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ABSTRACT

Offshore wind is a promising renewable energy source for green hydrogen production, providing a
versatile solution for energy storage and power-to gas concepts. This research investigates how the
intermittent nature of offshore wind impacts the components of an offshore wind-to-hydrogen system.
Proton exchange membrane electrolysers are frequently identified as being best suited to integration
with intermittent renewables. However, stop-start cycling of current from a variable power supply can
damage electrodes and reduce electrolyser lifetime. Therefore, a small current is required during no
wind periods to prevent electrolyser degradation. An intermittent offshore wind resource can also
impact pipeline transport of hydrogen. Variable hydrogen production leads to fluctuating hydrogen flow
in pipelines. The resulting pressure variations, combined with the potential occurrence of hydrogen
embrittlement in steel pipelines can increase the potential and severity of fatigue crack growth, thereby
impacting pipeline integrity. Careful selection of pipeline materials and buffer storage to smoothen gas
flows, can mitigate these potential impacts. This research proposes a configuration for hydrogen
production on an offshore platform from a floating wind farm. It uses battery and hydrogen storage
offshore to provide buffers, mitigating the potential impacts of intermittency on each component of the
offshore wind to hydrogen system.

Keywords: Green hydrogen; Offshore wind-to-hydrogen; Intermittency; Electrolysis; Offshore
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1. INTRODUCTION

To avoid the worst effects of climate change, it is widely accepted that immediate and sustained
reduction of greenhouse gas (GHG) emissions is required [1]. Hydrogen has significant potential as a
clean energy carrier to aid decarbonization. As a clean burning fuel, it can play a role in many hard-to-
decarbonise sectors, including transportation and heavy industry, along with current chemical
applications in fuel refining and fertilizer production. It also has significant potential for seasonal energy
storage, by acting as a dispatchable fuel for power generation, helping balance a grid with a higher share
of variable renewable energies.

Historically, hydrogen has been produced from fossil fuels, emitting large amounts of CO> in the
process. Hydrogen can also be produced via water electrolysis using electricity from a renewable energy
source. This form of hydrogen is compatible with net zero targets and is called "green hydrogen" to
show that its production is climate friendly [2]. Advances in electrolysis and renewable energy
technologies have significantly brought down the price of green hydrogen. With governments pushing
the reduction of carbon emissions and looking to ensure their energy security, the demand for green
hydrogen has risen quickly and is expected to continue to rise substantially in the coming years [3].

Countries with considerable offshore wind resource are increasingly looking at using it for large
scale hydrogen production. Falling offshore wind farm (OWF) costs, the higher capacity of OWF’s and
falling electrolyser costs suggest that combining OWF’s and hydrogen production could constitute an
emerging business model [4].

Several studies have made the case for hydrogen production offshore, and transport onshore via
pipeline. Hydrogen pipelines have the potential to be more cost efficient for large OWF’s and for longer
offshore distances [5]. There is also potential to repurpose oil and gas infrastructure, including pipelines,
for hydrogen production and transport [6]. The two main configurations for producing hydrogen
offshore from OWEF’s are:

1. Centralized offshore electrolysis: All electrolysers are placed on an offshore substation.
2. Decentralized offshore electrolysis: Each electrolyser is on an individual wind turbine
structure. ERM Dolphyn is an example of a project employing this configuration [7].

Renewable sources such as wind or solar have intermittent loads due to seasonal changes in wind
or solar intensity. Coupling an intermittent power source with an electrolyser represents one of the main
technical challenges of green hydrogen production and transport. For hydrogen production, frequent
variations in power input may reduce electrolyser reliability and longevity. For transport of hydrogen
in a pipeline, variable hydrogen production can cause a fluctuating flow of hydrogen in the pipeline.
The resulting pressure variations can have impacts on pipeline integrity.

This paper will consider the impact of an intermittent offshore wind resource on the configuration
and components of an offshore wind to hydrogen system. It will consider a floating OWF, located far
from shore in deeper waters, where energy is transmitted onshore via hydrogen pipeline. It will consider
a centralized offshore electrolyser for hydrogen production due to the reduced complexity versus a
decentralized configuration.

