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Disclaimer

This project has received funding from the European Union's Horizon2020 Framework
Programme, through the European Climate, Infrastructure and Environment Executive Agency
(CINEA) under the powers delegated from the European Commission and under Grant
Agreement No. 101037564.

The content of the publication herein is the sole responsibility of the publishers and it does not
necessarily represent the views expressed by the European Commission or its services. While
the information contained in the documents is believed to be accurate, the authors(s) or any other
participant in the PIONEERS consortium make no warranty of any kind with regard to this material
including, but not limited to the implied warranties of merchantability and fitness for a particular
purpose.

The user thereof uses the information at its sole risk and liability. For the avoidance of all doubts,

the European Commission has no responsibility or liability with respect to this document, which
is merely representing the authors' view.
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1 - Executive Summary

This deliverable, D2.6 - Implementation Strategy for the Green Port Master Plan (GPMP), outlines
the approach for integrating the GPMP within the existing planning and governance cycles of the
four PIONEERS ports: Antwerp-Bruges, Barcelona, Constanta, and Venlo. Building on insights
from 19 large-scale demonstrations, this deliverable consolidates lessons learned, barriers
identified, and success factors observed across the project to inform the strategic development
of the GPMPs,

While this deliverable is formally titled “Implementation Strategy for the GPMP," it represents an
intermediate step in the overall PIONEERS process. At this stage, the ports are still finalising their
respective Green Port Master Plans, and therefore a complete implementation strategy cannot
yet be defined. Instead, this document lays the analytical groundwork and outlines preliminary
directions that will guide the forthcoming port-specific roadmaps. The full implementation
strategies - including reference projects for 2030, 2040, and 2050, and associated KPIs - will be
submitted alongside the final GPMPs in March 2026, ensuring full alignment between planning,
governance, and implementation.

The insights presented in this deliverable will inform both the PIONEERS Best Practice Master
Plan and Handbook (D2.15) and the consortium's contribution to the EU Port Strategy, ensuring
that policy recommendations and practical guidance are mutually reinforcing.
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2 - Introduction

This deliverable supports the implementation of new technologies aimed at digitalizing and
decarbonizing European ports. It presents the lessons learned and key outcomes from the 19
demonstrations conducted throughout the PIONEERS project. The document evaluates relevant
factors to assess the progress achieved and to identify challenges encountered over the course
of the project. Its primary goal is to inform and support future port decarbonization initiatives by
capturing insights from the development and implementation of these demonstrations. The data
for this analysis originates from the demonstration work packages (WP4-\WP7) as well as the
supporting work packages (WP3, WP8, and WPQ). It contributes to strategic project management
and examines how ports can accommodate innovative technologies more efficiently within the
European port environment.

The scope of this deliverable reflects the current stage of development of the Green Port Master
Plan (GPMP). While Task 2.4 foresees the definition of an implementation strategy, the consortium
considers it premature to develop a detailed roadmap before the GPMPs are finalized. At this
stage, D2.6 serves as a transitional milestone that consolidates lessons learned, maps existing
planning cycles, and identifies enablers and challenges for future integration. The full
implementation strategies and port-specific roadmaps will be delivered together with the final
GPMPs in March 2026, ensuring full alignment between planning, governance, and
implementation.

This deliverable is organized as follows. Section 1 outlines the links between the Green Port
Master Plan and the forthcoming EU Port Strategy. Section 2 provides a brief overview of the
PIONEERS project and its demonstrations. Section 3 presents the methodology used to collect
and classify data. Finally, the results are analyzed, and key conclusions are drawn.

Link to the Green Port Masterplan

The PIONEERS project aims to produce a Green Port Master Plan (GPMP) by 2026 for each of the
participating ports in the project. In addition to the GPMP, a roadmap is made to help ports in their
decarbonization efforts. This deliverable serves as a key reference document for the
development of the GPMP, offering essential information on the projects’ progression concerning
the implementation of the 19 different technologies tested during the project. Evaluating the
demonstration and general project development is crucial for GPMP development, as it identifies
the main bottlenecks within the port and outlines how they can be addressed and prevented in
the future. These bottlenecks are related to the technological aspects of the demonstrations but
also touch upon non-technological aspects such as policy implications and labor and stakeholder
impacts. When constructing a GPMP, it is would be unrealistic to exclude these aspects.

Link to the EU port strategy call
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Additionally, this document provides crucial input for the EU port strategy. This strategy
represents a call of the European Union to evaluate the needs of the port industry for future
development. This development goes beyond sustainability. It touches upon safety,
competitiveness, decarbonization, regulations, connectivity, etc. PIONEERS supports this call for
submissions by submitting their recommendations to the EU on the important aspects of
decarbonizing European ports.

This document serves as a foundation for this document as it compiles the lessons learned,
barriers, policy implications, port requirements, and labor and stakeholder-related factors of all
19 demonstrations held during PIONEERS. This serves as a detailed form of input for the EU port
strategy more tailored to the greening of ports.

The PIONEERS demonstrations

19 demonstrations are held during the PIONEERS project. The majority are developed within the
lighthouse port, the Port of Antwerp-Bruges (POAB). Table 1 gives an overview of all demos,
classified according to their pillar. In addition, a small description is given on the goal of the
demonstration.

