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Abstract: Hydrogen production from renewable energy sources is a crucial pathway to
achieving the carbon peak target and realizing the vision of carbon neutrality. The hy-
drogen production from offshore superconducting wind power (HPOSWP) integrated
systems, as an innovative technology in the renewable energy hydrogen production field,
holds significant market potential and promising development prospects. This integrated
technology, based on research into high-temperature superconducting generator (HTSG)
characteristics and electrolytic water hydrogen production (EWHP) technology, converts
offshore wind energy (OWE) into hydrogen energy locally through electrolysis, with hy-
drogen storage being shipped and controlled liquid hydrogen (LH;) circulation ensuring a
stable low-temperature environment for the HTSGs’ refrigeration system. However, due to
the significant instability and intermittency of offshore wind power (OWP), this HPOSWP
system can greatly affect the dynamic adaptability of the EWHP system, resulting in im-
pure hydrogen production and compromising the safety of the LH;, cooling system, and
reduce the fitness of the integrated system for wind electricity-hydrogen heat multi-field
coupling. This paper provides a comprehensive overview of the fundamental structure and
characteristics of this integrated technology and further identifies the key challenges in its
application, including the dynamic adaptability of electrolytic water hydrogen production
technology, as well as the need for large-capacity, long-duration storage solutions. Addi-
tionally, this paper explores the future technological direction of this integrated system,
highlighting the need to overcome the limitations of electrical energy adaptation within the
system, improve product purity, and achieve large-scale applications.

Keywords: high-temperature superconductor (HTS) turbines; offshore wind power; elec-
trolytic water hydrogen production; hydrogen storage

1. Introduction

With the rapid development of renewable energy sources like wind power, issues such
as excessive fossil fuel consumption and the greenhouse effect have been mitigated to some
extent [1,2]. However, the advancement of wind power technology has led to a continuous
increase in the capacity of individual generators. The increasing weight and volume of
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wind generators have heightened the challenges of maritime transportation, hoisting, and
maintenance [3]. Superconducting materials, with their zero resistance characteristics,
have been investigated as replacements for conventional copper wires in field windings,
significantly increasing the power density of motors and reducing the weight of wind
turbines to 1/2-1/3 that of conventional wind turbines of the same capacity [4,5]. This
innovative technology offers an ideal solution for the miniaturization and weight reduction
of wind turbines [6]. Research indicates that HTSGs with outputs above 10 MW offer
distinct advantages over traditional wind turbines in terms of size and mass. The 10 MW
superconducting motor proposed by the Superconductivity Corporation of the U.S. has a
diameter of 4.5 m~5 m and weighs about 180 t. The mass of a permanent magnet motor
of the same power is about 300 t, with a diameter of more than 10 m [7]. However, the
randomness, intermittency, and volatility of wind energy can cause voltage and frequency
fluctuations when wind power is integrated into the power grid, resulting in poor power
quality and significant wind curtailment [8,9]. To stabilize the grid and maintain power
quality levels, various technical strategies have been proposed and investigated [10,11].

Hydrogen energy is widely recognized as a clean and promising energy source for
the future [12-15]. WPHP systems can efficiently utilize wind power to produce hydrogen
and can also be combined with fuel cell power generation to achieve “peak-cutting” and
“valley-filling” to ensure grid stability and security [16-19]. Recently, Hunan University’s
wind power generation team proposed an innovative HPOSWP integrated technology [20].
Considering that the critical current of superconducting tapes increases as the ambient
temperature decreases, this technology takes advantage of the large-current characteristics
of HTS tapes in liquid hydrogen environments, combining superconducting wind turbines
with LH, preparation technology to design an off-grid offshore superconducting wind
power water electrolysis hydrogen production system. Additionally, LH, circulation
provides a stable low-temperature environment for the refrigeration system, significantly
reducing the weight and volume of the devices and achieving efficient renewable energy
conversion. Moreover, it enables the conversion of OWE into hydrogen locally through
electrolysis, while green hydrogen preparation addresses the grid-connected transmission
issues of deep-ocean wind farms.