A thorough review of the literature will identify the potential impacts of an intermittent offshore
wind resource on the electrolyser and its balance of plant. Similarly, the impacts of fluctuating hydrogen
flow in the pipeline will be investigated. A configuration for producing hydrogen from an OWF,
including buffer battery and hydrogen storage, will then be proposed to mitigate these potential impacts.
Sizing of the buffers, and material selection for the pipeline will then be discussed.

This work is intended as an initial study of intermittencies impact on an offshore wind to hydrogen
system as part of an ongoing larger research project.

2. TECHNOLOGIES
This section outlines the key technologies of an offshore wind to hydrogen system that are impacted
by an intermittent offshore wind resource. They are as follows:
e Electrolyser system
e Hydrogen pipeline
e Electrical storage
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e Hydrogen storage
e Balance of plant
Different technology types will be identified which other studies have outlined as being suitable for
an offshore wind to hydrogen system, and a detailed examination of the potential impacts of an
intermittent offshore wind resource and methods to mitigate this will be discussed.

2.1 Electrolyser Technology

Electrolysis can be considered the key process in the system. It is a chemical process in which
electricity is used to split water into hydrogen and oxygen. There currently exists several different
electrolysis technologies, of which the most notable are — alkaline electrolysis (AEL), proton exchange
membrane electrolysis (PEM) and solid oxide electrolysis (SOE).

Considering the most suitable electrolyser technology for deployment on an offshore platform, the
technologies used in other offshore hydrogen production studies have been analysed. This is shown in
table 1.

Table 1: Electrolyser technologies used in previous studies

Electrolyser Type Reference
PEM [81, [9], [18]—[22]
AEL, PEM [5]
PEM, SOE [13]
AEL, PEM, SOE [14], [15]
Unspecified [16], [17]

The literature identifies AEL and PEM electrolysers as being viable candidates for centralized
offshore hydrogen production. Whilst the high efficiency of SOE technology is promising, its high
operating temperature and constant load requirement makes it incompatible with remote offshore
operation [18], hence it has not been considered for this paper.

When choosing between AEL and PEM for offshore hydrogen production, there are several
important features to consider (table 2).
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Table 2: AEL and pem ELECTROLYSER features for offshore hydrogen production [19], [20]

Feature AEL PEM
Electrical Efficiency 50 - 68 50-68
(LHV) % %
Start-up Time (to <50 <20
nominal load) mins mins
Load Range 15; 00 5_01%)20
. 0.095 0.048
Footprint kW kW
Hydrogen Output 1-30 30-80
pressure bar bar
500-1000 700-1400
CAPEX (system)  jspkw ~ USD/AW

The wide operating range and fast starting speed of PEM electrolysers make them more suitable
for integration with a variable energy source [21]. In addition, PEM systems have a lower footprint than
AEL [6], an important factor on an offshore platform with already limited space. Another benefit of
PEM s that it can operate at higher pressures than AEL, potentially diminishing the need for
postproduction compression [22]. AEL electrolysers currently have lower CAPEX than PEM, though
due to being a newer technology, the cost reduction potential of PEM is higher [19]. Finally, the
exemplary safety performance, and the fact that PEM can offer high purity hydrogen at all loads makes
it the most suitable electrolyser for deployment offshore. An overview of PEM electrolysis is shown in
figure 1.
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Figure 1: Overview of PEM electrolysis

Despite these features, intermittency can still impact PEM electrolyser performance. The
fluctuating power provided from intermittent offshore wind can cause start and stop cycling. This
cycling of current can damage electrode materials, decreasing durability and increasing the maintenance
periods for the electrolysers. This has been demonstrated in several studies [23], [24], [25], [26], [27].

Weil3 et al. [23] replicated a fluctuating power supply from an intermittent energy source being fed
to a PEM electrolyser, comprising periods of operation at two current densities (high and low) and idle
periods where no current was applied and the cell rests at open circuit voltage (OCV). They found that
after prolonged cycling (700 cycles), there was a significant decrease in performance, due to the idle
periods causing degradation of the catalyst. To prevent this, they recommended applying a small current
density, during idle times, to avoid degradation and mitigate safety concerns.