Demonstration* Description

Energy generation from  [This demonstration installs a hydro turbine system in the Kallo lock to capture residual water flows and
ater currents (pillar 1) generate clean electricity onsite. The turbine can supply power to both the electricity grid and the lock
infrastructure itself, contributing to renewable energy self-sufficiency and reducing carbon dependence.

Hydrogen refueling IThis demonstration implements green hydrogen production and high-speed refueling infrastructure toj

infrastructure (pillar 1) support hydrogen-powered terminal equipment. A 350-bar refueling station enables rapid refueling off
hydrogen straddle carriers, ensuring continuous around-the-clock operations while eliminating diesel
dependency.

Corridor of modular IThis demonstration develops battery-electric sailing infrastructure using swappable energy containers

docking stations for energy|(ZES packs) based on lithium-ion technology. Modular docking stations are being established on two|

containers (pillar 1) corridors—Rotterdam to Venlo and Antwerp to Willebroek—where depleted battery packs can be quickly

swapped for charged ones, enabling zero-emission inland waterway transport.

Hydrogen heating for IThis demonstration implements a hydrogen heating system for port buildings to explore hydrogen as an
buildings (pillar 1) alternative to natural gas heating. The primary focus is on acquiring and disseminating knowledge related
to safety aspects, regulatory requirements, and practical implementation of hydrogen heating technology.

Battery Storage and Smart [This demonstration implements a battery energy storage system combined with smart energy

Management of Green management software to optimize the use of renewable electricity generated by wind turbines at the
Energy in terminal terminal. The system monitors electricity generation and consumption in real-time, forecasts day-ahead
operations (pillar 1) production, and stores excess energy to reduce demand peaks and accelerate decarbonization.

? Pillar 1 - Clean Energy Production, Storage & Supply, Pillar 2 - Sustainable Port Design, Pillar 3 - Modal Shift and Flows
Optimisation, Pillar 4 - Digital Transformation
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Local resource recovery
for green, circular concrete
(pillar 2)

IThis demonstration develops and tests sustainable concrete that replaces up to 40% of virgin sand with
locally sourced "upcycled sand" recovered from dredging activities. The green concrete is tested under
real port conditions, including exposure to tides and brackish water, to validate its performance and circular
leconomy potential.

Green straddle carriers
(pillar 2)

IThis demonstration deploys a hydrogen-diesel dual-fuel straddle carrier for container handling operations,

significantly reducing diesel consumption and emissions. The world's first hydrogen dual-fuel straddle

carrier was launched in 2023 at the Port of Antwerp-Bruges, achieving over 35% reduction in diesel usage
hile maintaining operational performance.

Electric green last-mile
(pillar 2)

IThis demonstration deploys a battery-electric terminal tractor for the "last mile" movements of containers|
ithin the port area. This zero-emission vehicle reduces local air pollution and noise while demonstrating
the feasibility of fully electric cargo handling equipment for urban-integrated port operations.

IT platforms for planning
multimodal transport (pillar
2)

IThis demonstration develops a digital platform (MIP - Mobility Information Platform) that integrates and
optimizes scheduling across multiple transport modes including rail, barge, road, and maritime transport.
IThe platform enhances cargo coordination and enables synchronous multimodal logistics operations.

Rail platform (pillar 3)

IThis demonstration develops a digital platform that integrates rail operations with other transport modes to
strengthen seamless freight transfer and improve hinterland connectivity. The platform promotes
increased use of low-carbon rail transport by improving planning, scheduling, and coordination of rail
movements.

Realizing a Modal Shift in
the Commute of Port
Employees (pillar 3)

IThis demonstration implements initiatives to encourage sustainable transportation among port employees,
focusing on increasing cycling use through improved cycling infrastructure, including dedicated cycle
paths and facilities. The work supports the development of a masterplan for bicycle infrastructure in the
port area.

Multimodal Access to Port
using a Maas Platform
(pillar 3)

IThis demonstration develops a Mobility-as-a-Service (MaaS) platform to improve accessibility to the port]
for visitors, particularly cruise ship passengers. The platform integrates various transportation options to
make them more familiar and convenient, thereby reducing reliance on individual motorized transport.

Containers Transport
Forecast (pillar 3)

IThis demonstration implements a predictive system using advanced analytics to forecast truck demand
and optimize truck fleet operations within the Port of Barcelona. The system enables better planning and
prioritization of inbound and outbound truck movements, reducing congestion and improving efficiency.

Cargo flow optimization
(pillar 3)

This demonstration develops simulation tools to model future logistics scenarios and optimize port]
operations performance. The approach allows comprehensive evaluation of different logistics
configurations and supports data-driven decision-making for cargo flow improvements.

IAutomated Container
Shuttle Solutions for Port
Operations (pillar 4)

This demonstration develops and tests an automated container shuttle vehicle for internal cargo)
movements within terminal facilities. The technology aims to replace manually driven vehicles currently
used for shifting semi-trailers, improving efficiency and safety while reducing emissions.