However, the fluctuations and interruptions in OWE impact the start-stop operations
of HTS generators. Frequent power fluctuations may shorten the system’s operating
lifespan and reduce the purity of the hydrogen produced, thereby compromising the
stability and security of the hydrogen storage or even the whole integrated system. This
paper focuses on the key technologies within the HPOSWP integrated technology, analyzes
the feasibility, and proposes effective solutions to the current challenges faced by the
system. It also discusses the future directions of the HPOSWP technology. This research
aims to promote the progress of HPOSWP technology, establish a common technology
for large-scale offshore WPHP systems, and promote technological improvements in the
global wind power industry. This article is organized as follows: In Section 2, we review
the development of the integrated superconducting wind power hydrogen production
technology and describe the basic structure and performance of the system. Section 3
describes the key technologies of the liquid hydrogen cooling system. Section 4 compares
and discusses the adaptive key technologies of the integrated system. We provide a future
outlook in Section 5 and conclude the paper in Section 6.

2. Integrated System for Hydrogen Production from Offshore
Superconducting Wind Power

In the development of renewable energy-based power systems, hydrogen production
powered by offshore wind turbines is a major innovation of energy technology. In 2004, the
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U.S. launched the Wind2H?2 project, a demonstration initiative that used wind and photo-
voltaics to produce and store hydrogen via a generator array connected to an electrolysis
stack. This project successfully addressed the key challenge of coupling renewable energy
with EWHDP, sparking global interest in renewable energy-driven hydrogen production
technology. National strategies for the WPHP technology are shown in Figure 1a. In 2011,
Canada developed a wind-hydrogen diesel demonstration project, and in 2012, Germany
launched the RH2ZWKA wind-hydrogen combined heat and power demonstration project.
In 2019, the Netherlands successfully implemented the PosHYdon project, the world’s
first OWP hydrogen production pilot, which validated the feasibility of offshore WPHP
technology [21].

- 3000-3500 / (10 kt)

1000-1130 / (10 kt)
[ 350500/ (10kt)
[ 10100/ (10k)

¥ New #*and
~ Data from ‘National Hydrogen E.nergy Strategies’ published by countries.
(b)

Less than 10/ (10 kt)

Figure 1. (a) Hydrogen production strategies in various countries; (b) global average annual hydro-
gen production.
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As shown in Table 1, China’s research into WPHP technology was initiated relatively
late, with the first demonstration project of hydrogen production from wind power in
Zhangbei carried out in 2014 and the Guyuan WPHP project officially launched in 2015 [20].
This project includes a 200 MW wind farm, a 10 MW EWHP system, and a comprehensive
hydrogen utilization system. Hydrogen production is used in industrial production to
reduce the consumption of coal, natural gas, and other energy sources. In 2020, the
Yushu WPHP demonstration project was launched, featuring a wind turbine capacity of
400 MW and a hydrogen production capacity of 10 MW. This project is the largest of its
kind in the world, filling the gap in the megawatt-scale coupled wind-hydrogen storage
demonstration projects in China and positioning itself as a world-leading demonstration
project [22]. Figure 1b shows the annual average global hydrogen production, where
China’s hydrogen production ranks first place in the world.

Table 1. Summary of demonstration projects of wind power hydrogen production around the world.

