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Abstract 
The accelerating demands for environmental accountability, operational transparency, and 
resource efficiency have placed maritime ports at the center of a critical transition. Traditionally 
governed by linear logistics and fragmented governance structures, port ecosystems face 
increasing pressure to align with global sustainability targets such as the European Green Deal 
and the UN Sustainable Development Goals (SDGs). This paper introduces the Blockchain-
enabled Circular Port Management (BCPM) framework—a novel, systems-based approach to 
digitally transform maritime port operations through blockchain technology. By embedding 
circular economy principles within blockchain-enabled data architectures, BCPM fosters 
transparency, trust, and lifecycle accountability across diverse port stakeholders. Drawing on a 
mixed-methods research design that includes case analysis, stakeholder interviews, and system 
modeling, the study demonstrates the empirical viability of the BCPM framework in enhancing 
material traceability, reducing transactional friction, and optimizing port circularity metrics. 
The findings offer both theoretical advancement and actionable guidance for port authorities, 
regulators, and supply chain actors seeking to operationalize sustainability through digital 
innovation. The paper concludes with a roadmap for implementation and identifies key areas 
for future research, including governance interoperability, real-time monitoring, and incentive 
alignment within port-centric blockchain ecosystems. 
 
Keywords: Blockchain, Circular Economy, Sustainable Logistics, Supply Chain Transparency, 
Smart Ports 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
https://creativecommons.org/licenses/by-sa/4.0/ 

https://creativecommons.org/licenses/by-sa/4.0/
https://creativecommons.org/licenses/by-sa/4.0/


 
ISSN : 2686-2239 (online) _________________________________ VOL 6 NO 1 APRIL 2025 

 
149 

INTRODUCTION 
Global maritime transport forms the backbone of international trade, handling over 80% 

of goods transported by volume across continents (Notteboom & Parola, 2021). As pivotal 
nodes in this logistics network, maritime ports serve not only as transit points but also as 
complex ecosystems that aggregate industrial, logistical, environmental, and regulatory 
functions. In recent years, the strategic role of ports has been magnified amid increasing 
demands for environmental stewardship, digital transformation, and sustainable development. 
However, traditional port infrastructures and operational models remain largely anchored in 
linear and siloed processes heavily reliant on paper-based documentation, centralized data 
repositories, and resource-intensive workflows. This status quo presents profound challenges 
in the face of escalating global imperatives such as climate change mitigation, circular economy 
adoption, and supply chain transparency. The transition toward sustainable port ecosystems is 
neither optional nor deferred. Regulatory frameworks such as the European Green Deal, the 
International Maritime Organization (IMO) 2030 decarbonization agenda, and the United 
Nations Sustainable Development Goals (SDGs) have intensified pressure on port authorities 
and operators to modernize. Environmental compliance now intersects directly with port 
competitiveness, stakeholder trust, and long-term financial viability. Moreover, disruptions 
from global crises such as the COVID-19 pandemic and the Russia Ukraine conflict have 
further exposed the fragility and opacity of existing port operations, catalyzing calls for 
systemic resilience and technological innovation (Sheel & Nath, 2022). 

Against this backdrop, blockchain technology emerges as a potent enabler of 
transparent, accountable, and decentralized port management. With its distributed ledger 
capabilities, blockchain facilitates tamper-proof data sharing, real-time tracking, and automated 
process execution through smart contracts. While its application in supply chains is well 
documented, the adaptation of blockchain specifically to maritime ports remains underexplored 
and fragmented, often limited to pilot initiatives with narrow scopes. There is a critical research 
gap in developing an integrated, empirically grounded framework that embeds blockchain into 
the structural and operational dimensions of port ecosystems particularly with a lens on circular 
economy principles and environmental sustainability. The circular economy (CE) paradigm, 
with its focus on designing out waste, maintaining the value of resources, and closing material 
loops, offers a compelling model for sustainable port transformation (Tsiulin, Reinhardt, & 
Freitag, 2022). However, achieving CE within port contexts requires real-time visibility into 
resource flows, automated compliance with environmental standards, and trustworthy 
collaboration across heterogeneous stakeholders challenges that conventional IT systems 
struggle to address. Blockchain can bridge this gap by providing immutable traceability of 
cargo, emissions, waste streams, and material exchanges. Moreover, by integrating Internet of 
Things (IoT) devices and sensor networks, blockchain-based systems can enable dynamic 
environmental monitoring and predictive analytics, turning ports into data-driven, adaptive 
ecosystems (European Commission, 2019).  

