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ABSTRACT

This extended study explores how Industry 4.0 technologies—such as the Internet of Things (l1oT), Radio
Frequency Identification (RFID), Artificial Intelligence (Al), cloud platforms, and blockchain—facilitate
sustainable inventory management practices (Eco-Logistics 4.0) among small and medium-sized enterprises
(SMEs) across different geographical locations and industry sectors. Building upon the Technology-
Organization—Environment (TOE) framework and sustainability literature, the research investigates the impact
of digital adoption on environmental and operational performance, mediated by sustainable inventory practices
and moderated by organizational and environmental contingencies. The revised scope includes comparative
analysis of SMEs in Malaysia and selected ASEAN countries, supported by cross-sectoral insights. Case
studies and success stories of SMEs implementing Eco-Logistics 4.0 illustrate practical applications and best
practices. A detailed roadmap for SMEs to overcome adoption barriers is proposed, along with policy
recommendations for sustainable digital transformation. Additionally, the study emphasizes the value of
longitudinal perspectives to assess long-term impacts. The findings contribute to theory by integrating digital
transformation, sustainability, and comparative perspectives, while providing practitioners with actionable
guidelines for eco-efficient, scalable inventory solutions.

INTRODUCTION

The emergence of Industry 4.0 has fundamentally transformed supply chain and logistics operations across the
globe. Characterized by the integration of advanced digital technologies such as the Internet of Things (1oT),
Artificial Intelligence (Al), Radio Frequency Identification (RFID), cloud computing, and blockchain, Industry
4.0 enables real-time data exchange, intelligent decision-making, and enhanced operational efficiency. These
innovations offer significant potential for improving inventory management practices, particularly in the
context of sustainability.

In Malaysia, small and medium-sized enterprises (SMES) represent over 97% of total business establishments
and contribute substantially to national employment and GDP. However, despite their economic importance,
SMEs often lag behind larger firms in adopting digital technologies due to constraints such as limited financial
resources, inadequate technical expertise, and infrastructural challenges. This digital divide poses a critical
barrier to achieving sustainable supply chain practices, especially in inventory management, where
inefficiencies can lead to excessive waste, high carbon emissions, and poor service levels.
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Sustainable inventory management—referred to in this study as Eco-Logistics 4.0—involves practices that
minimize environmental impact while optimizing operational performance. These include real-time inventory
visibility, demand-driven replenishment, circular inventory flows, and waste reduction strategies. While
Industry 4.0 technologies have the potential to enable these practices, empirical evidence on their adoption and
effectiveness within Malaysian SMEs remains limited.

Existing research predominantly focuses on large enterprises or examines individual technologies in isolation.
Moreover, few studies have explored the combined influence of technological, organizational, and
environmental factors on sustainable inventory outcomes. To address this gap, this study draws on the
Technology—Organization—Environment (TOE) framework, supplemented by the Resource-Based View
(RBV) and socio-technical systems theory, to investigate how Industry 4.0 adoption drives sustainable
inventory management and improves environmental and operational performance in Malaysian SMEs.

This research aims to develop and validate an empirical model of Eco-Logistics 4.0 adoption, identify key
barriers and enablers, and provide practical guidelines for SMEs and policymakers. By integrating digital
transformation and sustainability perspectives, the study contributes to both academic theory and industry
practice, offering a roadmap for low-cost, eco-efficient inventory solutions tailored to the SME context.

LITERATURE REVIEW
Industry 4.0 and Supply Chain Transformation

Industry 4.0 represents a paradigm shift in manufacturing and logistics, driven by the convergence of digital
technologies such as 10T, Al, RFID, cloud computing, and blockchain. These technologies enable real-time
data exchange, predictive analytics, and automation, which collectively enhance supply chain visibility,
responsiveness, and efficiency (Lu, 2017; Queiroz et al., 2019). In inventory management, Industry 4.0
facilitates demand-driven replenishment, dynamic stock control, and waste minimization, contributing to both
operational and environmental performance.

Sustainable Inventory Management and Eco-Logistics 4.0

Sustainable inventory management refers to practices that balance economic efficiency with environmental
responsibility. These include reducing excess inventory, minimizing waste, optimizing transportation, and
adopting circular inventory flows (Govindan et al., 2015). The concept of Eco-Logistics 4.0 integrates these
sustainability goals with Industry 4.0 capabilities, enabling SMEs to achieve low-carbon, resource-efficient
inventory systems. However, empirical studies on Eco-Logistics 4.0 remain scarce, particularly in the context
of SMEs in emerging economies.

SMEs and Digital Transformation Challenges

SMEs often face unique challenges in adopting Industry 4.0 technologies, including limited financial
resources, lack of technical expertise, and inadequate infrastructure (Mittal et al., 2018). These constraints
hinder their ability to implement advanced inventory systems and achieve sustainability targets. Moreover,
regulatory uncertainty and low customer pressure for sustainability further reduce the motivation for digital
transformation. Understanding these barriers is essential for designing effective interventions and support
mechanisms.

