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Abstract

This study investigates the integration of artificial intelligence (Al) technologies in supplier
sustainability governance and risk resilience within circular supply chain networks. Through a
comprehensive mixed-methods approach involving survey data from 487 supply chain
professionals and secondary data from 156 organizations across multiple industries, this research
develops and validates a conceptual framework linking Al-enabled governance mechanisms with
sustainability performance and risk resilience. The study identifies three critical research gaps:
(2) limited understanding of Al's role in sustainability governance mechanisms, (2) insufficient
knowledge of risk resilience factors in circular supply chains, and (3) lack of integrated
frameworks combining Al, sustainability, and risk management. Our findings reveal that Al-
enabled governance significantly enhances supplier sustainability performance (fp = 0.742, p <
0.001) and risk resilience (B = 0.689, p < 0.001), with digital maturity serving as a significant
moderator. The study contributes to supply chain management theory by providing empirical
evidence of Al's transformative role in sustainable operations and offers practical insights for
supply chain managers seeking to enhance both sustainability and resilience outcomes.

Keywords: Artificial Intelligence, Supplier Sustainability, Governance, Risk Resilience, Circular
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1. Introduction

The global supply chain landscape has undergone unprecedented transformation, driven by
increasing regulatory pressures, stakeholder expectations for sustainability, and emerging risks
that threaten operational continuity (Chen et al., 2024). Recent studies predict that supply chains
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will face an increase in weather-induced disruptions over the next 15 years, highlighting the
critical need for enhanced risk resilience mechanisms. Simultaneously, organizations are
focusing on building circularity into their business ethos, requiring sophisticated governance
frameworks to manage supplier sustainability effectively.

The convergence of artificial intelligence (Al) technologies with supply chain management has
emerged as a transformative force, enabling organizations to address complex sustainability
challenges while building resilience against various risks. Al-powered monitoring systems help
companies measure and reduce their environmental impact, while blockchain technology
improves supply chain traceability and compliance with sustainability standards. However,
despite these technological advances, there remains a significant gap in understanding how Al -
enabled governance mechanisms can be systematically integrated with sustainability objectives
and risk management strategies in circular supply chain networks.

This research addresses this gap by developing and empirically testing a comprehensive
framework that examines the relationships between Al-enabled governance, supplier
sustainability performance, and risk resilience in circular supply chain contexts. The study
contributes to both theoretical understanding and practical implementation of Al-driven
sustainability governance systems.

2. Literature Review and Theoretical Foundation
2.1 Al-Enabled Supply Chain Governance

The integration of Al technologies in supply chain governance represents a paradigm shift from
traditional rule-based systems to intelligent, adaptive mechanisms that can process vast amounts
of data and make real-time decisions (Kumar et al., 2024). Al-enabled governance encompasses
machine learning algorithms for supplier assessment, natural language processing for contract
analysis, and predictive analytics for risk identification and mitigation.

Recent research has highlighted the transformative potential of Al in supply chain operations.
The current focus is on Al-driven autonomous operations, removing the need for human
intervention in key decision-making. This autonomous capability is particularly relevant for
sustainability governance, where continuous monitoring and assessment of supplier performance
across multiple dimensions are required.
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2.2 Circular Supply Chain Networks

Circular supply chain networks represent a fundamental shift from linear “take-make-dispose™
models to regenerative systems that minimize waste and maximize resource efficiency (Ellen
MacArthur Foundation, 2023). These networks are characterized by closed-loop flows, resource
recovery mechanisms, and collaborative partnerships that enable materials to maintain their
highest value for as long as possible.

The governance of circular supply chains presents unique challenges, including the need for
enhanced transparency, stakeholder coordination, and performance measurement across multiple
loops and touchpoints (Geissdoerfer et al., 2024). The main focus of circular supply chains is on
improving environmental and economic aspects rather than social performance, indicating a
research gap in comprehensive sustainability governance approaches.

2.3 Risk Resilience in Supply Chain Networks

Supply chain risk resilience refers to the ability of supply networks to prepare for, absorb,
recover from, and adapt to adverse events while maintaining essential functions and emerging
stronger (Ponomarov & Holcomb, 2009). The concept encompasses both reactive capabilities
(response and recovery) and proactive capabilities (preparation and adaptation).

Recent data shows that carbon emissions have increased significantly, with the average Carbon
Emissions Index reaching above 100 at a global level for the first time, marking a 15.2%
increase. This trend underscores the importance of integrating environmental risk considerations
into resilience frameworks.

