Technology Roadmap

Competitive, resilient and sustainable offshore vessels
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1. Description of the Sector

1.1 Definition and scope

For this roadmap, offshore vessels are defined by function. Offshore vessels are a wide category of
vessels that facilitate offshore installations, operations and maintenance. Historically, this segment
has focussed on oil and gas installations. But with the onset of offshore renewable energies and other
Blue Growth activities, this fleet has transformed into an enabler of sustainable growth. Many of
the offshore vessels are complex work vessels, such as installation vessels, dredgers, tugs and cable-
laying vessels, which are capable of executing very accurate work. These types of vessels typically have
high power needs, and a high energy consumption at peak moments. The technologies used for power
generation are the same as those listed for transport vessels. As the offshore vessels are predominantly
built in Europe, they are a suitable category for demonstration purposes.

The variety of operating profiles, as well as the size of ships, make offshore vessels ideal candidates for
innovative solutions. Their close shore activities allow for more frequent fueling and thus low density
energy carriers can be applied. Operating close to shore also means that it is necessary to reduce SOx
and PM emissions to the maximum extent possible. Designs from full electric to hydrogen powered fuel
cell hybrid solutions will make sense in this context. Today, hybrid battery systems are already being
cost effectively deployed and some of the newest vessels can perform their operations at sea with zero-
emission technologies, while transit is still covered with conventional diesel-electric systems using
low- sulfur marine diesel oil. The latest announcements on new ship designs for offshore vessels show
an extended zero emission target range of up to two weeks operation time based on a hybrid concept
with 2MW hydrogen powered PEM fuel cells combined with 5,5MW diesel ICE.

The roadmap covers six vessel families and the vessel side systems that determine their performance:
propulsion and energy systems, power management, dynamic positioning, station-keeping, deck and
mission equipment, digital, automation and communication systems, onboard safety and security
systems, human-machine interfaces, and interfaces with port, energy and offshore infrastructure.

e Offshore wind service vessels. These vessels carry technicians, parts and equipment to and from
offshore wind farms for commissioning, operations and maintenance. The family runs from crew
transfer vessels for nearshore day transfers to service operation vessels and commissioning service
operation vessels for far-from-shore fields, the latter equipped with motion-compensated walk-to-
work gangways, dynamic positioning and accommodation for technicians on multi-week
campaigns.” Their defining parameters are dynamic-positioning station-keeping, gangway
workability in significant wave height, and field endurance. As wind farms move further offshore and
into deeper water, day-return crew transfer gives way to resident service operation, which is the
central trend reshaping the family. The duty cycle (long time on station at moderate load, with
frequent return to port or to charging) makes this the family most amenable to battery-electric and
methanol or fuel-cell hybrid solutions.

e Platform supply vessels. These vessels carry deck cargo and below-deck bulk (drilling fluids, brine,
cement, fuel and water) to offshore installations and wind farms and form the logistics backbone of
offshore operations. They are characterised by a large clear aft deck, segregated cargo and liquid-

T Waterborne Technology Platform, SRIA (2024), 32; WindEurope, Wind Energy in Europe: 2024 Statistics and the Outlook for 2025-2030
(Brussels: WindEurope, 2025).
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mud tanks, and dynamic positioning for safe approach to installations. Their profile combines
extended transit with prolonged dynamic-positioning standby alongside the asset. This split makes
dual-fuel arrangements for transit and hybrid-battery systems for peak-shaving and station-keeping
the natural decarbonisation route.

e Anchor-handling and towage vessels. This family consists of tows, anchor-handles, escorts and
assists. Anchor-handling tug supply vessels move and set anchors for rigs and floating units and tow
large structures; harbour tugs berth and unberth ships and are the dominant population, numbering
some 1,595 port tugs across wider Europe in 2019, excluding offshore, supply and inland units;
escort tugs deliver steering and braking force in confined waters; and pilotage vessels transfer pilots
in port approaches, the coastline and offshore.? The defining parameters are high bollard pull with
rapid power transients (averaging around 50 tonnes across the fleet and rising toward 80-90 tonnes
for the largest vessels and occasional naval work, fire-fighting and safety-system notation on
offshore units, and dynamic positioning on anchor-handlers.® The work is intermittent but safety-
critical and continuous in availability, operating around the clock. The duty cycle is the segment’s
hardest decarbonisation case: short, very high-power peaks during assistance and anchor work,
separated by long low-load standby, against which battery-only operation remains endurance-
limited (a battery tug delivers roughly one-eighth of the work of a diesel tug before recharging) so
methanol, hydrogen and hybrid architectures are the routes under examination.*

e Subsea construction and installation vessels. These vessels install and maintain subsea and
offshore structures (turbine foundations and turbines, jackets, manifolds and subsea production
systems) and support diving and remotely-operated-vehicle intervention. The family includes
offshore construction vessels with heavy-lift cranes and high-redundancy station-keeping; wind
turbine installation vessels, which are self-elevating jack-up units that raise the hull clear of the
water on legs to form a stable lifting platform; diving support vessels; and survey and remotely-
operated-vehicle support vessels.® Defining parameters are heavy-lift crane capacity, dynamic-
positioning class up to DPS3, jack-up leg length, which sets the installable water depth, and motion
compensation during lifts. Thisis the build fleet for offshore energy, and the wind turbine installation
vessel is the specific type Europe has been losing to Chinese builders.® Peak power during heavy
lifts and dynamic positioning is very high and the operations are increasingly far from shore, which
points the family toward high-density fuels and high-power fuel-cell integration rather than batteries
alone.

e Cable-laying and cable-repair vessels. These vessels install, bury, protect and repair power and
communication cables, interconnectors and umbilicals. The family is depth-stratified: cable-lay
vessels with carousels and tensioners serve deep and ultra-deep water; trenching-support vessels
deploying seabed trenchers, ploughs and jetting tools serve medium and deeper water; shallow-
draught support vessels serve shallow water; and the ultra-shallow and intertidal landfall zone,
where export cables come ashore, remains under-served by conventional barges, anchor spreads

2 Ecorys, Economic Impact of the European Towage Sector (Rotterdam: Ecorys, for the European Tugowners Association, 29 October
2019), 9-10 (1,595 port tugs, wider Europe, harbour towage, 2019, excluding offshore, supply and inland tugs); European Tugowners
Association, stakeholder consultation for the Offshore Vessels Technology Roadmap (2026).

3 Ecorys, Economic Impact of the European Towage Sector (2019), 20, 28; dynamic-positioning classes per International Maritime
Organization, Guidelines for Vessels and Units with Dynamic Positioning Systems, MSC.1/Circ.1580 (London: IMO, 2017).

4 European Tugowners Association, consultation (2026).

5 International Maritime Organization, MSC.1/Circ.1580 (2017); European Dredging Association, stakeholder consultation for the Offshore
Vessels Technology Roadmap (2026).

8 European Commission, EU Industrial Maritime Strategy (Brussels: European Commission, 4 March 2026), 3.



and land excavators. Defining parameters are cable storage capacity on carousels or turntables,
controlled lay tension, burial depth of up to about seven metres, and rock placement or stone-
dumping for cable and pipeline protection.” The driver is twofold: the export cables and
interconnectors that offshore wind requires, and the protection of critical subsea infrastructure,
which makes this the family most directly tied to the strategic-autonomy agenda.®

Dredging and reclamation vessels. These vessels excavate, transport and place seabed material
for navigation channels, port maintenance, coastal protection, land reclamation and offshore
foundation preparation. The principal types are trailing suction hopper dredgers, self-propelled
vessels that load a hopper while under way and discharge by bottom-dumping, pipeline or
rainbowing; cutter suction dredgers, which cut hard material and pump it ashore or to barges; grab
dredgers, used in confined or contaminated sites but not in deep water; and rock-placement and
stone-dumping vessels.® Defining parameters are hopper capacity, which ranges from roughly 7,000
to 30,000 cubic metres at working loads near 80%, cutter and dredge-pump installed power, and
dredging depth.’ Demand is structurally resilient and weakly correlated with economic cycles,
reflecting the sector’s role in coastal and climate resilience. Installed power is very high and
sustained during dredging, so LNG and dual-fuel are already adopted at the large end of the fleet,
with battery systems applied to peaks.