IAutonomous vessels (pillar
4)

IThis demonstration explores the potential of remotely operated automated vessels for inland waterway
transport, managed from a central Shore Control Centre. The technology aims to improve safety, efficiency,
and environmental performance of inland shipping operations.

\Vessel traffic optimization
(pillar 4)

IThis demonstration develops technologies to optimize vessel movements and reduce waiting times in port]
areas. Two key systems are being implemented: Optimal Lock Planning to improve lock scheduling, and a
Decision Support System (DSS) to enhance overall traffic control in busy waterways.

Maritime 5G (pillar 4)

IThis demonstration installs a 5G network combined with a multi-camera system and artificial intelligence]
algorithms to create an Intelligent Vessel Location System. The technology improves the accuracy and
real-time tracking of vessel positions, calculating their exact location within the port area..

Digital twin (pillar 4)

IThis demonstration creates a digital representation of port operations to support decision-making by port]

quthorities. The digital twin demonstrates three use cases: vessel traffic optimization, port emissions
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monitoring, and train movement analysis, enabling "what-if* scenario planning for improved sustainability
and efficiency..

Table 1: Overview of PIONEERS demonstrations - Source: PIONEERS website
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3 - Methodology

The data for this deliverable was collected through all demo-related deliverables created during
the project. Work packages 4 through 7 are consulted for demonstration-specific information.
More general information on the project development originates from the supporting work
packages 1, 8, and 9. They relate to the innovation scouting, transferability, and impact
assessment of the demonstrations. The transferability assessment and the development of the
PIONEERS assessment model are two critical sources to generate input on the technological
feasibility of the demonstrations and their deployment in other ports outside of PIONEERS. The
deliverables of these supporting work packages are created in close cooperation with the
demonstration leaders, ensuring that the information in these documents is accurate and robust.

For example, deliverable 9.3, part of work package 9, addresses the port-related conditions,
reflecting the technological requirements necessary to introduce the technology in a port
environment. Together with the non-technological barriers discussed in the demo-specific
deliverables, these factors must be considered by ports that are innovating their environment.

Based on the demo-specific deliverables, it is possible to determine where the priorities should
lie when implementing innovative technologies and which strategic investments should be made
to ensure that ports can decarbonize more quickly and efficiently.

D2.6 - GPMP Implementation strategy 13
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4- Results

This section presents the results derived from the data collected from the deliverables outlined
in the methodology section. The findings are organized according to the four demonstration
pillars of PIONEERS: (1) clean energy production, (2) storage and supply, (3) sustainable port
design, (4) modal shift and flow optimisation, and (5) digital transformation. Each pillar
encompasses a set of demonstrations addressing a distinct aspect of port decarbonization, an
overview of which is provided in the table above. The results of each demonstration are evaluated
and compiled per pillar to identify the most prominent factors discussed in the deliverables.

Structuring the results by pillar enables a more targeted analysis, focusing on a specific
technology, while supporting more targeted strategy proposals without compromising
generalization qualities. The section concludes with a summary highlighting the most significant
cross-cutting issues identified across all pillars. The results for each pillar are provided in five
groups: lessons learned, barriers during development and implementation, policy implications,
port requirements, and human capital and stakeholder factors. Despite the results and discussing
the pillars on a more aggregated level, some factors are addressed by demo-specific information
to illustrate why this factor is important or how it emerges in reality.

The lessons learned stem from the development and implementation processes throughout the
PIONEERS project. While many factors were considered during the planning phase, their impact
during execution often differed—some challenges were more manageable than expected, while
others proved more complex. In addition, unforeseen obstacles and unanticipated successes
emerged, highlighting the complex and dynamic nature of real-world implementation. It is
essential to reflect on these factors, as they offer valuable insights into the practical realities faced
by stakeholders. Additionally, future initiatives can better anticipate potential barriers and
opportunities, improving the planning and implementation of similar technologies in port
environments.

Technological and non-technological barriers during development and implementation are
essential for future port decarbonization, they show the bottlenecks of the port decarbonization
process. The goal is to identify these barriers and try to avoid or solve them in the future. Unlike
port requirements, barriers hold back innovation and, once they are solved, implementation can
continue.

Policy implications are addressed separately due to their distinct nature. While they can slow
down innovative processes and the rollout of demonstrations, they also present an opportunity.
When managed proactively and in close collaboration with industry and key stakeholders, policy
can serve as a powerful driver of innovation. In this context, policy is considered a forward-looking
set of recommendations aimed at helping regulators design effective and supportive regulations
that foster progress and adoption.

The port requirements refer to the conditions necessary within the port environment to enable
the successful deployment or replication of a given technology. When these requirements are
not met, they can significantly hinder—or even prevent—implementation, depending on how
critical they are. It is therefore essential that ports and relevant stakeholders assess these
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requirements thoroughly. Doing so provides an initial gauge of their readiness for innovation and
decarbonization, and can help identify potential bottlenecks early. Addressing these barriers in
advance increases the likelihood of successful implementation and facilitates smoother
technology transfer processes.

Human capital and stakeholder engagement are both vital components in advancing port
decarbonization. This dimension considers the various actors involved in the transition and
defines their roles and responsibilities. Human capital, in particular, pertains to the port workforce
and the ways in which emerging technologies shape labor market readiness and the evolution of
occupational roles. The attitudes and capacities of both stakeholders and workers can
significantly impact the pace and success of decarbonization efforts—either driving them forward
or acting as a constraint—depending on their level of engagement and openness to change.

