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[bookmark: _Toc67914141][bookmark: _Toc215831181] – Introduction 

The landscape represents the broad set of global drivers, socio-economic changes, technological disruptions, and environmental imperatives that shape the context in which ports operate. To develop the Green Port Masterplan (GPMP) a Multi-Level Perspective (MLP) has been followed. The MLP is a framework developed by Geels (2004) [footnoteRef:2]to analyse how complex socio-technical systems, such as port, undergo transitions toward sustainability. It distinguishes three analytical levels that interact dynamically: [2:  Geels, F. W. (2004). From sectoral systems of innovation to socio-technical systems: Insights about dynamics and change from sociology and institutional theory. Research Policy, 33(6–7), 897–920. https://doi.org/10.1016/j.respol.2004.01.015] 

· Landscape – the macro environment of global drivers and long-term trends.
· Regime – the established structures, policies, markets, and infrastructures that shape the current system.
· Niche – protected spaces for experimentation, where innovative technologies and practices emerge.
Change in ports occurs through interaction across these levels: pressures from the landscape destabilize existing regimes, creating windows of opportunity for niche innovations to scale up and reshape the system.
The landscape, in the MLP building blocks, is the highest level of analysis which include challenges and driving forces that ports cannot directly influence but must strategically respond to. The landscape is both a constraint and an opportunity, it pressures existing regimes while opening pathways for sustainable innovation.
Within the PIONEERS project, the landscape forms the foundation of each GPMP.  In this document the analysis of the megatrends is presented. Based on this analysis each GPMP (Antwerp, Barcelona, Constanța, and Venlo) begins by understanding how these megatrends affect each port ecosystem. This chapter presents the shared global megatrends relevant across all four PIONEERS ports (Antwerp, Barcelona, Constanța, and Venlo), supplemented with regional and national variations where appropriate. This analysis provides a snapshot of the 2025 context, acknowledging that the landscape remains dynamic and adaptive, subject to rapid technological, environmental, and geopolitical disruptions.




[bookmark: _Toc215831182] – Global Megatrends
[bookmark: _Toc215831183]Climate Change
Climate & environmental related disruption are a megatrend, encompassing sea-level rise, more frequent storms, changing ocean patterns, and extreme weather events. Ports, as coastal infrastructure, are highly exposed. They must rethink design, resilience, and adaptation strategies.[footnoteRef:3] [3: UNCTAD, https://unctad.org/news/climate-change-impacts-seaports-growing-threat-sustainable-trade-and-development] 

Climate and environmental disruptions represent one of the most significant global megatrends shaping the future of port ecosystems. For maritime but also inland ports climate change is not an abstract concept but am operational reality influencing infrastructure, supply chain resilience and competitiveness. Ports are vulnerable to climate-related risks due to their coastal locations and dependence on stable marine and inland water conditions. Sea-level rise threatens quay walls and terminals by increasing flooding and erosion risks (Becker et al., 2013)[footnoteRef:4]. The Intergovernmental Panel on Climate Change (IPCC) in its report [footnoteRef:5] projects a global mean sea-level rise of up to one meter by 2100 under high-emission scenarios, endangering critical logistics hubs and low-lying port zones. Moreover, extreme weather events such as intense heatwaves and storms are disrupting port operations and damage infrastructure with increasing frequency (Ng et al., 2018)[footnoteRef:6]. Climate change is also inducing changes on global supply chains of which ports are critical nodes. Rising temperatures, extreme weather events, and sea-level rise are causing more frequent disruptions to trade flows and can temporarily close access routes to hinterland connections such as rail and road networks (UNCTAD, 2020)[footnoteRef:7]. This growing exposure threatens not only physical assets but also the reliability and predictability that modern logistics depend on. [4:  Becker, Austin H., Michele Acciaro, Regina Asariotis, Edgard Cabrera, Laurent Cretegny, Philippe Crist, Miguel Esteban et al. "A note on climate change adaptation for seaports: a challenge for global ports, a challenge for global society." Climatic change 120, no. 4 (2013): 683-695.]  [5:  IPCC, 2023.  Report on Climate Change 2022: Impacts, Adaptation and Vulnerability. IPCC_AR6_WGII_FullReport.pdf]  [6:  Ng, A. K. Y., Becker, A., Cahoon, S., Chen, S. L., & Earl, P. (2018). Climate Change and Adaptation Planning for Ports. Routledge. ISBN 978-1-138-79790-1  ]  [7:  United Nations Conference on Trade and Development (UNCTAD). (2020). Climate Change Impacts and Adaptation for Coastal Transport Infrastructure: A Compendium of Policy and Practice. Geneva: UNCTAD. Climate Change Impacts and Adaptation for Coastal Transport Infrastructure: A Compilation of Policies and Practices] 