This study presents a novel, blockchain-enabled Circular Port Management (BCPM) 
framework designed to reconfigure traditional port systems into transparent, collaborative, and 
sustainability-oriented platforms. The proposed model is grounded in a rigorous mixed-
methods methodology comprising a systematic literature review (2018–2024), multi-site case 
studies of leading blockchain port pilots in Europe and Asia, and in-depth expert interviews 
with practitioners from port authorities, logistics firms, and technology providers. The research 
aims to contribute both theoretical and practical insights into the integration of blockchain with 
CE practices in port contexts, thereby addressing the triple bottom line of environmental, 
economic, and social performance. In doing so, this paper makes three key contributions: (1) a 
conceptual framework that bridges the digital transformation of ports with circular economy 
transitions using blockchain; (2) provides empirical evidence from cross-regional case studies 
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that validate the feasibility and benefits of the proposed approach; (3) identifies critical success 
factors, barriers, and policy implications for scalable implementation across global maritime 
hubs. 
 
LITERATURE REVIEW 
A. Blockchain Applications in Maritime and Port Contexts 

Blockchain technology, characterized by its decentralized, immutable, and transparent 
architecture, has gained traction across various sectors, particularly in supply chain 
management. Its potential to improve traceability, enhance trust, and reduce transactional 
friction has been well documented in land-based logistics chains (Ferreira et al., 2022). 
However, its deployment within maritime port ecosystems is still nascent and often limited to 
proof-of-concept projects or localized pilot implementations. Several ports have experimented 
with blockchain to digitize trade documentation, automate customs clearance, and enable cargo 
tracking. Notable examples include the Port of Rotterdam’s blockchain-enabled logistics 
platform and the collaboration between TradeLens and major shipping lines (Cullen & 
O’Donnell, 2022). These initiatives highlight the feasibility of blockchain in improving 
operational visibility and data security. However, most existing deployments focus narrowly 
on document exchange rather than broader systemic integration. Furthermore, few studies 
address how blockchain can be leveraged to enable environmental monitoring, waste 
management, or alignment with circular economy principles in port operations (Demir, Huang, 
Scholten, & van Woensel, 2021). 
 
B. Circular Economy Principles in Port Operations 

The circular economy (CE) model emphasizing resource efficiency, waste 
minimization, and the regeneration of natural systems has begun to influence strategic planning 
in port cities and logistics corridors. CE integration in ports includes initiatives such as energy 
recovery from port waste, reuse of dredged materials, repurposing containers, and promoting 
shared logistics services (van Melkebeke & Macário, 2020). These practices aim to transition 
ports from linear throughput models toward closed-loop systems. Despite growing policy 
interest (e.g., EU Circular Economy Action Plan), the operationalization of CE in ports remains 
fragmented. There is a lack of standardized metrics to evaluate circular performance, and 
coordination among stakeholders is often constrained by information asymmetry and 
institutional inertia (Wang, Han, & Beynon-Davies, 2019). Digital technologies such as IoT 
and AI have been proposed to support CE monitoring and optimization; however, their 
effectiveness is limited without an underlying infrastructure for secure, interoperable, and 
transparent data exchange an area where blockchain can play a catalytic role. 

