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Disclaimer

This document has been produced in the context of the ENEPORTS Project. The ENEPORTS
project is part of the Interreg Atlantic Area (IAA) Program for research and development and as
such, funded by the European Commission. All information in this document is provided as a
result of the research undergone by the Leading Partner (ITG) and the Principal Partner ITER
related to the challenges, characteristics and performance of renewable energy sources,
bidirectional elements and flexible demands to take part in ports’ plannings. The user thereof
must use the information taking into consideration the unique characteristics of the Ports
included in the research. The user will use the information at its sole risk and liability. For the
avoidance of all doubts, the Interreg Atlantic Area (IAA) Authorities have no liability concerning
this document, which merely represents the authors’ view.
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Executive summary

This deliverable aims to provide information related to the challenges (technical, economic,
environmental and logistical), characteristics and performance that renewable energy
technologies included in Port’s plannings will have. The renewable energy technologies included
are: Onshore and offshore (attached and floating) wind power, Photovoltaic (onshore and
floating), Marine energies, Electrolysers, Electric vehicle charging stations, OPS, Energy flexibility
with reefer containers and Storage systems (principally through batteries). The research
includes potential recommendations for the correct integration of the aforementioned
technologies within each port area included in the project.

About ENEPORTS

ENEPORTS’s main objective is to promote energy efficiency and reducing greenhouse gas
emissions in the maritime sector through the implementation of renewable energy and low-
carbon impact technologies at Atlantic Area Ports. Not only the implementation of those
technologies but also an Energy Management System will try to optimize the energy
consumption of the unique ports energy ecosystems.

Three ports of the Atlantic Area located in Spain and Portugal will serve as experimental areas
for simulating the energy environments integrating both renewable and/or low-carbon energy
and energy efficiency protocols. The interest relies on simulating different integrations for each
port, considering a diverse range of energy ecosystems that will help develop a tool able to
manage all energy inputs of the ecosystem towards the decarbonization and boosting energy
efficiency at ports. Eventually, ports could become Energy HUBs generating, through renewable
sources, all necessary energy to match their demand. Technologies included in the different
ports are onshore wind energy, offshore (fixed and floating) wind energy, photovoltaic energy
(floating and onshore), Onshore Power Supply, sea energies (tidal and wave energies), batteries,
electric vehicle charging stations and green hydrogen through hydrogen electrolyzers.

The aim is to decarbonize a difficult-to-decarbonize sector through innovative energy
technologies, digitalization and intelligent models that will manage all information and help
improve the energy efficiency of each port, setting a replicable model that could be worldwide
implemented by other ports.
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Acronyms and abbreviations

OPS
LCOE
7SO
DSO
EIA
PV
BESS
CAPEX
OPEX
FPV
o&M
EMS
HyPE
PEM
LOHC
EVCS
HDVs
VPP
MCS

PPA

Onshore Power Supply

Levelized Cost Of Energy
Transmission System Operator
Distribution System Operator
Environmental Impact Assessment
Photovoltaic

Battery Energy Storage System
Capital Expenditure

Operating Expenses

Floating Photovoltaic

Operations and Maintenance
Energy Management Systems
Hydrogen Pathway Explorer
Proton Exchange Membrane
Liquid Organic Hydrogen Carriers
Electric Vehicle Charging Stations
Heavy-Duty Vehicles

Virtual Power Plants

Megawatt Charging Systems

Power Purchase Agreement
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1. Abstract

This deliverable provides a thorough assessment of the challenges, characteristics, and
performance of a wide range of renewable energy and low-carbon technologies that can be
deployed in port areas. The analysis goes through onshore and offshore wind, photovoltaic
systems (fixed and floating), marine energies (mainly wave and tidal), electrolysers, electric
vehicle charging systems, Onshore Power Supply (OPS), energy flexibility solutions, and energy
storage systems. For each technology, the report identifies potential for self-consumption,
modularity for adaptation to Port industrial ecosystems, innovative contributions,
decarbonisation impact, and constraints related to technical integration, economic feasibility,
logistics, environmental impact and safety. Each technology is followed by an overview of real-
cases where such technologies have been tested, are planned to be installed or have been
installed.

The work supports the ENEPORTS project objective of accelerating the decarbonisation and
digitalisation of Atlantic ports. By simulating different energy system configurations and
examining technological deployments across partner ports (Ferrol, Leixdes, and Granadilla), the
deliverable provides guidance for scalable, replicable solutions enabling ports to become future
Energy Hubs. The document concludes with targeted recommendations to prioritise
technologies according to their decarbonisation potential, maturity, and suitability for port
environments.
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2.Introduction

Ports are increasingly gaining popularity as key players to the energy transition, acting not only
as logistics hubs but as emerging hubs for renewable energy generation, storage and
consumption. The ENEPORTS project seeks to leverage this new position by assessing the
integration of renewable and low-carbon technologies into port ecosystems, supported by
digital energy management tools integrated in a Platform developed for monitoring all energy
assets and aspects, and seeking to optimise efficiency in complex, multi-user, multi- energy
assets environments.

This report provides the technological background needed for such integration. It evaluates each
relevant renewable energy source aspect: self-consumption potential, modularity, innovation
trends, decarbonisation benefits, and cross-cutting challenges. Special focus is placed on the
ability of ports to combine technologies (e.g., wind + PV + storage) and to align production with
the growing electrification of port operations, including OPS, reefer containers, and electric
mobility.

Considering the varied characteristics of Atlantic ports and their concessionaires, the analysis
emphasises practical applicability and replicability. The document also highlights real cases
within the ENEPORTS partner ports where several technologies like offshore wind, wave energy
converters, PV systems, OPS, and hydrogen hubs, are already planned or in development. This
supports evidence-based decision-making for port authorities undergoing deep decarbonisation
and infrastructure transformation.
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3.0nshore Wind Power

3.1. Application in Port areas

3.1.1. Self-Consumption and modular capacity

Wind power is a mature and rapidly scaling renewable energy technology, with over 1,000 GW
of global installed capacity as of 2024 [1]. Advances in turbine design, particularly in rotor
diameter and hub height, alongside strong policy support, have driven its role in decarbonising
the power sector. While commonly associated with utility-scale deployment, onshore wind is
increasingly being integrated into localised systems for industrial self-consumption.

Industrial and port-adjacent zones present compelling opportunities for onshore wind
integration. Large-scale consumers with predictable and continuous electricity demand, such as
cement plants, electrolysers, and logistics hubs, can benefit significantly from direct wind power
supply. For example, dedicated onshore wind farms have been deployed to meet up to 50% of
the energy demand of high-consumption facilities [2].

Regarding modularity, onshore wind technology does not inherently follow the small-scale,
plug-and-play model of photovoltaics. The current trend favours increasingly large turbines, with
average rated capacities in Europe exceeding 4.6 MW and reaching 6 MW or more in countries
like Finland and Sweden, aiming at reducing the levelized cost of energy (LCOE) of this
technology [1].

However, while not modular in a technical sense, onshore wind can still be scaled in phases
depending on land availability, connection capacity, and financial considerations. This makes it
a viable renewable solution for ports and energy-intensive users seeking to decarbonise
operations over time through a combination of centralised and distributed strategies.

3.1.2. Innovation

Recent developments demonstrate how onshore wind energy is being integrated into the
evolving role of maritime ports. A notable case is the Port of Stephenville in Newfoundland,
Canada. In 2023, World Energy GH2 acquired the port with the aim of transforming it into a
major export terminal for green hydrogen and ammonia. These fuels will be produced using
power generated by at least 328 onshore wind turbines to be deployed by 2025 across the
nearby Port au Port Peninsula and Codroy Valley. The innovation lies in repurposing a traditional
port into a renewable energy export platform, where onshore wind is a central enabler of green
fuel production and international shipping [2].

In Portugal, the Port of Sines is part of the GREENH2AT-LANTIC project, which includes the
development of a 100 MW hydrogen production facility linked to hybrid renewable energy

13
i'tg - i === Dbvilders -.'53'-'% o fotoiGoleor  GRAITER [ R

ARDL

.

ENEPORTS



. “ Interreg Co-funded by
x Atlantic Area the European Union

sources, prominently onshore wind. The site involves the conversion of a former coal power
plant into a clean energy hub, representing a strategic innovation in port redevelopment [2].

3.1.3. Potential for decarbonization

Wind energy plays a central role in the decarbonisation of the European energy system,
particularly through industrial electrification and the displacement of fossil fuel-based power
generation. Achieving climate neutrality targets requires substantial growth in renewable
capacity, with wind power identified as a cornerstone for meeting the projected 50-100%
increase in electricity demand driven by the electrification of industry, transport, and buildings

[1].

In 2023, wind energy in the EU helped avoid over 202 million tonnes of CO, emissions, with
additional reductions in air pollutants such as NOy and SO,, generating an estimated €16.9 billion
in environmental value. In Germany alone, approximately 142 TWh of wind power generation
avoided nearly 108 million tonnes of CO,-equivalent greenhouse gas emissions [2].

Additionally, energy-intensive sectors such as cement, chemicals, and aluminium are expected
to significantly increase electricity consumption by 2040 and are actively partnering with the
wind sector to meet future needs. A notable example is the Medgidia Cement Plant in Romania,
which operates a 30 MW onshore wind farm covering around 50% of its electricity demand,
equivalent to 80 GWh annually [1].

In this sense, ports are emerging as key hubs for renewable-powered industrial clusters. Projects
in Canada and Portugal combine onshore wind with green hydrogen production, converting
former fossil-based infrastructures into decarbonised industrial platforms [2].

3.2. Challenges

3.2.1. Technical and electrical grid-related

The rapid scaling of onshore wind is increasingly constrained by grid-related challenges. Key
bottlenecks include [1], [2]:

e Grid congestion and connection delays: Many countries face critical delays in grid
reinforcement, with current “first come, first served” policies leading to speculative
connection requests and inefficient queue management. TSOs and DSOs are urged to
adopt dynamic, merit-based approaches.

e Curtailment: Grid saturation has led to increased curtailment in several countries. Spain
curtailed 1.1 TWh of wind in 2023 (+58% vs. 2022), while Ireland reached 1.1 TWh of
dispatch-down (8.9% of available wind). Alberta (Canada) recorded ~5% curtailment in
late 2023.
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e Spatial planning limitations: Restrictions due to air traffic, military zones or protected
areas increasingly limit land availability.

e Underinvestment in transmission infrastructure: The EU has historically underinvested
in grids, leading to long connection queues and viability issues for new projects.

3.2.2. Economic

Economic challenges include:

e Inflation and interest rates: Rising input costs and interest rates are eroding margins
throughout the value chain.

e Auction design: Earlier auctions with unrealistically low bids have led to project
cancellations. New auctions include indexed pricing and sustainability criteria, but
barriers remain, especially for repowering projects with unacknowledged costs.

e Investment challenges: Although EU investment reached a record €30 billion in 2023,
regulatory instability, slow permitting, and global competition in the supply chain hinder
financial closure.

e Transport and material costs: Rising raw material and logistics costs increase CAPEX,
particularly for large-scale installations.