A summary of the main missions and defining technical parameters by vessel family is shown in the

table below.

Vessel family Defining technical parameters

Offshore wind service
vessels

Platform supply vessels

Anchor-handling,
towage and pilotage
vessels

Subsea construction
and installation vessels

Cable-laying and cable-
repair vessels

Crew transfer, service operation,
commissioning support, wind-farm
maintenance, technician
accommodation and walk-to-work
operations.

Deck cargo and below-deck bulk logistics
for offshore installations, wind farms and
subsea operations.

Anchor handling, towage, escort,
berthing, emergency assistance, pilot
transfer and safety-critical port/offshore
support.

Heavy lift, subsea construction, wind-
turbine and foundation installation, diving
support, ROV/survey support, offshore
decommissioning.

Power cable, telecom cable,
interconnector and umbilical laying,
burial, protection, survey and repair.

7 European Dredging Association, consultation (2026).
8 European Commission, EU Industrial Maritime Strategy (2026), 10; European Commission, European Preparedness Union Strategy,
JOIN(2025) 130 (Brussels, 26 March 2025).
9 European Dredging Association, consultation (2026); European Dredging Association, EUDA Annual Report 2024 (Brussels: EuDA, 2024).
10 European Dredging Association, consultation (2026).

Field endurance; transfer safety; gangway
workability; DP capability; battery and charging
compatibility; hotel load; motion comfort.

Clear deck area; segregated bulk/liquid tanks;
DP capability; transit/work-mode split; peak
shaving; safe approach to installations.

Bollard pull; rapid load transients;
manoeuvrability; availability; redundancy; fire-
fighting and safety notations; battery or hybrid
peak-power capacity.

Crane capacity; DP class up to DP3; motion
compensation; jack-up leg length where
applicable; high peak power; station-keeping
reliability.

Carousel/turntable capacity; controlled tension;
burial depth; shallow/intertidal capability; repair
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mobilisation time; critical-infrastructure

protection.
Dredging and Port and channel maintenance, capital Hopper capacity; cutter and dredge-pump
reclamation vessels dredging, coastal protection, land power; dredging depth; discharge mode; high
reclamation, seabed preparation, rock sustained power; emissions per cubic metre
placement. dredged.

Harbour towage, pilotage and dredging overlap with the Port Ecosystems and blue-economy
roadmaps. They are retained here where the technology issue is the vessel, not the port service or the
wider activity. Conversely, generic maritime engines, fuels and equipment industrialization are treated
in the Maritime Technology roadmap, and subsea or floating systems deployed by offshore vessels are
treated in the Blue Economy roadmap™'.

1.2 Strategic role in the European waterborne ecosystem

Offshore vessels are a strategic enabler of European offshore renewable energy. Europe had 37 GW of
offshore wind capacity at the end of 2024, of which the EU-27 accounted for 21 GW. New offshore
projects require installation, cabling, service and maintenance vessels at every stage of the asset
lifecycle.' The sector is also part of Europe’s industrial and security base. The 2026 EU Industrial
Maritime Strategy™ identifies advanced shipbuilding, offshore wind support vessels, underwater
drones and high-tech maritime equipment as priorities for competitiveness, innovation and industrial
sovereignty. The EU Ports Strategy™ highlights the need for larger and reinforced port facilities for
offshore wind assembly, storage and deployment.

Europe leads globally in submarine cable vessels, offshore wind supportvessels, floating and converter
platforms, dredgers and icebreakers, but has lost wind turbine installation vessel building to
competitors, principally China.® Leadership is concentrated in the most complex, highest-value vessel
types and is not secure across the full fleet. Subsea cables and pipelines require dedicated laying,
repair and protection capability, an imperative sharpened by shadow-fleet activity and incidents in the
Baltic and reflected in the European Preparedness Union Strategy and the EU Industrial Maritime
Strategy.'®

Towage and dredging add scale and continuity to this role. Harbour towage is a safety-critical service
that assists roughly 80 to 90% of the cargo passing through Europe’s major ports, supports around
11,150 jobs and about €1.2 billion in annual turnover in wider Europe, and contributes some €1.45
billion in total gross value added."” Dredging delivers coastal and climate resilience and land

1 Offshore vessel families per the Chapter 4 scope note; European Shipowners (ES|[ECSA), The Economic Value of European Shipping
(Brussels: ES|ECSA, 2026), 6-7.

2 WindEurope, Wind Energy in Europe: 2024 Statistics (2025), 42-47; International Energy Agency, Energy Technology Perspectives 2026
(Paris: IEA, 2026), 145.

3 European Commission, European Preparedness Union Strategy (2025); European Commission, EU Industrial Maritime Strategy (2026),
10.

4 European Commission. EU Ports Strategy. Brussels, 4 March 2026.

S European Commission, EU Industrial Maritime Strategy (2026), 3.

8 European Commission, European Preparedness Union Strategy (2025); European Commission, EU Industrial Maritime Strategy (2026),
10.

7 Ecorys, Economic Impact of the European Towage Sector (2019), 12-17, 27 (wider-Europe harbour towage: 80-90% of cargo tug-
assisted; ~11,150 jobs; ~€1.2 billion turnover; ~€1.45 billion total GVA, 2019).
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reclamation, and the European dredging industry invested over€11.1 billion in new equipment between
2008 and 2017 while steadily reducing emissions per cubic metre dredged.®

1.3 Operational profile

The operating profile of offshore vessels is defined by station-keeping, harsh-weather exposure,
mission equipment and proximity to offshore energy, port and subsea critical infrastructure. Unlike
cargo and passenger ships, whose design is usually governed by range, payload and voyage speed,
offshore vessels are designed to perform specialised work at sea. Dynamic positioning, heave
compensation, towing, high bollard pull, heavy lift, cable tensioning, trenching and dredge-pump
operation create high installed-power requirements, rapid load transients and stringent redundancy
needs™.

Power demand varies significantly across vessel families. Service and supply vessels combine transit
with moderate-load dynamic-positioning standby. Tugs combine short, very high bollard-pull peaks
with long periods of low-load standby. Construction and installation vessels require high peak power
during lifting, jacking, positioning and subsea operations. Cable-laying and cable-repair vessels
combine precise low-speed work with significant auxiliary loads for tensioning, storage, burial and
protection systems. Dredgers require high sustained power during excavation, pumping, sailing and
discharge. Across the segment, the common design challenge is therefore not average fuel
consumption alone, but the ability to deliver safe, redundant and efficient power across highly variable
duty cycles.

Two characteristics cut across all vessel families. First, harsh-weather exposure sets demanding
requirements for reliability, structural response, motion compensation, crew safety and operational
availability. Second, proximity to critical infrastructure raises the requirements for safety, cyber-
physical protection, situational awareness and operational resilience. These requirements are
becoming more demanding as offshore wind, floating energy systems, subsea interconnectors and
other offshore assets move further from shore and into deeper and harsher environments. The historic
assumption that offshore vessels can rely on frequent port calls, short transit distances and low-
density energy carriers no longer applies across the fleet.

The energy transition for offshore vessels must therefore be duty-cycle- and distance-dependent rather
than uniform. Nearshore service vessels, harbor tugs and selected port-based offshore support duties
can move earlier towards battery-electric and hybrid-electric operation because they can return
frequently to charging or bunkering points. Service operation vessels, platform supply vessels and
anchor-handling units require hybrid and dual-fuel architectures that combine energy efficiency,
redundancy and operational flexibility. Cable, construction, dredging and far-field offshore vessels
require higher-density fuels, fuel-cell or combustion-based sustainable-fuel systems, and resilient
onboard energy architectures capable of supporting long endurance and mission-critical power
demand.

The transition will consequently proceed through a work-mode/transit-mode split. Zero-emission
operation at the field, in port, or during defined safety-critical work modes can be achieved earlier than

8 European Dredging Association, EuDA Annual Report 2024 (2024), 6-7.
19 Waterborne Technology Platform, SRIA (2021), 32.



full zero-emission operation across all transit and endurance requirements. This makes offshore
vessels a practical market for staged deployment: energy-efficiency measures, digital energy
management and hybridisation in the near term; zero-emission work modes and port-based charging
or bunkering in the 2030s; scalable sustainable alternative fuels and fuel-cell systems for far-field
operations through the 2040s; and integrated offshore vessel, energy and infrastructure systems by
2050.