Clean energy production, storage, and supply

The lessons learned from this pillar mostly relate to the work done before implementation. One
factor relates to the environmental impact assessment for marine renewables, especially the
hydro turbine demonstration. Despite its technological readiness, the implementation
environment proved more complex than anticipated. Additionally, system integration on the
energy grid of the port was a lesson learned during the development of the included
demonstrations of this pillar. Aligning both the technological requirements and related
stakeholders proved challenging.

Market conditions and cost-effectiveness emerged as the primary barriers for the
demonstrations. Technologies such as hydrogen refuelling, battery systems, and hydrogen
heating faced investment challenges due to high capital costs, long payback periods, and market
immaturity. Even when technically successful, economic feasibility limited scalability. Fuel
availability was also made more challenging due to unforeseen energy crises. Additionally, the
lack of well-developed business cases before implementation hindered several demonstrations.
Lastly, barriers related to the port, like saltwater corrosion and tidal volatility can hinder the
implementation process.

As for the port requirements, port infrastructure is crucial to support this pillar. The port
infrastructure needs to be ready to hold the demonstrations but also to scale-up operations when
the implementation has been successful. Think of hinterland waterway access, lock size, grid
capacity for battery charging, hydrogen connectivity through pipelines, etc. Some factors, such
as tidal flow of water for the hydro turbine or the availability of quayside area for charging
equipment, are outside the influence of a port. It is crucial, therefore, to develop a solid case study
for the demonstration beforehand to increase the effectiveness of the implementation, linking
back to the first paragraph of this section.

The primary policy implications pertain to the permitting procedures and safety protocols for
renewable energy sources, such as hydrogen. Early engagement with regulatory authorities can
significantly reduce implementation timelines. Regulatory clarification is much needed as the
market situation for all technologies discussed in this section is fragmented and unclear for its
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stakeholders. It creates unneeded administrative hurdles that slow down development and
implementation processes. Modernization and harmonization of these regulatory frameworks is
essential. Complementing regulatory reform, targeted funding mechanisms, and incentives are
critical to drive early adoption. Demonstrations highlighted the need for grants supporting R&D,
infrastructure development, and safety certification. Lastly, EU-level coordination is vital. Aligning
strategies across borders ensures consistency in policy, reduces duplication of effort, and
strengthens the collective impact of clean energy initiatives in ports.

As ports shift away from fossil-fuel-based systems, the workforce must evolve in parallel. New
technologies introduce new employment opportunities and skill demands. These new roles do
require constant reskilling and reschooling of the current workforce, and attracting sufficient new,
specialized workforce and technicians to the port.

In terms of stakeholder acceptance and engagement, there is clear interest and openness toward
these technologies and the solutions they offer. However, concerns about safety standards,
regulatory harmonization, and cost-effectiveness remain as key barriers. This general willingness
suggests a readiness to support the green energy transition, provided that essential enabling
conditions—such as regulatory clarity, adequate funding, and supporting infrastructure—are
established. Collaborative efforts also play a vital role in advancing standardization, coordinating
shared infrastructure development, and co-creating viable business models. Structured
partnerships between public and private actors, supported by effective facilitation, can help
address these challenges and accelerate progress.

Sustainable port design

Lessons learned during the development of this pillar were primarily related to demonstration
performance, with several diverging from initial expectations. This highlights certain challenges
and opportunities for future projects and implementations. The electric vehicles performed
better than anticipated, but the long delivery times and stakeholder harmonization were
unforeseen challenges during the development and implementation. The integration complexity
in day-to-day operations is often difficult with new technologies.

Evaluating the true financial impact of demonstrations poses methodological challenges due to
the controlled, project-funded testing environment. Translating results to real-world commercial
conditions required extrapolations based on assumptions about scaling effects, market pricing,
and operational contexts that differ significantly from demonstration settings. These limitations
introduce uncertainty into the economic assessments. Despite these methodological constraints,
the analysis provided clear evidence that the "green premium” (the additional cost of sustainable
technologies, supporting infrastructure, and alternative energy sources compared to
conventional alternatives)—represents a significant economic barrier to widespread adoption
beyond pilot projects. From the projects’ implementation of zero-emission electric terminal
tractor, the upfront investment was 2 to 3 times higher than its diesel counterpart. The current
policy environment cannot bridge this gap to incentivize terminals to switch to other, greener
alternatives.

D2.6 - GPMP Implementation strategy 16
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The successful implementation of demonstrations within this pillar largely depends on a reliable
energy supply, robust infrastructure, and strong stakeholder engagement. When introducing
innovative equipment, such as container handling machinery, the readiness of both the fleet and
port infrastructure is critical. Fleet readiness includes the capability of existing equipment to be
retrofitted with new technologies, as well as the capacity to replace outdated machinery when
appropriate. However, replacing equipment prematurely is economically unjustifiable if the
current fleet remains operational and has a substantial remaining service life. The infrastructure
is essential to accommodate the technologies. To transition towards more sustainable energy
sources, the energy supply is essential. The electricity supply is influenced by the grid capacity
of the port environment. Around Europe, ports are already faced with electricity grid congestion.
Electrifying port equipment or other electricity-powered alternatives is impossible without future
proof electricity grid expansion. This requirement goes hand in hand with grid congestion, as this
limits the electricity supply available in the port. Sufficient power infrastructure is a prerequisite
for companies to transition their fleets to battery electric.-Additionally, a port must have adequate
space available for both equipment and infrastructure. Lastly, this space must comply with the
stringent safety regulations on renewable energy sources and other innovative developments.