3.2.3. Logistic

As turbines grow in size, complexity and capacity, logistical constraints can also increase [1], [2]:

e Transport permitting and infrastructure: Oversized turbine components require
extensive permitting. In Germany, transporting a single turbine can involve 150 permits
and months of delay. Cuxhaven port delays due to highway closures have impacted
deployment.

e Port infrastructure: Ports need targeted upgrades to support component handling and
offshore logistics.

e Manufacturing bottlenecks: Supply chain limitations in substation components and
blade production can delay projects.

3.2.4. Environmental

Although climate-positive, onshore wind can generate local environmental concerns [2]:

e Noise and visual impact: Community concerns over noise and obstacle lighting (e.g., red
lights) persist. Radar-triggered lighting systems are being trialled.

e Biodiversity and wildlife: Bird and bat collisions remain a concern. Mitigation measures,
like blade painting and pre-operation monitoring, are being tested.

e EIA procedures: Environmental assessments often delay permitting. Some jurisdictions
are working on streamlining this without sacrificing ecological standards.
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3.2.5. Security

Main security challenges include [1], [2]:

- Occupational hazards: The installation and maintenance of onshore wind turbines
involve specific occupational risks, so implementing proper safety measures to protect
workers is essential.

- Technical failures: Technical failures in turbines, such as blade detachments or tower
collapses, can pose risks to people and property.

- Air safety: The presence of onshore wind turbines may affect air safety, requiring the
implementation of marking and airspace control measures.

- Critical infrastructure protection is gaining attention, particularly for remote and
exposed wind farms.

3.2.6. Real cases

The Green Port Hull initiative transformed Alexandra Dock, part of the port of Liverpool, in
England, into a renewable energy hub tailored to the offshore wind industry. Siemens Gamesa,
in partnership with Associated British Ports (ABP), invested over £300 million to establish
facilities for wind turbine blade manufacturing, assembly, and servicing. Infrastructure upgrades
included reclaiming dockland and infilling internal docks to accommodate a blade factory
(capable of handling 75 m-long blades), storage, logistics infrastructure, and purpose-built
harbor access. This development created substantial local economic impact, including job
creation and strengthened supply chain clustering in the Humber region [3].

In Bremerhaven, Germany, BLG LOGISTICS and EUROGATE have launched the Eco Power Port
initiative to integrate wind energy into port operations and logistics. The collaboration seeks to
pool wind energy expertise within port infrastructure, positioning Bremerhaven as a renewable-
energy-capable hub. Though primarily focused on logistical handling of wind energy components
and future production integration, this real-world case illustrates the evolution of land-based
wind capabilities supporting port functions in Germany’s energy transition [4].
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4. Offshore (fixed and floating) Wind Power

4.1. Application in Port areas

4.1.1. Self-Consumption and modular capacity

Offshore technologies like wind power installations can be linked to Ports as these are one of
the main gateways for trade and logistic operations of overseas goods and materials. Ports
therefore can find in offshore wind power technologies a great opportunity to increase their
energy self-sufficiency. Some of the highest electricity consumers at Ports are container
terminals, cruises and vessels Onshore Power Supply (OPS), also known as cold ironing, cranes
and logistics operations hubs [5]. Other Port’s examples that contribute with heavy industrial
activities among their concessionaires are shipyards, steel processing or even refrigerated
storage. Port connection with large-size offshore wind power installations and such consumers
among their concessionaires could be especially suitable for a higher energy self-sufficiency.

From new potential concessionaires’ point of view, having the capacity of counting on
renewable energy for their operations, under one business model or another, increases the
strength of their tentative to get installed at Port areas due to a better ESG credentials [6]

When talking about the suitability for self-consumption of a power production technology it is
important to highlight the acting natural resources (the wind, a variable resource in this case),
the capacity factor (ratio between amount of energy generated and the theoretical maximum)
and the possibility for adaptation to the demand curve, in this case, of Ports. In this sense,
offshore projects that are hybridized with battery systems might be more profitable and serve
well the oscillating conditions for self-consumption in Port Ecosystems.

Wind power is already a good energy source in coastal areas as it takes advantage of more
consistent and higher winds [7] which could mean an increased performance and a higher
production hour coverage (in comparison with PV systems). Talking specifically about offshore
wind power, there are some even more critical concepts like the distance to the substation and
the depth at that specific distance. Shallow waters (less than 75m depth) are not abundant and
those with potential to integrate fixed offshore wind farms are already holding competition for
wind farms development. Bathymetry around European Atlantic Ports shows that already few
kilometres away from Port areas the depth of the seabed makes very difficult the suitability of
offshore fixed wind farms, gaining advantage the offshore floating systems. This can be observed
in the following figure:
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Figure 1: EMODnet Map Viewer with bathymetry data around European Atlantic countries. Extracted from [8].

Regarding modularity, bottom-fixed offshore technology has been widely installed across
Europe in comparison with floating offshore technologies. Fixed offshore has usually been
installed in large capacities (hundreds of MW), what would make difficult for a Port as a single
user to handle the generation loads. Nevertheless, the maturity and development of floating
offshore wind technologies allow demonstrators to fit within ports energy needs, with better
modular capacity, with demonstrators ranging from few MW up to few tens of MW.

4.1.2. Innovation

So far, Ports are not quite developing their energy infrastructures on the sea but within their
inland territories (very valuable assets for their economy and operations). There are few
examples of Ports that plan on increasing the land by extending their breakwater dikes or make
use of their water territory like Port of Leix&es.
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By using offshore wind energy, ports not only innovate by making the most out of sea areas that
they were not expecting to exploit, but they would also be taking further steps on their already
existing importance for the offshore wind industry supply chain. Ports could become enablers
of offshore projects by easing up direct port-to-farm energy corridors with allocated energy-
intensive consumers.

Innovative designs that reach higher energy production capacities, alongside the development
of floating substations and digital-twin-enabled maintenance, make this technology more
accessible for Ports.

At the ENEPORTS project level, there exists a clear synergy between the current industrial inertia
followed by the Ports and the interest in becoming or providing testing areas for upcoming
innovative technologies such as new designs and prototypes of offshore wind power.

Even though there might not be any reported cases of Ports planning to use offshore wind power
for self-consumption, there are many involved in the whole lifecycle of the technology, from its
construction until its testing within the Port’s area and network such as Port-La Nouvelle [9]
(installing three floating wind turbines with a capacity of 30 MW at more than 16 km off the
coast) and Port of A Coruiia (planning on becoming an reference for marshalling, assembling and
deployment of major components for commercial-scale floating offshore wind projects and
developing a testing area for offshore wind technologies)[10].

4.1.3. Potential for decarbonization

The potential for decarbonization with offshore wind power technologies is clear just by
considering the capacity factor of such power plants in comparison to other renewable energy
technologies’ plants. In general terms, an offshore wind power plant should count on a higher
renewable resource due to their place of installation. A higher renewable resource essentially
means that a plant will be able to produce more energy in a specific period of time. For example,
two wind power plants with the same power capacity installed, one onshore and the other one
offshore, would normally end up producing different amounts of energy and therefore avoiding
different amounts of CO2 emissions.

The real CO2 production avoidance, among other pollutants such as SOx and NOx, depends on
the GWh that are being displaced from fossil fuels to renewable energies. A same amount of
GWh produced by fossil fuels in UK and USA might not have the same CO2 emissions associated
as that depends on the energy mix. In April 2024, a report given by Offshore Wind Facts website,
developed by the Special Initiative on Offshore Wind (SIOW), stated that Coal, Oil and Gas would
produce an average of 964, 726 and 484 tons of CO2 per GWh of energy respectively for the USA
case [11]. That same report states that a single turbine of 2 WM avoids 4-4,5 kt of carbon
emissions per year and in overall, offshore wind power produces a 7-14% of the lifetime
emissions of coal, oil and gas.

19

i‘t‘g i -ﬁ s [JBuilders -:Emu 2ot Galeor  ERAITE . R

ARDL

.

ENEPORTS



Interreg Co-funded by
x Atlantic Area the European Union

Other reports from the Green Investment Group for the UK [12] and the World Bank Group for
Vietnam [13] give similar figures like a 9 million tons of CO2 emissions avoidance per year with
7 GW production capacity and 2,2 million tons of CO2 emissions avoidance per year for every
GW of production capacity respectively.

Even though all given figures belong to different energy mixes and different years of reference,
it seems to be that offshore wind power avoids a range from 1 to 3 Mt of CO2 emissions for
every GW installed.

4.2. Challenges

4.2.1. Technical and electrical grid-related

As any other Variable Renewable Energy (VRE), the main technical challenge is the match
between demand and offshore wind energy production. A large-scale integration requires
solutions that will ensure either the storage, consumption or conversion of the extra energy
produced. ENEPORTS aims to help Ports in the energy management through digitisation, get
technologies and digitalised solutions closer to Port Authorities and all their concessionaires,
who are essentially the ones in need of energy for running their operations. BESS solutions might
give a short-term solution whereas hydrogen conversion might give a long-term solution.

Large offshore wind farms might find difficulties if the objective is to connect to the
transport/distribution grid or even to access the Port grid, which in most cases was not
developed for intaking huge amounts of energy. Therefore, offshore wind farms might need to
be accompanied with an investment in Ports’s grid development. Promotor companies might
include this investment as part of the Project development, within the own offshore wind farm
grid access and connection. Nevertheless, further development as a smart grid, substations
reinforcement and monitoring and communication grid must be done for ensuring proper and
efficient energy management.

Wind offshore farms need more area than onshore wind power plants. That area is not that
limited though, as it can be found in open seas at few kilometres from Port regions.
Nevertheless, those overseas areas do not normally belong to Ports and Governments
collaboration is a must in terms of water land management, permissions granting and other
activities management like fishing, leisure activities (sailing e. g.), cruises and boats routes...

Offshore wind farms require normally less space than onshore wind farms. Turbines have
greater power capacity and therefore, power density is higher than onshore wind farms.
Likewise, among offshore wind technologies, fixed offshore wind farms have higher power
density than floating systems due to higher spacing requirements between wind turbines and
similar power capacities per turbine.
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Offshore wind power technologies range in power density from 3 to 10 MW/km?, from 3 to 7
MW/km? for floating systems and from 5 to 10 MW/km? for fixed systems [14], [15].

4.2.2. Economic

Offshore wind stands as one of the most expensive renewable energy technologies in Europe.
Nevertheless, the cost difference is being reduced, reaching for the bottom-fixed up to 40-50
€/MWh in auctions in the North Sea (these costs already include the transmission costs) [16].
For floating systems, LCOE is still too high, and even though it depends on the project
characteristics, it ranged between 145 and 350 €/MWh for the 2020-2023 period [17]. Costs are
expected to keep decreasing but profitability in a case like a Port will be a matter of project
scalability. Normally, the more a large project is tied to several industries and potential
buyers/consumers of its energy production, the stronger the business model is. This helps to
reach competitive returns.

