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Abstract

This paper reviews three mainstream technical routes for producing hydrogen from offshore wind
power: offshore distributed hydrogen production, offshore centralized hydrogen production, and
onshore hydrogen production. Drawing on global engineering cases, we analyze the characteristics,
application scenarios, and current development status of each route, with particular attention to
economic performance, system efficiency, and environmental adaptability. The main challenges
identified include the limited adaptability of electrolysis technologies, high full-life-cycle costs, and
persistent bottlenecks in storage and transportation technologies. Building on these findings, we
summarize technological development trends and propose future directions in areas such as
electrolyzer innovation, system efficiency optimization, direct seawater utilization, and storage and
transport infrastructure. This review aims to provide a reference for advancing research,
development, and large-scale application of offshore wind-to-hydrogen technologies.

Keywords: offshore wind power hydrogen production; water electrolysis hydrogen production;
technical route; technical bottlenecks and prospects

1. Introduction

Wind power, as a clean and renewable energy option, holds crucial significance for alleviating
climate change and boosting global initiatives aimed at achieving carbon neutrality [1]. Over the past
few years, the fast-paced growth of wind power programs has led to a notable rise in the proportion
of renewable energy in the world’s overall energy structure [2]. According to the Global Wind Energy
Council’s Global Wind Report 2025 [3], newly installed global wind capacity reached a record 117
GW in 2024, while cumulative grid-connected offshore wind capacity reached 83.2 GW (Figure 1).
The offshore wind industry is projected to grow at a compound annual growth rate of 21% over the
next decade (2025-2034), demonstrating strong long-term potential.

Compared with onshore wind power, offshore wind power offers higher power generation
efficiency owing to greater wind speed and stability. However, the expansion of offshore wind
capacity faces significant challenges, including delays in grid infrastructure development and the
inherent volatility and intermittency of wind power [4], both of which threaten grid stability, a
persistent issue for the sector.

Hydrogen, as an emerging energy carrier, provides distinct advantages given its high energy
density and ease of storage. The combination of offshore wind power and water electrolysis
technology for hydrogen generation offers three key advantages [5,6]:

(1) Wind energy, characterized as an “immediate” energy source, is convertible into hydrogen.
When stored long-term as high-pressure gas or cryogenic liquid, this conversion incurs only
slight energy loss.

(2) The process of hydrogen production can alleviate grid instability brought about by wind
variability. Functioning as a “peak-shaving and valley-filling” asset, it also helps decrease the
curtailment of wind energy [7].
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(3) Hydrogen transportation is feasible via ships or repurposed oil and gas pipelines. This not only
lessens the need for expensive submarine cables [8] but also facilitates the development of large-
scale deep-sea wind initiatives.
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Figure 1. Global newly installed capacity of wind power.

By the end of 2024, global hydrogen production had reached approximately 150 million tons per
year, a 2.9% year-on-year increase. Currently, about 62% of hydrogen is produced as “grey
hydrogen” from fossil fuels, 19% from natural gas reforming, 18% from industrial by-products, and
only 1% as “green hydrogen” derived from renewable energy [9] (Figure 2). With the global push for
carbon neutrality, green hydrogen is projected to account for 15% of total production by 2030 and
over 70% by 2050 [10] (Figure 3).
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Figure 2. Proportion of different hydrogen production processes.
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Figure 3. Prediction of the proportion of future hydrogen production processes.

This paper examines offshore wind-to-hydrogen production, reviewing three technical routes
and their defining characteristics through global case studies. In this study, we identify key
challenges, including the immaturity of electrolysis technologies, high production costs, and
bottlenecks in storage and transport, and propose future development pathways to support
innovation and large-scale application.

2. Engineering Cases of Offshore Wind-to-Hydrogen Production

As indicated in the China Hydrogen Energy Development Report (2025) [11], by the close of 2024,
the global annual production of renewable hydrogen through electrolysis surpassed 250,000 tons.
Notably, in 2024 alone, the increment reached 70,000 tons, marking a 42% year-on-year growth.
Furthermore, the International Hydrogen Energy Commission’s Global Green Hydrogen Emnergy
Development Report (2025) [12] indicates that global electrolyzer capacity had surpassed 30 GW by
mid-2025, driven mainly by large-scale offshore projects in China, the United States, and Europe.
Current leading offshore wind-to-hydrogen projects are summarized in Table 1.