1.4 Sector baseline and market characteristics

The European-controlled fleet is substantial and specialised. As of January 2026 it comprised 1,567
offshore vessels totalling 16.7 million gross tonnes, alongside 549 dredgers totalling 2.0 million gross
tonnes.?® Europe holds 24% of world offshore vessel capacity by gross tonnage and 37% of world
dredger capacity.? The dredging industry estimates a working fleet of around 750 units once support
vessels are included, and installs high-technology equipment even on older hulls.?> Ownership is
fragmented: 90% of the more than 4,000 shipping companies in the EU-27 and Norway control fewer
than ten vessels.?

The fuel and power baseline remains diesel-electric. Most vessels burn low-sulphur marine diesel oil
and switch to marine gas oil in sulphur emission control areas, hydrotreated vegetable oil is used as a
drop-in substitute, and hybrid battery systems are deployed cost-effectively. The most advanced
announced design pairs 2 MW of hydrogen-fuelled PEM fuel cells with 5.5 MW of diesel engines for a
zero-emission operating range of up to two weeks.?*

The fleet ages slowly and renews through retrofit and the second-hand market as much as through
newbuilding. Harbour tugs in wider Europe show an average age of around 25 years and a renewal rate
of roughly 35 vessels a year, equivalent to about €311 million of annual investment, with building
concentrated in Turkey, the Netherlands, the United Kingdom, Italy, Germany, Spain and Belgium; a
standard tug costs roughly €10-11 million against about€13 million for an LNG or hybrid tug.?® European
vessels leaving the fleet are frequently sold for continued operation on other continents, and tug
building, once European-led, is now strongly contested by Turkish and other non-EU builders, while
Europe retains clear leadership in dredgers and in the most complex cable and construction vessels.?®

1.5 Offshore as a European technology-leadership opportunity

Offshore vessels offer one of Europe’s strongest demonstration arenas for zero-emission, digitally
enabled and mission-critical waterborne technologies. The segment combines European industrial
capability, high technical complexity and operational diversity. Many offshore vessels are still designed,
built, equipped or upgraded within European maritime value chains, and their duty cycles range from
nearshore, port-connected operations to far-field, high-endurance missions. This makes the sector
well suited for first-of-a-kind deployment of fuel-cell, battery-electric, alternative fuel hybrid and

20 European Shipowners (ES|ECSA), The Economic Value of European Shipping (Brussels: ES|[ECSA, 2026), 12 (data: Clarksons Research,
status January 2026).

21 bid., 12.

22 European Dredging Association, consultation (2026).

23 ES|ECSA, The Economic Value of European Shipping (2026), 4.

24 Waterborne Technology Platform, SRIA (2021), 32.

2 Ecorys, Economic Impact of the European Towage Sector (2019), 11, 18-20 (average fleet age 25 years; ~35 newbuilds and ~€311 million
investment per year; standard tug €10-11 million, LNG or hybrid tug ~€13 million).

26 European Tugowners Association, consultation (2026); ES|[ECSA, The Economic Value of European Shipping (2026), 12.



digitally optimized energy systems, before these technologies are transferred to larger-volume maritime
segments?’.

The segment also matches the type of high-value, low-volume specialised market prioritised by the EU
Industrial Maritime Strategy for concentrated European industrial effort. Its most complex vessel types,
including cable-laying, offshore construction, dredging and offshore towage vessels, are not only
commercial assets. They are also part of the industrial and operational base needed for offshore
renewable energy, subsea infrastructure protection, coastal resilience, emergency response and dual-
use preparedness. In this sense, offshore vessels are directly linked to European strategic autonomy.

Sustaining this leadership requires deliberate RD&l, demonstration, procurement and fleet-renewal
investment. European strength in specialized offshore vessels cannot be assumed to continue
automatically. The loss of wind turbine installation vessel building to non-European competitors shows
that leadership in complex maritime technologies can erode when industrial investment, market
demand, certification pathways and deployment support are not aligned?.

Drivers and Constraints

2.1 Drivers

e Regulatory drivers. The EU climate framework is now reaching offshore vessels and is becoming a
strong near-term driver of monitoring, reporting, fleet renewal and technology deployment. From 1
January 2025 offshore ships of 400 GT and above are required to monitor, report and verify their
greenhouse gas emissions under the revised MRV Regulation; from 1 January 2027 offshore ships
above 5,000 GT enter the EU Emissions Trading System; and FuelEU Maritime, which applies from 1
January 2027 to ships above 5,000 GT within its defined scope, strengthens the wider market signal
for renewable and low-carbon marine fuels, while the Alternative Fuels Infrastructure Regulation
mandates shore-side electricity for container and passenger ships but not specifically for offshore
vessels.? These instruments do not affect all offshore vessel families equally: the largest
construction, cable-laying, supply and service vessels are more directly exposed, while parts of the
towage and smaller offshore support fleet remain below pricing thresholds®’. The result is a
differentiated but increasingly clear demand signal for propulsion, energy-efficiency, monitoring,
certification and compliance solutions.

o Offshore-energy demand. Offshore wind is the dominant demand driver and sets the workload for
installation, cabling, service and maintenance vessels. EU-27 offshore wind capacity reached 21
GW at the end of 2024, within a European total of 37 GW, with 2.6 GW of new offshore capacity
connected during 2024.*" Demand is also moving into more complex operating environments.
Larger wind farms, deeper sites, floating offshore wind, longer export-cable routes and more distant
interconnectors increase transitdistance, time on station, installation complexity and maintenance

27Waterborne Technology Platform, SRIA (2021), 32.

28 European Commission, EU Industrial Maritime Strategy (2026), 3.

2% Regulation (EU) 2023/957 (MRV), offshore ships of 400 GT and above from 1 January 2025; Directive (EU) 2023/959 (EU ETS), offshore
ships above 5,000 GT from 1 January 2027; Regulation (EU) 2023/1805 (FuelEU Maritime), ships above 5,000 GT from 1 January 2025;
Regulation (EU) 2023/1804 (AFIR).

30 European Tugowners Association, consultation (2026).

3T WindEurope, Wind Energy in Europe: 2024 Statistics (2025),32-37; International Energy Agency, Energy Technology Perspectives 2026
(2026), 145.
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intensity. From the 2030s, export cable and interconnector projects will also require more capable
landfall, burial, repair and protection solutions in shallow, ultra-shallow and intertidal zones where
conventional barges, anchor spreads and land-based equipment are often constraint. This demand
drives innovation in propulsion, dynamic positioning, mission equipment, automation, cable
handling, digital planning and offshore logistics integration.

Coastal resilience and counter-cyclical demand. Dredging demand is structurally resilient and
weakly correlated with economic cycles, because it is linked to port maintenance, navigation-
channel depth, land reclamation, coastal protection and adaptation to sea-level rise and flooding.3?
Climate adaptation, port expansion, offshore foundation preparation and beach nourishment
create continuing demand for specialised dredging and reclamation vessels. Decommissioning of
ageing oil and gas infrastructure adds a further counter-cyclical workload for construction, lifting,
subsea support and specialised offshore service vessels.

Critical-infrastructure protection and dual use. Offshore vessels have become instruments of
strategic autonomy. Subsea communication cables, electricity interconnectors, offshore energy
assets and pipelines require dedicated installation, inspection, maintenance, repair and protection
capability. This is reflected in the EU Action Plan on Cable Security, the European Preparedness
Union Strategy and the EU Industrial Maritime Strategy measures on maritime domain awareness,
subsea infrastructure and cable security.®® Cable-laying, cable-repair, survey, construction,
dredging, towage and offshore support vessels have a strategic function beyond their commercial
role. Large dredgers and specialized offshore vessels also have a dual-use relevance for emergency
response, coastal resilience, military mobility, seabed intervention and critical infrastructure
protection, reinforcing the case for retaining European capability.®

Industrial competitiveness and sovereignty. The EU Industrial Maritime Strategy and the EU Ports
Strategy, both adopted in March 2026, create a supply-side driver for the offshore vessel segment.
The Industrial Maritime Strategy focuses on strengthening Europe’s “Build, Equip and Repair”
capability, reinforcing maritime manufacturing and technological leadership, and examining an EU
framework for the mutual recognition of offshore service and industrial vessels. The Ports Strategy
recongnises that offshore wind and floating installations require larger and reinforced port facilities
for assembly, storage and deployment.®® Together, these strategies connect offshore vessel
innovation to European shipbuilding, maritime equipment, ports, offshore energy deployment and
strategic autonomy. They also underline the need to prevent further erosion of European leadership
in specialised vessel types.