To own an offshore wind power plant is not the scope of most Ports though, but to find
decarbonised energy sources at competitive prices that can feed all their concessionaires and
loads. An offshore wind power plant could be a good option for Ports with hybrid storage
systems and electricity-intensive industries. Even though CAPEX and OPEX might be high, steady
energy customers, long lasting technologies and alternative business models might justify the
investment in such power plants.

4.2.3. Logistic

Offshore wind technologies have a great advantage around ports. Their size, weight and shape
require large areas and special equipment for their production, transport and installation. That’s
why the offshore industry is being developed around Port areas. Ports already have specialized
cranes, large land/water areas and assembly capacities for addressing the upcoming issues
around the construction and installation of bigger and heavier turbines and offshore platforms.

Nevertheless, when talking about self-consumption offshore wind projects, Ports must adapt
not only their infrastructures to be able to host O&M services for the whole lifetime of the
project but also their electrical interconnection points and infrastructure, as the energy
overproduction management is of the essence for the economics of such project.

4.2.4. Environmental

The highest environmental concerns are the social opinion regarding the visual impact and
impact on marine ecosystems throughout the installation process. Rules and laws already
constraining the installation of renewable projects already consider noise disturbance,
protection of endangered species, distance to population areas...

21

2 _— i % e
itg 8 o= Dowens TEER oo © @ o=

.

ENEPORTS



Interreg Co-funded by
x Atlantic Area the European Union

Nevertheless, special consideration must be taken regarding the bigger size of wind offshore
technologies and the location of the offshore plants, as migratory and endangered species might
be affected not only throughout the installation but also during the operation. If a port lies near
protected coastal or marine areas, permitting becomes more complex, needing a more
exhaustive environmental impact assessment and potentially increasing the CAPEX and
installation expected times.

4.2.5. Security

Offshore wind projects require robust and meticulous safety protocols, not only for the
installation process but also for the operation and maintenance. High power capacity and high-
voltage conditions increase the risks and areas where to focus new safety protocols such as for
high-voltage substations, offshore cabling, high height working conditions...

When offshore is floating-type, additional measures might be considered regarding the mooring
line integrity and surrounding activities. If offshore wind plants come alongside storage or
energy conversion systems, the safety and security measures extend to them, with a whole
logistic system that integrates experts and procedures for all stages of the overall system.

Ad-hoc measures must be considered for surrounding activities and each maritime environment
as every Port faces a unique set of characteristics.

4.2.6. Real cases

As for the latest datasets, updated in 2024 from the European Commission EMODnet Map
Viewer [8] and represented in the map below, there are only a few Offshore projects producing
energy or under construction around Europe (in yellow). The other projects represented in the
map are either demonstrators or approved projects.

Only two of the projects being constructed or already working fall in Atlantic Seabed (being one
of them in Portugal and the other between Irish and English coasts).
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Figure 2: EMODnet Map Viewer with Offshore Wind Power data around European Atlantic countries. Extracted from

[8].

One of the most famous cases of offshore wind power installations for Ports is the Port of
Rotterdam, connected to large offshore wind farms. The Port of Rotterdam in the Netherlands
uses power for industrial clusters [18].
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5. Photovoltaic (fixed and floating) Power

5.1. Application in Port areas

5.1.1. Self-Consumption and modular capacity

Photovoltaic (PV) power has become one of the most scalable and cost-effective renewable
energy technologies globally. As of 2024, global installed PV capacity has surpassed 1,400 GW,
driven by significant cost reductions, efficiency improvements, and policy support mechanisms
[19]. The modularity, low operating costs, and adaptability of PV systems make them ideally
suited for decentralized applications, particularly in industrial zones with high daytime electricity
demand.

Port environments offer significant opportunities for PV deployment, both in fixed and floating
configurations. Given their extensive roof areas (e.g., warehouses, terminals), underutilized land
parcels, and access to calm water surfaces such as basins or docks, ports are uniquely positioned
to adopt PV for self-consumption. Moreover, coastal zones usually exhibit moderate to high
solarirradiance (typically 1,400-1,900 kWh/m?/year), making them well-suited for economically
viable solar generation [20].

Fixed PV systems can be installed on rooftops, ground-mounted arrays, parking and shading
structures, or integrated into noise barriers, among the multiple possible applications of this
technology. These systems benefit from proximity to energy-intensive operations, such as
container handling, electric cranes, reefer containers, and shore-side power systems (OPS), and
are relatively easy to scale incrementally, enabling deployment according to available space and
funding.

Floating PV (FPV), meanwhile, enables ports to exploit otherwise unused aquatic surfaces,
offering dual benefits: space efficiency and increased panel performance due to water-induced
cooling. Studies show that FPV can deliver up to 10-15% higher yield compared to ground-
mounted PV in similar irradiance conditions [21].

Both technologies support a modular and scalable configuration, which allows for phased
expansion in line with demand growth, budget constraints and fundings, or evolving spatial
availability.

5.1.2. Innovation

While solar photovoltaic (PV) technology is mature, recent innovations—particularly in floating
solar (FPV)—are enabling new applications in port environments. Hydrelio® by Ciel & Terre is a
modular HDPE-based FPV system that has been commercially deployed in over 30 countries,
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with a total installed capacity exceeding 700 MWp. Its latest version, aiR Optim, supports high-
output PV modules (>650 W), improved array density, and enhanced walkability [22].

ZIM Float, developed by Zimmermann PV-Steel Group, is Europe’s most widely deployed FPV
system (>250 MW), particularly in Germany and the Netherlands. It features a robust steel
substructure on HDPE pontoons, capable of forming MW-scale floating "islands." Its
aerodynamic design minimises water coverage (~20%) while improving cooling and energy yield
by 4—6%, making it highly compatible with port water basins or retention ponds [23].

Ocean Sun introduces a novel membrane-based FPV design inspired by Norwegian aquaculture
engineering. Its flexible structure reduces structural loads from waves and wind, offering
potential advantages for near-shore deployment in protected port areas [24].

5.1.3. Potential for decarbonization

Photovoltaic systems play a central role in sustainable electricity generation, with solar and wind
power contributing over 75% of the global increase in renewable energy demand. Forecasts
predict that the share of renewables in electricity generation will rise from 30% in 2023 to 46%
by 2030. This shift is essential for decarbonizing other sectors, including residential heating (via
electric heat pumps), mobility (electric vehicles), and heavy industry [25].

PV-generated electricity also supports green hydrogen production, particularly relevant for
decarbonising hard-to-abate sectors like chemicals, materials, and power generation. From
2024 to 2030, hydrogen-related initiatives are expected to drive around 45 GW of new
renewable capacity, evenly split between PV and onshore wind. Though this remains a small
portion of total expansion (<1%), it reflects growing integration between electricity and
hydrogen value chains [25]

In terms of carbon footprint, while FPV systems generally exhibit slightly higher emissions than
ground-mounted counterparts, the manufacturing phase accounts for 60—70% of their total life-
cycle emissions [26]. To address this, the European Union’s Net-Zero Industry Act promotes the
inclusion of non-price criteria in auctions to support the demand for EU-manufactured modules
and enhance the resilience of the supply chain. This approach aims to discourage the
procurement of components from third countries, which tend to have a higher manufacturing
carbon footprint and currently supply more than 50% of global photovoltaic technology, as part
of a broader effort to foster sustainability and local production [25].

5.2. Challenges

5.2.1. Technical and electrical grid-related

Main technical challenges of integrating photovoltaic systems stem primarily from the variable
nature of solar energy and the infrastructure limitations of maritime facilities[19], [25]:
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PV is inherently intermittent and generates electricity according to solar irradiance
patterns, which may not align with the operational profile of the facilities. This mismatch
can lead to inefficiencies and underutilization of generation capacity.

In ports with constrained distribution networks or limited grid export capacity, surplus
PV generation may be curtailed. This issue is pronounced in locations with weak
transmission infrastructure or geographic mismatches between generation and
consumption.

Many ports face limitations in absorbing additional PV capacity without substantial
upgrades to their electrical infrastructure, due to undersized electrical installations
which results in higher interconnection costs.

To address these challenges, key solutions include co-located battery energy storage systems

(BESS) to manage intermittency, advanced energy management systems (EMS) for real-time

optimization, and flexible load strategies that align operations with solar output [27].

5.2.2.

Economic

Photovoltaic (PV) deployment faces key economic barriers linked to global macroeconomic

conditions and market dynamics:

5.2.3.

Since 2022, rising interest rates—from below 1% to around 5% in advanced
economies—have significantly raised financing costs for capital-intensive technologies
like PV. Inflation has further strained project economics, reducing profitability despite a
50% drop in PV module prices in 2023 [19].

Ports, which often require large-scale PV installations integrated with storage and grid
upgrades, are particularly sensitive to upfront cost increases and long payback periods.
Affordable financing remains a critical enabler for accelerating PV adoption in ports.
However, in many cases, port authorities prioritise core logistics or infrastructure
upgrades over renewable energy projects, making access to external funding
mechanisms, such as Horizon Europe or the Connecting Europe Facility (CEF), essential.

Logistic

Regarding logistical challenges, one key issue is the availability of space:

ilg

Ports often have limited land area, as most surfaces are occupied by essential logistics
operations, storage zones, or transport infrastructure. This restricts opportunities for
ground-mounted PV installations, shifting focus to rooftops, facades, or floating
systems.

Floating PV, in particular, is more complex and costly to deploy, requiring specialized
mooring, waterproofing, and careful coordination to avoid interference with navigation
and port activities [26].

Supply chain disruptions have also impacted project timelines. Despite global PV module
oversupply, logistical bottlenecks—such as transport delays, port congestion, or limited
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local availability of balance-of-system components—have led to deployment
slowdowns[19].

Land acquisition barriers near coastal zones or regulated port areas also limit the
scalability of large PV systems, especially in densely developed terminals.

Environmental

The deployment of photovoltaic (PV) systems in maritime port environments presents specific

environmental concerns, particularly when using floating PV (FPV) technologies.

5.2.5.

One of the main issues is the potential ecological impact on aquatic ecosystems. Floating
platforms can alter water temperature, reduce light penetration, and affect local
biodiversity.

The actual environmental footprint varies depending on water body sensitivity, local
climate, and design choices, but current studies remain limited in scope. As a result,
ecological design standards and environmental regulations are still evolving and further
research is needed to generalize findings and guide sustainable implementation [26].
Another challenge is the carbon footprint of PV module manufacturing. FPV systems
tend to have slightly higher embodied emissions than land-based systems, primarily due
to materials and floating structures [26]. In response, some European auctions (e.g., in
France and the Netherlands) are beginning to factor in lifecycle emissions as a non-price
criterion [25].