 
C. Sustainable Port Management and Digital Transformation 

Port sustainability has evolved from a peripheral concern to a central pillar of 
governance, driven by global environmental regulations, ESG mandates, and stakeholder 
pressure. Sustainable port management encompasses emission reductions, biodiversity 
conservation, green infrastructure, and social inclusiveness (Vassallo & D’Amico, 2023). 
Various ports have adopted environmental management systems (e.g., ISO 14001), carbon 
accounting tools, and green port initiatives. However, these efforts often lack integration and 
real-time accountability. Digital transformation, through technologies like digital twins, 
automation, and sensor networks, offers opportunities to reengineer ports into responsive, data-
driven systems. Yet, without secure and tamper-proof data frameworks, such digitization can 
exacerbate cyber risks and governance gaps. Blockchain, when combined with IoT, can provide 
end-to-end verifiability of sustainability metrics—from tracking carbon footprints to validating 
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circularity claims—thus reinforcing trust among port stakeholders, regulators, and the public 
(Holguín-Veras & Wang, 2022). 

 
D. Research Gap and Novelty 

Although literature acknowledges the potential of blockchain and CE independently in 
port development, comprehensive models that integrate both within a single operational 
framework remain scarce. Existing studies often adopt techno-centric views, lacking socio-
organizational perspectives and empirical validation across port typologies (e.g., container 
ports, bulk terminals). Moreover, there is a paucity of frameworks that align blockchain-based 
innovation with port-specific sustainability objectives, such as emission thresholds, energy use, 
and material circularity. This paper addresses this gap by proposing a holistic Blockchain-
enabled Circular Port Management (BCPM) framework. Unlike prior work, the framework 
combines blockchain infrastructure, CE strategies, and environmental KPIs into a unified 
system architecture. It is grounded in empirical data from real-world ports, validated through 
stakeholder interviews, and designed to be scalable across varying institutional contexts.  
 
RESEARCH METHODS 

This study adopts an exploratory mixed-methods approach aimed at developing and 
validating a Blockchain-enabled Circular Port Management (BCPM) framework. Given the 
complexity of port ecosystems and the multidisciplinary nature of blockchain and circular 
economy integration, a combined qualitative-quantitative research design was employed to 
ensure analytical rigor and real-world relevance (Kumar et al., 2021). 
A. Research Design 

The methodology was structured into four sequential phases (Clausen & Holloh, 2020):  
1. Systematic Literature Review (SLR); A structured review of the academic literature was 

conducted to identify prevailing trends, knowledge gaps, and theoretical contributions 
related to blockchain applications, circular economy (CE) principles, and sustainable port 
management. The PRISMA protocol guided the search and selection process to ensure 
transparency and reproducibility. Databases used included Scopus, Web of Science, IEEE 
Xplore, and ScienceDirect, covering the period 2018–2024. After quality appraisal and 
duplication removal, 124 articles were retained for synthesis;  

2. Exploratory Case Study Analysis; Four international ports known for their early adoption 
of blockchain and sustainability initiatives were selected for in-depth analysis: (1) Port of 
Rotterdam (Netherlands); (2) Port of Antwerp-Bruges (Belgium); Port of Singapore (Sin-
gapore); (4) Tianjin Port (China). These cases were used to examine real-world applica-
tions of digital innovation in port logistics, resource management, and environmental per-
formance; 

3. Semi-Structured Expert Interviews; Fifteen in-depth interviews were conducted with 
stakeholders from port authorities, blockchain technology firms, maritime policy institu-
tions, and academic experts. A purposive sampling strategy was employed to ensure di-
verse and relevant perspectives. Interview protocols were developed based on themes 
identified in the SLR and analyzed using thematic coding to extract insights into enablers, 
barriers, and expectations for blockchain-based circular port systems. 