Systemic weight and safety-criticality of towage. Towage is a systemically important and safety-
critical service whose decarbonisation cannot reduce operational availability, emergency response
capability or port safety. Harbour towage assists a large share of cargo movements through Europe’s
major ports, operates around the clock and supports port continuity, navigational safety and
resilience during abnormal or emergency conditions. More specifically, it assists roughly 80 to 90%
of the cargo passing through the major ports, supports around 11,150 jobs and about €1.2 billion in

32 European Dredging Association, EuDA Annual Report 2024 (2024), 6-7; European Dredging Association, consultation (2026).

33 European Commission, European Preparedness Union Strategy (2025), 12-14; European Commission, EU Industrial Maritime Strategy
(2026), 10, 13-14.

34 |bid (2026).

35 European Commission, EU Industrial Maritime Strategy (2026), 3, 10; European Commission, EU Ports Strategy (Brussels, 4 March
2026).
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annual turnover.®® This makes towage a specific driver for high-power hybridisation, alternative fuel
readiness, batter peak-shaving, shore charging, operational optimisation and robust safety
standards.

2.2 Technology readiness

Technology readiness varies significantly across the offshore vessel segment and is therefore a central
consideration for roadmap sequencing. Hybrid-battery systems, digital energy management, dynamic-
positioning optimisation, predictive maintenance and drop-in renewable fuels are already deployable
in selected applications. Methanol-capable engines, fuel-cell hybrids, shore and offshore charging
concepts, remote support systems and digital twins are moving from demonstration to early
commercial deployment. Full zero-emission far-field operation, offshore bunkering of new fuels, high-
power charging during mission operations, autonomous dynamic-positioning functions and
harmonised certification of alternative-fuel offshore vessels still require targeted RD&l, demonstration
and regulatory development. The roadmap therefore distinguishes between solutions that can be
deployed immediately, solutions that must be scaled through the 2030s, and solutions that require
coordinated research, infrastructure and regulatory action before full commercial deployment.

2.3 Constraints and bottlenecks

e Peak and transient power. The binding technical constraint is peak and transient power, not
average consumption. Dynamic positioning, bollard pull, heave compensation and cutter or
dredge-pump operation demand high installed power and rapid load transients, and energy storage
must be sized for these peaks rather than for mean load. A battery-only tug was reported to perform
roughly one-eighth of the work of a diesel tug before recharging, which illustrates the endurance
penalty of electrification for high-peak duties.®”

e Worksite fuel availability and bunkering. Fuel logistics constrain deployment as much as vessel
technology. Bunkering hydrogen, ammonia or methanol at far-from-shore worksites is undeveloped,
so nearshore duties that allow frequent refueling favour battery-electric solutions while far-field
duties depend on onboard generation, high-density carriers or dedicated supply vessels.>®

e Fleet age, heterogeneity and retrofit economics. The fleet is heterogeneous, long-lived and
renews slowly, which makes retrofit as important as newbuilding. Harbour tugs in wider Europe
show an average age of around 25 years and a renewal rate of roughly 35 vessels a year, and offshore
and dredging vessels are frequently bespoke with thin secondary markets.® Retrofitability,
modularity and lifecycle-cost reduction are therefore decisive.

¢ Industrial build-share erosion and the cost gap. European leadership is concentrated in the most
complex vessel types and is not secure. Europe has lost wind turbine installation vessel building to
China and faces strong competition in tug building from Turkish and other non-EU yards, and a green
newbuild carries a clear cost penalty: a standard tug costs roughly €10-11 million against about€13

3¢ Ecorys, Economic Impact of the European Towage Sector (2019), 12-17, 27.

87 European Tugowners Association, consultation (2026).

38 Waterborne Technology Platform, SRIA (2021), 32.

3% Ecorys, Economic Impact of the European Towage Sector (2019), 11; European Tugowners Association, consultation (2026).
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million for an LNG or hybrid tug, and consultation evidence puts the premium for an alternative-fuel
vessel at one-third to one-half over a conventional diesel equivalent.*°

e Thin margins, fragmented ownership and the financing gap. The segment combines margins with
fragmented ownership and capital-intensive assets. Harbour towage operates at an average profit
margin of about 8%, and 90% of the more than 4,000 shipping companies in the EU-27 and Norway
control fewer than ten vessels, while there are no financial instruments specific to the segment.*

e Safety and regulatory readiness. Safety frameworks lag technology. Offshore handling of
hydrogen, ammonia and methanol near structures, battery fire risk, high-power charging during
dynamic positioning, and autonomous operation all require updated safety cases and certification,
and national approval regimes remain fragmented; the European Commission will examine mutual
recognition of offshore service and industrial vessels, while concerns persist over the market-
access provisions of the Port Services Regulation.*?

e Regulatory desigh mismatch. The EU climate instruments are designed for transport shipping and
map imperfectly onto offshore duty cycles. They are voyage- and port-call-based, whereas offshore
vessels consume most of their energy on station rather than between ports, and the 400 GT, 500 GT
and 5,000 GT thresholds split the towage market and leave many smaller offshore vessels inside
monitoring but outside pricing.*?

e Critical-infrastructure vulnerability and export controls. Cable, construction and survey vessels
are strategic assets exposed to cyber and physical risk, with limited redundancy and surveillance
capability relative to the value of the infrastructure they protect, and the dual-use status of large
dredgers is mirrored by export controls that complicate fleet supply.**

o Digital fragmentation and interoperability. Interoperability across vessels, asset-owner and
operator systems is limited, which holds back the connected operations that efficiency and
automation require. Data exchange between vessels, offshore installations and shore control
centres remains largely project-specific.*®

e Workforce and skills. The workforce needs new competences for sutainable alternative fuels,
automation and subsea robotics, against a reported shortage of seafarers and pilots and a safety-
critical, around-the-clock operating pattern.*

3. Target Capabilities

The capabilities are stated across three horizons. Five domains recur within each, carrying the
objectives they serve: propulsion and energy; safety, security and resilience; connected,
automated and data-driven operations; human-centred operations and workforce; and regulation
and system-level integration.*’ The horizons build on a current baseline of cost-effective hybrid-
battery systems, zero-emission at-field operation with conventional transit, and maturing digital twins

40 European Commission, EU Industrial Maritime Strategy (2026), 3; Ecorys, Economic Impact of the European Towage Sector (2019), 20;
European Tugowners Association, consultation (2026).

41 Ecorys, Economic Impact of the European Towage Sector (2019), 15; ES|ECSA, The Economic Value of European Shipping (2026), 4.

42 European Commission, EU Industrial Maritime Strategy (2026), 10; European Maritime Safety Agency, Safety Analysis 2025 (Lisbon:
EMSA, 2025); Regulation (EU) 2017/352 (Port Services Regulation).

43 Directive (EU) 2023/959; Regulation (EU) 2023/1805, Article 2 (scope); European Tugowners Association, consultation (2026).

44 European Commission, European Preparedness Union Strategy (2025); European Dredging Association, consultation (2026).

4 Waterborne Technology Platform, Waterborne Technology Leadership (2026), section 3.3; European Tugowners Association,
consultation (2026).