Security

Floating photovoltaic (FPV) systems face distinct safety and reliability challenges due to the

harsh aquatic environment:

5.2.6.

Key components—such as junction boxes, cables, and connectors—are subject to
increased mechanical stress, humidity, and corrosion, particularly from wave action,
tidal forces, and salt exposure.

These conditions accelerate wear and tear, potentially leading to electrical faults like
short circuits or internal disconnections, which are among the most common safety
issues for both floating and terrestrial PV technologies.

Corrosion of metallic parts, UV-induced degradation of plastics, and biofouling on
submerged elements also compromise system integrity over time [26].

Real cases

The Port Authority of Valencia (PAV), has committed to an ambitious Net Zero Emissions
Strategy by 2030 across its port facilities in Valencia, Sagunto, and Gandia. This roadmap aims
to decarbonize operations through a multi-pronged approach, including innovation in energy
efficiency, mitigation of climate impact, and a transition to clean fuels and renewable energy
sources [28].

ilg
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A key pillar of this strategy is the deployment of renewable energy, particularly photovoltaic
systems. Several flagship projects are currently underway [28]:

e Rooftop and ground-mounted PV plants totalling 2.1 MW for self-consumption:
1,460 kWp installed in Valencia and 700 kWp in Gandia. These installations serve as
testbeds to optimize performance under harsh maritime-port conditions.

e Pilot heterojunction PV systems adapted to the port environment. These are deployed
in non-operational areas such as dikes, roofs, and covered parking areas, offering dual
use as energy generators and noise barriers, while also integrating functions such as
lighting and signage.

e A3 MW hybrid wave and solar power system in Valencia is being developed to harness
clean electricity from ocean waves and sunlight—marking an innovative synergy
between marine and solar resources.
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6. Marine Energies

6.1. Application in Port areas

6.1.1. Self-Consumption and modular capacity

Marine energies like wave or tidal energy are great opportunities for Ports due to their special
characteristics of location and resource. Ports are, by definition, close to water resources and
therefore the marine energies self-consumption potential is inherent to Ports nature. Strong
tidal currents and consistent wave regimes and patterns are characteristics that will determine
the marine energy potential for Port areas. This resource can be harnessed by different
technologies, which will determine the modular capacity of the Port.

Regarding the modular capacity, the Port resource might not be the critical point but the
demand profile. Some technologies might harvest the resource more efficiently, but the output
could not match the load profile. That’s why every Port must assess their load profile and check
which marine energy harvester technology suits best both their interests and their loads.

Some technologies require breakwaters, quays or sheltered waters, being Ports, infrastructures
that often include these facilities. This close installation could mean a significant advantage in
comparison with other renewable energy sources such as offshore wind power plants regarding
deployment, cabling and mooring costs, and transmission losses.

Ports concessionaires like cold storage management services, reefer containers’ management,
cranes, cold ironing, lighting, electric vehicles charging and electric-intensive industries can
benefit directly from self-consumption, reducing the dependence on fossil-based grid electricity
enhanced energy resilience, and stabilization of energy costs through local renewable
generation.

Modularity, in this case, can be considered from two different perspectives. On the one hand, a
Port can integrate different marine energy harvesting technologies in different locations of their
land/water-land. On the other hand, each of these technologies might be compound of multiple
units, being able to manage them separately as if it was a wind farm with several wind turbines.

6.1.2. Innovation

As for all technologies being assessed in this report, marine energies are innovative if integrated
in Ports because Ports are generally consumers and not generators. Marine Energies are
constantly in contact with a hostile environment, as water produces corrosion and put marine
energy technologies under tensions and forces that can affect the structures and security of the
devices. As nowadays marine energies count on one of the highest renewable energy sources
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and they are one of the technologies that are less integrated and developed among all
technologies, it's not trivial to say that they are still emerging and thus, innovative.

As mentioned, marine energies are quite adapted to Ports infrastructure, meaning that is not
that easy to bring an industrialised solution to the field. In that essence, marine energies
innovate by being developed and modelled alongside Port infrastructure with the drawback of
lacking the experience that provides security towards results expectation.

Marine energies offer a more constant and stable energy production in comparison with other
renewable energy technologies, which makes it a good match with these technologies if applied
together in a hybrid system.

6.1.3. Potential for decarbonization

Even though it’s clear that marine energies displace fossil-fuel generation, the emerging status
of the different technologies makes it difficult to accurately determine some figures on CO, and
other pollutants such as NOx and SOx avoidance. Specific numbers will, of course, depend on
the energy mix of the local grid where marine technologies are being integrated.

The potential for self-consumption of all industries mentioned in Section 6.1.1. comes alongside
a potential for decarbonisation, contributing with the whole “Blue economy”. The integration of
large marine energies plants can play a great role in the decarbonisation of Ports ecosystems
and blue economy, by adapting to Ports unique environmental and consumption characteristics.

According to the International vision for ocean energy section in the 2023 Annual Report of the
Ocean Energy Systems (IEA-OES)[29], “Ocean energy, including but not limited to wave and tidal
stream, is poised to play a pivotal role in the global energy landscape. By 2050, the ocean energy
sector forecasts a global total installed capacity of 300GW. This ambitious target is expected to
(...) prevent over 500 million tonnes of carbon emissions” (understanding these figures as annual
data). This magnitude matches, for example the 1 to 3 Mt of CO; avoided for every GW installed
of Offshore wind power, with the difference in plant size, which is lower for the marine energies
case.

6.2. Challenges

6.2.1. Technical and electrical grid-related

Lack of development in most technologies producing marine energies present a clear technical
challenge when planning their integration into Port’s infrastructures and Port’s energy grid. As
wind or sun, waves and tides are variable and intermittent. Although predictable in some level,
their complete integration into the Ports’ grids requires smart grid management systems, energy
storage and grid synchronization technologies.
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Installation costs and investments might be offset by using already existing Ports’ infrastructures
and specialized cranes and other logistic tools that Ports may have. However, old ports with
outdated electric installations will need reinforcements, new cabling and/or new substations for
accommodating marine energy generation technologies.

The area needed will be determined by the wave and tides resource, so it’s difficult to compare
in this regard, marine energies technologies with other renewable energy technologies. Marine
energies require relatively long distances to be installed as they harvest energy either from
waves or tides. This linear array is feasible in most breakwaters for wave energy technologies
but it’s not that straightforward beyond Port areas due to navigation, permitting restrictions,
cabling connection, mooring...

6.2.2. Economic

Due to the lack of development in comparison with other largely industrialised solutions like
photovoltaic and wind power systems, marine energies stand among one of the most expensive
renewable energy technologies in terms of CAPEX. The ad-hoc structures make difficult to
estimate costs/MW installed but give reasons for higher CAPEX in reference to other mass-
produced technologies.

As many marine energies technologies are at an early stage of maturity, the more they advance
and the larger in size they are installed, the faster their cost will decrease. The advantage to
other renewables is the good match with self-consumption, which can improve the expected
ROI of such systems if large scale solutions are the winning options over modular units.

Following the European Commission Blue Economy Report 2023 [30], the “LCOE ranges from
110 to 480 €/MWh for tidal energy, and 160 to 750 €/MWh for wave energy”. Talking just about
the figures, the tidal energy LCOE range is similar to the Offshore wind figures, but in worst
scenario cases tidal LCOE still higher with a lower installed capacity drawback. When talking
about wave power LCOE, the most favourable scenarios show a competitive LCOE, but scenarios
requiring higher investments might give non-competitive LCOE figures.

6.2.3. Logistic

At a logistic level, marine energies are not very different to offshore wind or offshore
photovoltaic systems due to the similar needs for installation, operation and maintenance and
other operations such as towing, mooring and underwater cabling. Luckily, Ports are located in
advantageous environments and have specialized equipment to deal with this type of logistics.
Tugboats, cargo cranes, and maintenance facilities for vessels might be useful for operations in
offshore or quays/breakwaters-attached marine energy harvesters.

Modular units, normally associated to an integration into existing Port’s infrastructure, enable
plug-and-play, which eases up maintenance management and other logistic operations.
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Modular units are a deployment that allow smaller systems to be integrated in a more
systematic way. Nevertheless, Ports might not have enough resources to integrate these
technologies without affecting their current regular operation.

Even though logistics may be easier for this kind of marine energies, regulations are not as
developed as required to speed up the whole process. Ports may need to change their layout,
upgrade their electrical grid or change the business model considering this new energy input for
the energy pool.

6.2.4. Environmental

The several devices developed for marine energies like wave and tidal energy devices show a
wide spectrum of visual impact. The most suitable device-type will depend on each Port’s
characteristics. Nevertheless, it’s clear that any submerged or near-shore wave devices will have
the least visual impact. This last device-type will have safe navigation constraints though.

Biodiversity impact is a concern, specially throughout the installation phase. The impact is
related to cable-laying effects, noise, collision risks for marine fauna and potential changes in
local hydrodynamics. Ad-hoc studies must be done for every specific case and thorough
environmental impact analysis must be performed for Port areas close to protected marine
areas.

Tidal energy harvesters or harvesters for energy from currents is more difficult to be installed
near ports due to their lack of resource and their space they need [31], which is normally too
extent to be part of Ports’ area of influence. Either tidal, current or wave energy has an impact
on the environment and organizations such as Sandia National Laboratories participate on tools
development for assessing potential risks on changes of environmental conditions. These
environmental assessment tools not only study how to minimise unwanted environmental
change but also perform as a bridge between regulators’ requirements and developers’ needs,
optimising the turbine array layouts and maximizing power production [32].

6.2.5. Security

Marine ecosystems are harsh ecosystems. On one hand, weather conditions are sometimes
unpredictable and different tensions, strengths and different forces can affect the integrity of
the different devices displayed for energy harvesting. On the other hand, calm status can
encourage marine growth that also affects the integrity of energy harvesting technologies. In
any case, the structures are affected, implying stronger and thorough security and safety
measures for both CAPEX-OPEX investments and all wildlife and people involved in installation
and maintenance.

The harsh environments and the fact that marine energies are not fully developed technologies,
mean unpredictable consequences to unexpected events. This is linked to a Port adaptation of
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safety and security protocols that will consider potential effects on shipping lanes, port
operators, port operations, cabling and mooring equipment protection, among many other
factors.

6.2.6. Real cases

Marine energies have been tested in several Ports around the world. In Spain Mutriku site, has
the world’s first commercial wave power plant with an oscillating water column technology. This
plant has been operating now for more than 13 years, and it has produced about 300 MWh
every year [33]. It’s a clear success example of this kind of technology.

Regarding tidal energy, the Meygen project, in Scotland, is one of the most popular projects due
to its impact but different references give different numbers of peak power capacity.

Port of Los Angeles has recently included a Wave Energy harvester in a repurposed dock. The
collaboration with EcoWave Power tries to demonstrate the potential for wave energy and
further implement the technology in the energy mix of the Port [34]. This company has also
assessed the possibility for installation in Port of LeixGes, Partner of Eneports.