4. Framework Development and Validation; Findings from the literature and fieldwork were 
synthesized to formulate the BCPM framework. Validation was performed in two stages: 
(1) Expert validation through a two-round Delphi process to refine framework compo-
nents, and (2) Cross-case triangulation to assess consistency, contextual adaptability, and 
practical feasibility across varied port environments. 
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B. Data Collection and Instruments 
1. Literature: Peer-reviewed journal articles, institutional reports (IMO, UNCTAD, Ellen 

MacArthur Foundation), white papers, and conference proceedings. 
2. Case Studies: Annual reports, public documentation on port digitalization projects, oper-

ational data, and environmental performance indicators. 
3. Interviews: Guided by a semi-structured protocol with open-ended questions; all inter-

views were conducted online, recorded with participant consent, and transcribed for anal-
ysis. 

4. Validation Tools: A multi-criteria evaluation matrix based on four dimensions: block-
chain integration, CE enablement, stakeholder value creation, and sustainability impact. 

 
C. Data Analysis 

Qualitative data from interviews and documents were analyzed using qualitative content 
analysis, while quantitative indicators from case studies (e.g., operational efficiency, carbon 
reduction, waste diversion) were subjected to descriptive comparative analysis. The proposed 
framework was evaluated based on four critical dimensions (Li, Zheng, & Xu, 2021):  

1. Feasibility – operational and technological practicality;  
2. Scalability – potential for adoption across different ports and regions;  
3. Impact Potential – environmental and economic performance improvement;  
4. Stakeholder Acceptance – alignment with user expectations and institutional mandates. 

 
D. Ethical Considerations and Limitations 

This study adhered to international research ethics standards, including informed 
consent, data privacy, and appropriate use of secondary data. While the research offers broad 
insights, its exploratory nature and limited geographic coverage may constrain generalizability. 
Nonetheless, methodological triangulation and stakeholder validation enhance the credibility 
and transferability of findings. 
 
RESULT AND DISCUSSION 

The Blockchain-enabled Circular Port Management (BCPM) Framework, a conceptual 
and operational model designed to integrate blockchain technology into port ecosystems to 
drive transparency, circularity, and sustainability. The framework was derived from the 
systematic literature review, validated case studies, and expert insights collected through the 
methodology outlined. The BCPM framework is structured around three core pillars 
(Chatzinikolaou & Ventikos, 2020) : 

1. Digital Transparency Infrastructure; Leveraging blockchain's immutable and decentral-
ized ledger, this component establishes a shared data infrastructure that enables secure, 
real-time traceability of logistics operations, emissions, waste flows, and compliance rec-
ords. It ensures that all actors port authorities, shipping lines, terminal operators, customs, 
and environmental agencies have synchronized, verifiable access to operational data. 

2. Circular Economy Integration Layer; This layer embeds CE principles into port opera-
tions by enabling closed-loop resource tracking, automated lifecycle management of 
goods and materials, and waste-to-resource conversion processes. Blockchain-enabled 
smart contracts facilitate decentralized coordination for asset sharing, reverse logistics, 
and by-product exchange across different port stakeholders. 

3. Sustainability Performance Engine; Powered by blockchain and IoT data streams, this 
analytical component monitors key sustainability indicators—such as energy use, carbon 
emissions, material recovery rates, and biodiversity impact. It enables real-time environ-
mental performance reporting and predictive analytics, supporting compliance with ESG 
standards and climate action goals. These pillars are interconnected through a modular 
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architecture that ensures interoperability with existing port systems (e.g., Port Commu-
nity Systems, ERP, and Transport Management Systems) while maintaining data integrity 
and cybersecurity. 

The BCPM framework is composed of six interdependent functional modules (Liu, 
Dolgui, & Ivanov, 2021): 

1. Digital Identity and Asset Tokenization; All physical and digital entities within the port 
ecosystem ships, cargo units, containers, trucks, and facilities—are assigned verifiable 
digital identities. Blockchain tokens are used to represent and trace assets, enabling smart 
contract interactions and provenance tracking. 