Beyond physical damage, climate change is altering the spatial and temporal patterns of global trade. Changing agricultural productivity, new Arctic shipping routes, and the energy transition are all reshaping cargo flows, hinterland linkages, and modal priorities (Ng et al., 2018). For instance, prolonged droughts have lowered water levels in major inland waterways such as the Rhine and Danube, constraining vessel capacity and increasing transportation costs. These evolving dynamics challenge ports to adapt their infrastructure planning and investment decisions, ensuring that terminals, storage, and energy systems remain resilient to fluctuating conditions and emerging trade geographies.
As a result, ports and logistics operators are being forced to rethink their risk management frameworks and adopt real-time monitoring and forecasting systems to mitigate disruptions. Ports are asked to shift their strategies from reactive risk management and to systematic and strategic climate resilience. Ports such as Rotterdam, Antwerp, and Barcelona have already started integrating climate risk assessment and resilience planning into their strategic development frameworks.  This involves both hard adaptation measures (flood barriers, nature solutions) and soft adaptation measures, including early warning systems, emergency response protocols, and adaptive governance (UNCTAD, 2020).
In the context of the GPMP ports are encouraged to align adaptation strategies with climate neutrality objectives. This dual focus on resilience and decarbonisation creates synergies between mitigation (reducing greenhouse gas emissions through cleaner energy, alternative fuels, and modal shift) and adaptation (enhancing robustness and flexibility).
[bookmark: _Toc215831184]Energy Transition & Decarbonisation 
The global energy system is shifting from fossil fuels toward renewable and low-carbon alternatives such as hydrogen, ammonia, biofuels, and electrification.  [footnoteRef:8]The global energy system is undergoing very critical changes. Driven by climate imperatives, technological innovation, and policy commitments such as the Paris Agreement and the EU Green Deal, the world is moving away from fossil fuels toward renewable and low-carbon alternatives including hydrogen, ammonia, biofuels, and electrification. This transition is reshaping the energy, transport, and industrial systems on which ports depend. As ports serve as nodes in international supply chains, they are in the position to as enablers of the global energy transition, influencing both the supply (production, import, and distribution of clean fuels) and the demand (supporting green logistics and shipping corridors). [8:  Lloyd’s Register, https://www.lr.org/en/knowledge/research/global-maritime-trends/] 

The International Energy Agency (IEA, 2023)[footnoteRef:9] reports that renewables accounted for nearly one-third of global electricity generation in 2023, with solar and wind power leading growth. Falling costs, improving efficiency, and increasing investment, estimated at over USD 1.8 trillion in clean energy technologies in 2023, are reshaping the global energy market. Meanwhile, fossil fuel investments are gradually declining as investors and policymakers redirect capital toward decarbonization, energy efficiency, and electrification along all sectors. The resulting transformation is both technological and institutional, requiring deep coordination between governments, industries, and financial systems to balance energy security, affordability, and sustainability (IRENA, 2023[footnoteRef:10]). [9:  International Energy Agency (IEA). (2023). World Energy Outlook 2023. Paris: OECD/IEA. World Energy Outlook 2023]  [10:  IRENA (2021), A pathway to decarbonise the shipping sector by 2050, International Renewable Energy Agency, Abu Dhabi. A pathway to decarbonise the shipping sector by 2050] 

In parallel geopolitical developments and tensions form the landscape of energy transition. Traditional energy-exporting countries are seeking to diversify into renewable and hydrogen markets, while new energy corridors are emerging around green hydrogen, ammonia, and e-fuels (DNV, 2023[footnoteRef:11]; IEA, 2022[footnoteRef:12]). This reconfiguration is shifting energy global supply chains, as countries with abundant renewable resources, for example Chile and Marocco position themselves as future exporters of greener energy source.   [11:  DNV. (2023). Maritime Forecast to 2050: Energy Transition Outlook 2023. Høvik: DNV GL.Maritime Forecast to 2050 by DNV]  [12:  International Energy Agency (IEA). (2022). Global Hydrogen Review 2022. Paris: OECD/IEA. Global Hydrogen Review 2022 – Analysis - IEA] 

