its capacity to simultaneously assess operational capacities and systemic risk expo-
sure, providing organizations with an empirically grounded and mathematically structured
tool to navigate the complexities of sustainable sourcing.

This research presents specific limitations. While the underlying conceptual frame-
work is broadly applicable across diverse industrial sectors, the empirical outcomes and
priority rankings are restricted by the geographical boundaries of the empirical study and
the unique insights of the participating decision-makers. Consequently, the results reflect
localized industry characteristics, and applications in different regional or socio-economic
environments will naturally yield distinct configurations.

Future research should expand this analytical lens by integrating alternative method-
ology tracks. First, comparative studies could be conducted to benchmark the proposed
BWM-AHP-risk framework against standalone BWM applications and other established
MCDM approaches, thereby highlighting its relative performance and added value. Second,
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deploying the Analytic Network Process (ANP) within the decision structure could more
effectively capture the latent interdependencies and feedback loops among circular criteria,
which traditional hierarchical frameworks treat as independent. Third, future studies
could couple this static multicriteria assessment with dynamic quantitative simulation
frameworks, integrating methodologies like System Dynamics or applying Agent-Based
Modeling, to evaluate how supplier performance and risk profiles evolve over multi-year
horizons. Overall, this study advances the operationalization of CSC, consolidating a
replicable methodology within management science and engineering.
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