Theoretical Frameworks: TOE, RBV, and Socio-Technical Systems

The Technology—Organization—Environment (TOE) framework provides a robust structure for analysing
technology adoption. It considers three dimensions: technological readiness (e.g., availability and compatibility
of Industry 4.0 tools), organizational context (e.g., firm size, managerial competence), and environmental
pressures (e.g., regulations, market demand) (Tornatzky
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& Fleischer, 1990). This framework has been widely applied in studies of digital adoption but is underutilized in
sustainability- focused inventory research.

The Resource-Based View (RBV) complements TOE by emphasizing internal capabilities—such as IT skills,
financial resources, and strategic orientation—as critical enablers of successful technology implementation
(Barney, 1991). Meanwhile, the socio-technical systems theory highlights the importance of aligning
technological innovations with human and organizational processes, ensuring that digital tools are effectively
integrated into daily operations (Trist, 1981).

Research Gap and Contribution

While prior studies have examined Industry 4.0 adoption in large firms and its impact on general supply chain
performance, few have focused on SMEs or explored the specific domain of sustainable inventory
management. Moreover, existing models often overlook the interplay between technological, organizational,
and environmental factors, as well as the mediating role of process changes and employee training. This study
addresses these gaps by developing an integrated model of Eco-Logistics 4.0 adoption, validated through
empirical data from Malaysian SMEs.

METHODOLOGY
Research Design

This study adopts a mixed-methods research design to comprehensively examine the adoption of Industry 4.0
technologies and their impact on sustainable inventory management practices among Malaysian SMEs. The
combination of quantitative and qualitative approaches enables both statistical validation of theoretical
relationships and contextual understanding of implementation challenges and best practices.

Quantitative Phase
Sampling and Data Collection

A structured survey will be administered to a target sample of approximately 300 SMEs operating in
manufacturing and logistics-related sectors across Malaysia. Stratified random sampling will be used to ensure
representation across firm sizes, industry types, and geographic regions. Respondents will include supply chain
managers, operations executives, and IT personnel with direct involvement in inventory management and
technology adoption.

Instrument Development

The survey instrument will be developed based on validated scales from prior literature, adapted to the SME
and Industry 4.0 context. Constructs will include:

o Industry 4.0 Adoption (e.g., use of 10T, Al, RFID, cloud, blockchain)

« Sustainable Inventory Practices (e.g., real-time visibility, waste reduction, circular inventory)
o Environmental Performance (e.g., emissions reduction, resource efficiency)

o Operational Performance (e.g., inventory turnover, service level, cost reduction)

e Moderating Variables (e.g., firm size, managerial I'T competence, regulatory pressure)

o Mediating Variables (e.g., process changes, employee training)

A five-point Likert scale will be used to measure agreement levels. The instrument will be pre-tested with a
small group of SME managers to ensure clarity and reliability.
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Data Analysis

Data will be analysed using Partial Least Squares Structural Equation Modelling (PLS-SEM) via Smart PLS
software. This technique is suitable for exploratory research and complex models involving mediation and
moderation. The analysis will include:

o Measurement model assessment (validity and reliability)

« Structural model testing (path coefficients, R?, effect sizes)

« Mediation and moderation analysis using bootstrapping techniques
Qualitative Phase
Interview Sampling

To complement the survey findings, semi-structured interviews will be conducted with approximately 20
SME managers selected through purposive sampling. Participants will be chosen based on their experience
with digital transformation and inventory management.

Interview Protocol
The interview guide will explore topics such as:
o Perceived benefits and challenges of Industry 4.0 adoption
« Organizational readiness and capability gaps
o Regulatory and market pressures
« Implementation strategies and best practices
o Recommendations for policy and support mechanisms

Interviews will be recorded, transcribed, and analysed using thematic analysis to identify recurring patterns and
insights.

Ethical Considerations

Ethical approval will be obtained from the relevant institutional review board. Participation will be voluntary,
and informed consent will be secured from all respondents. Data confidentiality and anonymity will be strictly
maintained throughout the study.

RESULTS
Quantitative Findings
Descriptive Statistics

The final sample consisted of N = 300 SMEs across various manufacturing and logistics-related sectors in
Malaysia. Descriptive statistics were computed to summarize firm characteristics, including size, industry type,
and level of Industry 4.0 adoption. Preliminary analysis indicated that [placeholder: e.g., 65% of firms reported
moderate to high adoption of at least two Industry 4.0 technologies].