Finally, the electrification of mobility, heating, and industry is further redefining the relationship between energy production and consumption. Advances in battery storage, digital grid management, and smart energy systems are allowing for greater integration of renewables, while hydrogen-based technologies are emerging as a complementary solution for sectors difficult to electrify directly, including heavy transport, shipping, and steelmaking (IRENA, 2023). 
Within this evolving landscape, ports occupy a pivotal position. As gateways between global fuel supply chains and national energy systems, ports are becoming strategic platforms for the import, production, and distribution of renewable energy. Their ability to integrate multiple energy forms positions them as key enablers of the global transition toward climate neutrality. By aligning with decarbonization policies, investing in flexible infrastructure, and fostering collaboration among stakeholders, ports can actively shape this systemic shift and ensure that energy transition and sustainable trade evolve hand in hand. In this way, ports are asked to transition from fossil fuel gateways to clean energy ecosystems and hubs, this transition will be core to the development of the GPMPs and the broader European Green Deal objectives.
[bookmark: _Toc215831185]Technological and Digital Revolution
Digital transformation and technological innovations have become one of the most powerful megatrends shaping the evolution of global port systems. Artificial intelligence, automation, Internet of Things (IoT), robotics, and digital twins are transforming how ports function. These technologies enable operational efficiency, predictive maintenance, and new logistics models, while also raising cybersecurity and workforce challenges (Nico Maritme , 2025) .[footnoteRef:13] These technologies are gradually becoming indispensable components of the core architecture of next-generation ports, enabling optimisation of operations, monitoring of the environment, predictive maintenance, and data-driven decision-making (Acciaro et al., 2020[footnoteRef:14]).  [13: Nico Maritime, https://www.nicommaritime.com/technology-trends-transforming-port-operations-in-2025/]  [14:  Acciaro, M., Sys, C., Ferrari, C., Roumboutsos, A., Giuliano, G., & Kapros, S. (2020). Port digitalization: A research agenda. Maritime Policy & Management, 47(5), 635–654.] 

As presented above the global port landscape is evolving rapidly in response to shifting trade patterns, decarbonization pressures, and supply chain volatility. Digital tools allow ports to move from static, reactive operations toward dynamic, adaptive systems that integrate real-time data across maritime, terminal, and hinterland operations. Automation and AI-powered analytics and models are enabling smarter berth allocation, cargo handling, and energy management, reducing delays, emissions, and costs (Heilig et al., 2017)[footnoteRef:15].  [15:  Heilig, L., Lalla-Ruiz, E., & Voß, S. (2017). Digital transformation in maritime logistics and port management. Maritime Economics & Logistics, 19(3), 521–547.] 

Similarly, IoT interconnected sensors and cloud-based analytics, permit continuous visibility across port operations, supporting safer, cleaner, and more efficient logistics. Together, these technologies represent the foundation of the emerging “Smart Port” paradigm, in which digital infrastructure heavily supports physical and environmental performance (Belmoukari et al. , 2023)[footnoteRef:16]. [16:  Belmoukari, B., Audy, JF. & Forget, P. Smart port: a systematic literature review. Eur. Transp. Res. Rev. 15, 4 (2023). https://doi.org/10.1186/s12544-023-00581-6] 

However, this transformation is not without challenges. The rise of interconnected, automated systems introduces new cybersecurity risks, ethical questions regarding data ownership and governance, and profound implications for port labor and skills development (ENISA, 2019[footnoteRef:17]). As traditional operations become increasingly dependent on digital technologies, ports must balance innovation with resilience by building robust data infrastructures, ensuring data sharing regulatory compliance, and investing in technology savy human capital to navigate this transition. [17:  ENISA, (2019). Port Cybersecurity: Good Practices for Cyber Risk Management in the Maritime Sector. Port Cybersecurity - Good practices for cybersecurity in the maritime sector | ENISA] 

For ports seeking to remain competitive in an era defined by sustainability, resilience, and efficiency, digital transformation is both an opportunity and a necessity. In PIONEERS  MLP digitalization operates at the landscape level as a structural, global trend reshaping the institutional and technological context of the maritime sector. For the GPMP it provides an accelerator for achieving the PIONEERS ports’ objectives of climate neutrality, circular economy integration, and optimized logistics.
[bookmark: _Toc215831186]Shifting Global Trade & Geopolitical Order
The global trade landscape is entering a period of rapid and structural transformation, shaped by geopolitical competition, evolving economic alliances, and structural shifts in global production networks. The globalisation era marked by liberalized trade, lean supply chains, and efficiency is giving way to a new order characterised by trade rivalry, resilience-building, and a tendency towards regionalisation (UNCTAD, 2023[footnoteRef:18]; OECD, 2023[footnoteRef:19]). Key drivers such as the U.S.–China trade tensions, the Russia–Ukraine conflict, the Red Sea Crisis and post-pandemic supply chain disruptions have exposed the vulnerabilities of global supply chains,  triggering a re-evaluation of trade flows. Currently governments and big multinational cooperations seek to gain control in important economy sector, especially regarding energy and technological components,  trade is becoming a tool of geoeconomic strategy not only of market competition. [18:  UNCTAD. (2023). Review of Maritime Transport 2023. Geneva: UNCTAD. Review of Maritime Transport 2023 | UN Trade and Development (UNCTAD)]  [19:  OECD (2025), OECD Supply Chain Resilience Review: Navigating Risks, OECD Publishing, Paris, https://doi.org/10.1787/94e3a8ea-en.] 

