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Abstract

Atlantic ports are evolving into energy hubs in which wind, photovoltaic, marine and hydrogen technologies are integrated into
electrical grids not originally designed for them, while enabling opportunities of new energy markets within port boundaries.
The deployment of these technologies requires both suitable technological solutions and regulatory-legislative frameworks that
enable their effective integration into ports’ power systems. This paper partly condenses results of the ENEPORTS project
(Interreg Atlantic Area) into a practice-oriented methodology that port authorities and operators can follow when planning
renewable hybrid systems. The methodology covers grid access, grid codes, feasibility studies, power quality assessment,
protection systems’ coordination, market models, grid-integration challenges and operational considerations such as
digitalisation, energy management systems (EMS), flexibility and internal energy markets. Data from current and projected
demands of three port areas were used to model and study the feasibility and operational conditions of these hybrid systems,
complemented by an analysis of case studies from other European ports. The methodology has been validated with real port
ecosystems in Ferrol-San Cibrao, Granadilla and Douro—Leixdes. The results provide a reusable roadmap to accelerate

renewable hybrid system deployment while safeguarding grid stability and power supply quality in port areas.

1 Introduction

Port areas are becoming critical nodes of the energy
transition. Beyond their traditional role as logistics and trade
gateways, ports concentrate large and diverse electrical loads
— cargo handling equipment, cold ironing (Onshore Power
Supply, OPS) berths, reefer container management, electric
vehicle fleets, energy-intensive industries — alongside
significant space and infrastructure potential for onshore and
offshore wind, photovoltaic, marine and hydrogen generation
[1], [2]. This potential exists within a broader blue economy
that the European Commission identifies as a growing source
of coastal employment and investment across member states,
with ports as one of its core pieces of infrastructure [3].

For port authorities, the key challenge is not only technical
but also strategic: defining a viable business model and
operational framework under regulatory constraints. They
enter a new business domain with highly favourable
conditions: abundant renewable resources, availability of
space, direct and concentrated energy consumers.

Turning a port into a renewable-based energy hub, however,
requires far more than installing generation assets: it requires
handling grid access procedures, complying with technical
and power-quality codes, coordinating protection systems
with the Distribution/Transmission System Operator
(DSO/TSO), adapting their infrastructure (specially
communications and energy monitoring) and operations, and
designing a viable economic model (which may include an
internal energy market for the port authority and its
concessionaires). These efforts must be carried out while
maintaining a reliable energy supply and adequate power
quality for critical loads and prioritised consumers, where

applicable, and while accounting for the operational
constraints inherent to port energy grids. Ports must also be
prepared to address new technical, regulatory, and market
challenges that may affect the performance and resilience of
their hybrid renewable systems.

This paper synthesises the technical findings of two
ENEPORTS project deliverables — a methodology for the
integration of green energy port ecosystems on power grids
and markets [1], and an assessment of renewable and low-
carbon technologies applicable to ports [2] — into a single,
replicable nine-step methodology, focusing on the renewable
integration aspects that directly affect the electrical grid and
the subsequent energy markets that can emerge within a port
area.

The proposed approach contributes to the transition of
Atlantic ports towards resilient, low-carbon and digitalised
energy ecosystems while offering guidance for the replication
of similar initiatives in other port environments.

Other project activities include environmental impacts and
port specific regulatory framework analysis, design of internal
markets, port digitisation, digitalisation and cybersecurity,
and port-specific Energy Management Systems (EMS)
specifications and testing. Readers are welcome to visit the
project webpage to review both the cited reports and other
results [4].

2 Research Methodology

ENEPORTS is a European research project co-financed by
the Interreg Atlantic Area Programme through the European
Regional Development Fund, with the purpose of assessing
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the opportunity to deploy in port areas testbeds for innovative
renewable energy technologies, taking full advantage of
digitalisation and digitisation for decarbonisation. The focus
of the project was to develop replicable strategies and
methodologies that Atlantic and European port areas could
apply while assessing the opportunity.