2. Smart Contract-Based Operations; Smart contracts automate workflows such as berth al-
location, equipment sharing, customs clearance, waste handling, and environmental au-
dits. This reduces administrative overhead and increases operational agility. 

3. Circularity Ledger; A dedicated blockchain ledger records material inflows, reuse activ-
ities, recycling transactions, and waste outputs. This ledger enables ports to quantify and 
optimize circular performance over time and incentivize circular practices through token-
based mechanisms. 

4. Sustainability Dashboard; A real-time dashboard integrates blockchain-validated data 
with environmental KPIs (e.g., CO₂ emissions, water consumption, noise levels). The 
dashboard supports internal decision-making and external reporting for regulators and 
stakeholders. 

5. Stakeholder Engagement Hub; A user-centric portal facilitates collaboration among port 
stakeholders by offering access to trusted data, shared services, dispute resolution tools, 
and smart contract templates. This fosters trust and transparency in multi-actor environ-
ments. 

6. Governance and Compliance Layer; This layer ensures regulatory compliance through 
on-chain audits, immutable documentation, and digital signatures. It aligns port opera-
tions with global frameworks such as the IMO GHG Strategy, EU Circular Economy 
Action Plan, and ISO sustainability standards. 

The BCPM framework is designed to be adaptable and scalable across different port 
typologies and regulatory environments. Three implementation pathways are proposed 
(Baryannis, Dani, & Antoniou, 2019) : 

1. Incremental Deployment: Starting with low-risk areas such as waste tracking or docu-
mentation digitalization before scaling to broader logistics or emissions management 
functions. 

2. Modular Integration: Adopting individual components of the framework (e.g., smart con-
tracts or sustainability dashboards) that can be layered onto existing port IT infrastruc-
tures. 

3. Collaborative Ecosystem Development: Encouraging consortia of ports, logistics provid-
ers, and regulators to co-develop interoperable blockchain platforms to accelerate collec-
tive innovation and reduce silos. 

The BCPM framework advances the literature by offering an integrated model that 
operationalizes blockchain within the context of circular and sustainable port development. It 
bridges several research gaps by (Ghosh, 2021): 

1. Connecting blockchain functionalities with environmental and CE metrics, 
2. Providing a multi-stakeholder, real-time data governance model, 
3. Demonstrating pathways for regulatory compliance, cross-border scalability, and partic-

ipatory innovation. 
The BCPM framework contributes to the evolving literature at the intersection of 

blockchain, circular economy (CE), and sustainable maritime logistics in several key ways 
(Yang & Lam, 2021): 
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1. Integrated System Perspective: Unlike previous fragmented models, BCPM positions 
blockchain not merely as a transactional tool but as a systemic enabler of closed-loop 
operations, stakeholder coordination, and environmental governance. 

2. Operationalization of Circular Principles: The study demonstrates how CE principles can 
be operationalized within port ecosystems through smart contracts, traceability ledgers, 
and token-based incentives—areas previously underdeveloped in CE literature. 

3. Dynamic Sustainability Monitoring: Through integration with real-time IoT data streams 
and immutable records, the framework provides a novel mechanism for real-time tracking 
of environmental KPIs and regulatory compliance. 

 
Figure 1. The performance improvements after implementing the Blockchain-enabled Circular Port 

Management (BCPM) 
 

Visualizing the performance improvements after implementing the Blockchain-enabled 
Circular Port Management (BCPM) framework. It shows a significant reduction in transaction 
time, a strong increase in material recovery rates, a notable drop in carbon emissions per TEU, 
and a marked rise in stakeholder trust.   

Despite its potential, the implementation of the BCPM framework reveals significant 
socio-technical complexities (UNCTAD, 2023): 

1. Digital Readiness and Infrastructure Gaps: Not all ports possess the foundational digital 
infrastructure or cyber-physical systems necessary to support blockchain-based opera-
tions. Investments in IoT, data governance, and digital capacity building are prerequisites 
for adoption. 