This evolving order is fundamentally reshaping global trade patterns and logistics chains. The combination of geopolitical risks and climate related disruptions is encouraging a shift toward shorter, more regionalized supply chains, often referred to as reshoring, nearshoring, or friend-shoring (World Bank, 2025[footnoteRef:20]). Production and assembly activities are increasingly relocating closer to the end consumer, particularly Europe, North America, and parts of Asia, as multinational firms prioritize supply security and carbon over the lowest-cost sourcing. The resulting regionalization of trade is redefining maritime flows: while long-haul intercontinental trade may decline modestly, intra-regional and intermodal connectivity is gaining importance. New trade corridors, such as the Middle Corridor linking Europe and Central Asia via the Black Sea and the Caucasus, are rising as alternatives to traditional Eurasian routes, (especially after the Ukranian war) highlighting the increasing transformation of global logistics networks.  [20:  World Bank. 2025. Global Economic Prospects, June 2025. Washington, DC: World Bank. doi: 10.1596/978-1-4648-2193-6. License: Creative Commons Attribution CC BY 3.0 IGO] 

For ports, these global dynamics present both strategic challenges and development opportunities. While shipping companies and alliances, logistics providers, and governments adapt to changing trade geographies, ports must respond to continuously chanhing cargo patterns, vessel deployments, and investment flows. The consolidation of major shipping alliances continues to alter port hierarchies, concentrating transshipment in strategic hubs while encouraging regional ports to specialize in green logistics, short-sea shipping, and value-added services. In addition, the shifting global balance of economic power further accentuates these trends. Asia, led by China, India, and ASEAN economies, remains the dominant engine of trade growth, accounting for over 40% of global maritime volumes, while Africa and Latin America are emerging as new frontiers of energy and infrastructure investment (UNCTAD, 2023[footnoteRef:21]). For European ports, this means adapting to new global demand centers while strengthening strategic autonomy through diversified trade partnerships and resilient infrastructure.  [21:  UNCTAD. (2023). Review of Maritime Transport 2023. Geneva: UNCTAD. Review of Maritime Transport 2023 | UN Trade and Development (UNCTAD)] 

The reconfiguration of global trade and geopolitics is more than a logistics challenge, it accelerate a systemic transition in how ports operate within global value chains. In PIONEERS GPMPS anticipating and adapting to these geopolitical and trade changes, by investing in digital resilience, flexibility and cooperation, will contribute to a more balanced, sustainable, and strategically secure global trade architecture. In such a way the GPMPs safeguard the  capacity of ports to respond to these shifts and keeping but also increasing their role in a rapidly evolving geopolitical and economic order.
[bookmark: _Toc215831187]Demographic & Socio-economic Transformation
Population growth, urbanization, aging, and rising middle-class demand in emerging markets all influence trade volumes, types of cargo, and port labor markets. Socio-economic transitions reshape consumption patterns and global demand. [footnoteRef:22]   [22:  PwC Megatrends, https://www.pwc.com/gx/en/issues/assets/pdf/pwc-megatrends-october-2022.pdf] 

Ports today operate within a rapidly evolving demographic and socio-economic context shaped by global population growth, aging societies, and urbanisation. According to the United Nations (UN DESA, 2022[footnoteRef:23]), the world’s population is projected to reach nearly 9.7 billion by 2050, with approximately 70% living in urban areas and around 2.5 billion people being added to urban areas by 2050. This concentration of population in metropolitan areas reinforces the interdependence between ports and cities, positioning them as critical nodes of trade, mobility, and innovation. However, it also intensifies spatial, social, and environmental pressures. Expanding urban boundaries increase competition for land and resources, while residents demand cleaner air, reduced congestion, and greener infrastructure. As a result, ports must evolve from isolated industrial zones into sustainable urban interfaces, integrating energy, logistics, and spatial planning within broader regional development frameworks reinventing themselves into sources of employment, innovation and entairtainement areas of the neignboroung urban centers.  [23:  United Nations Department of Economic and Social Affairs (UN DESA). (2022). World Urbanization Prospects 2022.] 