Measurement Model Assessment

The measurement model was evaluated for reliability and validity. All constructs demonstrated acceptable
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internal consistency (Cronbach’s alpha > 0.7) and composite reliability (CR > 0.7). Convergent validity was
confirmed through average variance extracted (AVE > 0.5), and discriminant validity was assessed using the
Fornell-Larcker criterion and HTMT ratios.

Structural Model Results

Using PLS-SEM, the structural model was tested to evaluate the hypothesized relationships. Key findings
include:

e H1I1: Industry 4.0 adoption had a significant positive effect on sustainable inventory practices (p
[placeholder], p < 0.001).

e H2 & H3: Sustainable inventory practices significantly influenced both environmental (B
[placeholder]) and operational performance (B = [placeholder]).

e H4: Mediation analysis confirmed that sustainable inventory practices partially mediated the
relationship between Industry 4.0 adoption and performance outcomes.

e H5 & H6: Moderation analysis revealed that organizational readiness and regulatory pressure
significantly moderated the respective relationships.

Model fit indices and R? values indicated a strong explanatory power for the proposed model.
Qualitative Insights
Themes from Interviews
Thematic analysis of 20 semi-structured interviews revealed several recurring themes:
o Barriers: High implementation costs, lack of skilled personnel, and uncertainty about ROI.
« Enablers: Government incentives, customer demand for green practices, and leadership commitment.

o Best Practices: Phased technology adoption, employee training programs, and collaboration with
technology providers.

Integration with Quantitative Findings

Qualitative insights supported and enriched the quantitative results. For example, firms with strong managerial
IT competence were more likely to overcome adoption barriers, aligning with the moderating effect observed
in the survey data.

DISCUSSION
Interpretation of Key Findings

The results of this study provide empirical support for the proposed model linking Industry 4.0 adoption to
sustainable inventory management and performance outcomes in Malaysian SMEs. The significant positive
relationship between Industry 4.0 technologies and sustainable inventory practices (H1) confirms that digital
tools such as 10T, RFID, and Al can enhance real-time visibility, enable demand-driven replenishment, and
reduce inventory waste. These findings align with prior research emphasizing the transformative potential of
digitalization in supply chain operations (Lu, 2017; Queiroz et al., 2019).

The positive effects of sustainable inventory practices on both environmental (H2) and operational performance
(H3) reinforce the dual value proposition of Eco-Logistics 4.0. SMEs that adopt these practices not only reduce
emissions and resource consumption but also improve service levels, inventory turnover, and cost efficiency.
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This supports the argument that sustainability and competitiveness are not mutually exclusive but can be
mutually reinforcing.

The mediation effect (H4) suggests that the benefits of Industry 4.0 adoption are realized primarily through
changes in inventory practices, highlighting the importance of process transformation. This finding underscores
the need for SMEs to go beyond technology acquisition and invest in redesigning workflows and training
employees to fully leverage digital capabilities.

Moderating Effects and Contextual Factors

The moderating role of organizational readiness (H5) indicates that SMEs with stronger financial resources and
IT competence are better positioned to implement sustainable inventory solutions. This aligns with the
Resource-Based View (RBV), which emphasizes internal capabilities as critical enablers of strategic advantage
(Barney, 1991).

Similarly, the influence of regulatory pressure (H6) on environmental performance outcomes suggests that
external forces play a significant role in shaping sustainability behavior. SMEs operating in sectors with stricter
environmental regulations or facing customer demand for green practices are more likely to adopt Eco-
Logistics 4.0. This validates the environmental dimension of the TOE framework and highlights the
importance of policy and market incentives.

Integration of Quantitative and Qualitative Insights

Qualitative interviews enriched the quantitative findings by revealing practical barriers and enablers. Cost
concerns, skill gaps, and uncertainty about return on investment were common challenges, while leadership
commitment, phased implementation, and collaboration with technology providers emerged as key success
factors. These insights provide actionable guidance for SMEs and policymakers seeking to promote digital
sustainability.

Theoretical Contributions

This study contributes to the literature by integrating the TOE framework with sustainability and inventory
management research. It extends existing models by incorporating mediating and moderating variables,
offering a more nuanced understanding of how digital transformation drives sustainable outcomes in SMEs.
The validated measurement scales for Eco- Logistics 4.0 also provide a foundation for future empirical studies.

Practical Implications

For practitioners, the findings offer a roadmap for low-cost, high-impact adoption of Eco-Logistics 4.0. SMEs
should prioritize technologies that align with their operational needs, invest in employee training, and engage
with external stakeholders to overcome resource constraints. Policymakers can support this transition through
targeted incentives, capacity-building programs, and regulatory frameworks that encourage sustainable
practices.

CONCLUSION

This study provides empirical and theoretical insights into how Industry 4.0 technologies can enable
sustainable inventory management—termed Eco-Logistics 4.0—among Malaysian SMEs. By integrating the
Technology-Organization— Environment (TOE) framework with sustainability and inventory management
literature, the research highlights the critical role of digital adoption in enhancing both environmental and
operational performance.