Rakousky et al. [24] investigated the effect of different load profiles to a PEM electrolyser over a
1000h test. They investigated electrolyser performance at a constant current of 1 A cm 2 and then 2 A
cm 2, and then cycling between 1 and 2 A cm ? and cycling between 2 A cm Z and OCV. They found
that cycling between OCV and 2 A cm ™ caused electrolyser degradation, with degradation rate
increasing with the number of OCV period over the 1000 h test. Again, avoiding idle periods where no
current is applied should prevent this higher degradation rate.

Voronova et al. [25] showed that cycling between different loads can impact the electrode materials,
potentially causing delamination of the catalyst, porous transport layer (PTL) and membrane layers.
These structural changes cause changes in bubble formation characteristics, decreasing cell efficiency
and increasing the degradation rate.

In addition, if the power load drops below the electrolyser minimum operating power, the
electrolyser will shut down and will take several minutes to restart from cold (up to 20 minutes for
PEM). This can lead to a significant amount of wind power needing to be curtailed during start up,
which is significant revenue loss [18]. Degradation of the PEM electrolyser can be reduced, and wind
curtailment prevented by supplying an uninterruptable power supply (UPS) to the electrolyser during
idle wind periods. For offshore hydrogen production, this would require some form of electrical storage
on the platform. Electricity storage options will be outlined later.



Offshore wind-to-hydrogen: the impact of intermittency on hydrogen production and transport

2.2 Pipeline Technology

Several studies have compared the economic feasibility of using hydrogen versus electricity as
energy transmission vectors for offshore wind farms. They identify that for large offshore wind farms,
located further from shore, hydrogen transport via pipeline is often better in comparison to electrical
alternatives [28], [29], [30]. For example, Gronemans et al. [31] found that for a 15 MW turbine located
60 km offshore, the production of hydrogen offshore (2.09 $ kg™’ ) was lower than the transmission of
the electricity to shore, followed by subsequent electrolysis (3.86 $ kg ' ).

Hydrogen pipelines are not a novel innovation. Existing onshore pipelines are typically found near
large hydrogen consumers, such as petroleum refineries and chemical plants [5]. Hydrogen transport
via pipeline is typically compared to the transport of natural gas in pipelines. Compared to natural gas,
transport of hydrogen poses several challenges which means that materials for the pipelines need to be
carefully selected.

One of the main challenges is hydrogen embrittlement (HE). HE is a reduction in the ductility of a
metal due to absorbed hydrogen. Being a small element, hydrogen can enter and move through metals,
lowering the stress required for cracks in the metal to initiate and propagate. It is a complex process that
has several contributing mechanisms, not all of which need to be present. In figure 2, embrittlement is
occurring due to hydrogen moving through the metal, until it reaches an area of discontinuity, where it
lowers the energy required to make the crack larger. This causes the metal to become more brittle, and
to fail easier [6], [32]. Diffusion of hydrogen through the metal means that leakage is another significant
challenge. This is also shown in figure 2, with hydrogen escaping to the exterior of the pipeline.
Hydrogen’s leakage from pipelines is approximately 1.3- to 2.8-times larger than methane leakage under
the same conditions [33].

Steel and polyethylene (PE) are the two materials most frequently identified for pipeline transport
of 100% hydrogen. PE pipelines are also deemed a good candidate for hydrogen transport at lower
pressures, as they are not susceptible to HE and can therefore withstand 100% hydrogen. However, they
are unlikely to be suited to the high pressures required for hydrogen transmission pipelines offshore.
Leakage of hydrogen due to diffusion is an issue in in PE pipelines [5].

While steel is commonly used for hydrogen transmission pipelines, it can be more susceptible to
HE. Mohitpour et al. [34] suggest that the majority of the existing hydrogen transmission lines are of
steel grade API 5L X42 (API stands for American Petroleum Institute) or lower and operate between 30
and 60 bar with few failures reported. As the steel grades increase and internal pressure increases,
pipelines can become more susceptible to HE. According to the American Society of Mechanical
Engineers (ASME) standard B31.12-2019 [207], the maximum operational pressure (MOP) for
hydrogen pipes of steel grade API 5L X60 and below, should be less than 207 bar. For all grades above
X65, the MOP should be below 103 bar. Therefore, for an offshore hydrogen pipeline, the choice of
steel will be dependent on the operating pressure of the pipeline, to prevent HE.