In parallel, workforce transformation presents an important socio-economic challenge. The maritime and logistics sectors face chronic labor shortages, particularly in technical, digital, and currently green skill areas ( WMU, 2023[footnoteRef:24]). As automation, digitalisation, and artificial intelligence reshape port operations, traditional roles are being replaced by new competencies in data analytics, system integration, and environmental management. Coupled with an aging workforce and shifting worker expectations, this creates a pressing need for reskilling and educational investment. A just and inclusive transition, supported by training programs and innovation hubs, will be critical to maintain social stability and ensure port operations benefit local communities. [24:  WMU (2023). Transport 2040. The impact of technology on seafarers. "Transport 2040 : Impact of Technology on Seafarers - The Future of Wor" by World Maritime University] 

Furthermore, demographic and socio-economic transformation is closely linked to changing consumption priorities and evolving social values. A new generation of consumers is increasingly prioritising sustainability, circularity, and local production over mass global consumption. This shift, driven by climate awareness, digital connectivity, and post-pandemic resilience thinking, has encouraged shorter, more regionalised supply chains and a resurgence of local markets. Concepts such as “slow logistics,” ethical sourcing, and regional food systems are gaining traction, influencing trade volumes and port functions. Ports must adapt to these shifts by facilitating multimodal hinterland connections, supporting regional distribution networks, and enabling low-carbon logistics corridors. As consumption patterns move toward localisation and decarbonisation, ports transition from being purely global gateways to regional sustainability platforms, balancing international trade with local resilience (Carpenter et al., 2023[footnoteRef:25]). [25:  Geels, F. W. (2011). The multi-level perspective on sustainability transitions: Responses to seven criticisms. Environmental Innovation and Societal Transitions, 1(1), 24–40.] 

Demographic and socio-economic transformation combined with accelerating urbanisation are redefining the strategic role of ports. These processes demand integrated approaches that merge spatial planning, social innovation, and technological advancement. Therefore, alignment of GPMP strategies with urban sustainability through innovation and community engagement and co-operation will enhance ports their societal acceptance and economic adaptability. 
[bookmark: _Toc215831188]Resilience & Systemic Awareness
Pandemics, supply chain disruptions, financial shocks, and natural disasters have highlighted the need for resilient systems. Ports must integrate redundancy, adaptive planning, and robust crisis management to withstand systemic shocks. [footnoteRef:26] in the maritime and port sector are increasingly recognized as a constant rather than an exception. They encompass a wide range of events such as geopolitical shocks, supply chain breakdowns, cyberattacks, or climate-induced disasters. Unlike gradual megatrends, disruptions are often sudden, highly nonlinear, and can rapidly cascade across interconnected global supply chains. For ports, disruptions manifest in halted vessel movements, congestion, loss of hinterland connectivity, or damaged infrastructure. The COVID-19 pandemic offered a stark example: global port throughput dropped sharply in early 2020, exposing vulnerabilities in labor availability, just-in-time logistics, and digital resilience (UNCTAD, 2020[footnoteRef:27]). Similarly, the EverGreen blockage of the Suez Canal in 2021 revealed how a single incident can paralyze trade routes, impacting ports worldwide (Lloyd’s List, 2021[footnoteRef:28]). These examples highlight that disruptions are no longer peripheral risks but central challenges for port governance and strategic planning. [26:  KPMG, https://kpmg.com/kpmg-us/content/dam/kpmg/pdf/2025/emerging-trends-infrastructure-and-transport.pdf]  [27:  UNCTAD. (2020). COVID-19 and Maritime Transport: Impact and Responses. Geneva: United Nations Conference on Trade and Development. COVID-19 and maritime transport: Impact and responses]  [28:  The lessons and the aftermath of the Ever Given incident :: Lloyd's List] 

Black Swan events, refer to rare, unpredictable shocks with outsized impacts. While by definition they defy prediction, their consequences for ports are profound because of the sector’s reliance on global interdependencies. Examples include terrorist attacks on critical maritime infrastructure, sudden shifts in trade regimes (e.g., unexpected sanctions or embargoes), or breakthrough technologies that rapidly displace established practices. Even though these events are low-probability, their high-impact nature necessitates resilience planning. Industry studies suggest that building redundancy, flexible capacity, and adaptive governance structures can mitigate exposure to such shocks (WBCSD, 2015[footnoteRef:29]). For ports, this may involve diversifying hinterland connections, embedding crisis management protocols, and stress-testing digital systems against unknown risks. In this way, the Black Swan concept underscores the need for ports to balance efficiency with resilience, accepting that unpredictability is itself a structural condition of global trade. [29:  WBCD, (2015). Building resilience in global supply chains. building-resilience-in-global-supply-chains.pdf] 

Although by definition disruptions and Black Swan events cannot be predicted with precision, their potential scale of impact makes it essential to account for them in GPMPs. Ignoring these risks creates the illusion of stability, leaving ports vulnerable to sudden crises that can undermine long-term investments, operational continuity, and stakeholder trust. Incorporating them into planning does not mean forecasting exact events, but rather embedding resilience, flexibility, and contingency frameworks that allow ports to absorb shocks and recover quickly. By stress-testing infrastructure, diversifying supply chain linkages, and maintaining adaptive governance, ports can create capacity to withstand the unexpected. In this sense, integrating disruptions into GPMPs is less about prediction and more about preparedness and adaptive capability, ensuring that ports remain reliable nodes in the global trade network even under extreme uncertainty.