2. Stakeholder Resistance and Legacy Practices: Adoption is hindered by entrenched legacy 
systems, organizational inertia, and resistance from stakeholders unfamiliar with distrib-
uted ledger technologies. Education and stakeholder co-design are essential to build trust 
and foster uptake. 

3. Data Sovereignty and Interoperability: Port ecosystems involve sensitive commercial and 
regulatory data, often across jurisdictions. Ensuring secure, interoperable data exchange 
without violating sovereignty remains a challenge. 

4. Cost and ROI Uncertainty: Many stakeholders, especially in smaller ports, are concerned 
about the high upfront costs of blockchain implementation and the unclear timeline for 
return on investment. This calls for demonstrable business cases and pilot programs. 
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The transition to blockchain-enabled circular ports requires adaptive regulatory 
frameworks and policy alignment at national and international levels: 

1. Standardization of Circular Metrics and Reporting: Regulators should work with industry 
stakeholders to define standard metrics for circularity (e.g., material flow indicators, 
lifecycle emissions, waste recovery rates) that can be digitally verified and reported via 
blockchain. 

2. Blockchain Governance Models: The emergence of blockchain consortia should be sup-
ported by clear governance protocols to ensure accountability, inclusion, and resilience 
in multi-actor settings. 

3. Incentive Structures: Governments and regional authorities should consider fiscal incen-
tives, green port certifications, and emissions-based pricing schemes to accelerate digital 
circular transitions. 

4. Alignment with Global Sustainability Frameworks: The BCPM framework aligns with 
the objectives of the IMO GHG Strategy, the EU Green Deal, and the UN Sustainable 
Development Goals. Policymakers should leverage such frameworks to legitimize and 
mainstream adoption efforts. 

Based on empirical insights and expert consultation, the following phased roadmap is 
recommended for ports aiming to implement the BCPM framework: 

1. Pilot Projects in High-Impact Areas: Begin with use cases that offer clear operational and 
environmental benefits, such as digitized waste management, carbon tracking, or smart 
customs clearance. 

2. Stakeholder Capacity Building: Conduct training and awareness programs for port oper-
ators, customs agents, and local policymakers to enhance digital literacy and trust in 
blockchain systems. 

3. Modular and Interoperable Architecture: Implement BCPM modules incrementally, en-
suring interoperability with existing Port Community Systems (PCS) and Transport Man-
agement Systems (TMS). 

4. Public–Private Innovation Partnerships: Encourage collaborative innovation ecosystems 
that include ports, technology firms, academic institutions, and regulators to co-develop 
scalable solutions. 

5. Performance Monitoring and Iterative Scaling: Establish performance benchmarks and 
monitoring protocols. Use feedback loops and data analytics to refine, adapt, and scale 
the framework across port networks. 

Summarizes the extent to which each port case demonstrated components of the BCPM 
framework.   

 
Figure 2. Demonstrated Component of the BCPM 
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Findings reveal that while leading European ports (e.g., Rotterdam and Antwerp-
Bruges) are progressing toward comprehensive blockchain integration, Asian ports like Tianjin 
still face infrastructure and governance challenges. The degree of circularity integration 
remains limited and fragmented across all cases.   

To assess the functional performance of the BCPM framework, four KPIs were analyzed 
across the case studies:   

 
Figure 3. The Functional Performance of The BCPM framework 

 
These results indicate that the BCPM framework is effective in reducing transaction 

times, enhancing material recovery through traceable resource flows, and lowering greenhouse 
gas emissions when combined with IoT-based environmental monitoring. The blockchain layer 
significantly improved data governance and reduced disputes over cargo origin, emissions 
reporting, and equipment use.   