The methodology proposed in Section 3 results from: (i) an
extensive and systematic review of European and national
legislation, grid codes and standards applicable to Spain,
Portugal, France and Ireland [5]-[15]; (ii) technical
consultations with Atlantic Port Authorities and their
electrical  infrastructure = managers; (iii) steady-state
simulations of representative port grids in DIgSILENT
PowerFactory, used to test hosting capacity, and power
quality scenarios; (iv) analysis of other European ports’ case
studies; and (v) validation of the proposed methodology
against real port ecosystems of the ENEPORTS Consortium —
Ferrol-San Cibrao and Granadilla in Spain, and Douro—
Leixdes in Portugal, where onshore and offshore wind,
floating and fixed photovoltaic, wave energy, green hydrogen
and battery storage projects are at different stages of
development.

For the DIgSILENT PowerFactory simulations, datasets from
real and future demands of three port areas have been used to
PLANNING & COMPLIANCE

perform renewable integration feasibility studies. Challenges
assessed include variability of the renewable resources,
flexible demands present and potentially present in port areas
(including Electric Vehicles, EV), the possibility of operating
on isolated mode, the technical characteristics of each
generation and storage technologies, the requirements for
OPS installation, and generation of biofuels at ports. Used
data and simulation results cannot be published to date due to
confidentiality restrictions imposed by participating port
areas.

3 Results: Proposed Methodology for
Renewable Integration in Port Areas

The nine steps below are intended to be followed sequentially
by a port authority or its technical office when planning the
installation of renewable systems (either hybrid renewable
systems or renewable systems using a single technology),
although in practice several steps overlap and are revisited
iteratively as the projects mature, as illustrated in Fig. 1. Port
authorities shall work closely with renewable energy
operators and concessionaires to ensure that data is available
to perform the required studies and that generation models are
provided to ensure seamless operation of the integrated
system along with the EMS.
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Fig. 1 Nine-step methodology for renewable hybrid system integration in port areas, grouped into three phases, with iterative
validation feeding back into the planning phase.

3.1 Grid Capacity and Access

The starting point is always the available capacity at the
connection point offered by the DSO/TSO. In the European
framework, access and connection are governed by the
network codes on grid connection of generators (RfG,
Regulation (EU) 2016/631) and demand facilities (DCC,
Regulation (EU) 2016/1388), together with Regulations (EU)
2019/943 and 2019/944 on the internal electricity market [S]—
[8]. Operators assess requests against short-circuit power
(network strength), dynamic stability criteria, and static
criteria to determine the maximum power to be evacuated or
absorbed at a given node without compromising security of
supply [1]. Spain’s Circular 1/2024, for instance, obliges

DSOs to publish updated capacity maps and introduces ‘firm’
and ‘flexible’ access capacity. This flexible access capacity
might allow the connection of new demand where sufficient
firm capacity is unavailable in exchange for accepting
curtailment during congestion periods [14]-[16]. Combining
flexible access capacity of demand with storage capacity can
aid port authorities to avoid or defer network reinforcement.

3.2 Technical Regulation and Grid Codes

Once capacity is identified, the project must comply with the
technical requirements set by the applicable grid code, which
fixes frequency and voltage ride-through ranges,
active/reactive power control capability, fault-ride-through
behaviour and minimum operative times for generation and



25th Wind & Solar Integration Workshop | Porto, Portugal | 29 September — 02 October 2026

demand facilities [7], [8]. Port projects add a further
regulatory layer: Regulation (EU) 2017/352 on port services
and financial transparency, national port laws (e.g., Spain’s
Royal Legislative Decree 2/2011), and for OPS and
bunkering, the FuelEU Maritime Regulation (EU) 2023/1805
and the IEC/ISO/IEEE 80005 series on ship-to-shore
connections [12], [13], [17], [18]. Self-consumption schemes
are additionally governed by Directive (EU) 2018/2001 and
its 2023/2413 amendment, which simplify procedures for

installations below 100 kW and promote renewable energy
communities [10], [11]. Mapping and considering this stack
of European, national and port-specific regulation at early
stages avoids redesigning the electrical installation later in the
project. Although all four Atlantic countries analysed
transpose the same European network codes, the responsible
authorities, access-capacity criteria and self-consumption
procedures differ significantly at national level, as
summarised in Table 1.

Table 1 Comparison of grid access, connection and self-consumption regulation in the Atlantic countries analysed [1].