46 European Tug owners Association, consultation (2026); European Maritime Safety Agency, Safety Analysis 2025 (2025).

47 Waterborne Technology Platform, Waterborne Technology Leadership (Brussels, 2026), section 3.4; capability domains aligned with
Chapter 4 (Technology Pathways); vessel-only boundary per Chapter 1.1.
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and predictive maintenance, with European leadership concentrated in the most complex vessel
types.*®

3.1 By 2035 — early deployment

Propulsion and energy: Hybrid and zero-emission propulsion will be scaled across offshore
segments. Zero-emission work mode will be standard on nearshore service vessels; battery-electric
systems will serve low-energy duties such as service and crew transfer, while alternative fuel systems
serve energy-intensive duties such as anchor-handling and heavy construction. Hybridization will be
retained for dynamic-positioning redundancy, dual-fuel systems provide flexibility under fuel-supply
constraints, and integrated DC grids, advanced energy management and hydrodynamic energy-saving
devices reduce demand.*®

Safety, security and resilience: Advanced situational awareness will integrate environmental, vessel
and offshore-installation data; predictive maintenance will reduce operational risk and downtime; and
cyber-secure systems will protect mission-critical offshore operations.*°

Connected, automated and data-driven operations: Connected, partly remote-operated fleets will
exchange real-time data with offshore installations and shore control centres; operational
optimisation will reduce energy consumption; low-complexity functions such as inspection and light
construction will operate autonomously; and digital twins will support mission planning.’’

Human-centred operations and workforce. Decision-support systems will assist crews during
complex operations, simulation and extended-reality environments support mission preparation, and
remote-operation-centre concepts will support selected offshore missions.>2

Regulation and system-level integration. Regulatory pathways will enable certification of alternative-
fuel offshore vessels, and regulatory sandboxes support pilot projects for autonomous offshore
operations.®

3.2 By 2040 — scale-up

Propulsion and energy. Fuel-cell and sustainable alternative fuel propulsion will be in commercial,
scaled deployment across segments. Vessels will integrate with offshore and onshore energy systems
through charging, bunkering and energy exchange, and technology-neutral pathways will be adapted
to mission and power demand.®

Safety, security and resilience. Safety systems will predict operational risk during complex missions,
autonomous incident-response systems will assist crews in high-risk scenarios, and cyber-resilient
operational architectures will support autonomous functions and secure communication.

48 Waterborne Technology Platform, SRIA (2021), 32; European Commission, EU Industrial Maritime Strategy (2026), 3.

4 Waterborne Technology Platform, Waterborne Technology Leadership (2026), section 3.4; Waterborne Technology Platform, SRIA
(2021), 32.

50 Waterborne Technology Platform, Waterborne Technology Leadership (2026), section 3.4; European Commission, EU Industrial
Maritime Strategy (2026), 10; European Commission, European Preparedness Union Strategy (2025).

51 Waterborne Technology Platform, Waterborne Technology Leadership (2026), section 3.4.4; European Maritime Safety Agency, Safety
Analysis 2025 (Lisbon: EMSA, 2025).

52 Waterborne Technology Platform, Waterborne Technology Leadership (2026), section 3.4.

53 European Commission, EU Industrial Maritime Strategy (2026), 10; Chapter 4, section 4.5.

54 Waterborne Technology Platform, Waterborne Technology Leadership (2026), sections 3.4.4-3.4.5.
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Connected, automated and data-driven operations. Offshore missions will be monitored and
supported from shore-based control centres, autonomous functions will cover repetitive logistics,
inspection and monitoring, digital twins will support predictive maintenance across vessels and
infrastructure, and automated launch-and-recovery and integrated logistics platforms will be in use.

Human-centred operations and workforce. Advanced human-machine teaming will support
planning, safety monitoring and maintenance, shore-based specialist support will be integrated into
operations, and standardised human-centred design applies across vessel systems.

Regulation and system-level integration. International standards will govern zero-emission offshore
vessel operations and energy systems, and integrated planning frameworks coordinate offshore energy
infrastructure and maritime logistics.

3.3 By 2050 — full transformation

Propulsion and energy. The fleet will be fully zero-emission. Zero-emission propulsion will be
standardised, modular and scalable across vessel categories, and vessels interact dynamically with
offshore renewable infrastructure for energy supply and optimisation.

Safety, security and resilience. Fully integrated predictive safety ecosystems will link vessels,
offshore infrastructure and shore control centres, enabling near-zero-incident operations, and reliable
European-controlled communication, satellite and positioning infrastructure underpins secure
operation throughout.*

Connected, automated and data-driven operations. Fully connected offshore energy-logistics
systems will coordinate vessels, installations and energy infrastructure, autonomous logistics will
operate for selected mission types, and highly automated vessels will operate with minimal
intervention in defined areas.

Human-centred operations and workforce. Highly automated operations will run under human
oversight supported by advanced decision support, integrated digital workforce ecosystems will
combine training, operations and lifecycle support, and mature social-acceptance and ethics
frameworks are in place.

Regulation and system-level integration. A fully harmonised regulatory ecosystem will support
climate-neutral fleets and integrated offshore energy systems, and European frameworks and
standards will be adopted globally.

3.4 Cross-cutting capability implications

The pathway is differentiated by duty cycle and distance, not by a single trajectory: nearshore service
vessels follow an electrification pathway, while far-field construction and cable vessels follow a high-
density-fuel and fuel-cell pathway. Dynamic positioning and station-keeping, not range, are the
defining design constraints across every domain. The vessel is treated throughout as a platform; the
subsea systems, energy systems and floating infrastructure it deploys are specified in the Blue
Economy roadmap, and the boundary is held so that the two roadmaps integrate without duplicating.

55 European Commission, EU Industrial Maritime Strategy (2026), 13.
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The critical-infrastructure and dual-use dimension runs across all domains and horizons, because
cable, construction and survey vessels are simultaneously commercial and strategic assets.®®

4. Technology Pathways

The technology pathways translate the target capabilities into research, development, innovation,
upscaling and deployment priorities for offshore and specialised maritime work vessels.

4.1 Future propulsion and energy systems enabling a zero-emission offshore fleet

Objective: Enable scalable, safe and efficient zero-emission propulsion and energy systems for
offshore vessels. This includes complementary technology pathways such as batteries, fuel cells and
sustainable alternative fuels, including hydrogen, ammonia and methanol, to decarbonize offshore
vessel operations across work, transit, standby and port modes and to support integration with
offshore energy systems. Solutions must reflect the diversity of offshore vessel segments, power
profiles, endurance needs and mission requirements.

Target capability:

Horizon | Target capability Expected
readiness
2035 Scaled deployment of hybrid and zero-emission propulsion systems TRL 8-9

across offshore vessel segments, building on current hybrid solutions and
expanding zero-emission capabilities across operational profiles.
Hybridisation maintained in relevant vessel segments to ensure TRL 8-9
operational redundancy, safety and resilience during mission-critical
offshore operations and dynamic positioning.

Alternative Fuel propulsion systems for energy-intensive operations such TRL 8-9
as anchor-handling and heavy construction, and battery-electric
propulsion systems for less energy-intensive operations such as service
and crew-transfer duties, enabling technology differentiation based on
power demand and mission profile.

Commercial dual-fuel systems enabling use of sustainable alternative TRL 8-9
fuels when available, providing flexibility under fuel availability constraints.
Widespread use of battery systems and hybrid architectures for battery- TRL9

prioritised propulsion, redundant manoeuvring, peak shaving and energy
optimisation, expanding beyond current partial electrification.

Initial deployment of fuel-cell and sustainable alternative-fuel solutionsin | TRL 6-8
offshore vessel segments, moving beyond pilot projects and early
demonstrations.

Retrofit solutions enabling dual-fuel and zero- or low-emission capabilities | TRL 7-8
for existing vessels, addressing current barriers related to cost and
technical integration.

Increased use of unmanned and remotely operated vessels for subsea TRL 7-8
operations, reducing energy demand and reducing reliance on large,
energy-intensive vessels.

56 Waterborne Technology Platform, SRIA (2021), 26, 32.
15



Deployment of integrated DC-grid and hybrid-energy systems enabling TRL 8-9
flexible combination of power sources and storage, building on current
system-integration approaches.

Advanced energy-management systems with high energy efficiency, TRL 8-9
optimising performance across dynamic load profiles and improving
efficiency compared with current operational practices.

Offshore vessel designs optimised for energy efficiency and reduced TRL 8-9
environmental impact, including reduced emissions to sea and lower
overall energy demand compared with current operational baselines.
Reduced energy demand for offshore vessel travel through development, TRL 8-9
validation and improvement of hydrodynamic energy-saving devices. No
single energy-saving technology will significantly reduce travel energy
consumption on its own, but combined energy-saving device packages can
offer shipowners meaningful reductions in energy demand.

