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Abstract: With the current trends of wind energy already playing a major part in the Scottish energy
supply, the capacity of wind farms is predicted to grow exponentially and reach further depths
offshore. However, a key challenge that presents itself is the integration of large producing assets
into the current UK grid. One potential solution to this is green hydrogen production, which is
being heavily researched in industry, with many concepts being investigated for large-scale purposes.
However, the operations and maintenance (O&M) costs and availability of green hydrogen systems
need to be quantified to ensure economical and technical viability, which is sparse in the available
literature. The study presented in this paper investigated the availability and O&M costs of coupled
wind-hydrogen systems by attempting to quantify the failure rates, repair times, repair costs and
number of technicians required for key green hydrogen components. This study also utilised an O&M
model created by the University of Strathclyde, which uses Monte Carlo Markov chain simulations
to produce the O&M outputs. A number of assumptions were made throughout the study in relation
to the O&M model inputs, and the baseline availability for the coupled wind-hydrogen system
was 85.24%. Whilst the wind turbine still contributed a major part to the downtime seen in the
simulations, the combined hydrogen system also contributed a significant amount, a total of 37%,
which could have been due to the technology readiness levels of some the components included in
the hydrogen system.

Keywords: hydrogen; reliability; availability; failure rates

1. Introduction

Wind energy is playing a major role in the future energy supply, in particular offshore
wind, which is forecasted to increase exponentially in the upcoming decades. Wind power
has already become an important actor for the Scottish electricity network, which produced
a total of 27,762 GWh for the year 2022 [1]. Both onshore and offshore wind will be vital
for the decarbonisation targets that the Scottish government policy details, and the route
to market for these projects to supply electricity to the grid is already well established [2].
However, there is growing interest from the public and private sectors to explore the
potential of large-scale hydrogen production from offshore wind; this is highlighted in the
Offshore Renewable Energy Catapult (OREC) Offshore Wind and Hydrogen Report, which
states that up to 240 GW of offshore wind can be deployed in the UK for the purpose of
green hydrogen production [3].

There are numerous reasons why green hydrogen could complement offshore wind
during the energy transition, with one reason being to deal with the variability of the wind.
For the UK to achieve net zero emissions in 2050, a minimum of 75 GW of offshore wind
is likely required [3]. Integrating this high level of offshore wind into the UK electricity
network will be challenging due to the supply and demand nature of the grid. Therefore, by
generating green hydrogen at periods of curtailment, a new energy vector can be introduced
to the grid whilst removing the variability of wind [4,5]. On the other hand, green hydrogen
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can also be used to support the grid during periods of high demand and low renewable
supply, such as cold spells in winter with low wind [6].

Whilst offshore wind and hydrogen coupled systems are being explored at potential
Scotwind sites, a robust business case needs to be produced by wind farm developers
in order to ensure a successful final investment decision. One of the key inputs to this
business case would be O&M modelling to assess the viability and feasibility of the system
from an operational perspective. When considering O&M modelling, inputs such as failure
rates, repair times and repair costs are somewhat available in the current literature when
considering pure-play wind energy systems. However, similar inputs are yet to be explored
for coupled hydrogen systems. The aim of this study was to determine the required O&M
and availability inputs for a coupled offshore wind and hydrogen system. Inputs were
determined by a review of the past literature, synthesised with available data or other
structured techniques. Once suitable inputs were generated, an O&M model created at the
University of Strathclyde was utilised to determine the availability and O&M costs for a
given wind-hydrogen coupled system.

When discussing the feasibility of offshore hydrogen, it is usually discussed from the
perspective of capital costs and the stack efficiency of the electrolyser. The novelty of this
study was that the feasibility of hydrogen was examined from an O&M perspective for the
first time, detailing the impact on availability and overall O&M costs of a combined offshore
wind and hydrogen production system. This study also attempted to quantify failure rates,
repair times and repair costs for offshore hydrogen equipment, which is scarcely seen in the
current literature and was also considered novel in this study. The contents of this paper
are listed below:

*  Section 2 provides a brief review of existing data sources within hydrogen process safety;

*  Section 3 discusses the methodology used within this study, including the methodol-
ogy for determining the reliability inputs for the modelling;

*  Section 4 presents the O&M outputs obtained from the model;

*  Section 5 discusses the results seen from the O&M model whilst providing insight into
areas of future work;

¢ Section 6 concludes the work with key findings.