[bookmark: _Toc67914142][bookmark: _Toc215831189]– Meso-Level Responsens and Derivatives 

Ports operate at the intersection of global megatrends and local operational realities. This section presents how ports can use these abstract global foreces and translate them into opportiunities and challenges. This section will link the megatrneds into meso responses and opportunities which will then be linked based to the MLP provided by the next building block which deals with the niches of PIONEER’s innovation radar. 
For example, global push toward decarbonization shifts energy away from fossil fuels, leading to a series of IMO and EU policies on GHG reductions and the development of green corridors. On a port level this can be translated into port investing i in hydrogen and ammonia bunkering. 
While megatrends represent structural, long-term forces that operate at a global scale, ports experience them indirectly through a layer of derivative trends or meso-level responses. These responses arise when governments, industries, and societies translate high-level pressures into frameworks, expectations, or business practices.
Below we identify the most important meso-level responses of ports: 
[bookmark: _Toc215831190]Circular Economy: 
Emerging in response to resource scarcity, climate challenges, and goals to reduce emissions, circularity is best seen as a new policy and business approach rather than just a passing trend. It focuses on keeping resources in use for as long as possible, reducing waste, and regenerating materials. For ports, this means developing initiatives like sharing resources with nearby industries (industrial symbiosis), turning waste into energy, and becoming centers for repairing, dismantling, and reusing materials in maritime supply chains. In doing so, ports play an important role in supporting the transition to a more circular and sustainable economy (Ellen MacArthur Foundation, 2019)[footnoteRef:30]. [30:  Ellen MacArthur Foundation (2019). Circular Economy in Cities: Building thriving and resilient places. Ellen MacArthur Foundation.] 

[bookmark: _Toc215831191]Regulation and Policy Pressure
Regulation represents the formal translation of global megatrends—such as climate change, the energy transition, and public health concerns—into binding rules that reshape the maritime and port sectors. Frameworks like the IMO’s decarbonization strategy, the EU’s Fit for 55 package, and national emission limits for port areas are making the imperative for the industry towards lower-carbon operations. Within the EU, instruments such as RefuelEU Maritime aim to increase the use of sustainable alternative fuels in shipping by mandating fuel suppliers and ports to ensure availability and access. The inclusion of maritime transport in the EU Emissions Trading System (EU ETS) introduces a carbon price signal that encourages efficiency and emissions reduction. Meanwhile, the Alternative Fuels Infrastructure Regulation (AFIR) establishes clear targets for the deployment of onshore power supply and alternative refueling infrastructure in ports, enabling cleaner vessel operations. Together, these regulatory measures not only constrain traditional practices but also create a predictable policy environment that drives investment, technological innovation, and long-term decarbonization of the maritime sector and ports in general (European Commission, 2023[footnoteRef:31]; EMSA, 2024[footnoteRef:32]). [31:  European Commission (2023). Fit for 55: Delivering the EU’s 2030 Climate Target on the Way to Climate Neutrality. Brussels: European Commission.IMMC.COM%282021%29550%20final.ENG.xhtml.1_EN_ACT_part1_v8.docx]  [32:  European Maritime Safety Agency (EMSA) (2024). Implementation of the EU Maritime Green Deal: ETS, AFIR, and RefuelEU Maritime. Lisbon: EMSA.Reducing GHG emissions - Fuel EU Maritime Regulation - EMSA - European Maritime Safety Agency] 

[bookmark: _Toc215831192]Energy Transition -Ports as Energy Hubs
Ports occupy a central role in the emerging low-carbon energy economy. They serve as gateways for green fuel imports and renewable energy generation. Many alternative fuels are currently competing for positioning  as a key node for the provision of a specific fuel such as hydrogen, methanol, ammonia, electricity e.t.c. (DNV, 2023)[footnoteRef:33]. [33:  DNV, (2023). MARITIME FORECAST TO 2050, DNV, 2023
] 