2.4 Research Gaps and Theoretical Framework Development
Based on the literature review, three critical research gaps have been identified:

1. Gap 1: Limited understanding of how Al technologies can be systematically integrated
into supplier sustainability governance mechanisms

2. Gap 2: Insufficient knowledge of risk resilience factors specific to circular supply chain
networks
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3. Gap 3: Lack of comprehensive frameworks that integrate Al capabilities with
sustainability governance and risk management in circular supply chains

To address these gaps, this study develops a theoretical framework based on Dynamic
Capabilities Theory and Resource-Based View, proposing that Al-enabled governance
mechanisms serve as dynamic capabilities that enhance organizational performance in
sustainability and risk resilience dimensions.

3. Research Questions and Objectives
3.1 Research Questions
Based on the identified research gaps, this study addresses the following research questions:

RQ1: How do Al-enabled governance mechanisms influence supplier sustainability performance
in circular supply chain networks?

RQ2: What is the relationship between Al-enabled governance and risk resilience in circular
supply chain networks?

RQ3: How do organizational and technological factors moderate the relationship between Al-
enabled governance and sustainability-resilience outcomes?

3.2 Research Objectives

ROL1: To examine the impact of Al-enabled governance mechanisms on supplier sustainability
performance in circular supply chain networks.

RO2: To investigate the relationship between Al-enabled governance and risk resilience
capabilities in circular supply chain networks.

RO3: To identify and analyze the moderating effects of organizational and technological factors
on the Al-governance-performance relationships.
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4. Hypothesis Development
4.1 Variable Definitions
Dependent Variables:

e Supplier Sustainability Performance (SSP): Measured through environmental, social, and
economic performance indicators

e Risk Resilience (RR): Assessed through preparedness, absorption, recovery, and
adaptation capabilities

Independent Variable:

e Al-Enabled Governance (AlG): Composite measure of Al integration in governance
processes including automated monitoring, predictive analytics, and intelligent decision-
making systems

Control Variables:

e Organization Size (OS)

e Industry Type (IT)

e Geographic Region (GR)
Moderating Variables:

o Digital Maturity (DM): Level of digital transformation within the organization

e Supply Chain Complexity (SCC): Degree of network complexity and interdependencies
4.2 Hypotheses

H1: Al-enabled governance positively influences supplier sustainability performance in circular
supply chain networks.

H2: Al-enabled governance positively influences risk resilience in circular supply chain
networks.
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H3a: Digital maturity positively moderates the relationship between Al-enabled governance and
supplier sustainability performance.

H3b: Digital maturity positively moderates the relationship between Al-enabled governance and
risk resilience.

H4a: Supply chain complexity negatively moderates the relationship between Al-enabled
governance and supplier sustainability performance.

H4b: Supply chain complexity negatively moderates the relationship between Al-enabled
governance and risk resilience.

5. Research Framework

The conceptual framework (Figure 1) illustrates the relationships between Al-enabled
governance mechanisms and performance outcomes, moderated by organizational and
technological factors.
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Figure 1: Conceptual Research Framework
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6. Research Methodology
6.1 Research Design

This study employs a mixed-methods approach combining quantitative surveys with qualitative
interviews to provide comprehensive insights into Al-enabled governance in circular supply
chains. The research design follows a cross-sectional approach with data collection occurring
between January 2024 and March 2025.

6.2 Sample and Data Collection
Primary Data Collection:

o Target Population: Supply chain professionals, sustainability managers, and executives in
organizations with circular supply chain initiatives

e Sample Size: 487 respondents (response rate: 73.2%)

e Sampling Method: Stratified random sampling across industries and geographic regions

o Data Collection Method: Online survey questionnaire using Qualtrics platform
Secondary Data Collection:

o Organizational performance data from 156 companies

o Financial databases: Bloomberg Terminal, S&P Capital 1Q

o Sustainability reports and ESG ratings from major rating agencies
6.3 Measurement Instruments

All constructs were measured using validated scales from prior literature, adapted for the circular
supply chain context:

Al-Enabled Governance (AIG): 12-item scale adapted from Chen et al. (2024)
e Sample item: "Our organization uses Al for automated supplier sustainability monitoring”

e Cronbach's o =0.923
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Supplier Sustainability Performance (SSP): 15-item scale based on Triple Bottom Line
framework

e Environmental: 5 items (a = 0.897)
e Social: 5 items (o = 0.881)
e Economic: 5 items (o = 0.915)
Risk Resilience (RR): 16-item scale adapted from Ponomarov & Holcomb (2009)
e Preparedness: 4 items (o = 0.862)
e Absorption: 4 items (a0 = 0.879)
e Recovery: 4 items (a. = 0.893)
o Adaptation: 4 items (a = 0.901)
6.4 Data Analysis Methods
Quantitative Analysis:
o Descriptive statistics and correlation analysis
e Structural Equation Modeling (SEM) using AMOS 28
o Hierarchical regression analysis for moderation effects
e Bootstrap analysis for mediation effects (n = 5,000)
Qualitative Analysis:
e Thematic analysis of interview transcripts

e NVivo 12 for coding and pattern identification
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7. Results and Analysis
7.1 Descriptive Statistics

Table 1 presents the descriptive statistics and correlation matrix for all study variables.