Country Access/connection Key national instrument Access capacity model Self-consumption / notable feature
authority

Spain DSO/TSO (REE, Circular 1/2024 (demand); Firm access capacity and Self-consumption with/without
distribution companies), RD 1183/2020; RD 244/2019  voluntary flexible access surplus; simplified registration
overseen by CNMC (self-consumption) capacity, with mandatory below defined thresholds

published capacity maps

Portugal DGEG grants access; REN Decree-Law 15/2022 (RARI);  Firm access and access with Accelerated Environmental Impact
(RNT operator) issues Regulation 818/2023 restrictions; guaranteed- Assessment outside sensitive areas;
technical conditions remuneration regime prioritised ~ community-driven measures

encouraged

France RTE (TSO) and Energy Code; Law 2013-321;  Access via authorisation or No dedicated wind-development
Enedis/local DSOs; tariffs regional SRCAE plans ministerial tender when supply-  zones since 2013; regionalised
and access set by CRE demand balance requires it renewable planning

Ireland EirGrid (TSO, > 20 MVA) Electricity Regulation Act Threshold-based routing of Microgeneration support scheme;
or ESB Networks (DSO, < 1999; Grid Code; Distribution  connection applications by Harbours Act 2015 enables port-
20 MVA); CRU as Code demand size management transfer to local
regulator authorities

3.3 Feasibility Studies voltage sags and rapid voltage changes produced by the

Technical and economic feasibility studies quantify ports’
current and forecasted demand profile, identify suitable areas
for each renewable technology (roofs, yards, breakwaters,
quaysides, offshore leases) and cross-check them against
hosting capacity and grid-code compliance. Frequency and
voltage-deviation  ranges, harmonics and minimum
connection times defined by the applicable grid code must be
verified for the specific generation mix under consideration
[1]. In ENEPORTS, feasibility assessment combined resource
mapping (wind, solar irradiance, wave climate) with
PowerFactory load-flow studies of the ports’ connection
points, allowing technologies to be ranked by decarbonisation
potential per installed MW (megawatt) and per euro invested
before detailed engineering begins [2], [19].

3.4 Power Quality Studies

Power quality is assessed against EN 50160, which defines
acceptable ranges for frequency, voltage magnitude,
waveform symmetry, harmonic distortion, flicker and voltage
sags in low- and medium-voltage networks, complemented by
the EN 61000 series on electromagnetic compatibility [9],
[20], [21]. Port grids are particularly exposed to three
phenomena. First, harmonic distortion and flicker caused by
power-electronic converters — variable-speed drives of cranes
and reefer compressors, PV and wind inverters, and especially
high-power OPS frequency converters feeding vessels at
50/60 Hz — which inject harmonics that can propagate
through the port’s internal network, [17], [20]-[24]. Second,

connection of large, intermittent loads such as ship-to-shore
cranes or megawatt-scale EV’s fleet chargers, or OPS
connections, and by cloud-driven PV output variability [25],
[26]. Third, unbalance between phases, common in ports with
unevenly distributed single- or two-phase loads (lighting,
auxiliary services) superimposed on three-phase industrial
feeders, a parameter also explicitly limited by EN 50160 [9].
In accordance with IEC/TR 61000-3-6 and IEC/TR 61000-3-
7, prospective network users should perform harmonic
propagation and flicker-emission assessments at the point of
connection (PoC) to wverify compliance with allocated
emission limits, planning levels and compatibility objectives,
and sizing filtering equipment if required, before requesting
connection to the network, either MV network (operators
requesting access to port areas) or HV networks (port areas
requesting access to DSO/TSO) [20], [21]. However, they
require detailed monitored data and/or models of both
generation and consumption assets that are often unavailable
or difficult to obtain. Port authorities might perform harmonic
measurement campaigns in their areas prior to installing new
generation, and require detailed models, to assess weather
countermeasures will be required, and to include binding
technical requirements in new operators’ contracts.

3.5 Coordination of Protections

Protection schemes for renewable generation connected to a
port grid must be agreed and coordinated with the DSO/TSO,
which typically prescribes over- and under-voltage protection
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and anti-islanding protection [1], together with frequency
ride-through settings defined by the applicable grid code [7].
Because ports frequently combine several generation
technologies, storage and heavy variable loads on the same
internal network, protection coordination studies (short-circuit
calculation and time-current discrimination) must be re-run
whenever a new asset is added, to avoid nuisance tripping or
loss of selectivity [27], [28]. Dynamic simulations validating
fault-ride-through and islanding behaviour are, in most
jurisdictions, a mandatory step before the installation is
authorised to start commercial operation [1].