Table 1. Global offshore wind power hydrogen production projects.

Installed Water
Project Name Country Technical Route Capacity Electrolysis
(MW) Method

PosHYdon [13]  Netherlands ~ Oronore centralized wind 1 ALK
power-to-hydrogen system

NortH2 [13] Netherlands ~ Oronore cenfralized wind 4000 PEM
power-to-hydrogen system

Offshore distributed wind-to-

Dolphyn [1 K 4 PE

olphyn [13] U hydrogen system 000 M
ffsh i f

Gigastack [14] UK Offshore wind power for 100 PEM

onshore hydrogen production
Aquaprimus [13] Germany Offshore distributed wind-to- )8 ALK
hydrogen system

tfsh li i

Aguasector [13] Germany Offshore centralized wind 300 ALK

power-to-hydrogen system
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Installed Water
Project Name Country Technical Route Capacity Electrolysis
(MW) Method
. Offshore wind power +
Tracteb([ei g verdick Belgium onshore/offshore hybrid 400 PEM
hydrogen production
Deep Purple [13] Norway Offshore distributed wind-to- Not specified SOEC
hydrogen system (exploratory)
Jiangsu Guoxin China Offshore wind power f01.' 850 ALK
Dafeng [15] onshore hydrogen production
]1ar1g:sg Yancheng China Offshore wind power f01.' 200 ALK
Jidian [16] onshore hydrogen production

Note: ALK: Alkaline water electrolysis hydrogen production technology; PEM: Proton exchange membrane water
electrolysis hydrogen production technology; SOEC: Solid oxide electrolysis water hydrogen production technology.

Table 1 presents ten representative global offshore wind-to-hydrogen projects, which can be
divided into three technical approaches: hydrogen production via offshore distributed wind power,
hydrogen production via offshore centralized distributed wind power, and hydrogen production
from offshore wind power transported to onshore locations. Among these pathways, three projects
adopt the first route, three the second, and four the third, indicating a relatively balanced distribution
across the different approaches.

In terms of installed capacity, projects under development are significantly larger in scale
compared with those already in operation. For example, the PosHYdon project in the world’s very
first offshore wind-to-hydrogen initiative, located in the Netherlands, has an installed capacity of just
1 MW. In contrast, another Dutch project, NortH2, which is set to be rolled out by 2030, is projected
to have an installed capacity of 4000 MW. This shift reflects a trend in the industry toward large-scale
deployment and the establishment of base-type projects.

When viewed from the lens of water electrolysis methodologies, half of the projects documented
in Table 1 utilize ALK electrolysis technology, 40% rely on PEM technology, and a mere 10% adopt
SOEC technology for high-temperature electrolysis processes. At present, ALK technology stands out
as the most technically mature and economically viable option. However, its ability to adjust to
fluctuations in wind power is constrained, primarily due to its relatively high minimum operating
load range (20%-100%). As a result, ALK technology is more frequently deployed in stable
operational settings —such as onshore hydrogen production scenarios—though it also holds potential
for expansion to offshore applications in the short term. PEM electrolyzers, by contrast, have a
minimum operating load of just 5%-10% and can start and stop quickly, making them well-suited to
the intermittency of renewable energy sources [17]. The outlet pressure of PEM electrolyzers is also
compatible with pipeline transport; however, high costs remain a major barrier. Over the long term,
PEM is expected to become the preferred technology for offshore wind-to-hydrogen production. At
present, only the Deep Purple project in Norway is exploring the SOEC technology. Although SOEC
offers the potential for high operating temperatures (500 °C-1000 °C), stringent material constraints
currently limit large-scale deployment [18].