Wind Turbine Hydrogen Production
Year Name Capacity (kW) Y Pgwer (kW) Country
2011 Ramea 690 162 Canada
2011 Enertrag 6000 500 Germany
2012 Rh2-WKA 140,000 1000 Germany
2012 Yorkshire 225 30 England
2015 Guyuan 200,000 4000 China
2016 Hydrogen Office Building 750 30.5 UK.
2017 Fufu County 750 30 UK.
2019 PosHYdon 400,000 1250 Netherlands
2020 Yushu 400,000 10,000 China
2023 Sealhyfe 10,000 10,000 France

With the continuous development of hydrogen production technology, many scholars
around the world have recently analyzed and reviewed the economics and feasibility of
technologies for HP from wind power from various perspectives and the cost of hydrogen
production in different regions, as shown in Figure 2. In 2000, Dutton summarized the
practical challenges and technological bottlenecks in developing WPHP systems and em-
phasized the impact of wind power fluctuations on the operation of electrolysis cells [23].
In 2003, Kassem evaluated the economics and feasibility of WPHP technology, highlighting
its potential as a low-cost source of electricity [24]. In 2005, Sherif studied hydrogen pro-
duction technology and concluded that wind power could improve the competitiveness
of hydrogen production [25]. In 2010, Bartels conducted an economic analysis of WPHP
and confirmed its feasibility [26]. In 2014, Bhandari performed a life cycle assessment
of a WPHP system and demonstrated the technological advances [27]. In 2015, Sarrias
studied the coupled operation of electrolysis cells and wind turbines and compared the
performance characteristics of four different electrolysis cells for WPHP technology [28].
In 2017, Ning investigated the adaptability of traditional WPHP equipment under wide
power fluctuations and proposed adjustments to the process parameters to improve per-
formance [29]. In 2021, Huang proposed a cooperative control strategy to protect the grid
connection from disturbances to the system reliability and power quality [30]. In 2024,
Zainal comprehensively evaluated the major hydrogen production methods based on cost,
environmental impact, and technological maturity and confirmed the increased efficiency,
cost competitiveness, and scalability of hydrogen production technologies [31].
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Figure 2. Cost of hydrogen production in different regions.

The traditional WPHP technology uses the flexibility of EWHP systems to improve
the wind power grid connection [30,32]. During periods of low power demand, this system
focuses on hydrogen production and hydrogen storage technologies; during peak demand
periods, stored hydrogen is used to supplement the wind power output [33]. However, as
OWP development advances into the deep sea, the costs of submarine cables and offshore
equipment construction and operation continue to rise. Additionally, power transmission
losses remain a challenge. For high-voltage alternating current (HVAC) [34] and high-
voltage direct current (HVDC) [35], transmission losses range between 1 and 5% and 2 and
4%, respectively, depending on the wind farm capacity and distance from the shore [11,36].
Moreover, the volatility and unpredictability of wind energy complicate the regulation and
scheduling of the wind power output. As the total amount of wind power connected to
the grid increases, issues such as harmonics, voltage fluctuations, and flicker become more
prevalent during grid connection. This also severely impacts the stability of the generating
units and significantly limits the development of wind power technology. To solve these
problems, WPHP systems often incorporate static reactive power compensation equipment
and employ flexible coordinated grid-connected technology to achieve stable control of the
grid frequency and voltage [37]. In addition, active filtering equipment and compensation
devices are used to mitigate voltage fluctuations and flicker [38]. However, these measures
still fall short of fully resolving the problem of power quality degradation.

Our proposed HPOSWP integrated system utilizes HTS materials to replace traditional
copper coils in wind turbines as field windings [4]. This substitution reduces the weight
and volume of the HTSGs, effectively improving the power density and increasing the
efficiency of wind energy utilization. The WPHP technology consumes OWE in situ [39],
which eliminates the need for extensive power infrastructure and reduces transmission
losses [40,41]. Figure 3 shows the structure of the integrated system, which consists of
four subsystems: the HTS wind power system, the EWHP system, the LH; cooling system,
and the LH; storage system. The hydrogen production system is positioned on a highly
integrated floating platform, and it converts OWE into chemical energy through electrolysis
for storage. The wind power system facilitates the coupling and conversion of multiple
energy sources via the electricity convergence system and the hydrogen production sys-
tem. Simultaneously, hydrogen energy plays a crucial role in system operation through
the LH; cooling system, which provides the necessary low-temperature environment for
the offshore superconducting wind power system. This process enables the conversion
of electricity into chemical energy, thereby improving the overall economics of the sys-
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tem’s operation. As shown in Figure 4, the subsystems interact with and regulate one
another thanks to the conversion and storage equipment within the system, ensuring

graded utilization.