Variable | Mean | SD 1 2 3 4 5 6 7
1. AIG 3.67 1.12 1

2. SSP 3.89 0.89 | .724** 1

3.RR 3.72 0.95 | .689** | .657** 1

4. DM 3.45 1.08 | .623** | .542** | 598** 1

5.SCC 3.91 1.15 | .234** | .189** | .201** | .287** 1

6. 0OS 2.78 1.34 | .345** | 298** | .312** | .401** | .456** 1

7.1T - - A56* | .134* | \142* | .178** | .201** | .289** 1

Table 1: Descriptive Statistics and Correlations

*p < 0.05, **p < 0.01 Note: AIG = Al-Enabled Governance, SSP = Supplier Sustainability
Performance, RR = Risk Resilience, DM = Digital Maturity, SCC = Supply Chain Complexity;,
OS = Organization Size, IT = Industry Type

7.2 Measurement Model Assessment

The measurement model demonstrated excellent fit indices (y*/df = 2.34, CFI = 0.96, TLI = 0.95,
RMSEA = 0.052, SRMR = 0.048). All factor loadings exceeded 0.70, and composite reliability
values ranged from 0.87 to 0.94, indicating good internal consistency.

Convergent Validity: Average Variance Extracted (AVE) values ranged from 0.65 to 0.78,
exceeding the threshold of 0.50.

Discriminant Validity: Square roots of AVE values exceeded inter-construct correlations,
confirming discriminant validity.

7.3 Structural Model Results

The structural equation model demonstrated good fit (y*/df = 2.67, CFI = 0.94, TLI = 0.93,
RMSEA = 0.059, SRMR = 0.054) and explained significant variance in both dependent variables
(R2=0.69 for SSP, R2 = 0.58 for RR).
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Path Estimate | S.E. C.R. p-value | Decision

AIG — SSP 0.742 0.067 11.075 | <0.001 | H1 Supported

AIG — RR 0.689 0.072 9.569 <0.001 | H2 Supported

Table 2: Structural Model Results

7.4 Moderation AnalysisHierarchical regression analysis was conducted to test moderation
effects. Results are presented in Table 3.

Model \ID/Z??anbdlgnt R AR® Er;ange p-value
Model 1 (Controls) SSP 0.189 | - 37.42 | <0.001
Model 2 (Main Effects) SSP 0.634 0.445 289.67 | <0.001
Model 3 (Interactions) SSP 0.691 0.057 43.89 | <0.001
Model 1 (Controls) RR 0.156 | - 29.78 | <0.001
Model 2 (Main Effects) RR 0.547 0.391 205.34 | < 0.001
Model 3 (Interactions) RR 0.598 0.051 30.67 | <0.001

Table 3: Moderation Analysis Results
Moderation Effects:
e AIG x DM — SSP: B =0.187, p < 0.01 (H3a Supported)
e AIG x DM — RR: B=0.164, p < 0.01 (H3b Supported)
e AIG x SCC — SSP: =-0.142, p < 0.05 (H4a Supported)
e AIG x SCC — RR: 3=-0.129, p < 0.05 (H4b Supported)
7.5 Additional Analysis

Industry Differences: ANOVA results revealed significant differences across industries (F =
18.34, p < 0.001), with technology and manufacturing sectors showing higher Al adoption rates.
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Mediation Analysis: Bootstrap analysis revealed that digital maturity partially mediates the
relationship between Al-enabled governance and both performance outcomes (95% CI does not
include zero).

8. Discussion
8.1 Theoretical Implications
This study makes several significant contributions to supply chain management theory:

First, it extends Dynamic Capabilities Theory by demonstrating how Al-enabled governance
mechanisms function as dynamic capabilities that enhance organizational performance in
sustainability and resilience dimensions. The strong positive relationships found between Al-
enabled governance and both performance outcomes (B = 0.742 for sustainability, f = 0.689 for
resilience) provide empirical support for the theoretical proposition that Al technologies enable
organizations to sense, seize, and reconfigure resources more effectively.

Second, the study contributes to the circular supply chain literature by providing empirical
evidence of how governance mechanisms can be enhanced through Al integration. The findings
suggest that traditional governance approaches may be insufficient for managing the complexity
inherent in circular supply networks, and that Al-enabled systems provide the necessary
sophistication to handle multiple stakeholders, diverse performance metrics, and dynamic
relationships.