All demonstrations, especially the ones related to alternative energy sources like hydrogen faced
substantial regulatory and compliance challenges. Complex permitting frameworks and policy
requirements slowed down the implementation process of the demonstrations. Building
requirements, dual fuel regulations, emission standards, and operational permits are four
examples of regulations that these technologies relate to due to their operational and technical
complexity. If they are not fostered with the upcoming regulations, it will become difficult to
attract new investors and scale up the technologies

Human factors and workforce acceptance play a decisive role in the successful deployment of
green transition technologies. Different initiatives demand distinct skill sets: circular economy
approaches call for expertise in waste-to-resource technologies and quality control, electric
vehicle adoption requires fleet management capabilities and driver training, while hydrogen
technologies demand the most extensive skill base, from advanced safety protocols to dual-fuel
maintenance. Across the board, these shifts bring predominantly positive employment effects,
though they reshape the workforce rather than simply expanding it. The emphasis is on reskilling
and upskilling the traditional workforce and making them flexible to operate in a highly VUCA
environment. For example, driver acceptance for new cargo handling equipment was initially low
at the project’s initial phase. However, after the implementation and utilization by port workers,
their attituted changed and they were much more positive than at the start of the trial period.

Finally, the stakeholder needs vary widely depending on the technology, and successful
implementation hinges on tailored collaboration frameworks. Circular economy strategies often
require partnerships with construction sector alliances, waste management entities, technology
consortia, and sustainability certification bodies. Electric mobility transitions benefit from
coordinated efforts among fleet operators, infrastructure providers, and public authorities to plan
and finance charging networks. Hydrogen adoption tends to be driven by port-industry
partnerships, technology transfer programs, and coordinated supply chain investment. While
stakeholders frequently cite barriers such as high upfront costs, infrastructure gaps, and uneven
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regulatory frameworks, they also recognize the long-term operational and environmental
benefits. Operational efficiency gains, driver comfort, and operational acceptance are all boosting
stakeholder engagement. The key is building trust through collaboration, clear communication,
and shared planning that aligns technical innovation with real-world operational needs.

Modal shift and flow optimisation

Modal shift implementation reveals that integration complexity is higher than initially expected,
with operator cooperation and data sharing being critical success factors. Sustainable behavioral
change requires long-term, systematic efforts involving multiple levels of stakeholders and
continuous engagement. Early and tailored industry involvement, especially for cruise passenger
mobility, is essential due to unique platform integration challenges and market complexities.

Predictive analytics perform better than expected for road and waterway modes, but rail
prediction is limited by data availability, emphasizing the importance of high-quality,
comprehensive data and early terminal stakeholder collaboration. Multi-modal integration
delivers value despite operational challenges, highlighting that effective coordination among
operators is more important than anticipated.

Stakeholder engagement is strong, yet commercialization needs more focus, particularly in
developing tailored business models that address passenger adoption uncertainties and
operator partnership complexities. Predictive analytics show broad stakeholder interest but face
obstacles in data access, sharing reluctance, and building sustainable business models.

Technical barriers expose significant complexity in data integration systems but also indicates a
resistance to share data among stakeholders. Multi-modal transport requires seamless
integration across modes with real-time updates, while behavioral change software applications
face challenges in route optimization, information integration, and user behavior prediction.
Reluctance among stakeholders to share operational data stems from competitive concerns and
business model conflicts, complicating stakeholder coordination. Behavioral change initiatives
must navigate privacy regulations like GDPR around employee location and commuting data
while managing cybersecurity risks. Research programs face challenges in survey participation,
confidentiality, and protecting commercially sensitive information.

Port requirements for modal shift implementation involve substantial physical and digital
infrastructure needs alongside capability development and complex coordination. Multi-modal
transport depends heavily on rail infrastructure, hinterland connectivity, multi-operator system
integration, and robust data platforms supporting multimodal planning and real-time information
sharing. Behavioral change initiatives require accessible port areas, non-car infrastructure like
cycling paths, and strong public transport links to enable sustainable mobility choices. Research
frameworks rely on dedicated research infrastructure, stakeholder engagement platforms,
comprehensive data collection systems, and effective dissemination channels to support
innovation and collaboration. Additionally, port connectivity factors such as rail links, hinterland
proximity, terminal access, and cruise service characteristics critically influence the feasibility of
a port to facilitate their modal shift.
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Policy environment indicates that multi-modal platforms and predictive analytics benefit from
more established data sharing frameworks and clearer technical infrastructure policies, aiding
their deployment. Additionally, these measures should establish trust in data sharing between
stakeholders. Cruise mobility solutions highlight the need for specialized regulatory approaches
that address the unique requirements of the tourism and passenger transport sectors.