2040

Commercial and scaled deployment of fuel-cell and sustainable TRL 8-9
alternative fuel propulsion systems, including hydrogen, ammonia and
methanol, across offshore vessel segments, moving from early adoption to
widespread commercial use.

Integration with offshore and onshore energy systems, including TRL 7-8
commercial charging, bunkering and energy exchange, enabling
coordinated energy use across offshore energy infrastructure.
Increased deployment of hybrid and low-emission unmanned vessels, TRL 7-8
reducing overall fleet energy demand and shifting towards more efficient
fleet structures.

Technology-neutral propulsion pathways deployed across offshore vessel | TRL 8-9
categories, enabling adaptation to different missions, energy demands and
operational environments.

2050

Fully zero-emission offshore fleet across European offshore energy TRL9
operations.
Standardised, modular and scalable zero-emission propulsion systems TRL9
deployable across offshore vessel categories, enabling industrialised
deployment and global competitiveness.

Fully integrated offshore energy ecosystems where vessels interact TRLO
dynamically with renewable-energy infrastructure for energy supply and
optimisation, moving beyond isolated vessel operations to system-level
integration.

Key research gaps:

Research on integrating scalable zero-emission propulsion systems, including batteries, fuel
cells and sustainable alternative fuels, across all offshore operational modes, addressing
current limitations in full-mission zero-emissions. (TRL 5-7 -> 7-9)

Research on energy-storage technologies and power systems capable of handling variable and
high-demand offshore operational profiles, improving performance under dynamic-load
conditions. (TRL 5-7 ->7-9)

Research on storage, handling, operations, monitoring and risk mitigation for fuels such as
hydrogen, ammonia and methanol in offshore environments, where current solutions rely on
limited operational experience. (TRL 5-7 -> 7-9)
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¢ Research on operation of fuel cells under varying operational conditions, including air quality
and vessel motions, addressing durability and reliability challenges. (TRL 5-7 -> 7-9)

e Research on propulsion systems enabling multi-mission capability and adaptability across
vessel types and operations, moving beyond vessel-specific designs. (TRL 5-7 -> 7-9)

¢ Research evaluating performance, safety, cost and operational suitability of different fuel and
energy pathways, including testing and validation prior to large-scale deployment, supporting
technology-neutral decision-making. (TRL 4-6 -> 7-8)

¢ Research on ship-design methods and tools that support optimisation for complex operational
profiles and multiple design criteria, beyond current single-objective design approaches. (TRL
5-7 ->7-9)

¢ Research on advanced energy-saving technologies, including drag reduction, efficient
propulsion, energy harvesting and voyage optimisation, to reduce overall energy demand
across offshore operations. (TRL 5-7 -> 7-9)

¢ Research on hydrodynamic hull-form optimisation and propulsor integration for offshore
vessels operating under highly variable duty cycles, reducing baseline energy demand across
vessel categories and operational profiles. (TRL 4-6 -> 7-9)

¢ Research on probabilistic extreme-load modelling, structural monitoring and vessel-response
systems, supporting safe and efficient offshore operations under changing environmental
conditions and future climate scenarios. (TRL 4-6 -> 7-9)

4.2 Intelligent safety, security and resilience as foundational enablers

Objective: Enable predictive safety systems and resilient offshore vessel operations capable of
managing increasingly complex design architectures, complex missions, sustainable alternative fuel
systems and increasingly digitalised operations under demanding environmental conditions. Solutions
must support safe autonomous and remotely operated offshore functions, clear human responsibility
and cyber-secure operations.

Target capability:

Horizon | Target capability Expected
readiness
2035 Advanced situational-awareness systems integrating environmental TRL 7-8

sensing, vessel systems and offshore-installation data, expanding beyond
isolated monitoring systems.

Advanced predictive-maintenance systems reducing operational risk and TRL 7-8
downtime, moving beyond scheduled and reactive maintenance

approaches.
Cyber-secure vessel systems protecting mission-critical offshore TRL 7-8
operations, addressing increasing digitalisation and cyber-risk exposure.

2040 Safety systems capable of predicting operational risks during complex TRL 7-8
offshore missions, building on current early-stage predictive tools.
Independent autonomous incident-response systems assisting crews TRL 7-8

during high-risk operational scenarios, expanding beyond manual
emergency-response procedures.

Integrated cyber-resilient offshore operational architectures supporting TRL 7-8
autonomous functions, secure communication and resilient offshore
operations.
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2050

Fully integrated predictive safety ecosystems linking vessels, offshore TRL9
infrastructure and shore control centres, enabling system-level safety
management.

Zero-incident offshore operations enabled through intelligent monitoring TRL9
and automated risk mitigation, representing a shift from reactive to fully
predictive safety systems.

Key research gaps:

Al-based decision-support systems for offshore operational safety, moving beyond current
advisory systems towards predictive and autonomous support. (TRL 5-7 -> 7-9)

Integration of environmental monitoring data into real-time vessel safety systems, addressing
current fragmentation between data sources and operational systems. (TRL 5-7 -> 7-9)

Safe handling, monitoring and emergency-response systems for sustainable alternative fuels
in offshore environments, as current solutions rely on limited operational experience and case-
specific assessments. (TRL 5-7 -> 7-9)

Research on cybersecurity priorities for autonomous and remotely operated offshore vessels,
addressing continuously evolving cyber threats. (TRL 5-7 -> 7-9)

Research on responsibility, decision-making and liability in autonomous offshore operations,
clarifying human, operator and system roles. (TRL 4-6 -> 7-8)

Research on dual-use preparedness and resilience for offshore vessels operating near critical
infrastructure. (TRL 4-6 -> 7-8)

Research on goal-based safety frameworks for autonomous and remotely operated offshore
systems, supporting certification beyond current prescriptive regulatory approaches. (TRL 4-6 -
>7-9)

Research on Operational Design Domain definition and functional-equivalence methodologies
for offshore autonomous functions operating under varying environmental and mission
conditions. (TRL 4-6 -> 7-9)

Research on maritime-domain-awareness systems supporting monitoring and protection of
offshore energy infrastructure and other critical offshore assets. (TRL 5-7 -> 8-9)

Research on resilient operational architectures combining vessel, infrastructure and logistics
data to maintain operational continuity during cyber incidents, environmental disruptions and
infrastructure failures. (TRL 5-7 -> 7-9)

4.3 Fully connected, automated and data-driven offshore systems

Objective: Enable fully integrated offshore mission systems where vessels, offshore installations and
onshore control centres exchange operational data in real time to optimise logistics, maintenance,
safety and energy use.

Target capability:

Horizon | Target capability Expected
readiness
2035 Connected and partly remote-operated offshore vessel fleets exchanging TRL 7-8

real-time operational data with offshore installations and shore control
centres demonstrated in commercial context, moving beyond current pilot
and project-based deployments.
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Operational-optimisation systems improving fleet coordination and TRL 7-8
reducing energy consumption demonstrated in commercial context,
expanding beyond isolated optimisation tools.

Autonomous operation of vessel systems with limited complexity, suchas | TRL7-8
inspection, maintenance and light construction, demonstrated in
commercial context, while more complex operations are piloted.
Digital twins used as operational enablers for selected offshore vessels TRL7-8
and mission planning.

2040

Remote operational capabilities enabling offshore missions to be TRL 7-8
monitored and supported from shore-based control centres, enabling
more efficient and centralised operations.

Autonomous vessel functions supporting repetitive offshore logistics, TRL 7-8
inspection and monitoring tasks, scaling beyond current demonstration
projects.

Digital twins supporting predictive maintenance and operational planning | TRL 7-8
for vessels and offshore installations, integrating vessel and infrastructure
data beyond current isolated applications.

Automated launch-and-recovery and system-interaction capabilities TRL 7-8
demonstrated for selected offshore missions.
Autonomous maintenance and below-deck system monitoring supporting | TRL 7-8
reduced manual intervention onboard.
Integrated offshore logistics and operational-planning platforms enabling TRL 7-8
real-time coordination of vessels, offshore installations, maintenance
activities and energy systems across offshore operations.