Port of Valencia has assessed the use of marine energies for Port use with wave energy
converters overtopping devices technologies attached to a breakwater though results have not
been very optimistic regarding the power production capacity, costs and ease to integrate [31].

Currently, there are several companies developing different technology solutions like EcoWave
Power, DIKWE, Neptune, Orbital Marine Power, with a diverse range of patented devices and
pilot sites around Europe. Other institutions like Orkney (European Marine Centre) and Sandia
National Laboratories try to understand how to integrate these technologies, make them
profitable and study how to minimise their environmental impact while maximising their energy
production potential.
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7.Electrolysers

7.1. Application in Port areas

7.1.1. Self-Consumption and modular capacity

Ports are identified as direct and central users within the hydrogen value chain, playing a key
role in decarbonising both their own operations and those of their surrounding areas. The
expansion of electrolysis capacity and hydrogen production in port areas is conceived as
modular and scalable, adapting to different implementation strategies.

The roles of ports in hydrogen production for self-consumption include [35]:

e Direct Operation: Port authorities may choose to directly build and operate electrolysis
facilities.

e Landlord Role: Ports can act as landowners, outsourcing the construction and operation
of electrolysis units to experienced operators. Examples include the Port of Antwerp-
Bruges, which provides space for electrolyser installations, and North Sea Port, which
aims to become a hydrogen hub by offering land for production projects.

e Facilitator and Coordinator Role: Ports may also facilitate and coordinate projects
among multiple stakeholders, including electrolyser owners, hydrogen end-users,
project developers, and technology providers. The Port of Klaipeda exemplifies this
model by acting as both a facilitator and investor in hydrogen production initiatives [36].

Regarding modular deployment and capacity optimisation, a progressive and large-scale
deployment of renewable electricity infrastructure and electrolysers is projected. By 2030, the
EU Hydrogen Strategy initially targeted at least 40 GW of electrolyser capacity in Europe, while
the REPowerEU plan raised this target to 120 GW [35], [37]. According to REPowerEU scenarios,
an estimated 160 GW of electrolyser capacity may be required by 2030 [35].

In this regard, the HyPE (Hydrogen Pathway Explorer) model is used to optimise electrolyser
sizing, identifying the lowest-cost combination of components and the optimal production
capacity to mitigate the intermittency of renewable sources [35].

7.1.2. Innovation

The OYSTER project is pioneering a marinized, compact PEM electrolyser capable of integrating
with offshore wind turbines, demonstrated in a shoreside pilot in Grimsby, United Kingdom. This
system includes desalination to use seawater as feedstock, optimised for harsh offshore
conditions [38].

34

i'tg - i === Dbvilders -.'53'-'% o fotoiGoleor  GRAITER [ R

ARDL

.

ENEPORTS



Interreg Co-funded by
x Atlantic Area the European Union

Similarly, the PosHYdon pilot represents the world’s first offshore green hydrogen production
platform. A 1 MW electrolyser installed on the Neptune Energy Q13a-A platform in the Dutch
North Sea produces up to 400 kg/day of hydrogen from seawater, powered by offshore wind.
The project integrates offshore wind, gas, and hydrogen systems, testing variable power supply
dynamics and maintenance in marine environments [39].

On the storage front, Kawasaki Heavy Industries has deployed the Kobe LH, Terminal with a
2,250 m*® double-walled vacuum-insulated spherical tank for liquefied hydrogen storage and
transfer, serving ships directly via load arms [40]. At a larger scale, CB&lI, in collaboration with
Shell, is advancing LH, storage technologies up to 100,000 m?, aiming to enable economically
viable, large-scale liquid hydrogen hubs [41].

7.1.3. Potential for decarbonization

Hydrogen is emerging as a key energy vector for decarbonisation in sectors where alternative
solutions are either unfeasible or more costly, with ports acting as focal points for hydrogen
deployment. Hydrogen and its derivatives can replace fossil fuels in a wide range of port
operations [35], [37]:

e Maritime and inland waterway transport: This includes deep-sea vessels, short-sea
shipping, inland vessels, and port fleets (such as tugboats and dredgers). The FuelEU
Maritime initiative and the revision of the Alternative Fuels Infrastructure Directive
(AFID) set binding targets for the deployment of hydrogen refuelling infrastructure.

e Onshore power supply (OPS): Hydrogen fuel cell-based OPS are considered a promising
solution, potentially achieving a 100% reduction in direct GHG emissions if the electricity
originates from renewable sources.

e Cargo handling and terminal equipment: To power heavy-duty and hard-to-electrify
machinery, such as straddle carriers, rubber-tyred gantry cranes (RTGs), terminal
tractors, and forklifts.

e Refuelling of heavy-duty trucks: Used for loading and unloading activities within port
areas.

e Industrial activities in port areas: Refineries, ammonia plants, chemical industries, and
primary steelmaking facilities. Hydrogen demand for new uses is expected to grow first
in industrial applications—primarily for primary steel production and high-temperature
process heat—by the late 2020s, with uptake in the transport sector accelerating after
2030.

Across the EU, replacing fossil fuels with green hydrogen could abate up to 655 Mt of CO,-eq by
2050 under the ambitious scenario, equivalent to 16% of Europe’s total CO,-eq emissions in
2019. Of this total, 55% (361 Mt/year) could come from demand categories located near ports,
driven mainly by industry and international maritime transport [35].
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Replacing fossil fuels with green hydrogen also leads to substantial reductions in harmful
atmospheric pollutants (CO, SO,, NO,, PMio, PM,.5, VOCs, N,O, SO,, black carbon, F-gases,
methane), water contaminants, and solid waste, while also helping to reduce noise pollution

[35].

7.2.

7.2.1.

Challenges

Technical and electrical grid-related

The port ecosystem requires robust and scalable hydrogen infrastructure. Main integration
issues includes [35], [37]:

7.2.2.

Infrastructure compatibility: Existing LNG terminals and electrical infrastructure are
often not suited for hydrogen or ammonia, requiring costly upgrades or replacements.
Hydrogen system maturity: Many hydrogen technologies for port operations, such as
fuel cells or electrolysers, are still in early stages or pilot phases and face technical
limitations like efficiency losses or component degradation.

Low energy density: Hydrogen has a lower volumetric energy density than traditional
marine fuels, which limits its practicality for long-distance shipping or onboard storage.
Conversion inefficiencies: The production and use of hydrogen carriers like ammonia or
LOHC involve significant energy losses and require additional equipment such as
crackers or dehydrogenation units.

Cold ironing capacity: In many ports, cold ironing infrastructure (OPS) lacks sufficient
capacity to support hydrogen-based shore power for large vessels.

Renewable supply constraints: A rapid scale-up of green hydrogen requires large
volumes of clean electricity, but grid bottlenecks and permitting delays can limit
availability.

Economic

The economic challenges associated with implementing hydrogen infrastructure includes [35],

[37]:

ilg

High production costs: The current cost of renewable hydrogen remains high (€3.7—
€4.1/kg), making it economically uncompetitive with fossil fuels in the absence of
subsidies.

Upfront investment needs: Port hydrogen projects involve major capital expenditures,
including for electrolysers, storage, bunkering systems, and grid connections.

Fleet costs: Hydrogen-powered vessels have higher capital costs than conventional
ships, with some designs costing 30-40% more.

Risk for investors: Limited operational track records and uncertain market demand
increase the perceived risk for financiers and delay private investment.
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Public funding limitations: Current public support mechanisms are often directed at
upstream hydrogen production, with insufficient funding allocated to port
infrastructure.

Market uncertainty: The absence of stable pricing mechanisms and hydrogen-specific
incentives discourages long-term contracting and offtake agreements.

Logistic

Integrating hydrogen into port operations involves complex logistics. Main challenges includes
(35], [37]:

7.2.4.

Limited port space: Hydrogen production, bunkering, and storage facilities require large
areas, which are often unavailable in congested or urban ports.

Carrier uncertainty: The lack of consensus on the preferred hydrogen vector (e.g.,
ammonia, LOHC, liquefied hydrogen) complicates infrastructure decisions.

Retrofit constraints: Adapting existing port infrastructure, such as pipelines or storage
tanks, to handle hydrogen safely is often technically complex and costly.

Bunkering and storage gaps: Few ports currently have dedicated hydrogen bunkering or
large-scale hydrogen storage capabilities.

Planning and coordination: Many ports lack detailed hydrogen roadmaps or cross-sector
governance structures to align actors and projects.

Infrastructure Requirements: Hydrogen storage tanks, pipelines, and refuelling stations
require substantial space and must be carefully integrated into existing port layouts.
Interoperability: Ensuring that hydrogen systems in ports are compatible with vessels
and equipment from various manufacturers is crucial for operational efficiency.

Environmental

Despite its decarbonization potential, hydrogen poses environmental concerns if not produced
or handled sustainably [35], [37]:

ilg

Emission variability: The climate benefit of hydrogen depends on its production method;
green hydrogen emits 0.5-1 kg CO,-eq/kg, while grey hydrogen exceeds 10 kg CO,-
eq/ke.

Risk of toxic emissions: Hydrogen carriers like ammonia can emit hazardous compounds
(e.g., N,O or unburned NHzs) if combustion or handling is not properly managed.
Storage risks: Underground storage may lead to chemical interactions, such as hydrogen
sulphide formation, depending on geological conditions.

Environmental permitting: Opposition from local communities and lengthy permitting
procedures can delay or halt infrastructure projects in sensitive areas.

Water Demand: Hydrogen production via electrolysis requires significant quantities of
water, potentially stressing local water resources, particularly in arid regions.
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7.2.5. Security

Safety and security concerns are central to the adoption of hydrogen technologies. Main risks
are [35], [37]:

e Explosion risks: Hydrogen’s wide flammability range and low ignition energy increase
explosion risk during bunkering, storage, or handling in confined port areas.

e Toxicity of carriers: Ammonia and LOHCs are hazardous substances; leaks could
endanger port workers and marine ecosystems.

e Specialized safety requirements: Pressurized or cryogenic hydrogen systems demand
advanced materials and safety protocols not yet widely implemented in most ports.

e Cybersecurity concerns: The digitalization of hydrogen infrastructure (e.g., smart grids,
SCADA systems) increases vulnerability to cyberattacks or system failures.

e O&M: Hydrogen carriers such as ammonia and LOHCs are hazardous substances that
require strict handling procedures due to their toxicity. In parallel, port personnel and
emergency responders often lack sufficient training and procedures for hydrogen-
specific incidents.

7.2.6. Real cases

At the Port of Klaipeda in Lithuania, a pilot project for green hydrogen production is underway
to assess its business case feasibility. The project includes the installation of an electrolyser and
a multimodal refuelling station designed to serve both maritime and road transport.
Construction was scheduled to begin in mid-2025, with the pilot plant initially capable of
producing up to 193 tonnes of hydrogen per year. This capacity will be gradually expanded
through 2033 to meet increasing local demand.