High H, concentration
(interior of pipe)

entration gradient

Hj cono
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(exterior of pipe)

Figure 2: Overview of hydrogen diffusion

Many studies have investigated the potential for reusing existing natural gas pipelines for use with
100% hydrogen. For example, in the UK, most of the distribution network is made from PE, which is
considered hydrogen ready at lower pressures. For the UK’s transmission network, much of the steel
proportions are at grades considered suitable for hydrogen [35]. Around 11% of the transmission
pipelines are comprised of higher grade steel pipelines, considered less suitable to hydrogen use without
modification [35]. Several studies have investigated the potential for repurposing offshore oil and gas
pipelines for hydrogen use. In a study on the reuse of gas pipelines in the North Sea, Jeleniova [6]
identified that the majority of natural gas pipelines in the North Sea, built between 1980 and 2000 are
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built from steel grades, such as API 5L X52, which are considered suitable for hydrogen storage and
transport.

A pressure drop is required to ensure a flow of gas through the pipeline. Various elements affect the
magnitude of the pressure drop required, including the length and diameter of the pipe, as well as the
surface roughness of the pipe material. In a typical North Sea pipeline, it is estimated that the pipeline
experiences a pressure drop of 3-10 bar/100km, though higher values up to 25 bar/km are not considered
unusual [36]. Accordingly, hydrogen must be compressed to a suitable pipeline inlet pressure to ensure
efficient hydrogen transport. Most PEM technologies have an output pressure of approximately 35 bar
(though higher pressures may be achieved in future), which may be a sufficient pressure for pipeline
transport [6], though this will be highly dependent on pipeline diameter and distance to shore.
Otherwise, a compressor will be required post electrolysis to ensure hydrogen is at a sufficient pressure
for pipeline transport.

The intermittency of an offshore wind power supply to the electrolyser will cause variable hydrogen
production. Without some form of buffer hydrogen storage before the pipeline, this will cause
fluctuating flow of hydrogen along the pipeline. A fluctuating flow of hydrogen will cause changes in
pressures and flow rate, potentially impacting pipeline integrity.

A considerable body of research is dedicated to the transient flow of gases in pipelines. For example,
there are several studies on the transient operation scenarios that can occur in the pipeline systems for
a carbon capture and storage network [37], [38], [39]. Impacts of transient flow include that rapid
changes in pressure and flow can induce stress and fatigue in the pipeline material over time, impacting
pipeline integrity and potentially resulting in leaks or failures. Pipelines therefore need to be designed
to accommaodate these pressure fluctuations, ensuring the yield strength of the pipeline is not exceeded.

The impact of transient gas flow in hydrogen pipelines due to an intermittent energy supply is not
well investigated. Hydrogen can accelerate fatigue crack growth even at low pressure. Cyclic loading
of the pipeline due to variable supply and demand increases the potential and severity of fatigue crack
growth. Bouledroua et al. [40] showed that for an APl 5L X52 pipeline transporting a natural gas —
hydrogen blend, hydrogen embrittlement of the pipeline, together with the transient gas flow and
associated transient pressure values, increased the probability of failure of a cracked pipeline. Especially
for higher grade steels, lowering the cycle frequency and magnitude can improve the compatibility of
the pipeline with hydrogen [32].

For hydrogen production offshore from an intermittent wind resource, the design and material of
the pipeline must be able to accommodate fluctuating hydrogen flow. Buffer hydrogen storage could
be used to dampen the fluctuating nature of the hydrogen produced before transmission, ensuring a
smoother flow of hydrogen in the pipeline, and reducing the pipeline design requirements. This work
will outline a possible configuration for transporting hydrogen onshore in a pipeline, using buffer
storage to smooth the flow of hydrogen gas in the pipeline.

2.3 Electrical Storage

Electrical storage is required to provide an uninterruptable power supply (UPS) to the electrolyser
during no wind periods, or wind periods when loads will be below the minimum operating load of the
electrolyser. Electrical storage could also be sized to enable a constant supply of electricity to the
electrolyser, thereby enabling constant hydrogen supply to the pipeline. However, this would require a
large electrical storage system which may not be feasible offshore. Sizing electrical storage for the
system will be discussed further in section 3.