Electrolytic Water Hydrogen
Production System LH, Storage System

HTS Wind Power System

Sea W ater

Figure 3. Integrated system structure of offshore HTSGs and hydrogen production.

Refrigeration system

|

| Hydrogen energy utilization |

HTS wind generator

DC

Electrolytic cell Hydrogen storage

Figure 4. Integrated system logic diagram of offshore HTSGs and hydrogen production.

The HPOSWP system determines the speed of hydrogen processing by assessing
wind energy levels and coordinates control based on wind power quality and hydrogen
storage system operation. However, fluctuations in the wind power output can significantly
affect the product purity of the hydrogen production system [42]. At low power levels, the
hydrogen production system may cause contamination of the hydrogen storage system, and
LH; with less than the required purity can cause immeasurable losses to the recirculating
cooling system, leading to unstable operation of the refrigeration system and, in severe
cases, to the collapse of the integrated system.

In addition to the challenges mentioned above, frequent fluctuations in wind energy
can cause generators to start and stop repeatedly. The EWHP system, due to its complex
multi-parameter control, responds slowly, with response times ranging from seconds to
minutes. This slow response makes it challenging to quickly adjust to fluctuating wind
energy output, leading to prolonged unsteady operation of the hydrogen production
system [43—45].
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In summary, to solve the adaptation of the integrated system to the wide power fluctu-
ations of offshore wind energy, it is necessary to study the key technical challenges. These
include optimizing the structure of the circulating cooling system, fine-tuning hydrogen
storage parameters for reliability, improving the electrolyzer’s design, adjusting the process
parameters to increase the hydrogen purity, and implementing a dynamic coordination
strategy based on system performance. These measures are essential for ensuring the
stability and safety of the integrated system.

3. Key Technologies of LH; Circulating Cooling Systems

As the stator of HTSGs is exposed to an AC magnetic field, superconducting tapes
are typically used in the field windings of the rotor, reducing AC losses in the coils. The
armature windings of HTSGs are traditionally wound with copper wires, and conventional
cooling methods are mostly used for the stator, such as water cooling and forced air cooling
technologies [46]. The rotor’s cryogenic system includes a refrigeration system, a transfer
coupler, and a cooling circuit, as shown in Figure 5. This system is used for rotors with
HTS coils. During HTSGs’ operation, the refrigeration medium is introduced into the
cooling circuit in the rotor through the transfer coupler when it absorbs the heat in the
low-temperature environment and maintains the superconducting state of the coils. Since
the cooling method for HTSGs is determined in the design stage, selecting the appropriate
refrigeration medium and ensuring efficient provision of cooling power are key factors for
the stable operation of the HTSGs.

Armature winding (Copper) Refrigeration medium
import and export

Vacuum vessel

Cryocooler
" HTS coil -| 1

Cooling circuit i A
e T

Transfer coupler

Shaft

Figure 5. Schematic diagram of HTSGs and cryogenic system.