In its initial phase, the hydrogen produced will be used by a waste collection vessel operated by
the Klaipeda Port Authority and by city buses. Over time, usage is expected to broaden to
domestic maritime transport, road freight, cargo handling operations, and local industries. By
2030, hydrogen demand in the Klaipeda port area is projected to reach 554 tonnes annually,
primarily driven by port vessel fleets, industrial applications, and cargo logistics.

From an environmental standpoint, the adoption of hydrogen at the port is expected to reduce
carbon emissions by an average of 13.6 kilograms of CO, per kilogram of hydrogen produced.
The Port of Klaipeda is not only acting as a facilitator of the project but also as an investor [36].

At the ports of Antwerp-Bruges in Belgium and Duisport in Germany, a study is underway
exploring the potential role of hydrogen in decarbonizing port equipment that is difficult to
electrify, with a particular focus on straddle carriers. These vehicles account for over 95% of CO,
emissions from PSA’s equipment in Antwerp, making their transition a strategic priority for the
port’s sustainability efforts.

The study compares the performance of straddle carriers powered by different technologies,

including internal combustion diesel engines (ICE), electric, diesel-hybrid, hydrogen ICE,

hydrogen fuel cells, and dual-fuel systems. While electric straddle carriers are the most
38
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economically attractive option, uncertainties remain regarding battery availability and
reliability. Hydrogen fuel cell carriers become competitive if their efficiency reaches around 90%.

If all 350 straddle carriers at PSA switch to clean hydrogen as fuel, the project estimates an
annual reduction of 94,500 tonnes of CO, emissions, alongside a significant decrease in air
pollution. However, safety regulations, such as the SEVESO Il guidelines, apply from five tonnes
of stored hydrogen, posing potential legislative constraints. Additionally, the integration of fuel
cells or hybrid fuel cell/battery systems in straddle carriers has not yet been proven in an
industrial environment of relevant scale.

Both the Port of Antwerp-Bruges and Duisport act as landowners, facilitators, and investors in
this initiative [36].

The North Tyrrhenian Port Network Authority, which includes the ports of Livorno, Piombino,
and Portoferraio in Italy, is evaluating the feasibility of decarbonizing maritime transport
through the use of a hydrogen-powered ferry and an ammonia-powered container ship.
Specifically, a 100-passenger ferry operating on a 56 km route between Piombino and
Portoferraio is projected to consume 23 tonnes of hydrogen annually. Meanwhile, a 1,913 TEU
container ship traveling 160,000 km per year would require approximately 16,906 tonnes of
ammonia annually.

Regarding investment and profitability, there is a 40% investment gap between a hydrogen-
powered ferry and a diesel ferry; however, this difference is offset by lower maintenance costs
and expected decreases in hydrogen prices. The internal rate of return (IRR) for this pilot project
is estimated at 8.89%. In terms of emissions reductions, an ammonia-powered container ship
could reduce CO, emissions by 152 kg per kilometer sailed, while the hydrogen ferry could cut
emissions by 0.018 kg of CO, per passenger per kilometer. Cumulatively, the ammonia-powered
container ship is expected to avoid nearly 240,000 tonnes of CO, by 2050, and the hydrogen
ferry around 4,000 tonnes by the same year.

The port authority acts as both landowner and facilitator [36].
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8. Electric Vehicle Charging Stations

8.1. Application in Port areas

8.1.1. Self-Consumption and modular capacity

The electrification of heavy-duty vehicles (HDVs)—including trucks, port drayage vehicles, and
buses—is a critical step in decarbonising logistics and freight activities, particularly in port
environments, where emissions and noise pollution are highly concentrated. A key enabler for
this transition is the deployment of Electric Vehicle Charging Stations (EVCS) with scalable and
resilient infrastructure.

One of the core strengths of EVCS lies in their modular deployment capacity. EV chargers can be
installed incrementally, allowing ports to scale up their charging infrastructure in alignment with
the progressive electrification of fleets.

In parallel, self-consumption strategies, combining onsite renewable energy generation,
storage, and smart energy management, offer a compelling model for reducing grid dependency
and enhancing energy autonomy at port facilities. Key advantages include:

e Co-locating EVCS with Battery Energy Storage Systems (BESS) enables the optimisation
of grid interaction. BESS can buffer demand peaks, facilitate load shifting, and mitigate
grid congestion. For instance, BYD’s megawatt-scale chargers are supported by on-site
battery storage, minimising the need for expensive grid reinforcements [42].

e Charging HDVs during midday hours aligns well with the output profile of solar
photovoltaic (PV) systems, which are increasingly viable on warehouse rooftops,
container yards, and unused port land. This temporal overlap allows for solar-coupled
charging, reducing operational emissions, lowering electricity costs, and improving grid
stability through peak shaving [42].

e Beyond fleet logistics, battery swap infrastructure can operate as Virtual Power Plants
(VPPs)—absorbing excess renewable energy during low-demand periods and injecting
power during peak hours. This dual role supports energy resilience, peak load reduction,
and grid services, especially when integrated into smart grid ecosystems at ports [42].

EV charging systems in port areas can become decentralised energy hubs, contributing not only
to transport decarbonization but also to the local integration of renewable energy, grid
optimisation, and the creation of flexible, resilient energy infrastructure.

8.1.2. Innovation
Recent breakthroughs in megawatt-scale charging and associated battery systems are reducing
charging times for both passenger and heavy-duty electric vehicles.
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CATL unveiled its Shenxing battery capable of adding approximately 200 km of range in just five
minutes. In 2024, an enhanced version—developed with SAIC-GM—can recharge over 40% of
battery capacity in five minutes, or roughly 300 km of range when energy density is maximised.
In April 2025, the second-generation Shenxing achieved even greater speeds: approximately
520 km of range in five minutes, enabled by a 1.3 MW charging rate [42].

Megawatt Charging Systems, MCS, previously limited to heavy-duty vehicles, is making headway
in real-world deployments. Kempower began delivering 1.2 MW MCS units in Europe in early
2024 [43]. Milence installed the first MCS unit (up to 1,440 kW, also 1,500 A/1,000 V) at the Port
of Antwerp-Bruges, enabling near-full charge within ~30 minutes for electric trucks [44].

8.1.3. Potential for decarbonization

The deployment of Electric Vehicle Charging Stations (EVCS) is a critical enabler for the
decarbonization of the transport sector, especially in high-impact areas such as ports and freight
corridors. As the electrification of mobility accelerates worldwide, EVCS infrastructure plays a
foundational role in shifting to cleaner logistics systems.

The global expansion of public charging infrastructure reflects this momentum. Since 2022, the
number of public charging points has more than doubled, surpassing 5 million globally in 2024 —
representing a 30% year-on-year increase. The number of chargers added in 2024 alone equals
the entire global stock in 2020 [42].

China leads this expansion, accounting for about two-thirds of the increase in public chargers
since 2020 and housing 65% of the global charging infrastructure. Europe, driven by regulatory
measures such as the Alternative Fuels Infrastructure Regulation (AFIR), grew by 35% in 2024,
exceeding 1 million public charging points [42].

In port areas, where logistics operations and heavy-duty vehicles (HDVs) are major contributors
to local air pollution and greenhouse gas emissions, electrification represents a powerful
decarbonization lever. By 2030, electric vehicles are expected to displace more than 5 million
barrels of oil per day, with electric trucks and buses playing a central role [42].

Charging behaviour can further amplify climate benefits. Many electric grids — such as those in
California, Germany, and Spain — have deployed large amounts of solar power, which peaks
around midday. If EV charging uses this solar power, EVs could help stabilise the grid while also
maximising emissions reductions. In addition, electric trucks are approximately 55% more
energy efficient than diesel alternatives [42].

Beyond emissions, electrifying port fleets can drastically cut harmful pollutants such as nitrogen
oxides (NOy) and particulate matter (PM2.5), delivering tangible improvements in air quality and
public health.
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Challenges

Technical and electrical grid-related

Main technical and electrical challenges include [42]:

8.2.2.

Grid Strain: High-power chargers (e.g., 1 MW) place considerable load on electrical grids,
often requiring costly and time-intensive upgrades, even for overnight depot charging.

Load Coordination: Uncontrolled peak-time charging can strain the grid, trigger carbon-
intensive backup generation, and raise electricity prices. Solutions include smart
charging, storage systems, and better renewable-grid integration.

Interoperability: Diverse plug types (CCS, Type 2, CHAdeMO), incompatible payment
systems, and brand-specific restrictions (e.g., Tesla chargers) can hinder usability.
Standardization is critical.

Battery Safety: Fast-charging innovations must mitigate thermal runaway and dendrite
risks, which can cause short circuits or fires.

Economic

Main economic challenges include [42]:

8.2.3.

High Upfront Costs: Electric trucks still cost 2—3 times more than diesel models, a major
hurdle for fleet operators with tight margins.

Infrastructure Investment: High-power EVCS, especially for HDVs, require substantial
capital investment. Low utilisation rates in early phases can make them financially
unviable without subsidies or large-scale deployment.

Tax Revenue Loss: Electrification reduces fuel tax income, leading to potential fiscal
deficits for governments unless alternative taxation mechanisms are adopted.

Battery Recycling Economics: Lower battery prices and low mineral content in certain
chemistries (e.g., LFP) make battery recycling less profitable. Reuse also faces barriers
like disassembly complexity and market fragmentation.

Competitive Pressures: Intense competition—especially from Chinese battery makers—
has reduced profit margins, challenging scalability for smaller players, particularly in
Europe.

Logistic

Main logistical challenges include [42]:

ilg

Charging Time & Dwell Time: On-route recharging delays operations and increases
labour costs if drivers exceed mandated rest periods.
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e Payload Penalties: Battery weight reduces cargo capacity, a key issue for freight
operators. While weight exemptions exist, the EU is evaluating further increases.

e Model Availability & Range: In some regions, the lack of commercial EV models with
sufficient real-world range hampers adoption for logistics.

e Long-Term Planning: High-power depot charging requires years of grid upgrade planning
and permitting, posing significant deployment delays.

e Parts Availability: In countries like Ethiopia, spare parts shortages limit repair and
maintenance of EV fleets.

8.2.4. Environmental
Main environmental challenges include [42]:

e Carbon-Intensive Power: If grid electricity is fossil-fuel-based, EVs can offer limited
emissions benefits. Maximising renewable-powered charging is key.

e Mineral Demand: Larger batteries (for extended range) drive higher demand for critical
minerals like lithium and nickel. Supply shortages could arise by 2030, with
environmental costs tied to mining.

e Battery Degradation: Frequent fast charging can accelerate battery wear, reducing
service life and increasing replacement costs and waste.

e PHEV Emissions: Plug-in hybrids rely heavily on user behaviour. If not charged regularly,
their real-world CO, emissions may be significantly higher than certified values.