A port network with wind, PV, storage and OPS assets
behaves electrically much like a distribution-connected
microgrid and inherits the same well-documented protection
difficulties. Once generation is distributed across several
nodes, power flow can become bidirectional and short-circuit
levels vary with the operating topology and with how many
inverter-based resources are online, which might invalidate
the assumption of unidirectional fault current from the
substation towards the loads on which conventional, single-
setting overcurrent protection is based [29], [30]. Two
consequences are particularly relevant for ports. First,
protection blinding and false or sympathetic tripping can
occur when fault current is fed from both the upstream grid
and local generation [31], so relays on healthy feeders may
see enough current to misoperate while relays closer to the
fault may see reduced current due to the generator’s
contribution; recent reviews report that directional and
adaptive overcurrent schemes, with settings that switch
between grid-connected and islanded operating modes, are the
most consolidated response to this problem [27]-[29].
Second, inverter-interfaced renewable and storage units
contribute comparatively low and current-limited fault current
- typically 1.0-2.0 p.u.,, substantially lower than a
synchronous machine [32], which can be insufficient to
reliably pick up conventional overcurrent relays; this
motivates directional, differential or communication-assisted
schemes, together with dynamic relay-setting groups that are
reselected in real time according to the number and type of
generators connected [27], [28], [30]. For ports, this means
protection coordination cannot be a one-off exercise at
commissioning: it should be revisited at each stage of the
iterative validation shown in Fig. 1, particularly whenever a
new generation, storage or OPS asset changes the network's
fault-current profile. For the ENEPORTS simulations,
adequate data for protection systems of port areas could not
be obtained in time, hence only theoretical assessments could
be performed.

3.6 Economic and Market Model

Regulation (EU) 2019/944 grants active consumers the right
to generate, store, consume and sell renewable energy, and
Directive (EU) 2018/2001 promotes collective self-
consumption and renewable energy communities [6], [10],
[11]. Several models emerge for ports, either within their
ecosystem (between concessionaires and port authorities) or
with the external grid: (i) self-consumption without surplus,
administratively simpler but limited to the port area’s
demand; (ii) self-consumption with surplus, with or without
compensation, simpler in the second case; (iii) collective self-

consumption, with or without surplus; (iv) Power Purchase
Agreement (PPA) among concessionaires, which requires
securing reliable offtakers — industrial tenants, terminal
operators and OPS-connected vessels are natural candidates
within the port boundaries [1]; or (v) an internal energy
market governed by rules established by port authorities. Any
of the models can impact on infrastructure design — e.g., no
surplus means zero energy export and additional control
devices — and legal structure: a commercialisation company
can be established to manage an internal market, as
demonstrated by Port of Tarragona and APPORTT
ENERGIA [33].

3.7 Available Technologies and Experience

Onshore and fixed offshore wind, together with fixed
photovoltaic, remain the most mature and cost-effective
technologies, offering the highest decarbonisation return
(measured in CO: emission savings) per euro invested;
floating photovoltaic, floating offshore wind, marine (wave
and tidal) energies, green hydrogen and battery storage
complement them with higher modularity but greater
technological or cost uncertainty [2], [34]-[38]. Onshore
wind benefits from decades of operational experience and,
within port boundaries, is typically deployed at self-
consumption scale on breakwaters, quaysides or adjacent port
land (e.g., Port of Bilbao, Port of Antwerp, Port of Rotterdam,
Port of Liverpool); offshore wind, in contrast, uses ports
mainly as manufacturing, assembly and O&M bases, with
fixed-bottom turbines reaching power densities of 5-10
MW/km? and floating turbines around 3—7 MW/km? [2], [34],
[35]. However, some port areas hold potential to test
prototypes of floating offshore, as is the case of Port of
Granadilla, alongside the testing laboratory PLOCAN, with
the project PRIMAVERA [39]. This potential can be explored
when enough grid and demand is available, since it can
provide accessible energy.