2. Review of Existing Data Sources

Currently, there are few data sources that provide sufficient information to competently
execute quantitative risk analysis. Below is a brief review of the current data sources that are
available for hydrogen process safety analysis that could potentially be used for hydrogen
O&M modelling:

*  H2Tools Lessons Learnt;

e  European Commission Hydrogen Incident and Safety Database;

* National Renewable Energy Laboratory (NREL) Composite Data Products (CDPs);
¢  Centre for Hydrogen Safety Failure Rate Database (CHS).

The Offshore and Onshore Reliability Data (OREDA) bank was also used in this study
as a data source and is described in brief below.

2.1. H2Tools Lessons Learnt

H2Tools Lessons Learnt is a publicly available database in which anonymous users
can submit safety events and near misses related to hydrogen [7]. The main purpose
of this database is to distribute lessons learned from previous hydrogen incidents in an
attempt to inform industry and prevent similar accidents from happening again. As of
September 2023, there were 223 reports that can be filtered from contributing factors,
such as design flaws or human error; consequences, such as property damage to loss of
life; equipment involved, such as piping, valves, storage and electrolyser; and probable
causes [8,9]. As such, the data collected on these events are mostly qualitative, in which
risks are associated with a particular hazard. Whilst this may be useful for high-level
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qualitative risk analysis, it does not provide enough information to produce meaningful
reliability data for quantitative risk analysis, and therefore, hydrogen O&M modelling.

2.2. Hydrogen Incident and Accident Database

The Hydrogen Incident and Accident Database was developed by the International
Association for Hydrogen Safety and is similar to H2Tools, in which anonymous users can
submit safety events and near misses related to hydrogen; the database is now maintained
by the European Commission Joint Research Commission [7]. As of September 2023,
the database contained 694 hydrogen incident and near miss reports, with events occurring
as far back as 1937. The data entry mostly covers the details and nature of the event,
the operating conditions at the time of the incident and the consequences of the incident;
this is similar to H2Tool but perhaps more descriptive in nature [10]. Again, whilst the data
collected on these events may be useful for high-level qualitative risk analysis, they do not
provide enough information to produce meaningful reliability data that are useable for this
study in the context of hydrogen O&M modelling. It should be noted that the reporting
to this database is quite infrequent, with only 15 events being reported in the years 2022
and 2023.

2.3. NREL Composite Data Products

NREL collects O&M data from 44 commercial hydrogen stations operating in the
USA, in which the data are aggregated across the multiple systems that make up the
fuelling stations and published twice a year as a composite data product [11]. Because of
the commercial nature of the hydrogen fuelling stations, some of the data produced are
proprietary and not available in the public domain. However, the CDPs that NREL have
produced are publicly available and are intended to guide and lead future research and
innovation in hydrogen technology [7]. The fuelling stations are under a contractual
obligation to report station O&M data to NREL, which is collected at regular intervals [7].
NREL collects a variety of data that ranges from fill performance to hydrogen quality,
but most pertinent to this study is the failure, repair and maintenance data that the CDP
produces. Whilst these data falls short of producing tangible failure rates for common
hydrogen system components, it does provide data of the repair times seen within the
system, which could be used for this analysis. Overall, the NREL CDPs have some useful
inputs when considering the study presented in this paper, but does not provide all the
inputs needed.

2.4. Centre for Hydrogen Safety Failure Rate Database

The Centre for Hydrogen Safety is currently developing a hydrogen equipment and
component failure rate database that is currently in the data collection phase [7]. The main
purpose of this database is to collect O&M data from private companies and formulate
failure rates specific to common components used in hydrogen production to enhance
quantitative risk analysis for hydrogen fuelling stations [12]. As of the present, the CHS
provides a data entry form for eligible hydrogen fuel station operators that they can submit;
the form contains data entry fields such as equipment type, downtime, loss mass and
failure mode [7]. However, at its current stage, the database is a long way from being
usable, but once it is operational, it will provide a significant step forward in hydrogen
quantitative data collection, and therefore, hydrogen O&M modelling.

2.5. OREDA

Due to the sparse nature of the hydrogen reliability literature at present, it is extremely
difficult to obtain or calculate failure rates and availability figures based on the past
literature. Therefore, an alternative method was used to estimate the failure rates for
hydrogen system components that cannot be found in literature. OREDA is a project
organisation with between 7 and 11 oil and gas companies that have been operational for
35 years [13]. The main purpose of OREDA is to provide a comprehensive data bank of
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reliability data collected on topside and subsea equipment used in offshore operations; it is
extremely useful for reliability data used in quantitative risk analysis. More specifically, it
can provide failure rates for common offshore components, like compressors, pumps and
valves; this can be used to synthesise failure rates for hydrogen systems by modelling them
as a series of these components. The fifth edition of the OREDA data bank was published
in 2015 and was used for this study.