Hydrogen offers a flexible energy carrier for use in industry, transport, and electricity generation, while ammonia’s high energy density makes it a promising fuel for deep-sea shipping (DNV, 2023). These developments are complemented by on-site electrolysers, bunkering facilities, and dedicated pipeline networks, connecting ports to regional consumption and industrial clusters. 
At the same time, electrification is reshaping port operations. The deployment of shore power systems (cold ironing) allows ships to plug into the grid while berthed, significantly reducing greenhouse gas and particulate emissions. Electrified cargo-handling equipment and automated vehicles are becoming standard features of smart, low-emission terminals. Together, these developments establish ports as testing grounds for the broader energy transition, where technological innovation, policy frameworks, and industry collaboration converge. Ports are also exploring district heating networks that recover waste heat from terminals and industrial plants, distributing it to nearby urban areas.
The establishment of green shipping corridors is accelerating port-led decarbonization. These corridors are routes between ports that enable vessels to operate with zero- or near-zero emissions, supported by the necessary fuel and energy infrastructure. Initiatives such as the Clydebank Declaration (2021)[footnoteRef:34] and the Clean Energy Marine Hubs Alliance[footnoteRef:35] provide examples of how international cooperation is essential to align standards, share investment risks, and coordinate the rollout of clean fuels globally. [34:  Uk Goverment, (2021). COP 2026: The Clydebank Decalaration for Green Shipping Corridors. COP26: Clydebank Declaration for green shipping corridors - GOV.UK]  [35:  Clean Energy Marine Hubs | Clean Energy Ministerial] 

Additionally, carbon capture, utilization, and storage (CCUS) is gaining momentum in port clusters, leveraging proximity to industrial emitters and offshore storage sites. For example, the Porthos project in Rotterdam aims to store 2.5 million tonnes of CO₂ per year beneath the North Sea, demonstrating how ports can integrate carbon management into their energy transition strategies (Port of Rotterdam Authority, 2023)[footnoteRef:36].  [36:  Project - Porthos] 

Despite the growing momentum, the port energy transition faces several challenges. The deployment of emerging fuels such as hydrogen and ammonia involves significant capital costs, evolving safety standards, and uncertain market demand. Aligning infrastructure development with supply availability and ship fleet readiness requires long-term coordination among governments, port authorities, energy producers, and shipping companies (European Commission, 2023[footnoteRef:37]). [37:  European Commission (2023). Fit for 55: Delivering the EU’s 2030 Climate Target on the Way to Climate Neutrality. Brussels: European Commission.IMMC.COM%282021%29550%20final.ENG.xhtml.1_EN_ACT_part1_v8.docx
] 

Transforming ports into energy hubs requires more than infrastructure, it demands institutional innovation, cross-sectoral governance, and collaborative planning. Energy transition projects are typically capital-intensive and involve multiple stakeholders: energy utilities, industrial users, shipping lines, regulators, and research institutions. Successful implementation therefore relies on coordinated governance frameworks that align incentives, reduce risk, and accelerate investment (Anas et al., 2024 [footnoteRef:38]). [38:  Anas S. Alamoush, Fabio Ballini, Aykut I. Ölçer, Investigating determinants of port decarbonisation implementation using the lens of Implementation Theory, Transport Economics and Management,
Volume 2,2024, Pages 90-111, ISSN 2949-8996, https://doi.org/10.1016/j.team.2024.04.002.] 

Furthermore, energy transition strategies must address spatial planning and social inclusion. Ports must balance competing land uses, such as logistics, energy infrastructure, and environmental restoration, while ensuring that local communities benefit from cleaner air and new jobs.  Helping ports navigating their transition into energy hubs should be one of the key considerations of the GPMP to help them integrate sustainability with technical innovation, spatial design, and governance models.
[bookmark: _Toc215831193]IoT, digital twins and interconnected logistics
The Internet of Things (IoT) has emerged as a key enabler of real-time visibility and interoperability across port systems. Through networks of connected sensors, IoT devices collect data on vessel positions, cargo conditions, energy consumption, and environmental parameters such as air quality or noise levels (UNCTAD, 2021)[footnoteRef:39]. This data allows ports to manage operations dynamically, improving resource allocation, energy efficiency, and safety compliance. [39:  United Nations Conference on Trade and Development (UNCTAD). (2021). Review of Maritime Transport 2021. Geneva: UNCTAD. Review of Maritime Transport 2021 | UN Trade and Development (UNCTAD)
] 

Ports like Hamburg, Rotterdam, and Valencia have pioneered the integration of IoT with blockchain and cloud computing, enabling seamless information exchange among terminal operators, customs, shipping lines, and hinterland logistics providers (Port of Rotterdam Authority, 2024)[footnoteRef:40]. Such integration reduces administrative bottlenecks, enhances cargo traceability, and supports the development of Port Community Systems (PCS), and digital twins. Digital twins allow for the integration of environmental, operational, and economic data into a unified analytical model, enabling ports to simulate the effects various policies such as infrastructure upgrades and energy transition measures, Such tools represent a fundamental shift toward data-centric governance, where decision-making is based on dynamic modeling and continuous feedback rather than static master plan [40:  Rotterdam Port Authority, (2024), Digital Report, 2024 Cover - Digital Report 2024] 