Employment trends show positive transformation opportunities. The mobility sector is
undergoing a significant transformation, with new roles emerging and traditional ones evolving
through upskilling and professional development. Positions such as platform operators, data
integrators, multi-modal coordinators, sustainable mobility coordinators, behaviour change
specialists, research consultants, technology assessors, and implementation experts are
increasingly in demand. These developments are not replacing traditional roles like transport and
logistics planners but reshaping them, as professionals adapt through targeted training,
knowledge transfer initiatives, and the integration of digital tools and advanced technologies.

Market reception across technologies is generally positive but varies in implementation
readiness. Rail operators value increased transparency, port stakeholders show interest in wider
adoption, and logistics companies recognize efficiency gains. However, the abovementioned
barriers, lessons learned, and policy implications are holding back the long-term commitment of
these companies as there are still economic, and operational uncertainties surrounding these
technologies and their feasibility in day-to-day operations. Nevertheless, the upsides have been
established and confirmed thanks to the demonstrations and give a first glimpse of the possible
impact of these technologies inside ports.

Digital transformation

Digital Transformation demonstrations revealed several critical lessons that inform future
digitalization efforts. A key insight was the importance of real-time data processing stability and
sensor reliability under harsh maritime conditions, which are often underestimated during
planning. Maintaining stable connectivity—especially during adverse weather—proved to be a
limiting factor in the performance of autonomous and remote systems, highlighting the need for
more resilient network infrastructure. Another important learning was the performance of
algorithms in live conditions. While Al systems such as object detection, route optimization, and
real-time decision-making algorithms performed well in simulations, their application in dynamic,
safety-critical port environments posed unforeseen challenges. This underlined the importance
of extended real-world validation periods and adaptive algorithm design. Financial planning also
emerged as a crucial area. Demonstrations related to physical port infrastructure often required
substantial initial investments, often exceeding expectations. Moreover, the ROl timelines varied
widely, creating a mismatch with funding expectations and posing long-term justification
challenges. It should be noted however that considering the limited scale of the demonstrations,
and the innovate characteristics of the technologies, financial assessment tools like ROl can be
inaccurate.

Regulatory complexity further constrained progress, especially where technologies interfaced
with safety-critical systems or required cross-border data sharing. Data protection and privacy
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compliance emerged as critical concerns, especially for maritime 5G and digital twin projects.
These required privacy-by-design measures such as Al-powered image blurring and careful
camera placement. Again, cross-border data exchange exposed the need for harmonized privacy
regulations, which remain underdeveloped. Despite the transferability potential of the
autonomous vessel technology, the lack of proactive regulation supporting international
adoption hinders potential scale-up operations. Regulatory frameworks are starting to evolve in
response to new technologies, but earlier and more coordinated engagement is needed to
prevent delays in scaling and deployment.

Successful implementation of digital transformation technologies in ports relies heavily on robust
technical infrastructure, operational readiness, and the ability to perform under challenging
environmental conditions. Demonstrations consistently showed that established port
infrastructure—such as terminal compatibility, existing Al systems, and resilient 5G networks—
served as critical enablers. Maritime-grade, weather-resistant equipment ensured performance
continuity, highlighting the importance of durable system design in port environments. Access to
operational environments and real-world data was vital for validating technologies in practical
settings. Live testing during high-traffic events and with operational fleet data allowed for fine-
tuning of systems and more accurate performance assessments. These experiences emphasized
that theoretical readiness must be complemented by on-the-ground validation to ensure reliable
deployment. The demonstrations confirmed that while technical capability is advancing rapidly,
widespread adoption ultimately depends on the convergence of infrastructure, governance, and
human capital.

The introduction of new technologies in port operations requires significant workforce evolution
and development. Automation efforts depend heavily on worker acceptance and specialized
expertise in fields such as Al, machine learning, autonomous systems, digital twin operations, and
5G network management. Similar to the other pillars, the transition involves replacing or
transforming traditional roles into technology-focused positions that require new skills and
retraining programs.

Concerns from relevant port stakeholders circle back to data ownership, the reliability of
algorithms, and potential disruptions of current operations. Strategic partnerships and
collaboration are therefore fundamental enablers of successful innovation. Strong cooperation
between research institutions and industry players drives technological advancements,
exemplified by partnerships between universities and pioneering technical companies to
develop new technologies and ways to implement them inside a port environment. Academic
institutions contribute essential research capabilities and maritime expertise, while technology
development partnerships foster innovation and knowledge transfer.

Engagement from a wide range of stakeholders—including terminal operators, vessel operators,
fleet operators, and port authorities—ensures the development of comprehensive solutions and
sustained management support. Specialized technology providers also play a critical role by
delivering expertise in autonomous systems, 5G infrastructure, Al development, and digital
platforms. This network of collaboration creates the ecosystem necessary to implement complex
digital transformation technologies in port operations.
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5 - Discussion

The goal of this document is to compile the demonstration-related information and consider how
these can aid in the implementation strategy of the GPMP. Many factors must be considered to
develop, implement, assess, and transfer innovative technologies. Gathering this information is
crucial to better understand what is needed from a port perspective and how ports can facilitate
these needs to facilitate a smooth transition.