Common cooling media for HTSGs include neon, helium, nitrogen, oxygen, and hy-
drogen. Neon and helium, being rare gases, are expensive, which significantly impacts
the economic feasibility of HTSGs [47]. With advances in HTS materials, the operating
temperature range of HTSGs has expanded to 66~77 K. The boiling point of nitrogen is
77.15 K, and it has the advantages of having chemical stability and being non-toxic and
non-explosive, making it an ideal cooling medium for low-temperature applications [48,49].
However, as the critical current of HTS materials increases rapidly with lower cooling
temperatures, even exceeding kA values, researchers are continually exploring new cooling
media to achieve a more compact HTSG design and reduce cooling costs. Hydrogen has
emerged as a promising option due to its excellent physical properties, including a low
boiling temperature, high specific heat, low viscosity, and excellent thermal conductiv-
ity [50]. Studies have found that HTS coils cooled with LH; carry currents higher than those
cooled with liquid nitrogen while also achieving higher cooling system efficiency [51]. The
researcher Shirai Y used conventional correlation methods to predict natural convective
heat transfer in saturated LH; and provided valuable data on heat transfer in forced flows
of LH; [52]. Given the flammability and explosiveness of hydrogen, and the challenges
posed by hydrogen embrittlement, the design and manufacturing of LH, cooling systems
must prioritize proven safety and security [53].
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Moreover, as an HTSG operates under load, the armature winding temperature can
reach up to 350 K, which is significantly higher than the HTS field winding operating
temperature of 20 K. This temperature difference results in radiant heat losses between the
field winding and the external environment. Additionally, conduction heat leakage occurs
due to current leads and supporting components within the cryogenic container, further
contributing to the thermal load [54]. Due to insufficient condensation, the refrigerant
temperature in the cryogenic system will increase, making it difficult to maintain the stable
operation of the superconductor. Conversely, if the cooling capacity exceeds the total
heat load of the cryogenic system, excessive condensation may occur, leading to improper
operation of the entire cryogenic system [55]. Therefore, a stable source of hydrogen is
essential for scaling the application of the innovative integrated system. Depending on the
required HPOSWP system capacity and storage duration in different scenarios, hydrogen
storage employs three methods: high-pressure gaseous hydrogen storage (HGHS), LH,
storage, and solid-state hydrogen storage (SSHS) technologies [56].

HGHS technology compresses hydrogen to pressures of up to 70 MPa and stores
it in steel or composite gas cylinders [57]. These storage tanks can be constructed from
materials such as steel, aluminum, and carbon fiber-reinforced plastic composites and take
forms such as HGHS cylinders, composite hydrogen tanks, and glass containers. This
storage method is straightforward, technically feasible, and cost-effective, making it the
most mature hydrogen storage technology in widespread use today. However, it has a
low volumetric energy density (only 25 g/L, significantly below the U.S. Department of
Energy’s target of 70 g/L), as shown in Figure 6. Additionally, HGHS has limited storage
capacity, the metal cylinders are heavy, and there is a risk of hydrogen embrittlement. For
implementation in HPOSWP systems, not only do we need to consider safety issues, but we
also need to add a hydrogen liquefaction device to circulate LH,. However, this addition
complicates the system, increases its volume, and reduces its energy utilization efficiency.

LH, storage technology is suitable for large-capacity hydrogen storage, achieving a
volumetric storage density of up to 70.9 g/L at 20 K [58]. This technology can be directly
applied to the refrigeration needs of HPOSWP integrated systems without the need for
conversion, simplifying the system structure and reducing the equipment complexity.
However, it is critical for storage containers to have advanced thermal insulation, anti-
freezing, and other safety features due to the hydrogen embrittlement phenomenon. Special
containers with insulation systems are required to minimize the energy exchange between
LH; and the environment [57]. The high energy consumption involved in the liquefaction
process and the complexity of the insulation system design limit the further development
of this method, making it more suitable for short-term HPOSWP system hydrogen storage.

SSHS technology offers a high volumetric hydrogen storage density, enhanced security,
high efficiency, and the potential for integrated production and storage [59]. However,
it remains in the material research and development stage in laboratories. As research
progresses, SSHS is expected to become the primary method of HPOSWP system hydrogen
storage in the future.

In addition, hydrogen storage in submarine salt caverns and offshore abandoned
oil and gas fields represents an emerging area within hydrogen storage technology [58].
Submarine salt caverns offer advantages such as a large storage volume, low cost, effec-
tive sealing, and rapid extraction and injection, making them ideal for hydrogen energy.
However, this approach will be affected by submarine geological formations, the technical
maturity is not sufficient to support comprehensive application, and the related technology
needs to be continuously improved [60]. Offshore abandoned oil and gas fields provide a
large storage capacity, durability, and high security for hydrogen storage. However, the
presence of residual gases such as CHy, Hp, and CO; can affect the hydrogen quality and
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subsequent utilization [58]. While offshore abandoned oil and gas fields offer economic
advantages, the technology is still in development and requires further refinement.
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Figure 6. Comparison of different hydrogen energy storage technologies.