The combination of IoT, AI, and blockchain is also enabling new business models, such as digital freight marketplaces, dynamic berth allocation, and predictive logistics corridors. These innovations align with broader European initiatives like the EU Digital Transport and Logistics Forum (DTLF) and the European Maritime Single Window Environment (EMSWe), which promote data interoperability and efficiency across the maritime sector (European Commission, 2023)[footnoteRef:41]. [41:  European Commission. (2023). Digital Transport and Logistics Forum (DTLF) and EMSWe Implementation Guidelines. Brussels: European Commission.
] 

While digitalization brings efficiency and innovation, it also introduces significant vulnerabilities and social challenges. The increasing interconnectivity of critical systems exposes ports to cybersecurity risks, from ransomware attacks to data manipulation and operational sabotage (ENISA, 2022[footnoteRef:42]). As demonstrated by the NotPetya cyberattack that crippled Maersk’s operations in 2017, the maritime sector’s dependence on digital systems creates systemic exposure that requires robust cyber-resilience frameworks and continuous monitoring. [42:  ENISA, (2019). Port Cybersecurity: Good Practices for Cyber Risk Management in the Maritime Sector. Port Cybersecurity - Good practices for cybersecurity in the maritime sector | ENISA
] 

[bookmark: _Toc215831194]Automation 
The adoption of automation and AI-driven technologies is revolutionizing core port functions—from cargo handling to vessel traffic management and terminal planning. Modern automated terminals, such as the Euromax Terminal in Rotterdam or PSA Antwerp’s automated container facilities, rely on autonomous cranes, guided vehicles, and AI-based scheduling systems to optimize throughput and minimize human error (Rodrigue, 2020[footnoteRef:43]). By connecting cranes, sensors, and yard vehicles through IoT networks, ports can continuously monitor equipment status, container movements, and energy use, significantly improving efficiency, safety, and sustainability. [43:  Rodrigue, J. P. (2020). The Geography of Transport Systems (5th ed.). New York: Routledge.
] 

Moreover, automation and AI adoption have profound implications for the workforce. Traditional dock labor roles are evolving toward digital supervision, system management, and data analytics, requiring new training, re-skilling, and social dialogue to ensure an inclusive transition. Governance frameworks must therefore balance technological progress with ethical, social, and environmental considerations, ensuring that digital transformation contributes to sustainable and equitable port development.
[bookmark: _Toc215831195]Societal Expectation
Public opinion and community attitudes are shaped by demographic and lifestyle shifts, including urbanization and rising environmental consciousness. Ports, often located adjacent to dense urban areas, are particularly exposed to pressures around noise, emissions, safety, and transparency. Societal expectations therefore form a powerful meso-level driver shaping port legitimacy and “license to operate.” 
Ports can play a key role in turning big societal changes into real local progress. As society becomes greener, more digital, and more focused on fairness, ports can help make these changes happen through innovation and strong links with their surrounding cities. By supporting clean energy projects, developing smart technologies, and encouraging new business models, ports can become hubs of innovation that benefit both the economy and the community (Monios et al., 2024)[footnoteRef:44]. The close relationship between ports and cities allows them to work together on shared goals such as reducing emissions, improving mobility, and creating future-ready jobs. In this way, ports not only drive trade but also help cities become more sustainable, resilient, and forward-looking, contributing to broader societal transitions. [44:  Monios, J.,  Wilmsmeier, G.,  Andrés Martínez Tello, G. ,  Pomaska, L., (2024).A new conception of port governance under climate change,Journal of Transport Geography, Volume 120, 103988, ISSN 0966-6923, https://doi.org/10.1016/j.jtrangeo.2024.103988.(https://www.sciencedirect.com/science/article/pii/S0966692324001972)
] 


[bookmark: _Toc215831196]Infrastructure investments
Ports face significant challenges when it comes to infrastructure development, particularly due to the high costs, long investment cycles, and complex coordination among public and private stakeholders. One of the main difficulties lies in balancing commercial efficiency with public policy goals such as sustainability, social inclusion, and environmental protection. Traditional governance models often struggle to adapt to these evolving demands, especially as ports become more integrated with urban and regional systems. Public-Private Partnerships (PPPs) have therefore become a crucial mechanism for sharing risks, mobilizing capital, and fostering innovation. However, PPPs also bring challenges, including differing priorities between public authorities and private operators, regulatory uncertainty, and the need for transparent decision-making. Effective governance models must ensure that infrastructure investments serve both economic and societal objectives, combining long-term strategic planning with flexibility to respond to technological and environmental change. 
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