Another data source that was used for this study was the guidelines for process
equipment reliability data handbook, which provides failure rates for common components
used in process and chemical systems [14]. Whilst similar to the OREDA bank in purpose,
it should be noted that only one edition of this handbook was published in 1989, rendering
it extremely outdated. Therefore, this handbook was used as a secondary source to the
OREDA bank, along with Perry’s Chemical Engineer Handbook, which can also provide
useful equipment reliability data [15].

3. Methodology
The methodology consisted of five key tasks considered within this study:

* A plant map of a representative coupled wind-hydrogen system was created based
on the literature;

*  O&M modelling inputs for the components described in the above task were deter-
mined;

¢ Where O&M modelling inputs were not available in the past literature, OREDA was
used to synthesise the inputs or other structured techniques similar to the methodology
used in [16] were utilised;

*  Generated inputs in the O&M model developed by the University of Strathclyde were
used to determine the baseline availability and O&M costs for the given coupled
wind-hydrogen system;

* A sensitivity analysis was conducted for the inputs with the highest uncertainty.

3.1. Hydrogen Plant Map

To conduct the O&M modelling for a given wind-hydrogen system, a plant map
needed to be created to define what system components were considered within this study.
To do this, various commercial projects were analysed to determine the system at the
component level. More specifically, the following projects were considered whilst being
complemented by the case studies presented in [17-19]:

e  Siemens Gamesa Brande;
e  ERM Dolphyn;
*  (Jrsted Gigastack.

Siemens Gamesa Brande has been in operation since 2021, where it produces green
hydrogen directly from an onshore wind farm to power taxis that operate within Copen-
hagen [20]. Whilst the size of the Brande hydrogen project is modest and is purely based
onshore, it provides an example and starting point of what components create a wind—
hydrogen system.

For a full description of the Brande project, the reader is referred to [20]. As can
be seen in Figure 1, the Brande hydrogen systems can be described in terms of three
main components: an electrolyser, compressor and storage tank. It should be noted that
currently, this setup uses an alkaline electrolyser, in which two electrodes operate in an
alkaline electrolyte solution to split the hydrogen from its oxygen counterpart. However,
the white paper produced by Siemens Gamesa states that proton exchange membrane
(PEM) electrolysers are the preferred method for producing offshore hydrogen, where
the two electrodes are separated by a gas-tight polymer membrane that allows positively
charged H ions to pass, but no electrons [20]. The reason for PEM electrolysis being the
preferred method is due to the efficiency and lifespan of the technology. However, alkaline
electrolysis is a relatively mature technology, which is why it is the most dominant method
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at present, but suffers from a relatively short lifespan due to the corrosive alkaline electrolyte
solution that it operates in [21]. A storage tank is utilised to store any hydrogen produced
from the alkaline electrolyser, with a compressor ensuring the hydrogen is the correct
pressure for the vessel. The final component of the system is the dispenser, which provides
a connection point to Brande’s commercial partner Everfuel to transfer the hydrogen from
storage to the trailer; by that point, Everfuel can distribute the hydrogen to numerous
fuelling stations located in Copenhagen. Clearly, a dispenser would not be a requirement
for offshore hydrogen production, and therefore, it was excluded from this study.

Two Converters within Turbine

Converter for Electrolyser
DC Input

H2 Storage (‘ ™
—[ Electrolyser H Compressor Tank / \

Key:

Electrical Connection
Purified Water Connection

[ Purified Water Supply ] " Hydrogen Connection

Figure 1. Siemens Gamesa Brande hydrogen system components.

However, arguably the most ambitious coupled offshore wind-hydrogen project
currently in development is ERM Dolphyn. Once in operation, it aims to provide 4 GW
of floating offshore wind via 400 10 MW turbines, which will be purely dedicated to
producing hydrogen [22]. Currently, the project is in scaled-down trials, with the aim of
design verification, and aims to be fully operational in the 2030s.