Most hydrogen production concepts rely on battery storage to provide an UPS to the electrolysers.
Lithium-ion and redox flow batteries are leading contenders for coupling with electrolyser stacks
offshore. Lithium-ion batteries are one of the most common and commercially mature technologies
available, offering high energy densities, relatively long cycle life and relatively fast charging
capabilities, making them suitable for deployment offshore.

Flow batteries, such as vanadium redox flow batteries, are a newer technology, offering a higher
battery cycle life than lithium-ion. This means that for a heavy cycling application, such as offshore
wind, they offer a longer lifespan than lithium-ion. Flow batteries have a lower power density than
lithium-ion, however they can deliver power for longer, an advantage for longer idle periods when the
wind is not blowing. However, flow batteries are currently more expensive, and take up more space —
a key consideration on an offshore platform [41]. A project by the European Marine Energy Centre
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(EMEC) on Orkney, Scotland, uses vanadium flow batteries to smooth the flow of energy from a tidal
turbine to an electrolyser, demonstrating the world’s first continuous hydrogen production from variable
renewable generation [42]. A similar concept could be used for hydrogen production from offshore
wind.

Several offshore wind to hydrogen concepts suggest hydrogen fuel cells as an alternative to battery
storage for providing backup power to the electrolyser [7], [18]. The amount of power, and power supply
duration that could be stored would be dependent on the accompanying hydrogen tank size. The lower
operational efficiency of a fuel cell (around 50-55%) versus battery technologies, may mean that
batteries are most suited to provide an UPS to the electrolyser.

2.4 Hydrogen Storage

Buffer hydrogen storage is required to smooth the flow of hydrogen gas along the export pipeline,
hence limiting the magnitude and frequency of cyclic stresses. Sizing buffer storage for the system will
be discussed in section 3. Hydrogen could be stored offshore in compressed gaseous hydrogen tanks
(CH>) or in liquid hydrogen tanks (LH>).

Hydrogen storage in liquid form is an expensive form of storage and necessitates the incorporation
of a heat exchanger, resulting in increased platform space requirement [43]. Moreover, this approach is
ill-suited for buffer storage preceding transportation via a pipeline, given the impracticality of
liquefying hydrogen only to revert it back to a gaseous state for pipeline transport.

The most suitable method for storing hydrogen offshore is as a compressed gas in a pressurised
vessel. Hydrogen should be stored at the pressure required for the inlet of the pipeline (30-100 bar), so
that no additional compression is required to achieve the pressure drop required across the pipeline [18].
Storing hydrogen at higher pressures in a buffer tank would enable larger amounts of hydrogen gas to
be stored for the same platform area, but would require more robust construction and stricter safety
measures, thereby increasing cost.

Several offshore wind to hydrogen concepts explore the feasibility of using geological storage
offshore to store hydrogen before transport onshore via pipeline. This includes a design study by
Tractebel Overdick GmbH [44] consisting of large scale offshore hydrogen production from OWF and
storage offshore in underground salt caverns. Salt caverns could provide a vast storage capacity, which
could optimise flow rates along the pipelines, and provide storage capacity to balance hydrogen supply
and demand. However, the geographic availability of suitable salt caverns is limited, and so it has not
been considered in this study.

2.5 Balance of Plant

For looking at the potential typologies for hydrogen production offshore, the other main
components of an offshore hydrogen production platform have been outlined below.

The electrical components of the system are the large floating OWF, the dynamic cables and array
cables, and offshore substation for AC to DC conversion. This connects to a platform containing the
PEM electrolyser. This paper gives an overview of components that are affected by an intermittent
offshore wind resource. The size, technologies and design used for the floating OWF, cables and
substation are out of the scope of this research and are not considered.

The offshore platform containing the electrolyser must also accommodate a desalination unit, as
water electrolysis requires high purity water, and freshwater access is an issue offshore. Seawater
desalination must be conducted in advance of the electrolyser. Reverse osmosis (RO) is an electrical
solution, most frequently identified for offshore deployment and integration with PEM technologies
[5], [6]. Hydrogen production costs are only slightly increased by the addition of seawater desalination
[19]. A PEM electrolyser allows a hydrogen purifier to be removed from the balance of plant thanks to
the hydrogen purity it achieves.