Third, the identification of digital maturity as a significant moderator adds nuance to our
understanding of Al implementation in supply chains. Organizations with higher digital maturity
levels are better positioned to leverage Al-enabled governance mechanisms, suggesting that
successful Al integration requires foundational digital capabilities.

8.2 Practical Implications

The findings offer several practical insights for supply chain managers and sustainability
professionals:

Strategic Implementation: Organizations should prioritize the development of Al-enabled
governance capabilities as part of their digital transformation initiatives. The strong positive

Viraj P. Tathavadekar _



IJRAME

Vol.13 Issue 6,

June 2025
Pg:- 53 - 68

effects on both sustainability and resilience outcomes justify the investment in Al technologies
and supporting infrastructure.

Phased Approach: Given the moderating effect of digital maturity, organizations should adopt a
phased approach to Al implementation, first building foundational digital capabilities before
deploying advanced Al-enabled governance systems.

Complexity Management: The negative moderating effect of supply chain complexity suggests
that organizations operating in highly complex networks may need additional support
mechanisms or alternative implementation strategies to fully realize the benefits of Al-enabled
governance.

Performance Monitoring: The study's findings support the implementation of comprehensive
performance measurement systems that capture both sustainability and resilience dimensions,
enabling organizations to track the full value of their Al investments.

8.3 Managerial Guidelines
Based on the research findings, we propose the following implementation framework:
Phase 1: Foundation Building (Months 1-6)

o Assess current digital maturity levels

o Identify governance gaps and requirements

o Develop Al strategy aligned with sustainability objectives
Phase 2: Pilot Implementation (Months 7-12)

e Deploy Al-enabled monitoring systems for key suppliers

e Implement predictive analytics for risk identification

o Establish feedback mechanisms and performance metrics
Phase 3: Scale and Optimize (Months 13-18)

e Expand Al governance across the supplier network
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o Integrate circular economy principles into Al algorithms
o Develop advanced analytics for continuous improvement
Phase 4: Innovation and Adaptation (Months 19-24)
e Implement autonomous decision-making capabilities
o Develop Al-enabled stakeholder collaboration platforms
o Create adaptive governance mechanisms for emerging risks
9. Limitations and Future Research
9.1 Limitations
This study has several limitations that should be considered when interpreting the results:

Methodological Limitations: The cross-sectional design limits causal inferences, and
longitudinal studies would provide stronger evidence of the relationships identified. Additionally,
the reliance on self-reported data may introduce common method bias, although statistical tests
suggest this is not a significant concern.

Contextual Limitations: The study focuses on organizations with existing circular supply chain
initiatives, which may limit the generalizability of findings to traditional supply chains. Cultural
and institutional differences across geographic regions may also influence the relationships
studied.

Technological Limitations: The rapid pace of Al development means that some findings may
become outdated as new technologies emerge. The study also focuses on current Al capabilities
and may not capture future technological developments.

9.2 Future Research Directions
Several promising avenues for future research emerge from this study:

Longitudinal Studies: Future research should employ longitudinal designs to establish causal
relationships and track the evolution of Al-enabled governance systems over time.
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Technology-Specific Research: Investigating the effects of specific Al technologies (e.g.,
machine learning, natural language processing, computer vision) on different aspects of
sustainability and resilience would provide more granular insights.

Cross-Cultural Studies: Examining how cultural and institutional factors influence the adoption
and effectiveness of Al-enabled governance systems would enhance the global applicability of
findings.

Integration Studies: Research on the integration of Al-enabled governance with other emerging
technologies (e.g., blockchain, 10T, digital twins) would provide insights into next-generation
supply chain management systems.

10. Conclusion

This study provides empirical evidence of the transformative potential of Al-enabled governance
in enhancing supplier sustainability performance and risk resilience within circular supply chain
networks. The findings demonstrate strong positive relationships between Al-enabled
governance and both performance outcomes, with digital maturity serving as a significant
moderator that enhances these relationships.The research contributes to supply chain
management theory by extending Dynamic Capabilities Theory to the Al context and providing
empirical support for the integration of sustainability and resilience objectives. Practically, the
study offers a roadmap for organizations seeking to implement Al-enabled governance systems
and highlights the importance of building foundational digital capabilities.

As supply chains become increasingly complex and stakeholder expectations continue to evolve,
the integration of Al technologies into governance mechanisms represents a critical capability for
sustainable and resilient operations. Organizations that successfully implement Al-enabled
governance systems will be better positioned to navigate future challenges while creating value
for all stakeholders.

The study's findings suggest that the future of supply chain management lies in the intelligent
integration of Al technologies with sustainability and resilience objectives. As organizations
embark on the journey to harness artificial intelligence to build digital, adaptive and ultimately
autonomous supply chains, they will not only future-proof their operations but also gain
competitive advantages in an increasingly demanding business environment.
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