For a full description of the Dolphyn project, the reader is referred to [22]. The com-
ponents that make up the ERM Dolphyn project are seen in Figure 2. The system utilises
seawater as the water source required for PEM electrolysis. However, before this can be
used, the salt and other impurities need to be removed from the H,O via a desalination unit
(DSU). The DSU utilises reverse osmosis filters to purify the seawater, rendering it useful for
electrolysis [23]. This concept is based on a moored floating offshore substructure, where
the main components of the system will sit; however, an additional component will be the
export pipeline, which will also consist of a flexible riser [23]. It is also assumed that an
export compressor will be required for the pipeline subsystem to maintain the line pressure.
Finally, another major project within offshore wind-hydrogen systems is Gigastack, which
is a collaboration led by Orsted. For a full description of the Gigastack project, the reader
is referred to [24]. This project differs from the other two, as the hydrogen production is
conducted onshore at Humber refinery, whilst the wind power required for electrolysis
still remains offshore at Hornsea Two, which is the world’s largest offshore wind farm
to date [24]. Phase 2 was recently completed and has taken the feasibility stage concepts
through front-end engineering design for a 100 MW electrolyser system, which aims for
a production date of late 2025; the project is currently at the final investment decision
stage [24]. Whilst the key equipment, such as the electrolyser and storage tank, are still
included within the system, the desalination unit was removed, as a freshwater supply is
utilised instead. The system setup can be seen in Figure 3.

Considering the above three coupled wind-hydrogen systems, a plant map was gener-
ated to describe the components considered for this study, which can be seen in Figure 4.
It should be noted that offshore hydrogen production is preferred due to the apparent
cost savings and lower complexity [25,26]; therefore, offshore hydrogen production was
modelled, instead of offshore wind exporting to onshore hydrogen production, as shown
in the Gigastack project. A PEM fuel cell was added at the end of the system for home
consumption purposes.
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Overall, the system consisted of a desalination unit, electrolyser, export compressor,
storage tank and PEM fuel cell.
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Figure 2. ERM Dolphyn project system components.
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Figure 3. Gigastack project system components.
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Figure 4. Coupled wind-hydrogen system plant map.

3.2. O&M Model Inputs

For each component, the model requires the repair time, repair costs, number of
technicians and failure rate; this was further discretised to include minor repairs, major
repairs and major replacements. However, the literature is very sparse when it comes to
coupled wind-hydrogen systems in terms of the required inputs of the model; therefore,
some assumptions and other structured techniques were utilised, as described in the
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following sections. It should be noted that the O&M inputs for the wind turbine itself
were already obtained via the previous work of O&M researchers at the University of
Strathclyde [16,27-29]. The rating of the turbine was 3 MW and consisted of the following
components:

e  Generator;

e  Gearbox;

e  Converter;

e  Rest of the turbine;

It should be noted, however, that the converter input of the model also accounted
for the required converters for the hydrogen system, as well as the converters of the wind
turbine. Furthermore, each turbine component was broken down into different failure
classes: minor repair, major repair and major replacement. This was to done to give the
model more fidelity regarding the failure behaviour of turbine components. Therefore,
in an attempt to keep the fidelity high for the coupled wind-hydrogen system modelled
in this study, the hydrogen components were also broken down into the three failure
classes. The location of the wind farm was set to 50 km from the coastline of North-East
Scotland and consisted of 100 turbines, which was done in a similar study that looked into
the availability and O&M costs of different drive trains [27]. This could provide a useful
comparison between offshore wind farms with and without coupled hydrogen systems. It
should be noted that determining the number of technicians required to repair the hydrogen
system failures was extremely difficult due to the lack of literature. However, ref. [30] states
that for every MW of the wind-hydrogen system, 2 technicians should be assigned to the
repairs of the system. Since the system in this study was 3 MW, this study suggests that 6
technicians are required for the maintenance of the hydrogen system; this was used as the
value for the number of technicians in major replacements. Furthermore, according to the
good practices documents provided by the G+ Global Offshore Wind Health Organisation,
for offshore wind repair works, it was recommended that at least two technicians work
together at all times, especially when working from height [31]. Based on these two values,
the number of technicians required for the hydrogen system was determined for minor
repairs, major repairs and major replacements via interpolation; therefore, the number of
technicians input was kept the same for all hydrogen components.

It should also be noted that each component within the hydrogen system will consist
of instrumentation that ensures safe operation of the system. This could be, for example,
pressure and temperature gauges. Whilst this was considered for the storage tank, export
compressor and desalination unit components of the system, it was not considered for the
electrolyser and fuel cell due to the scarcity of data. Furthermore, it is believed that these
instrumentation sub-components will likely have a negligible impact on the failure rates,
and subsequently, the downtime on the components, and therefore, had a minimal impact
on the results presented within this paper.