8.2.5. Security
Security challenges include [42]:

e Supply Chain Concentration: Battery supply chains are heavily concentrated in a few
countries, notably China, creating vulnerability to market and geopolitical risks.

e Trade Barriers & Tariffs: New tariffs or export restrictions on batteries, EVs, or
components—such as China’s proposed limits on LFP battery technologies—can drive
up costs and slow adoption.

8.2.6. Real cases

In January 2024, the Port of Rotterdam Authority and Truckparkings Rotterdam Exploitatie
(TRE) launched the port’s first EV-truck charging station. Located at Bodaanweg, the secure truck
park hosts eight charging bays, including two fast-charging points, accommodating up to eight
electric trucks simultaneously. The infrastructure, supported by ABB E-mobility,
Batenburg Techniek, KWS Infra, Stedin, and VARO Energy, enables drivers to charge their trucks
during rest periods without prior reservation and free of parking fees [45].
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The Port of Los Angeles, under its Clean Air Action Plan, is rapidly expanding EV charging
infrastructure, supporting both passenger vehicles and freight trucks, and zero-emission (ZE)
fleet integration. In 2024-2025, funding from the South Coast Air Quality Management District
enabled the rollout of up to 207 charging units across eight Southern California sites, including
Wilmington and Port of Long Beach, with battery storage systems and intelligent load
management added at select locations [46].
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9.0nshore Power Supply (OPS)

9.1. Applicationin Port areas

9.1.1. Self-Consumption and modular capacity

The Onshore Power Supply is itself a self-consumption element of a Port. It does not supply self-
consumption to Ports but to all vessels that need to keep running operations and machines that
otherwise would require onboard fossil fuels generators. These generators that are used for
powering refrigerating equipment, lighting, backup engines, vessel maintenance operations...,
consume a huge amount of energy and when moored in a Port, the emission of pollutants close
to the cities is inevitable.

An OPS is also itself modular, as each OPS connection is designed for one vessel. The modular
capacity of each Port is different, as it will depend on their access and connection capacity of
demand if they are attached to general/national grids. Ports capacity to hold more than one
single OPS outlet will also depend on the strength and reliability of their electrical networks,
often outdated and without the needed characteristics for a safe connection.

9.1.2. Innovation

Although OPS systems may seem like a regular electrical connection, it is still a dozens of MW
capacity “switch”. The interconnection itself is innovative as nowadays vessels keep running
their operations with diesel or fossil fuels generators. The innovation is for both sides Ports and
vessels. On the one hand, Ports are not or haven’t been historically prepared for such
connection, so their infrastructure must change, making room for these electrical networks. On
the other hand, vessels are not ready to just “switch on to a Port”. Vessels need to find solutions
that allow them to connect easily to Ports. To get an energy outlet on a ship is not an easy task
as it requires a change of structure and an adaptation on the electrical network of the ship.

Nevertheless, some vessels might have an innovative solution by using a movable device that
would connect to the Port OPS system outlet, avoiding any change in the ship’s infrastructure
[47].

9.1.3. Potential for decarbonization

The potential for decarbonization depends directly on the electricity’s origin. The energy mix of
the Port will determine the potential for decarbonization in terms of avoided emissions.
However, even though the power for every vessel and type of vessel varies, the amount of MWh
of consumption that are being displaced from being produced by fossil fuels are in the range of
dozens for every vessel and every hour. Therefore, the potential for decarbonization is massive,
being the vessels one of the largest energy-consumers in a Port ecosystem.
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9.2. Challenges

9.2.1. Technical and electrical grid-related

Main technical challenges include compatibility of electrical systems, infrastructure capacity and
integration of the grid with renewables.

Regarding compatibility of electrical systems, ships and port networks may operate at different
voltage levels and frequencies (50 Hz on land and 60 Hz on ships), requiring complex conversion
systems (transformers and frequency converters). Low-voltage connections are recommended
for relatively small vessels (<1MW power capacity) and vessels that operate in low voltage
without transformers onboard (following “IEC/ ISO/ IEEE 80005 - 3 and Low Voltage Shore
Connection” standards).

Big size vessels, as cruises, operate at high voltage and require high voltage connections (6,6-
11kV) and require a transformer inside the vessel (following “IEC/ISO/IEEE 80005 - 1, High
Voltage Shore Connection” standards).

Regarding infrastructure capacity, Ports need to upgrade/expand their electrical grids to support
the increased energy demand of large vessels such as container ships, cruise ships and ferries.
Ports substations must be adapted to the new loads and new capacity to meet the demand.

Additionally, Ports and vessels’ infrastructure must be adapted to comply with all security and
safety requirements and measures, which raise some technical challenges as area in both cases,
ports and vessels, is a critical and valuable resource. Additionally, these technical challenges are
directly associated with economic challenges, as adaptations require a different layout which
will surely need technical works.

Regarding integration with renewable energies, the need to incorporate renewable energy
sources such as photovoltaic or wind to ensure sustainable supply and promote decarbonisation
focus the technical challenges in grid management, counting on renewable energy sources to
be intermittent and variable.

9.2.2. Economic

In terms of economic challenges, these are slightly different than those applying to other
technologies. An OPS system depends basically on infrastructure works and the corresponding
regulatory process to get capacity of demand connection. Therefore, there are no such costs as
for those existing in the renewable energy production technologies.

The challenges allocated to initial investment costs are finding enough funding as a public entity
for the installation of the OPS system. The CAPEX is high as it involves installing the required
cable to the Port quay, dockside or dike, installation of frequency converters, control and
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monitoring units. On the other hand, the challenge is bigger considering than not only Ports have
to adapt for providing this service but also vessels must retrofit for connecting to these new
terminals.

Cost-effectiveness is of the essence as even though the displacing of fossil fuels is obvious, the
solution might not be and in fact is not necessarily cheaper than current used fuels. A price-
competitive energy mix must follow the OPS systems. Sometimes, the energy mix available at
the moment is not competitive enough and other business models or incentives and regulations
are necessary for drive this technological solution.

At last, other challenges or constraints like high electricity tariffs in some European countries
may discourage the use of OPS as these tariffs make it not competitive.

9.2.3. Logistic

The OPS systems have some challenges already addressed by technology developers by looking
for speeding up the connection time. This process must be quick and efficient as it has to offer
security of supply to the vessels and cannot affect Port operations.

Other logistic challenge is to guarantee security of supply to all vessels mooring on their docks.
This is indeed a logistic issue that has to consider all vessels demands, the available OPS outlets
and the connection time for each vessel. Ports with high vessels traffic face an additional
challenge in their logistics routine. The challenge increases its difficulty if a certain level of
renewable energy is agreed with consumers and when high OPS demand matches a peak
consumption from Ports concessionaires.

9.2.4. Environmental

Continuing with the challenge of ensuring a high integration of renewable energy as the main
energy vector in the OPS system, it also means an environmental challenge. If the electricity
supplied by the OPS system does not come from renewable energies the whole purpose of
decarbonising the energy supply of vessels in the blue economy would be ignored. Even though
emissions and the environmental impact would be displaced from mooring sites (commonly
nearby cities), there would not be a real overall impact of electrifying the onshore power supply
of vessels at Ports.

However, providing an OPS system electrified with renewable energies could require big
constructions on a Port layout, and combined environmental effects of the renewable energies
installations, which is in essence a new environmental challenge.

9.2.5. Security

OPS systems have to comply with all safety and security standards regarding operation with
either low or high voltage. Additionally, all security distances to such installations must be
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thoroughly considered as it is a system that should apply to all kind of vessels from containers
transporters to leisure and tourism cruises.

9.2.6. Real cases

Some of the Ports that have installed or are planning to integrate OPS systems as a new energy
asset are:

Port of Barcelona has inaugurated at the Hutchison Ports BEST terminal the first OPS system for
ships at a container terminal in a Mediterranean port, funded in part by the Sustainable and
Digital Transport Support Programme of the Recovery, Transformation and Resilience Plan. This
OPS will allow up to two ships to be connected simultaneously, adapting the electrical current
to the needs of each of them.

In this case, the OPS has required the deployment of a medium voltage network with 3 km of
cabling up to the quay side, where three connection boxes compatible with the terminal's
operations have been installed. These connection points, together with the OPS, will supply up
to 8MW of power. The OPS will adapt both tension and frequency depending on the
requirements of the vessels.

Another electrification project for cruise ship, ferry and container terminals is the BilbOPS
project, developed by the Port Authority of Bilbao, also in Spain. In this case the OPS system will
be able to provide up to 30 MW between 11 OPS connection outlets and will require new
electrical connection at the Port level such as: reconnection of electrical substations,
deployment of an underwater cable and connection to external grids.

The project “OPS Masterplan for Spanish Ports”, shows how the Eneports partner Port Authority
of Santa Cruz de Tenerife, among other ports, aim to elaborate a master plan about providing
Onshore Power Supply to Spanish vessels [48].

Several Ports under the area of influence of Port Authority of Santa Cruz de Tenerife have
already provided different OPS services to a diverse range of vessels [49]. In the same direction,
Ports in the Balearic Islands have already installed OPS systems in 2024[50].

48

2 _— i % e
itg 8 o= Dowens TEER oo © @ o=

.

ENEPORTS



) ) Interreg Co-funded by
h Atlantic Area the European Union

10. Energy Flexibility with reefer containers

10.1. Application in Port areas

10.1.1. Self-Consumption and modular capacity

The idea of providing energy flexibility services with reefer containers in Port areas is related to
the use of refrigeration capacity of these containers to over refrigerate when there is an excess
of energy production, or right before the peak demand, so at the peak demand the refrigeration
could stop saving energy consumption and softening the demand curve.

Under the point of view of a Port, the self-consumption application is clear for those Ports
established as logistic hubs, receiving this type of containers and providing them power supply.
The modularity lies on the number of refrigerated containers available that could be managed,
so Ports high higher logistic operations could count with higher modular capacity.

10.1.2. Innovation

This technique is not something currently operating in Ports, but if well-implemented, it could
be an innovative solution to allow Ports counting on a new energy asset.

10.1.3. Potential for decarbonization

The potential for decarbonization would be similar to that applying to energy storage systems
as the working principle is the same. There is a difference though, energy storage in reefer
energy consumption management does not provide energy in peak demand. From a technical
perspective, this technology solution only provides an energy management solution that reads
Ports general consumption as inputs.

10.2. Challenges

10.2.1. Technical and electrical grid-related

The electrical grid challenges are related to the integration of a system that allows the energy
management, but no grid connection challenges are foreseen.

Technical challenges are related to the reefers themselves. Reefer containers have a
temperature setpoint, which is established as soon as the cargo is ready and transported aboard
the corresponding vessel. This temperature setpoint can’t currently be monitored and therefore
is challenging to get to modify it. A new monitoring system would be required.
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Another technical challenge is related to the cargo itself. The temperature setpoint is set by the
cargo owner, who is commercializing it and the transport companies have agreement to ensure
keeping the cargo within a certain range of temperatures due to quality standards.