4. Key Technologies in Dynamic Adaptation of Integrated Systems

The output of HPOSWP integrated technology is intermittent and random, necessi-
tating a strong dynamic adjustment capability in the EWHP system. The complex multi-
parameter control of the EWHP system results in slow dynamic response times, failing
to meet the rapid regulation requirements of superconducting wind power technology
under wide power fluctuations in offshore wind energy. To solve the adaptation challenges
of the HPOSWP system regarding the wide power fluctuations in offshore wind energy,
optimizing and upgrading the EWHP device are essential for ensuring the stability and
safety of the integrated system. EWHP technology is mainly divided into three methods:
alkaline water electrolysis (AWE), proton exchange membranes (PEMs), and solid oxide
electrolysis cells (SOECs) [61,62]. The schematic diagrams of the different hydrogen pro-
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duction technologies are shown in Figure 7, and the relevant parameters are summarized
in Table 2.

(a). Alkaline Water Electrolysis

Current density: limited to 0.45 A/cm?®

Operating temperature: 70-90 'C
Low operating temperature

High stability
Low cost
PGM-free “
Cathode Hydrogen
o | ~atnoce
Diaphram m
‘ PGM-free OH -
I Anode xygen
H,
KOH

Efficiency losses
Security risks

Diaphragm

(b). Proton Exchange Membrane

Current density: potentially up to 10 A/cm” Operating temperature: 50—80 “C
Less lye corrosion and pollution
Low energy consumption
High current density
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f H,0
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Proton exchange membrane

High cost

(c). Solid Oxide Electrolysis Cell
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Operating temperature: 700—1000 ‘C
High energy conversion efficiency
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Figure 7. Schematic diagrams of (a) AWE electrolytic hydrogen production, (b) PEM electrolytic
hydrogen production, and (c) SOEC electrolytic hydrogen production.
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Table 2. Comparison of technologies for hydrogen production from water electrolysis.
Parameter AWE PEMs SOECs
Electrolyte/separator KOH Proton exchange Solid oxide
membrane
Operating temperature/°C 70-90 50-80 700-1000
Work stress/MPa 0.1-3.0 <7.0 0.1
Current density/(A-cm™2) 0.2-0.4 1-10 1-2
Efficiency /% 60-80 70-90 85-100
Load range 15-100 0-150 0-120
Cold start time min s -
Energy consumption/(kWh/Nm?) 45-5.5 3.5-5 2.6-3.6
Cell life/h 60,000 50,000-80,000 <20,000
System lifetime/a 20-30 10-20 -
Investment cost/ (RMB~kW’1) 6000-8000 10,000-12,000 -
Technology readiness level 8-9 8-9 5-6
Industrialization level Maturation Commercial cultivation Laboratory stage

AWE technology offers advantages such as a low operating temperature, high stability,
and low cost, making it the most mature technology for water electrolysis, with significant
potential for large-scale renewable energy applications [63,64]. However, it faces challenges
in rapid startup and variable load adaptation. Ideally, the electrolysis cells should tolerate
power fluctuations ranging from 0% to 100% of their rated operating power. However,
existing commercial AWE cells have a minimum operating power limit of 25% to 50% of
their rated capacity. When the power falls below this threshold, the cells must be shut
down, requiring 30~60 min to restart [65]. This limitation hampers quick adjustments in
hydrogen production and reduces the efficiency of hydrogen production from wind power,
making it less compatible with renewable energy sources.