2050

Fully connected offshore energy-logistics systems coordinating vessels, TRL9
installations and energy infrastructure.
Autonomous offshore logistics operations deployed for selected mission TRL 8-9
types such as inspection, monitoring and cargo transfer.
Highly automated offshore vessels capable of operating with minimal TRL 8-9
manual intervention in defined missions and operational areas.

Key research gaps:

Al-supported fleet and mission optimisation for offshore logistics, moving beyond current rule-
based and fragmented optimisation approaches. (TRL 5-7 -> 7-9)

Autonomous navigation and operational systems adapted to complex offshore environments,
addressing challenges related to safety, reliability and environmental conditions. (TRL 5-7 -> 7-
9)

Integrated digital systems enabling more complete and automated offshore maritime
operations, overcoming current system fragmentation and enabling system-level optimisation.
(TRL5-7 ->7-9)

Research on what autonomous offshore systems can and cannot safely perform across
navigation, maintenance, logistics and mission operations. (TRL 4-6 -> 7-8)

Research on reliability, redundancy and fail-safe behaviour of autonomous and remotely
operated offshore systems. (TRL 5-7 -> 7-9)

Research on virtual testing, algorithm training and virtual prototyping for autonomous offshore
operations. (TRL 4-6 -> 7-9)

Research on automated maintenance and below-deck energy-system monitoring in vessels
with reduced or no manual onboard operation. (TRL 5-7 -> 7-9)
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4.4 Human-centred design and a future-ready offshore workforce

Objective: Enable safe and effective human-machine collaboration in offshore operations through
advanced decision support, training systems and ergonomic vessel design. Solutions must support
social acceptance, ethical use of Al, remote-operation centres and competence development for
increasingly automated offshore operations.

Target capability:

Horizon | Target capability Expected
readiness
2035 Decision-support systems assisting crew during complex offshore TRL 7-8

operations, moving beyond current manual and experience-based
decision-making.

Digital training environments using simulation and extended reality for TRL7-8
offshore mission preparation, addressing current limitations in training for
complex and high-risk operations.

Remote-operation-centre concepts supporting selected offshore missions | TRL 6-8
and shore-based operational support.

2040 Advanced human-machine teaming where Al systems support operational | TRL 7-8
planning, safety monitoring and maintenance, enabling more efficient and
safer offshore operations.
Remote support from shore-based specialists integrated into offshore TRL 7-8
operations, expanding beyond current limited remote-support capabilities.
Standardised human-centred design approaches supporting safer and TRL 7-8
more consistent interaction across offshore vessel systems.

2050 Highly automated offshore vessel operations with human oversight TRL9
supported by advanced decision-support systems.
Integrated digital workforce ecosystems combining training, operations TRLO
and lifecycle support.
Mature social-acceptance and ethics frameworks for remote and TRL 8-9

autonomous offshore operations.

Key research gaps:

Human-machine interaction design for high-risk offshore operations, addressing challenges
related to safety, trust and usability. (TRL 5-7 -> 7-9)

Training systems for complex hybrid and autonomous vessel systems, moving beyond current
training methods towards immersive and continuous learning. (TRL 4-6 -> 7-9)

Workload optimisation in increasingly automated offshore operations, addressing cognitive
load, fatigue and human-performance limitations. (TRL 5-7 -> 7-9)

Research on social acceptance, ethical implications and trust in remote and autonomous
offshore operations. (TRL 4-6 -> 7-8)

Research on remote-operation centres, including human oversight, decision authority, data
needs and control-room design. (TRL 5-7 -> 7-9)

Research on common human-centred design principles across offshore vessel systems and
control interfaces. (TRL 5-7 -> 7-9)

Research on crew comfort, motion exposure and seasickness in increasingly automated and
remotely supported offshore operations. (TRL 4-6 -> 7-8)
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4.5 Forward-looking regulation, standardisation and system-level integration

Objective: Enable harmonised regulatory frameworks that support large-scale deployment of zero-
emission and digitally integrated offshore vessel operations. The objective is to move from case-by-
case approval towards predictable certification, standardised interfaces, regulatory sandboxes and
system-level planning that align vessels, ports, offshore energy infrastructure and digital systems.

Target capability:

Horizon | Target capability Expected
readiness
2035 Regulatory pathways enabling certification of sustainable alternative-fuel | TRL7-8

offshore vessels, reducing reliance on case-by-case approvals and
enabling more predictable deployment.

Regulatory sandboxes supporting pilot projects for offshore autonomous TRL 6-8
operations, building on current limited testing environments.

2040 International standards for offshore zero-emission vessel operations and TRL 8-9
energy systems, replacing fragmented national and project-specific
frameworks.
Integrated planning frameworks for offshore energy infrastructure and TRL 7-8

maritime logistics, addressing current lack of coordination between vessel
deployment and energy systems.

2050 Fully harmonised regulatory ecosystem supporting zero-emission offshore | TRL9
fleets and integrated offshore energy systems, enabling efficient and
scalable deployment.

Global adoption of European regulatory frameworks and standards for TRL9
offshore vessel technologies, positioning Europe as a leader in offshore
maritime innovation.

Key research gaps:

¢ Regulatory models for autonomous offshore vessel operations, addressing current regulatory
uncertainty and enabling safe deployment. (TRL 4-6 -> 7-9)

e Standards for offshore energy exchange between vessels and infrastructure, supporting
integration of offshore energy systems. (TRL 4-6 -> 7-8)

e Certification frameworks for modular propulsion and energy systems, addressing the current
lack of standardised approaches and enabling scalable deployment. (TRL 5-7 -> 7-9)

5. Enablers and Deployment

Deployment of the offshore vessel roadmap depends on coordinated action across energy
infrastructure, vessel design, regulation, finance, digital systems, skills and procurement. Many
relevant technologies and practices are already emerging through hybrid propulsion projects, battery
systems, digital twins, predictive maintenance, shore-charging pilots, sustainable alternative fuel
demonstrations, autonomous and remote-operation trials, and offshore wind logistics innovation.

5.1 Energy, bunkering and charging infrastructure
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Zero-emission and low-emission offshore vessels require reliable access to electricity and sustainable
alternative fuels where their missions take place. Deployment will depend on port-based
electrification, high-capacity charging, offshore charging concepts and bunkering infrastructure for
hydrogen, ammonia, methanol and other sustainable alternative fuels. These systems must be
developed as part of a full energy value chain, from renewable energy production and storage to safe
onboard use. Existing shore power and charging experience, port energy hub concepts, hydrogen and
methanol demonstrations, and offshore renewable energy developments provide a basis for
deployment. However, offshore vessels need infrastructure adapted to variable duty cycles, high power
demand, long endurance and remote worksites. Standards for energy exchange betweenvessels, ports,
offshore installations and energy infrastructure will be needed to support interoperable charging,
bunkering, energy optimisation and future integration with offshore renewable assets.

5.2 Vessel design, modularity and retrofit

Offshore vessels are heterogeneous, long-lived and mission-specific. Deployment must therefore
combine newbuild design with retrofit pathways. Hybrid propulsion, battery systems, energy
management, dynamic positioning optimisation and energy saving devices are already available or
demonstrated in several applications, but they must be integrated more systematically into offshore
vessel design. Future vessel concepts should be modular, retrofit-ready and adaptable to different
missions, vessel sizes and energy pathways. This will allow staged upgrades as fuels, safety cases,
certification rules and infrastructure mature. Offshore vessel design must also combine energy
efficiency, hydrodynamic performance, operational redundancy, climate resilience and mission
equipment integration. Full-scale validation and cost-benefit evidence will be important to support
investment decisions, especially for energy saving devices, next generation propulsion units and
complex retrofit packages.