From a business model point of view, additionally to a monitoring system to be developed with
reefer container owners, there should be an agreement with cargo owners. As this energy
storage brings together different entities with a moderate technical difficulty, it doesn’t seem
as the best of ideas.

10.2.2. Economic

Bringing too many entities together into a business model that aims for a relatively small save
of energy in comparison to what renewable energy technologies can provide, makes the idea
seem not profitable.

The different types of reefer containers and the adaptation over a large amount of containers
of a costing monitoring network mean a high investment without a clear understanding of the
energy saving aimed by this solution. Therefore, the biggest economic challenge is related to the
business model implemented.

10.2.3. Logistic

There is an important logistic challenge regarding the control and management of the different
reefer containers and are undergoing additional logistic operations such as transport for storage
and transport to external transport out of the port. To manage how much time are the
containers available at the same time that the energy production and demand curve are being
tracked is challenging for producing an energy agenda.

10.2.4. Environmental
No environmental challenges are foreseen associated to this technological solution.

10.2.5. Security

A bad management of the temperature with the reefers could end up in degradation of cargo.
The loss of cargo can have great impacts at different levels.

10.2.6. Real cases

No real cases have been observed applying this technology solution.

11. Energy Storage Systems (ESS) — Batteries
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11.1. Application in Port areas

11.1.1. Self-Consumption and modular capacity

Self-consumption of energy in ports allows installations to reduce their dependence on the grid
by using renewable energy installations combined with energy storage systems. Batteries play a
key role in this aspect as they allow the storage of surplus energy from photovoltaic and wind
installations, so that surplus energy can be made available at peak demand to supply the port's
consumption, balancing generation and consumption.

In addition, the use of batteries guarantees a continuous supply in the event of power failures
or grid fluctuations, thus favouring grid stability.

On the other hand, the modularity of battery systems is of vital importance in port areas where
space availability may be limited.

Some of the advantages of these storage systems are the scalability of systems and flexibility
and adaptability of the technological solutions. Most energy storage systems and specially
battery energy storage systems are as scalable as an excess of energy production requires.
Additionally, these systems can evolve and adapt to a system growth, in this case, the port
demand and generation growth. Most of storage technological solutions are being developed in
a modular way so they can be easily adapted to any system.

11.1.2. Innovation

So far, the most developed solution, is the battery energy storage systems which can no longer
be called innovative. However there exist multiple other new storage possibilities such as inertia
wheels, pumping storage stations or thermal storage that could be adapted and integrated in
port environments given their location and advantageous shape.

The innovation lies then, not in the technologies but in the new market possibilities that these
technologies bring to ports and the new services that energy storage systems offer to ports.

Having a well-dimensioned matching energy storage system bring to Ports the possibility to
operate in ancillary services markets for the general grids, to sell surplus of energy at higher
price hours, to reduce the dependence on the general grid, gain reliability and manage the
quality of Ports’ own energy system.

11.1.3. Potential for decarbonization

The potential for decarbonisation is measured in how much increases the performance of
renewable energy production technologies. By accumulating energy from renewable sources
when the production does not match the demand, increases the real available renewable energy
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in the system, allowing this energy to be used when the consumption exceeds the renewable
energy real-time production.

Having storage systems offer the possibility to power side loads that provide services in port
areas, such as electric vehicles, lighting and small OPS systems for tugboats, e. g.

11.2. Challenges

11.2.1. Technical and electrical grid-related

Innovative energy storage systems might have certain technological challenges inherent to the
deployment of the specific technologies. Battery energy storage systems, on the other hand,
only present the technical challenges related to the degradation and the charging/discharging
strategy used for their operation.

Batteries integration to systems that have several energy production loads might face some
technical challenges if the electric network of the port is outdated and the different energy
production sites are not integrated with the same communication protocols. The batteries
integration is necessary to ensure grid stability and power quality.

Battery energy storage systems offer in some cases services and possibilities that require to
establish new regulatory frameworks. However, this technology evolves faster than regulations
can change, for which the creation of regulatory sandboxes is a great solution that allows
systems to use this technology.

11.2.2. Economic

Most economic challenges of energy storage systems in general will depend on the country and
its economic compensation mechanisms. These mechanisms will determine the profitability of
the storage solution.

The lack of regulations and an attractive compensation mechanism can scare investors and
discourage them from financing such systems. Most storage solutions are currently being
developed alongside renewable energy projects such as wind or solar production projects. The
hybridization of renewable energy and battery storage systems help the financing of both
projects as a whole, as renewable energies can count on an additional stabilization technology
that brings at the same time an increase in efficiency.

11.2.3. Logistic

Battery transport and installation of large battery systems involve challenges in their safe
transport and installation in suitable locations. In this regard, Ports count on great characteristics
as logistic hubs for receiving and installing battery energy storage systems disposed in modular
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solutions such as maritime containers. Road transport to ports might be challenging, specially if
the battery energy storage systems are large enough.

Regarding battery maintenance and replacement, preventive maintenance plans need to be
drawn up, as well as the replacement of batteries at the end of their useful life. This might be
challenging but just as an operation to be included within regular daily Port operations.

11.2.4. Environmental

The disposal of energy storage systems increases the availability of renewable energy systems,
which reduces the need to install more capacity of production from renewable technologies and
therefore, all environmental challenges allocated to that process.

The highest environmental challenge comes to the elaboration of batteries and the materials
required to their components and the disposal and recycling of batteries once they reach the
end-of-life.

The second life of batteries and the recycling of part of their materials for the manufacture of
new components present both a challenge and an opportunity for new business models.

11.2.5. Security

Challenges regarding security and safety are linked to appearing of fire and explosion risks,
especially lithium-ion batteries. These challenges are specially critical in Ports that receive fuels
as part of their logistic operations and therefore, a specific mitigation plan has to be developed
for these risks.

11.2.6. Real cases

The Alicante-based company GDV Mobility has launched a 7MW mega-battery, which has been
installed this year in the port of Alicante [51]. The technology has been designed based on a
recycling and assembly process that consists of receiving waste batteries from all over Europe,
which are then sorted for recovery.
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12. Current situation in ENEPORTS’ Ports

Given the thorough review of all technologies and solutions that could apply to Ports
environments, in this section there is a brief description of the technologies and solutions that
every Port member of the Eneports project is adopting as part of their green energy transition.

12.1. Port of Ferrol

Under the Green Energy Lighthouse project, Port of Ferrol is planning to create a greater energy
grid by linking its external Port with its internal port. All generation of electricity for self-
consumption will be installed in the external port whereas concessionaires and therefore,
energy consumers will be operating in both ports. Generation of electricity will consist of wind
and solar power with high potential for a storage system. The whole grid will have a ring shape
and electricity generated is expected to cover energy demand for all consumers, including the
OPS systems planned for the internal port (cruises) and external port (container terminal).
Independency from the general grid is not expected in peak demand moments though.

12.2. Port of LeixOes

Port of LeixOes is probably the most extent among the Eneports Ports Partners. It has many
concessionaires already installed and an undergoing electrical grid that will allow them include
the different energy generation plants such as solar photovoltaic plants, wind power plant and
wave energy conversion systems. Alternative fuels are also in the Leix6es decarbonisation plan
with a production plant hub. Additionally, Port Authority of Douro-Leixdes is planning to
establish renewable energy communities, which is innovative for a Port Authority. All these
changes aim to electrify the port operations and come along deep infrastructure changes
involving the installation of OPS systems and the extension of the breakwater, improving
business possibilities.

12.3. Port of Granadilla

Port of Granadilla is one of the six Ports under the responsibility of Port Authority of Santa Cruz
de Tenerife. Port of Granadilla has a very characteristic shape, with two breakwaters that will
lead the installation of an OPS system and a wave energy conversion system. Different offshore
wind power plants are planned for R&D and energy production purposes. Additionally, the Port
of Granadilla is also planning to develop a renewable hydrogen production hub. The Port has
industrial areas that could be energy consumers nearby.
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13. Recommendations

Here there is a guide to follow methodologically aiming to assess all possibilities for port
decarbonisation.

1. Prioritise technologies according to their decarbonisation potential and maturity.

Ports should prioritise mature, high-impact technologies first as they provide the largest and
most predictable CO, avoidance per installed MW. These high impact technologies, PV and Wind
systems are nowadays the most installed with a higher success ratio. Wave and tidal energy,
while promising, should be integrated progressively as the technology matures and costs
decrease.

Here there are two rankings based on the technical background given through the document:

Technologies ranking by CO, avoided per MW installed in a year — corresponds to the size

of technology

1. Offshore wind

2. Marine energies

3. Onshore wind

4., Photovoltaic

5. Others (hydrogen, OPS, EV, storage systems) — don’t save direct CO2 emissions

Technologies ranking by CO, avoided per € invested in a year

1. Photovoltaic (fixed) — cheapest renewable — highest CO, per euro

2. Onshore wind —relatively low cost, good decarbonisation

3. Offshore wind (fixed) — competitive costs, strong decarbonisation

4. Offshore wind (floating) — higher costs, still sizeable impact

5. Tidal energy — high costs

2. Invest in grid reinforcement and digitalisation.
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Many challenges identified across all technologies are grid-related: variability of renewable
generation, limited grid capacity, and outdated infrastructure. Ports must therefore plan grid
upgrades, smart-metering, communication networks, and energy management systems capable
of coordinating storage, renewables, flexible loads, and OPS. This is essential to unlocking large-
scale self-consumption.

3. Encourage hybridisation of technologies.

Hybrid systems (e.g., offshore wind + battery storage, PV + electrolyser, wave + floating PV)
provide better coverage of variable energy demand and reduce renewable intermittency. Ports
like Leixdes, Ferrol and Granadilla already present opportunities for such hybrid configurations.

4. Promote flexible and modular solutions.

Where land availability is limited, modular technologies like floating PV, small wave arrays,
containerised solutions for batteries and scalable electrolysers, allow step-by-step deployment
aligned with port expansion and concessionaire needs.

5. Prioritise environmental integration and permitting simplification.

Marine energies, offshore wind, floating PV, and OPS infrastructure require streamlined
permitting tailored to port environments, but this step should be accelerated by governments.
Environmental impacts on marine biodiversity, landscape, or water quality must be assessed
early, especially in protected areas.

6. Develop business models enabling concessionaire participation.

Decarbonisation will be more impactful if concessionaires directly benefit from self-consumed
renewable energy through energy communities, PPAs, shared OPS infrastructures, or access to
green hydrogen. The example of Leixdes' Renewable Energy Community is particularly replicable
if the national regulations facilitate such business models.

7. Promote real-case learning and pilot replication

Existing real cases, such as the Mutriku wave plant, the Port of Los Angeles wave project, or the
OPS systems in Barcelona and Bilbao, provide valuable operational and business insights. Ports
should use these examples to accelerate internal adoption and reduce uncertainty. Regulations
should streamline the permitting process for prototypes and tests.
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