In contrast, PEM technology electrolysis cells have a shorter dynamic response time
and offer flexible operation under various conditions. These features make them well
suited for coupling with offshore superconducting wind power to form an HPOSWP sys-
tem, which helps stabilize the volatility of the renewable energy power [66]. However,
PEM technology has not yet achieved significant breakthroughs. It is currently constrained
by its limited capacity (50-250 kW) and high costs, making it more suitable for small-scale
superconducting wind-hydrogen coupled power generation systems [67]. It is antici-
pated that, in the coming years, PEM systems will become more cost-effective and widely
adopted through reductions in the platinum content in the electrodes, the development of
lower-cost materials, and further research into proton exchange membrane materials and
catalysts [68,69].

Compared to AWE and PEM technologies, SOEC systems operate at high temperatures
and have a relatively long response time, making them more appropriate for waste heat
recovery in various industrial processes rather than for large-scale HPOSWP systems, which
have intermittent and fluctuating characteristics. However, challenges such as complex
system structures, faster performance decay, and gas cross-contamination due to high-
temperature operation persist, and SOEC technology is currently in its early demonstration
phase [70,71].

Recently, a novel approach to in situ direct EWHP has been proposed [72]. This
method addresses the challenges posed by the volatility induced by multi-field coupling
and complex marine conditions during direct hydrogen production from seawater, enabling
large-scale and stable hydrogen production. To further validate the feasibility of phase
change migration seawater hydrogen technology in real-world conditions, Liu designed
and developed a 1.2 Nm?/h offshore renewable energy floating platform [73]. This platform
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was successfully integrated with OWP and operated continuously and stably for 10 days,
achieving a seawater impurity ion blocking rate exceeding 99.99%, with the hydrogen
production reaching a purity of 99.9%~99.99%. This innovation effectively addresses the
persistent issue of corrosion in seawater hydrogen production.

Therefore, research on large-scale, efficient EWHP systems capable of handling wide
power fluctuations and realizing efficient conversion of electrical energy is essential for
the widespread application of integrated systems. This research involves analyzing the
impact of wind power fluctuations on hydrogen production quality, efficiency, and cell life
while continuously upgrading materials and developing efficient hydrogen production
technologies under fluctuating power supply conditions.

5. Future Directions
5.1. HTS Wind Turbine Technology

Frequent fluctuations in wind power can cause HTS turbines to start and stop repeat-
edly, negatively impacting hydrogen production efficiency, reducing the hydrogen yield,
and causing unnecessary losses in the system. To improve energy utilization, it is necessary
to minimize the cooling capacity required for liquid hydrogen. However, the system’s
heat load includes not only the AC losses of the HTS turbine during operation but also
heat conducted from the external environment to the cryogenic region. If this heat applied
to the field windings is not dissipated in time, the continuous accumulation of heat will
result in localized magnet quenching, compromising insulation between the windings and
damaging the field windings. Currently, vacuum dynamic sealing technology is used to
eliminate convective heat transfer between the HTS windings and external environment,
while cold-conducting structures channel the cold to the surface of the HTS coils to improve
the cooling speed, thereby reducing the system’s cooling power. However, due to the
temperature difference between the cooling work mass entering and exiting the cryogenic
rotary joint, heat exchange occurs at the joint, resulting in an increase in the temperature of
the cooling work mass flowing into the cryostat and reducing the cooling efficiency of the
system. Therefore, upgrading the material of the cryogenic rotary joint and optimizing the
cold conduction system are critical to achieving rapid heat dissipation and maintaining the
stable operation of HPOSWP integrated systems.