Europe leads in multi-technology exploration, with a focus on PEM and deep-sea centralized
projects. In contrast, China relies mainly on ALK technology and onshore hydrogen production,
offering rapid scaling but with less technological diversity. As PEM costs decrease and offshore wind
projects extend into deeper waters, centralized PEM-based hydrogen production is likely to become
mainstream. For China, accelerating PEM localization will be critical to enhancing adaptability to
offshore wind fluctuations.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0639.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 November 2025 d0i:10.20944/preprints202511.0639.v1

5 of 13

3. Technical Routes for Offshore Wind-to-Hydrogen Production

Case analysis reveals that all three technical routes are being actively explored, with applications
distributed relatively evenly. This balance indicates that each pathway has distinct advantages and
suitable scenarios at the current stage while also highlighting that the industry has not yet converged
on a single dominant approach. Instead, the industry remains in a state of parallel exploration across
multiple paths.

As outlined above, offshore wind-to-hydrogen production is mainly divided into three
categories: offshore distributed wind power hydrogen production, offshore centralized wind power
hydrogen production, and offshore wind power for onshore hydrogen production [19].

The first approach, the offshore distributed wind-to-hydrogen system, is illustrated in Figure 4.
In this configuration, each wind turbine’s floating platform is equipped with dedicated electrolysis
units. After wind turbines capture offshore wind energy and convert it into electrical energy, instead
of transmitting it through long-distance grid connection, the electrical energy is directly input into
the electrolysis device on the platform. The produced hydrogen is then transported to onshore
storage via hydrogen pipelines [20]. The advantage of this technical route is that each electrolyzer
and wind turbine are paired and independent of each other. The unitized design ensures that when
any electrolyzer cannot operate due to a malfunction of the wind turbine or when the power
generation is lower than the minimum operating level of the electrolyzer, other electrolyzers and
wind turbines can still produce hydrogen, which greatly improves the stability and fault tolerance of
hydrogen production. However, this operating mode also faces two core issues. Firstly, the offshore
wind power platform itself is in a dynamic operating state. Wind turbines generate continuous
vibrations when capturing wind energy, while electrolysis devices (especially proton exchange
membrane electrolyzers, which have high requirements for operational stability) are extremely
sensitive to vibrations and tilt angles [21]. Long-term vibrations may cause loosening of the internal
electrode structure of the electrolyzer and electrolyte leakage, significantly reducing the service life
of the equipment [22]. Secondly, the costs of laying and maintaining hydrogen pipelines remain high.
Complex hydrogen pipelines also result in high laying costs, and in the event of a leak, not only are
the repair costs high, but there may also be a risk of marine environmental pollution, further
increasing maintenance costs. The economic viability of this hydrogen production mode needs
further verification and optimization.
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Figure 4. Offshore distributed wind-to-hydrogen production.

Next is the offshore centralized wind-to-hydrogen system. The hydrogen production process is
completed on independent floating platforms or dedicated hydrogen production ships, with a typical
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system configuration shown in Figure 5. In this technical architecture, the electrical energy generated
by each wind turbine in the offshore wind farm is first collected and transmitted to the offshore
substation through the collector system. The AC power is rectified into DC power by the converter
equipment in the substation, and then the low-loss long-distance transmission of electrical energy is
realized by means of large-capacity high-voltage direct current (HVDC) cables [23,24], which is
finally supplied to the water electrolysis hydrogen production device carried by the floating
hydrogen production platform. The produced high-purity hydrogen is then transported to onshore
storage, processing or application terminals through dedicated hydrogen pipelines or ships. This
system scheme has significant technical and economic advantages: First, compared with the
distributed offshore wind power-to-hydrogen system, it can be deployed in far-reaching sea areas,
making full use of the characteristics of richer wind energy resources and more stable wind directions
in offshore areas [25]; Second, the centralized hydrogen production layout eliminates the cost of
supporting booster equipment for each turbine in the distributed system, simplifies the topology of
the offshore power system, and reduces the difficulty of equipment maintenance [26]; Third, it has
good resource integration. It can rely on the infrastructure of existing offshore oil and gas platforms
for transformation and upgrading, converting them into hydrogen production platforms, effectively
reusing the platform’s pile foundations, power transmission channels, personnel operation and
maintenance facilities, etc., which significantly reduces the initial investment and construction cycle
of the project [27]. This scheme enables large-scale wind-to-hydrogen production in far-offshore areas
and represents a promising direction for the future development of the offshore hydrogen production
industry.

‘\ Hydrogen Hydrogen
production storage tank
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Figure 5. Offshore centralized wind-to-hydrogen production.