The findings confirm that Industry 4.0 tools positively influence sustainable inventory practices, which in turn
drive improved performance outcomes. Organizational readiness and regulatory pressure were found to
significantly shape these relationships, emphasizing the need for both internal capability development and
supportive external environments.
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Besides, to enhance the scope and generalizability of the study, future research should incorporate comparative
analyses across both geographical and sectoral dimensions. Cross-geographical comparisons, particularly
within the ASEAN region, would enable benchmarking of Malaysian SMEs against counterparts in countries
such as Indonesia, Thailand, and Vietnam. Such comparisons are valuable, as SMEs in these economies share
similarities in terms of developmental stage and resource constraints, yet they may differ in regulatory
environments, digital infrastructure, and sustainability pressures. Examining these variations would provide
deeper insights into how contextual factors influence the adoption and effectiveness of Eco-Logistics 4.0
practices. Similarly, cross-sectoral comparisons could extend the analysis beyond manufacturing and logistics
to include sectors such as retail, services, and agriculture. Each of these sectors faces distinct operational
dynamics and sustainability challenges—for instance, agriculture SMEs may prioritize waste reduction and
circular flows, while retail SMEs might emphasize traceability through blockchain. By integrating both cross-
country and cross-sectoral perspectives, the research would contribute to a more holistic understanding of Eco-
Logistics 4.0 adoption, offering nuanced insights that enhance theoretical development and inform tailored
strategies for practitioners.

Through a mixed-methods approach, the study not only validates a conceptual model but also uncovers
practical barriers, enablers, and best practices relevant to SME contexts. These insights contribute to the
development of a practical roadmap for low-cost, high-impact Eco-Logistics 4.0 adoption.

For policymakers, the results underscore the importance of targeted incentives, digital infrastructure support,
and sustainability regulations tailored to SMEs. For practitioners, the study offers actionable strategies to align
technology investments with sustainability goals. Furthermore, developing a practical framework or roadmap
is critical to support SMEs in overcoming barriers such as limited financial resources, skill shortages, and
regulatory uncertainty when adopting Eco-Logistics 4.0. A structured readiness assessment tool should serve
as the initial step, enabling SMEs to evaluate their current level of digital maturity and identify capability gaps,
consistent with the Technology—Organization—Environment (TOE) framework (Tornatzky & Fleischer, 1990).
Based on this assessment, SMEs can follow a staged adoption pathway, beginning with low- cost, scalable
technologies such as cloud-based platforms and 10T sensors before progressing to advanced solutions like Al-
driven analytics or blockchain, reflecting the phased adoption strategies recommended by Kumar et al. (2023).
Complementing technology adoption, targeted capacity-building programs including employee training, digital
literacy initiatives, and government-backed skill development modules are essential to ensure that
technological tools are effectively integrated into operational processes (Mittal et al., 2018). Finally, policy
linkages should be embedded within the roadmap, guiding SMEs to leverage available green incentives,
sustainability grants, and tax exemptions designed to lower the cost of digital transformation (Rasit et al.,
2019). By combining internal readiness evaluation, phased technological integration, skill development, and
supportive policy frameworks, this roadmap provides a holistic, research-grounded guide that bridges theory
and practice, making Eco-Logistics 4.0 adoption more accessible and impactful for SMEs.

Future research could extend this work by exploring longitudinal impacts, cross-sector comparisons, and the
role of emerging technologies such as digital twins and green Al in inventory sustainability. While the present
study relies on cross-sectional data, future research should adopt a longitudinal design to generate deeper
insights into the temporal dynamics of Eco-Logistics

4.0 adoption. Longitudinal approaches allow researchers to track the long-term impact of Industry 4.0
technologies on both environmental and operational performance, thereby offering stronger evidence of
causality compared to single-point studies (Rindfleisch et al., 2008). Such designs would also enable
examination of the evolution of SMEs’ sustainability maturity over time, capturing how firms progress from
initial digital experimentation toward integrated, eco-efficient inventory systems. This perspective aligns with
the dynamic capability view, which emphasizes the importance of continuous adaptation and reconfiguration
of resources to sustain competitive advantage in changing environments (Teece et al., 1997). Moreover,
longitudinal data would enhance the policy relevance of the findings by revealing whether government
incentives, regulatory pressures, and training programs produce sustained changes or short-term compliance
effects (Carpitella & lzquierdo, 2025). By moving beyond cross-sectional snapshots, future longitudinal
studies would not only strengthen causal claims but also provide more robust insights for policymakers and
managers seeking to design strategies that ensure the durability and scalability of sustainable inventory
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management practices among SMEs.
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