3. Proposed System

Based on a review of the impacted components, a proposed system for mitigating the impacts of
intermittency is proposed for producing hydrogen from a floating offshore wind farm (figure 3). This
system is for hydrogen production from offshore wind on a centralized offshore platform with electricity
being sent to the electrolyser via cable. It provides an initial look at how intermittency can be mitigated
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for offshore hydrogen production - future research will focus on exploring its technical and economic
feasibility.

3.1 Configuration

The system consists of a large floating wind farm, which transports electricity to an offshore
substation and then onto an offshore platform containing the PEM electrolyser and desalination unit. It
has a battery storage system located before the electrolyser, which can provide a current to the
electrolyser during no wind periods. A hydrogen storage tank is used as a buffer before transport
onshore in an export pipeline. The buffer tank ensures a smoother flow of hydrogen along the pipeline
and can ensure there is a sufficient pressure drop in the pipeline to allow for an optimal hydrogen flow
rate. Depending on the required inlet pressure of the pipeline, a hydrogen compressor may also be
required on the platform. Hydrogen is being sent onshore to a storage facility, and end use is out of the
scope of this research.

PEM Electrolyser Onshore
and Desalination

. T
1
oz.Hi

1

== Hydragen
= Electricity

Figure 3: Configuration of an offshore wind to hydrogen system with buffer storage to mitigate
intermittency

Due to its suitability to operation with a fluctuating power supply, and smaller footprint, PEM
electrolyser have been identified as the most suitable electrolysis technology for deployment offshore.
Steel is the likely material of choice for the hydrogen export pipeline, though the grade and design of
the material will be dependent on the required pipeline pressure. Identifying a suitable pipeline material
and design, as well as the potential of reusing existing offshore gas pipelines are future objectives of
this research.

3.2 Sizing Buffer Storage
Sizing the battery storage system, and hydrogen storage tank will be dependent on the specific wind

farm and available resource. Future work will initially focus on quantifying the impact of an intermittent

energy supply on a PEM electrolyser and hydrogen export pipeline for a case study that has no battery
storage or hydrogen storage to form a buffer. This will enable the storage requirement to be better
understood so that the storage systems can be sized accordingly.

For sizing the battery storage and hydrogen, the following must be taken into consideration:

e The battery should be sized to provide, at minimum, adequate power to meet all auxiliary power
requirements.

e The battery should be sized to provide a small current during idle periods, to prevent electrolyser
degradation, as outlined previously.

e The battery could be sized to enable continuous hydrogen production. This could reduce the buffer
hydrogen storage required, but the cost of a larger battery may be prohibitive.

e The hydrogen storage tank should be sized to smooth variations in the flow of hydrogen along the
pipeline.

e It can also be sized to balance differences in supply and demand. An offshore storage tank could
potentially balance day-to-day variations in supply and demand; however, seasonal balancing
would require a storage capacity beyond what would be possible on an offshore platform, without
including a form of geological storage.
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Through future work, quantifying the impacts of intermittency on the system, an optimum design
of the battery storage, hydrogen storage and hydrogen pipeline can be proposed to mitigate those
impacts.

4. CONCLUSION

Green hydrogen has significant potential as an energy storage medium and as a clean energy carrier
in many hard to decarbonize sectors. There is significant ongoing research on coupling offshore wind
with hydrogen production via electrolysis. For large offshore wind farms, located further from shore,
transporting energy onshore via hydrogen pipeline can be a more cost-effective solution in comparison
to electrical alternatives. This report discussed the impact of an intermittent wind resource on the
components and configuration of an offshore wind-to-hydrogen system. PEM electrolysers, frequently
identified as being best suited to integration with a variable power source, require a small current during
idle periods to prevent electrolyser degradation.

Variable hydrogen production from an intermittent offshore wind source leads to fluctuating
hydrogen flow in the export pipeline. The resulting pressure variations, combined with the potential
occurrence of hydrogen embrittlement can increase the potential and severity of fatigue crack growth,
thereby impacting pipeline integrity. A configuration is proposed for a floating wind farm, PEM
electrolyser, battery storage, and hydrogen storage tank, addressing the complexities of fluctuating
power supply and hydrogen flow in pipelines. In addition, careful selection of a steel grade for the
pipeline is recommended to prevent the likelihood of hydrogen embrittlement occurring. This report is
part of a larger research project, with future research aimed at quantifying the impact of intermittency
on each component and optimizing system design to mitigate these impacts.
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