5.2. LH; Circulating Cooling Technology

Considering the challenges posed by the explosive nature of hydrogen and hydrogen
embrittlement, as well as the risk of thermal and cooling imbalances leading to system inef-
ficiencies, the safety and reliability of LH, recirculation cooling systems must be thoroughly
validated. Therefore, a stable source of hydrogen, as well as the selection of an appropriate
type of hydrogen, is crucial for scaling up the application of HPOSWP integrated systems.
HGHS systems are technologically mature and low-cost, but they require the addition of
a hydrogen liquefaction unit to enable refrigeration. This addition not only complicates
the system but also increases the risk of hydrogen embrittlement, thereby reducing the
overall safety of the integrated system. As hydrogen production technology advances and
industrial scales expand, LH; storage technology, suitable for large-scale applications, is
gaining attention. This technology can be directly applied to the refrigeration needs of
integrated systems without the need for conversion, simplifying the system structure and
reducing the equipment complexity. However, storage containers must feature advanced
thermal insulation, freeze protection, and other safety features to minimize the energy
exchange between LH; and the environment. Key development areas for this technol-
ogy include reducing energy consumption during hydrogen liquefaction, improving the
thermal insulation of storage containers, and extending the service life of the technology.
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Research into SSHS materials is crucial for future advancements, focusing on breakthroughs
in the catalytic properties of electrode materials, integration of electrochemical reactors,
and optimization of the system design.

5.3. Electrolytic Water Hydrogen Production Technology

The complex multi-parameter control of EWHP systems results in slow dynamic
response characteristics, with response times ranging from seconds to minutes, which
cannot be adjusted quickly enough to accommodate the wide power fluctuations in wind
energy output. This leads to long-term unstable operation of EWHP systems, making them
insufficient in quickly adjusting to the wide power fluctuations in offshore wind energy
output. This prolonged instability in the EWHDP system operation not only shortens the
equipment lifespan but also leads to hydrogen purity degradation, which compromises the
safety of the LH, cooling system. To solve the challenge of adapting HPOSWP systems to
significant offshore wind power fluctuations, technology advancements need to focus on
optimizing and upgrading EWHP devices and establishing a solid technical foundation
for widespread adoption. PEM technology offers higher efficiency, more flexible oper-
ation modes, and a more compact equipment structure. PEM technology offers several
advantages, including low operating voltage and energy consumption, high current density
(typically 2~3 A/cm?, potentially up to 10 A/cm?), compact structure, high hydrogen
purity (up to 99.9999%), and simple control [67]. The Siemens Silyzer 300 system offers
dynamic load adjustment from 0% to 100%, with a response rate of up to 10% of the rated
power per second. Companies such as Proton in the U.S. and Cummins in Canada have
developed MW-class systems, and 100 kW-class systems have been commercialized [74].
However, the use of Pt alloys as electrode materials significantly raises manufacturing
costs. Therefore, reducing the reliance on precious metals in electrode catalysts, developing
low-cost materials, and further researching proton exchange membrane materials have
become key development priorities for hydrogen production technology.

6. Conclusions

With continuous advancements in the preparation process, superconducting materials
have achieved higher critical current densities and superior mechanical and electromagnetic
properties, offering significant practical potential in power transmission and high-field
magnet applications. The hydrogen production from offshore superconducting wind power
integrated systems, as an important link in the new superconducting technology, not only
advances HTS materials in the wind power sector but also opens broader markets in
aerospace, naval propulsion, rail transportation, national defense, and military applications.
This paper briefly summarizes the development trend of WPHP technology, describes
the basic structure and key technologies of the integrated system, and points out existing
challenges. In response to the dynamic adaptability of the system under wide power
fluctuations within a multi-field coupling framework, the system’s circulating cooling
technology is thoroughly evaluated. By analyzing and comparing different refrigeration
media, LH; hydrogen storage technology is identified as a future development trend based
on current limitations in hydrogen storage methods. For hydrogen production under wide
power fluctuation conditions, PEM technology is highlighted as the most suitable option
for the integrated system, after evaluating the performance of EWHP technologies. In
response to the development challenges of the integrated system, future development
directions have been proposed to target the safe operation of the LHj refrigeration system,
focusing on system configuration optimization and stable operation. This paper provides
valuable insights and references for the future development and demonstration applications
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of this integrated technology of offshore superconducting wind power generation for
hydrogen production.
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