Photovoltaic generation, fixed or floating, offers the fastest
and least capital-intensive deployment route and, according to
ENEPORTS’ ranking, the best decarbonisation return per
euro invested, though its output is fully coincident with
daylight hours only [2], [36]. Marine energies (wave and
tidal) remain the least mature but are of direct interest to ports
because wave converters can be integrated into existing
breakwater structures without requiring additional maritime
space [2], [38]. Green hydrogen, produced on-site through
electrolysis, is positioned as an energy carrier for long-term
storage and for decarbonising shipping and heavy port
equipment, although it still faces efficiency losses and
immature supply chains [2], [40], [41].

Demands prone to be flexible on port areas have also been
analysed, and only large fleets of EV can be considered
flexible loads. With a centralised EMS connected to chargers,
their charging time might be modulated to comply with
flexibility requirements. Eventually, EVs might even allow
some capabilities of vehicle-to-grid (V2G) applications.
However, OPS, cranes or refrigerated reefers are too bounded
to logistic requirements to be considered flexible [2].

Real cases documented within ENEPORTS and in the
literature illustrate this diversity of maturity levels: floating



25th Wind & Solar Integration Workshop | Porto, Portugal | 29 September — 02 October 2026

PV pilots (Ciel & Terre, Ocean Sun deployments), the
Mutriku breakwater wave plant, the Eco Wave Power projects
at the Port of Los Angeles and Port of Leixdes, floating wind
turbines assembled at the Port of Port-La-Nouvelle, OPS
installations at several Atlantic ports, and green hydrogen
studies for port and coastal industrial clusters [2]. Within the
ENEPORTS partner ports, Ferrol-San Cibrao is evaluating
fixed photovoltaics, wind power and wave energy, Granadilla
is evaluating floating wind, green hydrogen and photovoltaic
generation together, and Douro—Leixdes plans wind power,
OPS, floating and roof-mounted PV systems along

Renewable Energy Communities that would allow
concessionaires to self-consume and share renewable output
[1], [2]. Hybrid configurations — offshore wind with battery
storage, PV with electrolysers, or wave energy with floating
PV — are increasingly favoured because they smooth the
combined generation profile and reduce curtailment risk [2],
consistent with the global shift towards wind and solar
photovoltaic as the dominant sources of new renewable
capacity reported by the IEA [42]. Table 2 summarises the
criteria that ENEPORTS used to compare and prioritise
technologies for any given port.

Table 2 Comparative criteria for renewable and low-carbon technology selection in port areas [2].

Technology Maturity Decarbonisation Cost-effectiveness Grid-integration difficulty = Modularity / footprint
potential (CO/MW)  (CO-/€ invested)

Onshore wind High Medium-high High Medium (congestion, Medium; needs available port
curtailment) land

Offshore wind (fixed) High Very high Medium-high High (export cables, Low modularity; large utility
substation investment) scale

Offshore wind Medium Very high Medium High (grid + Low modularity; emerging

(floating) mooring/export supply chain
infrastructure)

Photovoltaic (fixed) Very high Medium Very high Medium (curtailment on High; scalable on roofs/yards
weak feeders)

Photovoltaic (floating) Medium- Medium High Medium High; usable on port water

high bodies

Marine energies Low- High (per MW) Low (high cost) Medium-high (variability, High; fits breakwater

(wave/tidal) medium immature grid codes) structures

Green hydrogen Low- Indirect (enables Low-medium High (large clean-power High; containerised/modular

(electrolysers) medium other sectors) demand, infrastructure) units

Battery storage (BESS)  High Indirect (enables Medium Medium (degradation, Very high; fully modular

integration) protection settings)
OPS / shore power High Indirect (shifts vessel ~ Medium Medium-high (frequency Medium; scales with berth size

emissions to grid)

conversion, HV/LV)

3.8 Grid-Integration Challenges

Across technologies, the most recurrent grid-related barriers
are congestion and connection queues — several European
countries already report significant curtailment, e.g., Spain
curtailed 1.1 TWh of wind in 2023 (+58% versus 2022) and
Ireland 1.1 TWh (8.9% of available wind) — together with the
‘“first come, first served’ connection policies that favour
speculative requests over merit-based allocation [2]. Such
barriers will most likely delay projects of several MW,
especially if consumption with surplus is expected. Each
technology adds different difficulties. Offshore and floating
wind, when being planned for port area consumption could
require the port’s own grid, export cables and substations to
be reinforced, since they were rarely designed to absorb
utility-scale generation, and floating projects further depend
on maritime space that does not always fall under the port
authority’s jurisdiction [2]. Photovoltaic generation is
constrained by the intermittency of solar irradiance and, in
ports with limited export capacity, by curtailment of surplus