The third route is the onshore hydrogen production system powered by offshore wind power
(Figure 6). The electricity generated by offshore wind turbines is first transmitted via submarine AC
cables to an offshore substation. After voltage boosting and conversion to high-voltage direct current
(HVDCQ), the electricity is delivered through high-voltage cables to onshore electrolyzers. This system
demonstrates significant technical advantages: First, all core hydrogen production equipment is
deployed on land. Compared with offshore hydrogen production models, this can greatly reduce the
difficulty of offshore hoisting during equipment installation and make daily maintenance more
convenient. Second, the layout of onshore sites is not restricted by marine space resources, making it
easy to flexibly expand equipment capacity according to the scale of hydrogen production, and it can
also achieve coordinated layout with existing industrial parks or hydrogen energy infrastructure [28].
Third, it absorbs surplus wind power to produce hydrogen during the low-load period of the power
grid, and realizes energy feedback through hydrogen fuel cell power generation or hydrogen
chemical utilization during peak periods, forming an effective power grid peak regulation buffer
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mechanism [29]. However, the economic efficiency of the system is significantly affected by the
offshore distance. As the offshore distance of the offshore wind farm increases, the material cost and
laying cost of submarine cables will increase linearly. At the same time, the construction scale of
offshore booster stations needs to be expanded accordingly to meet the insulation and heat
dissipation requirements of long-distance power transmission. In addition, during the transmission
of electricity through submarine cables, the loss rate increases with the increase of transmission
distance and current intensity. The superposition of these two factors causes the cost of hydrogen
production per kilowatt-hour of the system to rise, weakening its market competitiveness.

l'\ Hydrogen
production plant

Submarine
‘\ cables

"\

)

Figure 6. Offshore wind power for onshore hydrogen production.

4. Bottlenecks in Offshore Wind-to-Hydrogen Production
4.1. Need for Breakthroughs in Water Electrolysis and Adaptation Technologies

Wind power generation exhibits significant characteristics of intermittency, volatility, and
randomness. Its intraday power output fluctuates drastically, with variations ranging from 0% to
100% under extreme conditions [30,31]. Moreover, the safe and efficient operation of hydrogen
production systems is highly dependent on a stable and continuous power supply. Currently, ALK,
the most cost-effective technology, has notable limitations. The load adjustment range of alkaline
electrolyzers is limited to 20%-100%, and their response to rapid start-stop or variable loads is
relatively poor; thus, ALK is not well adapted to the unstable operating conditions of offshore wind
power [32]. PEM hydrogen production technology has become the mainstream pathway in the
international hydrogen industry, owing to its fast response characteristics and high efficiency
advantages. However, PEM electrolyzers rely on precious-metal catalysts such as iridium, which
results in high system costs [33]. In addition, when deployed in offshore environments, they exhibit
relatively high failure rates: electrodes and mechanical components are extremely vulnerable to
seawater corrosion, which in turn leads to a short service life. These factors currently represent major
barriers restricting the large-scale industrial application of PEM technology in offshore wind-to-
hydrogen projects.

4.2. High Costs Across the Entire Project Life Cycle

In the cost structure system of hydrogen production via water electrolysis, electricity costs
occupy a dominant position. Estimates from China New Energy Network suggest that electricity
typically represents 40%—60% of total costs [34]. Under current technical conditions, using alkaline
electrolyzers to produce 1 cubic meter of hydrogen requires a comprehensive system power
consumption of approximately 4.5-5.5 kWh. Given the existence of phased bottlenecks in hydrogen
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production processes, significant reductions in this energy demand are unlikely in the short term.
Therefore, the electricity price level has become a core factor determining the cost of power
consumption. Moreover, offshore wind-to-hydrogen projects require a continuous and substantial
supply of freshwater for electrolysis. Conventional seawater desalination technologies, however,
present major challenges in terms of energy intensity. Their operation remains heavily dependent on
fossil fuels, resulting in high costs for desalinated water, typically in the range of 5-10 US dollars per
ton.