5.3 Safety, certification and regulatory readiness

Safety and certification are decisive deployment conditions. Offshore vessels operate near crews,
ports, offshore energy assets and subsea critical infrastructure. Sustainable alternative fuels, large
battery systems, high power charging, autonomous functions and remote operation require safety
frameworks that move beyond case-by-case approval. Work already undertaken by class societies,
technology providers, regulators and demonstration projects provides a starting point for fuel specific
safety cases, battery safety, autonomous system assurance and digital certification. The next step is
harmonisation. Standardised certification procedures are needed for sustainable alternative fuels,
modular energy systems, autonomous functions, Al-enabled decision support and remote operations.
Regulatory sandboxes and test areas should be used to generate safety and performance evidence
under realistic offshore conditions. International cooperation will also be necessary to reduce
fragmentation across flag states, coastal states, classification societies and operating regions.

5.4 Digital, communication and autonomy infrastructure

Digitalisation, automation and remote support require secure, reliable and interoperable digital
infrastructure. Offshore vessels need robust sensing, communication, positioning and cybersecurity
systems that can function in harsh environments and support mission-critical operations. Existing work
on digital twins, predictive maintenance, vessel optimisation, remote monitoring and autonomous
trials provides an important foundation, but deployment remains fragmented across projects,

22



operators and platforms. The priority is to move towards interoperable digital architectures linking
vessels, offshore installations, ports, shore control centres, logistics providers and energy
infrastructure. High-reliability communications, trusted positioning, cyber-secure data exchange,
redundancy requirements and virtual testing environments will be essential. These systems must
support not only efficiency and maintenance, but also safety, resilience, maritime domain awareness
and critical-infrastructure protection.

5.5 Industrial coordination, finance and procurement

Technology deployment will depend on coordinated investment across the offshore value chain. Vessel
operators, shipyards, equipment manufacturers, offshore energy developers, ports, fuel suppliers,
classification societies, regulators and financiers must align vessel design, infrastructure planning,
certification, procurement and operating requirements. Several deployment barriers are commercial
rather than technical. Sustainable alternative fuels remain costly and unevenly available; zero-
emission and alternative fuel vessels carry higher capital costs; and many offshore vessel operators
face uncertain utilisation, fragmented ownership and limited access to dedicated finance. Long-term
contracts, green procurement, fleet renewal instruments, retrofit support, infrastructure co-
investment and targeted demonstration funding can reduce these risks. End user involvement is
essential so that new technologies are operationally relevant and accepted by crews, operators and
charterers. Technology transfer from aviation, automotive and defence can also accelerate progress in
autonomy, safety assurance, simulation, cyber resilience and human-machine interaction.

5.6 Human capital, training and acceptance

The offshore vessel transition requires a workforce capable of operating and supervising sustainable
alternative fuels, hybrid power systems, high voltage equipment, batteries, fuel cells, digital twins,
autonomous functions and Al-supported decision tools. Training must therefore evolve alongside
technology deployment. Simulation, extended reality, augmented reality support and remote operation
centre training can build on existing maritime and offshore training practices, but need to be adapted
to new fuel, automation and digital operating environments. Human-machine interface standards
should ensure that systems remain usable, safe and consistent under demanding offshore conditions.
Competence frameworks should cover onboard personnel, shore-based specialists, technicians, port
personnel and emergency responders.

Social acceptance and wellbeing are also deployment conditions. Remote operation, Al-supported
monitoring, reduced crewing and autonomous functions must be introduced with clear rules on
responsibility, ethics, oversight and trust. Crew comfort, fatigue, motion exposure, seasickness and
workload must remain central design and operational considerations. The roadmap will only be
deployable if technological innovation is matched by skills, acceptance and safe human-centred
implementation.

6. Expected Impacts

Implementation of this roadmap will support the transformation of offshore vessels into a zero-
emission, safe, resilient, digitally integrated and globally competitive segment of the European
waterborne sector. Impacts will be realised progressively, as technologies move from vessel-specific
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pilots to fleet deployment, infrastructure integration and system level operation. Because offshore
vessels differ significantly by mission, duty cycle, power profile and operating distance, impacts should
be assessed by vessel family and operational mode.

6.1 Climate and environmental impacts

The roadmap will reduce greenhouse gas emissions, fuel consumption, air pollutants and wider
environmental pressures from offshore vessel operations. Near-term impacts will come from
hybridisation, battery systems, energy saving devices, advanced energy management, dynamic
positioning optimisation, predictive maintenance and drop-in renewable fuels where available. These
measures will reduce fuel use during standby, port operations, dynamic positioning, towing, lifting,
dredging, cable work and other high load or variable load modes.

By the 2030s, zero emission work modes will reduce emissions at offshore fields, in ports and during
defined mission-critical operations. Battery-electric and hybrid-electric systems will be most relevant
for nearshore service vessels, harbour and port based support duties, and operations with frequent
access to charging or bunkering. Longer endurance and higher power missions will require sustainable
fuels, fuel cells and advanced hybrid architectures. By 2040 and 2050, vessel-level improvements
should evolve into integrated offshore energy and logistics systems, reducing lifecycle emissions and
improving energy efficiency across offshore renewable deployment, subsea infrastructure, dredging,
towage and support services.

6.2 Safety, security and resilience impacts

The roadmap will strengthen safety and resilience in offshore operations. Predictive safety systems,
advanced sensing, cyber-secure architectures, digital twins and improved situational awareness will
reduce operationalrisk during dynamic positioning, heavy lift, towing, cable laying, trenching, dredging,
subsea intervention and harsh-weather operations. The shift from reactive to predictive safety
management will reduce downtime, improve maintenance planning and support safer execution of
complex missions.

The roadmap will also improve Europe’s capacity to protect and restore critical offshore and subsea
infrastructure. Cable laying, cable repair, survey, construction, dredging, towage and support vessels
are essential for energy assets, communication cables, interconnectors and pipelines. Improved
maritime domain awareness, secure communications, autonomous inspection and resilient
operational architectures will strengthen prevention, detection, response and recovery capabilities.
Cybersecurity will become a core performance requirement as vessels, control centres, offshore
installations and energy systems become more connected.

6.3 Industrial competitiveness and technology leadership

The roadmap will support European leadership in high-value, low-volume and technologically complex
maritime markets. Offshore vessels provide a practical demonstration arena for batteries, fuel cells,
sustainable alternative fuels, hybrid power systems, digital twins, remote operation, autonomous
functions, mission equipment integration and advanced safety systems. Successful deployment will
strengthen European shipyards, equipment manufacturers, digital providers, classification expertise,
ports and offshore energy value chains.
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The expected impactis stronger European capability in specialised vessel design, construction, retrofit,
equipment integration and lifecycle services. This is particularly important for cable laying vessels,
offshore support vessels, dredgers, construction vessels and specialised towage, where European
capability is strategically significant but cannot be assumed to remain secure. The roadmap will also
contribute to strategic autonomy by supporting vessels needed for offshore renewable energy, subsea
infrastructure protection, coastal resilience, emergency response and dual-use preparedness.

6.4 Operational efficiency and system integration impacts

The roadmap will improve the efficiency, reliability and coordination of offshore operations. Digital
energy management, mission optimisation, predictive maintenance, integrated logistics platforms and
digital twins will reduce waiting time, unnecessary vessel movements, fuel use and unplanned
downtime. Better coordination between vessels, offshore installations, ports, energy infrastructure and
shore control centres will improve planning and asset utilisation across installation, maintenance,
repair, decommissioning, dredging and towage.

Automation and remote support will deliver impacts where they improve safety, reduce exposure to
hazardous conditions and support efficient mission execution. Early applications are expected in
inspection, monitoring, light intervention, repetitive logistics, below-deck monitoring and selected
support operations. By 2050, offshore vessels should increasingly operate as part of connected
offshore energy and logistics ecosystems rather than as isolated assets.

6.5 Workforce, skills and social impacts

The roadmap will create demand for new competences in sustainable alternative fuels, high voltage
systems, batteries, fuel cells, automation, remote operation, digital twins, cybersecurity, Al-supported
decision tools and human-machine interaction. It will support new training programmes, simulation
environments, extended reality tools and competence frameworks for seafarers, offshore technicians,
shore-based operators, engineers, port personnel and emergency responders.

Expected impacts include safer work, better mission preparation, improved emergency response and
stronger crew support during complex operations. Automation and remote operation must be
introduced with clear rules on safety, accountability, working conditions and trust. Crew wellbeing,
fatigue, motion exposure, seasickness and ergonomics will remain important performance and safety
considerations.
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