generation on undersized feeders [2]. Marine energies remain
limited by the low technological maturity of most wave and
tidal converters and by the smart-grid management, storage
and synchronisation functions still required for their full
integration [2], [37]. Hydrogen systems face their own
integration barriers: existing LNG terminals and electrical
infrastructure are often unsuited to hydrogen or ammonia and
require costly upgrades, and converting electricity into
hydrogen — and, where needed, into carriers such as
ammonia or LOHC — involves significant energy losses. In
addition, most ports' existing cold-ironing (OPS)
infrastructure was sized only for conventional grid-supplied
shore power and lacks the extra capacity needed to also feed
hydrogen-fuelled shore-power systems, such as fuel-cell-
based units, for large vessels [2], [40], [41]. Electric-vehicle
and vessel charging infrastructure imposes high instantaneous
grid strain — megawatt-scale chargers can require costly
upgrades even for overnight depot charging, a strain set to
intensify as global electric fleets and charging demand keep
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accelerating [43] — and uncoordinated peak-time charging can
trigger carbon-intensive backup generation unless smart
charging and storage are deployed [2]. OPS itself must
reconcile the 50 Hz shore frequency with the 60 Hz systems
of many vessels, requiring frequency converters, and must
scale from low-voltage connections for small craft
(IEC/ISO/IEEE 80005-3) to high-voltage connections of 6.6—
11 kV for cruise ships and large vessels (IEC/ISO/IEEE
80005-1) [2], [17], [18]. Finally, battery storage, while central
to mitigating many of the above challenges, introduces its
own integration difficulty where the port’s internal network is
outdated or where different generation assets do not share a
common communication protocol, which is precisely the
digitalisation gap addressed in Section 3.9 [2].

3.9 Operational Considerations. Digitalisation, Digitisation,
EMS, Flexibility and Internal Markets

To be able to overcome the challenges explained on 3.8, plus
securing quality of energy supply, port areas need to go
several steps further than the recommended feasibility and
technical studies. Managing a portfolio of intermittent
generation, storage and variable loads (EV charging, OPS)
require digitisation of the port’s electrical assets and
digitalisation towards a dedicated and centralised Energy
Management System (EMS) able to forecast generation and
demand, dispatch storage, and coordinate flexible loads in
real time [2]. An EMS is also the technical enabler of flexible
grid-access products such as Spain’s flexible access capacity,
since it allows the port to demonstrably curtail consumption
or generation during the contracted hours [14], [15].
Additionally, Power Management Systems (PMS) will evolve
over EMS and be critical for controlling quality of supply
inside port areas and ensuring voltage control and islanding
capabilities. Looking forward, EMS and PMS-enabled ports
are natural candidates to participate in local flexibility and
voltage control markets and to host internal energy markets
among concessionaires, aligning with the active-consumer
and internal-market provisions of Regulations (EU) 2019/943
and 2019/944 [5], [6]. This PMS operational layer is the
subject of ongoing work under the Cervera Strategic
Programme “Energia 5D: Digital, Distribuida,
Descarbonizada, Descentralizada y Dinamica (R5DES)”,
which builds on the ENEPORTS results to develop PMS
solutions specifically for port areas.

4 Conclusions

Ports have the technical and spatial potential to become
renewable energy hubs, but doing it safely and cost-
effectively requires a structured approach that starts with grid
capacity and regulatory compliance and ends with digitalised,
flexible operation. The nine-step methodology presented here
— capacity and access, technical regulation, feasibility, power
quality, protection coordination, economic and market
modelling, technology selection, grid-integration challenges
and operational digitalisation — offers Atlantic port authorities
a reusable and technically grounded roadmap, validated with
real port ecosystems within the ENEPORTS project. Power
quality emerges as a particularly sensitive area in ports, due to
the concentration of power-electronic loads (cranes, reefers,
OPS converters) and the size of intermittent renewable and

electric-vehicle/OPS loads sharing the same internal grid.
EMS and PMS designed for port areas are required to ensure
seamless operation of the hybrid system and to guarantee
quality of supply.
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