Submarine cables serve as the main channels for power transmission in offshore wind-to-
hydrogen projects and account for a considerable proportion of the total project investment. HVDC
cables are even more expensive owing to their stringent requirements for materials and
manufacturing processes. In terms of materials, high-purity copper is required as the conductor to
ensure low resistance and efficient power transmission. In terms of manufacturing processes, HVDC
cable production involves multiple complex procedures, each requiring high-precision equipment
and strict quality control. These factors collectively result in the unit price of HVDC cables reaching
8-13 million yuan per km.

As offshore wind power resources in coastal areas are gradually developed and saturated, wind
power development is shifting toward far-offshore areas. However, these environments bring
substantial technical and economic challenges that lead to a significant increase in project costs [35].
For projects located more than 30 km offshore, construction difficulty increases exponentially.
Advanced and more powerful offshore construction platforms are needed to withstand harsh sea
conditions, significantly increasing equipment rental costs. In addition, the long distance from shore
extends the time and expenses associated with transporting construction materials, further pushing
up construction costs.

4.3. Lag in Storage and Transportation Technologies and Facilities

Owing to its small molecular size and active chemical properties, hydrogen exhibits high
permeability and induces hydrogen embrittlement, which places extremely high demands on the
selection and performance of pipeline materials. Although large-scale hydrogen pipeline
transportation has entered the demonstration stage, the problem of material performance
degradation caused by hydrogen embrittlement has not yet been effectively resolved, and protective
technologies are still in the exploration stage [36]. Hydrogen storage technologies also face significant
challenges. Liquid hydrogen storage requires maintaining an extremely low temperature
environment of -253 °C, resulting in high energy consumption costs and poor economic efficiency
[37]. Solid-state hydrogen storage materials offer the advantage of high volumetric density, but large-
scale commercialization has not yet been achieved. These technical bottlenecks in both storage and
transportation continue to hinder the industrial development of offshore wind-to-hydrogen projects
[38].

5. Outlook for Hydrogen Production from Offshore Wind Power

Offshore wind-to-hydrogen production, as an important pathway for reducing wind power
curtailment and promoting energy system transformation, holds broad prospects for future
development. To address the bottlenecks described above, progress will be required in several areas
to promote the scaling up and commercialization of this technology.

5.1. Electrolyzer Technology Upgrade

For ALK electrolyzers, research should prioritize the development of wide-load adjustment
technologies capable of adapting to wind power volatility. Key goals include overcoming the current
limitation of low-load operation below 20%, enhancing rapid start-stop performance, and improving
variable load response speed by optimizing electrode materials and diaphragm performance, thereby
reducing the difficulty of adapting to fluctuating wind power conditions. For PEM electrolyzers,
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efforts should focus on reducing dependence on precious-metal catalysts. This reduction can be
accomplished by lowering iridium loading through catalyst structure design and -carrier
modification. A collaborative team from the German Aerospace Center and the Spanish Institute of
Materials Science recently developed a novel double-perovskite catalyst, Sr2CalrOs, which
successfully reduced anode iridium loading to 0.2mg/cm? [39]. In addition, research should be
strengthened on seawater corrosion resistance, with emphasis on developing electrode and
equipment materials resistant to salt spray and vibration, thereby extending the service life of PEM
electrolyzers in marine environments. For SOEC technology, the focus should be on improving the
performance of high-temperature materials. This improvement includes developing electrolyte and
electrode materials that are resistant to high temperatures and performance attenuation, reducing
dependence on extreme working conditions, and accelerating progress from laboratory-scale
research to industrial demonstration projects.

5.2. Optimizing Energy Utilization Efficiency

Optimizing renewable energy storage systems holds unique strategic importance [40].
Advanced energy storage systems and energy management technologies play a critical role in
mitigating the inherent instability of wind power. Optimal allocation of operating power across
different stages of the wind-to-hydrogen process allows wind energy to be converted into hydrogen
during off-peak hours and utilized during peak demand periods. This time-shifted conversion
enables more effective management of energy production and storage across different time scales,
reduces greenhouse gas emissions, and promotes the widespread integration of renewable energy
sources [41].

To further improve system performance, intelligent offshore wind-to-hydrogen control systems
should be developed. These systems would dynamically adjust electrolyzer operating parameters
based on real-time wind power input, thereby achieving higher conversion efficiency and
maximizing equipment utilization. In addition, expanding the use of waste heat recovery
technologies could enhance overall system efficiency. For example, waste heat generated during
hydrogen production could be repurposed for seawater desalination or other auxiliary processes,
ultimately lowering the energy consumption per unit of hydrogen produced.