Strategic Implementation Roadmap, to operationalize the BCPM framework 
effectively, a phased and participatory approach is recommended:   

 
Figure 4. Pperationalize the BCPM framework 
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This roadmap ensures that BCPM adoption is both context-sensitive and scalable, 
promoting systemic transformation without compromising operational continuity.  In summary, 
while blockchain alone is not a silver bullet, its strategic integration through the BCPM 
framework offers a powerful foundation for reimagining port ecosystems. With careful 
planning, multi-stakeholder governance, and policy alignment, ports can transition from 
extractive, linear infrastructures to regenerative, transparent, and sustainable circular hubs. 
 
CONCLUSIONS 

As maritime ports navigate the mounting pressures of environmental regulation, digital 
transformation, and stakeholder accountability, the imperative for systemic redesign has never 
been more urgent. This study has introduced and empirically validated the Blockchain-enabled 
Circular Port Management (BCPM) framework a novel, integrated model designed to align port 
operations with principles of transparency, circularity, and sustainability. Drawing from case 
study analysis across global ports and supported by expert insights, the BCPM framework 
demonstrates how blockchain can function not merely as a technical ledger but as a 
foundational infrastructure for reconfiguring value creation, governance, and accountability in 
complex maritime ecosystems. Key empirical findings confirmed measurable performance 
improvements in transaction efficiency, material recovery, emissions tracking, and data dispute 
resolution positioning blockchain as a strategic enabler of operational excellence and 
environmental stewardship. Importantly, this research also identifies critical institutional, 
regulatory, and technological challenges that must be addressed for successful deployment. 
Digital maturity gaps, legacy system inertia, and unclear economic incentives represent tangible 
barriers to adoption. These findings call for coordinated policy support, adaptive governance 
models, and strategic investment in digital infrastructure. The BCPM framework thus 
contributes to both theory and practice by offering a blueprint for embedding circular economy 
logic into the digital transformation of ports, while establishing a new research agenda at the 
intersection of blockchain innovation and sustainable logistics governance. 

To build upon the findings of this study and further evolve the BCPM model, several 
promising avenues for future research are identified: 

1. Longitudinal Impact Assessment; Current performance evaluations are based on early-
stage or pilot implementations. Future research should conduct longitudinal studies to 
assess the long-term sustainability, cost-efficiency, and environmental outcomes of 
blockchain-enabled circular port systems. 

2. Blockchain AI Synergies; The integration of blockchain with artificial intelligence (AI) 
and machine learning could enhance predictive logistics, automated anomaly detection, 
and dynamic resource allocation in port operations. Research is needed to develop in-
teroperable architectures that combine these technologies for intelligent port governance. 

3. Social Dimensions and Labor Impacts; The socio-economic implications of blockchain 
adoption in port labor markets particularly in terms of job displacement, skill transfor-
mation, and union dynamics remain underexplored. Qualitative research and stakeholder 
ethnographies can illuminate these dimensions. 

4. Comparative Policy Analysis; Different jurisdictions offer varying regulatory environ-
ments for blockchain and circular economy implementation. Comparative policy studies 
across regions (e.g., EU vs. ASEAN ports) can identify enabling conditions, policy gaps, 
and transferable best practices. 

5. Scalability in Emerging Economies; Most current implementations focus on digitally ad-
vanced ports. Future studies should investigate how the BCPM framework can be adapted 
and scaled in emerging market contexts, where infrastructure and institutional readiness 
are more limited but sustainability challenges are more acute. 

6. Quantification of Circularity Through Blockchain; There remains a methodological gap 
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in quantifying circular economy indicators via blockchain-generated data. Research is 
needed to standardize metrics, verify traceability of circular flows, and integrate block-
chain data into lifecycle and material flow analysis tools. 

7. Governance Models for Decentralized Port Systems; As blockchain shifts data and deci-
sion-making away from centralized authorities, new governance models are required. Re-
search can explore hybrid governance structures that balance decentralization with com-
pliance, security, and stakeholder coordination. 
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