After evaluating every pillar separately, this section compiles the findings to identify trends and
similarities between the pillars. Cross pillar factors for the lessons learned, barriers, port
requirements, policy implications, and workforce and stakeholder impacts are discussed in this
section.

Lessons learned

Across all four pillars, the lessons learned reveal recurring patterns related to integration
complexity, stakeholder engagement, and the gap between expectations and actual
performance. A common trend is that technologies often perform better than anticipated in
controlled or theoretical conditions, but their implementation environments introduce
unforeseen challenges across all pillars.

Stakeholder alignment emerges as a major lesson for all demonstrations: cooperation, data
sharing, and timely involvement of industry, operators, and regulators are repeatedly highlighted
as critical but often underestimated factors during the development stages of the demonstration.
Early engagement is shown to reduce friction in system integration, adoption, and
commercialization.

Across all pillars, financial and operational sustainability also stand out. The demonstrations often
require larger initial investments, face long ROI timelines, and underestimate ongoing operational
costs, pointing to the need for more realistic lifecycle planning and tailored business models. In
a project environment, the financial burden is lessened due to the grants received during the
project. However, outside of this controlled environment, the financial feasibility of these
technologies is much more complex.

Barriers

Economic and market barriers are pervasive. High upfront investment, long payback periods, and
uncertain business cases limit the scalability of the demonstrations. The “green premium’
associated with infrastructure retrofits or replacements and alternative fuels reinforces the
difficulty of achieving cost-effective adoption in immature or volatile markets. This barrier is
particularly relevant for infrastructure-dependent innovations.

Data and interoperability challenges are another recurring theme. Whether in multi-modal
transport, predictive analytics, or digital systems, limited data availability, poor quality, and
reluctance to share constrain implementation. Privacy regulations, cybersecurity risks, and cross-
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border data gaps further complicate progress. Notably, as highlighted in the lessons learned
section above, the extent to which data-related barriers influence development and
implementation was not fully anticipated at the outset, underscoring their profound impact on
project outcomes. The data sharing bottleneck becomes even more relevant for external
companies. During the project, companies are incentivized to share data and knowledge.
However, external stakeholders are generally unwilling, or less willing to share data with their
competitors and other related companies.

Stakeholder engagement and coordination frequently emerge as bottlenecks. Late involvement
of operators, regulators, and industry partners reduces opportunities for co-design and slows
down technology adoption. Competing interests, reluctance to share data, and unclear roles
make collaboration harder, even when stakeholder alignment is critical to system success. Again,
this was already discussed in the lessons learned section.

Finally, infrastructure readiness and resilience remain barriers. A number of demonstrations
revealed hidden costs and delays due to the need for port modifications, hew communication
networks, data-processing capacity, and advanced sensor systems. Some delays and additional
costs were both unforeseen and impossible to avoid. An example of which was the invasion of
Russia in Ukraine, which drastically increased the energy costs across Europe.

Policy implications

Across all four pillars, policy implications reveal a strong convergence around regulatory
complexity, the pace of policy adaptation, and the need for proactive coordination.

Regulatory frameworks are consistently identified as both enablers and bottlenecks. Complex
permitting procedures, fragmented compliance requirements, and evolving safety standards
frequently delay implementation and reduce investor confidence. While some areas, such as
data-sharing frameworks, are beginning to mature, many technologies—particularly autonomous
systems and hydrogen-based solutions remain constrained by outdated or unclear regulatory
regimes.

A second recurring theme is the need for earlier and more sustained engagement with regulators
and policymakers. Late involvement of authorities slows down development and
implementation, while proactive consultation accelerates permitting, certification, and
stakeholder alignment. Demonstrations highlight that coordinated EU-level and cross-border
policymaking is particularly critical for technologies involving data exchange, safety regulation,
and cross-modal integration.

Targeted funding policies and incentives also emerge as essential. Grants for R&D, infrastructure
development, and certification are seen as necessary to overcome the “green premium” and de-
risk early adoption. Without such measures, scaling remains uncertain, especially for capital-
intensive technologies.

Data protection and privacy regulation are another common thread. Maritime digitalization,
predictive analytics, and mobility platforms all face significant constraints from GDPR
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compliance, privacy-by-design requirements, and unresolved cross-border regulatory
harmonization. Ensuring secure and trusted data environments is a prerequisite for deployment
at scale.

Port requirements

Across all four domains, the port requirements converge around infrastructure readiness, digital
maturity, and operational resilience. Demonstrations repeatedly showed that successful
implementation depends not only on advanced technologies but also on the ability of ports to
provide the right enabling conditions to develop and implement them successfully.

A core requirement is robust technical infrastructure. Resilient 5G networks, edge computing
facilities, advanced sensor systems, and weather-resistant equipment are essential to support
autonomous operations, real-time decision-making, and digital platforms. Many technologies
also demand significant upgrades to existing assets—such as terminal modifications, enhanced
energy grid capacity, and integrated vessel traffic systems—highlighting that large-scale
deployment is contingent on sustained infrastructure investment.