5.3. Technological Innovation in Seawater Utilization

Overcoming the technical bottlenecks of direct seawater electrolysis for hydrogen production is
essential. Such progress will require the development of new electrode materials and electrolyzer
designs to address the high energy consumption and high cost associated with the seawater
desalination process. Notable progress has already been made in this field. In June 2023, the “Dongfu-
1”7 hydrogen production platform, jointly developed by the team of Academician Xie Heping and
Dongfang Electric Group, achieved the world’s first medium-scale verification of in situ hydrogen
production from non-desalinated seawater using offshore wind power [42]. Similarly, China’s
Fenghai New Energy has adopted an innovative “wind-solar-storage complementary” system, which
has reduced desalination costs, controlling the price of desalinated water to approximately 8 yuan
per ton (about 1.1 US dollars) [43]. Globally, the large-scale application of direct seawater utilization
technologies needs to be promoted and popularized.

5.4. Improvement of Storage and Transportation Technologies and Facilities

Future efforts should focus on the development of low-cost, high-safety hydrogen storage
technologies across multiple pathways. For high-pressure gaseous hydrogen storage, lightweight
and high-strength hydrogen storage materials such as carbon fiber composites should be developed
to reduce the manufacturing cost and weight of hydrogen storage tanks, while allowing for higher
storage pressures and greater hydrogen capacity. For liquid hydrogen storage, the thermal insulation
design of storage tanks should be optimized through the adoption of new thermal insulation
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materials, such as nano-insulation composites, to reduce heat loss and lower energy consumption
during liquefaction and storage. For solid-state hydrogen storage, research and development should
be accelerated on high-performance hydrogen storage materials, including metal hydrides and
chemical hydrides, so that storage density and cycle life can be improved and large-scale application
enabled [44,45].

In hydrogen transportation, addressing the persistent problem of hydrogen embrittlement is
critical. Overcoming this challenge will require the development of hydrogen embrittlement-resistant
pipeline materials and optimized design and manufacturing processes to enhance pipeline safety and
reliability. Meanwhile, diversified hydrogen transportation methods should be explored, such as
hydrogen blending transportation using existing oil and gas pipelines, to reduce infrastructure
construction costs and expand delivery options.

6. Conclusions

This paper provides a comprehensive review of offshore wind-to-hydrogen technology,
examining its technical routes, engineering practices, economic efficiency, and key challenges.
Current global developments reveal a significant trend toward large-scale and base-oriented projects.
Europe has more diverse technological explorations, focusing on PEM electrolysis technology and
centralized hydrogen production in far-offshore areas. By contrast, China mainly relies on the mature
ALK technology, prioritizing onshore hydrogen production from offshore wind power. Although
this approach has scale advantages, limitations remain in terms of technological diversity and
adaptability to far-offshore areas.

Offshore wind-to-hydrogen technology faces multiple bottlenecks. Electrolysis technologies
capable of fully accommodating wind power fluctuations remain immature. Equipment investment,
electricity supply, and transmission cables account for a relatively high proportion of project life cycle
costs. Furthermore, hydrogen storage and transportation technologies continue to encounter
technical challenges, including hydrogen embrittlement in pipelines, high energy consumption in
liquid hydrogen storage and transportation, and insufficient large-scale commercialization of solid-
state hydrogen storage.

Future developments will depend on advances in three key areas: breakthroughs in core
technologies, improvements in system efficiency, and the establishment of a robust industrial
ecosystem. Priority directions include the development of wide-load electrolyzers, low-precious-
metal catalysts, and corrosion-resistant materials; efficiency improvements through intelligent
control systems and waste heat recovery; innovation in direct seawater electrolysis technology; and
the practical application of high-pressure, low-temperature, and solid-state hydrogen storage
technologies, as well as safer hydrogen pipeline transport. Through collaborative innovation and
integrated demonstration in multiple fields, offshore wind-to-hydrogen is expected to move rapidly
toward large-scale deployment and commercial application, thereby providing critical support for
the realization of a global zero-carbon energy system.
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