Another recurring theme is the importance of operational access and real-world validation.
Technologies cannot rely solely on theoretical readiness; they require live testing with
operational data and in high-pressure environments to ensure reliability. This underscores the
value of ports as living laboratories, where controlled trials can evolve into scalable, day-to-day
operations. Cybersecurity and data governance are crucial for port decarbonization and
innovation. As port operations become increasingly digitalized, secure data handling, privacy
compliance, and resilience against cyber threats are critical not only for system stability but also
for building trust among stakeholders. Consequently, it is not only a barrier and a lesson learned
but also a port requirement for successful implementation.

Finally, this analysis highlights the need for alignment between infrastructure, governance, and
human capital. Ports with greater digital maturity, supportive policy frameworks, and strong
collaboration mechanisms are therefore better positioned to act as frontrunners in adopting and
exporting these technologies.

Labor and stakeholder implication

Across all domains, the transition from fossil-fuel-based port systems is reshaping the workforce
rather than simply expanding it. The common thread is the creation of new, specialized roles
alongside the transformation of traditional ones, driven by automation, digitalization, and green
technologies. A recurring trend is the emphasis on reskilling and upskilling. Continuous training is
required to adapt the workforce to fast-changing demands in areas like fuel safety or behavioral
change programs. This also highlights a broader need for policy-backed lifelong learning
initiatives to sustain workforce adaptability in volatile, uncertain, complex, and ambiguous (VUCA)
environments.
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Another key similarity is the recognition of positive employment effects. While certain manual
roles are reduced, the shift consistently generates new opportunities in technical, analytical, and
managerial domains. Consequently, success depends on aligning workforce evolution with
structured training, career transition support, and institutional collaboration to prepare workers
for emerging digital and green competencies.

Across the four pillars, stakeholder engagement is positive but cautious, with an openness to
innovation balanced by concerns around safety, regulatory clarity, cost-effectiveness, and data
governance. Engagement consistently improves when collaboration frameworks are in place,
bringing together public authorities, private operators, research institutions, and technology
providers. These partnerships not only foster trust but also enable standardization, coordinated
infrastructure development, and co-creation of viable business models.

A recurring pattern is that acceptance varies by sector and stakeholder role. Port authorities,
terminal operators, and logistics companies recognize efficiency and sustainability gains, while
employees value enhanced working conditions and expanded mobility options. Passengers,
particularly in cruise contexts, demonstrate rising environmental awareness, contributing to
favorable market reception. At the same time, concerns around data ownership, privacy
compliance (e.g., GDPR), and algorithm reliability emerge as persistent barriers, particularly in
digitalization projects. Ultimately, stakeholder acceptance hinges on trust and alignment: trust in
safety and reliability, alignment between technological innovation and operational needs, and
confidence that the long-term environmental and economic benefits outweigh short-term costs
and disruptions.
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6 - Conclusion for EU port strategy

Strategic Imperative for Action

The PIONEERS project demonstrates that European ports possess the technical capability and
stakeholder commitment to lead global maritime decarbonization, but success hinges on
coordinated policy intervention to address systemic barriers that individual ports cannot
overcome alone. This analysis reveals a clear pathway forward: while innovative technologies
consistently prove their value in controlled environments, scaling requires strategic EU-level
coordination across regulatory frameworks, infrastructure investment, and workforce
development.

Critical Policy Interventions Required

Three interconnected challenges demand immediate EU attention. First, regulatory
fragmentation creates unnecessary complexity across member states, with permitting
procedures, safety protocols, and data sharing frameworks varying significantly. Harmonizing
these regulations while maintaining safety standards would dramatically accelerate deployment
timelines. Second, the "green premium” associated with sustainable port technologies requires
targeted financial mechanisms beyond traditional funding approaches—blended financing, risk-
sharing instruments, and performance-based incentives that reward environmental outcomes
rather than just technological adoption. Third, the digital transformation of ports demands robust
cybersecurity frameworks and cross-border data governance standards that enable innovation
while protecting strategic infrastructure.

Ports as Strategic Assets for European Competitiveness

European ports must evolve from passive infrastructure to active orchestrators of sustainable
supply chains. The demonstrations reveal that ports equipped with integrated energy systems,
multimodal connectivity, and digital platforms can offer competitive advantages that extend far
beyond their immediate geography. By positioning ports as 'living laboratories" for green and
digital technologies, Europe can maintain maritime leadership while achieving climate objectives
and strategic autonomy goals simultaneously.

Recommendations for EU Strategy Implementation

The EU port strategy should prioritize creating an enabling ecosystem rather than prescriptive
technology mandates. This includes establishing regulatory sandboxes for emerging
technologies, developing common technical standards that facilitate technology transfer
between ports, and creating workforce mobility programs that leverage specialized expertise
across the EU maritime network. Success requires treating ports not as isolated entities but as
interconnected nodes in a European maritime system that collectively strengthens resilience,
competitiveness, and sustainability. The transformation window is closing rapidly as global
competitors advance their own port modernization strategies. European leadership in sustainable
maritime infrastructure represents not just an environmental imperative but fundamental
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requirement for long-term economic competitiveness and strategic autonomy in an increasingly
complex geopolitical landscape.
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