3.2.1. Electrolyser

In terms of the electrolyser, values for failure rates were obtained from the literature
and extrapolation due to the sparse literature. Ref. [32] states that for a PEM electrolyser,
a major replacement in terms of the stack takes place every 85,000 h, which was confirmed
by [30,33]. Minor and major failure rates were then extrapolated by looking at the trends
of how other failure rates of turbine components increase with the severity of failure.
Historical failure data were obtained via the previous work of O&M researchers from
the University of Strathclyde, which are inclusive of gearbox, generator and converter
components of the turbine [34]. From the data obtained from wind turbine failures, it
was found that a minor repair failure was 5.4181 times more likely to occur than a major
replacement. Similarly for the major repair failure, it was found from the same dataset that
a major repair failure was 2.8555 more likely to occur than a major replacement.
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In terms of the repair costs, ref. [30] states that the cost of the electrolyser is expressed
as £263,351.9/MW, which is also similar to refs. [35-37]. Scaling up to to 3 MW, as per
the turbine used in this model, equated to a CAPEX cost of £790,053.57. Furthermore,
ref. [37] states that the repair cost of the PEM electrolyser for a major replacement would
cost approximately 32% of the CAPEX cost for a stack replacement. The costs for minor
and major repairs were then determined by looking at the trends of how other repair
costs of turbine components increase with the severity of failure, and the values were
extrapolated from this. It was found that the minor repair cost for the electrolyser costs
approximately 0.26% of the major replacement cost based on the same historical failure
dataset used to extrapolate the failure rates. Similarly, for the major repair cost of the
electrolyser, it was found from the same dataset that the major repair cost was 5.87% of the
major replacement cost.

The NREL CDPs were then used to obtain the repair times for the electrolyser [38].
The mean time to repair the compressor for all failures was five hours and was used to
quantify the time for the electrolyser major repairs. The times for minor and major replace-
ments were then determined by looking at the trends of how other repair times of turbine
components increase with the severity of failure, and the values were again extrapolated
from this. It was found that the minor repair time for the electrolyser took 26.94% of the
major repair time based on the same historical failure dataset used to extrapolate the failure
rates. Similarly, for the major replacement time of the electrolyser, it was found from the
same dataset that the major replacement time was 3.3342 greater than the major repair time.
Table 1 shows the O&M inputs for the electrolyser.

Table 1. O&M inputs for PEM electrolyser.

Input Minor Repair Major Repair Major Replacement
Failure rate 0.5580 0.2941 0.1030
Repair times (h) 1.3469 5 16.6708
Repair costs (£) 664.0430 14,852.6367 252,817.1424
Number of technicians 2.3542 2.9194 6

3.2.2. Desalination Unit

Due to the recent nature of green hydrogen in terms of technology, there is very little
in the literature regarding the desalination unit, especially when considering failure rates.
Therefore, the failure rates for this component were synthesised via OREDA. The desali-
nation unit was modelled as described in Figure 5 as a series of pumps, valves, tanks
and filters, which was based on the model produced in ref. [39]. The failure rate for each
sub-component was obtained by defining a failure mode as a minor repair, major repair or
major replacement. For example, a filter has a failure mode of blockage with a failure rate
of 0.0117384 per year [13]. Whilst this blockage is critical to the functioning of the filter, it
was classed as a minor repair, as it does not take long to correct this failure when taking
into account the whole system.

Tank [« Valve Valve
i

Filter
Tank _"

Filter
¥

Filter

——> Valve -»| Pump | Valve —»| Filter || Valve = Filter | Valve [~ Pump |

Inlet
Outlet

Figure 5. Sub-components of DSU.
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This system is then resolved to an average failure rate for minor repairs, major repairs
and major replacement by using Equation (1):

A=Y )

where lambda is the failure rate, n is the number of components in the system and i is the
failure rate for a specific component. Regarding the repair times for desalination units,
NREL CDPs provide repair times for key hydrogen-producing equipment inclusive of the
DSU [38]. The mean time to repair the DSU for all failures is three and a half hours, with the
25th and 75th percentiles occurring at three and four hours, respectively. The mean repair
time of three and a half hours was used as the major repair time.

To generate the minor repair and major replacement time, the trends of how other
repair times of turbine components increase with the severity of failure were examined,
and the values were extrapolated from this in a similar manner to that seen in Section 3.2.1.

In terms of the repair costs associated with the failures of a DSU, the Denmark Techni-
cal University published CAPEX cost equations for common offshore hydrogen equipment,
and has a useful cost function for the DSU, which can be seen in Equation (2) [40]:

CAPEXpgy = 30.6 x 1073V )

where V is the volumetric flow rate. The DSU is based on the reverse osmosis seawater
desalinator produced by Lenntech, similar to ref. [40]. Lenntech’s basic industrialised
reverse water desalination unit has a capacity of 300 m3/day of flowrate, and this was
used for this study [41]. This resulted in a capital cost of £765,000. It was assumed that
the repair cost of the DSU for a major replacement would cost the same as the CAPEX
cost, as a full replacement would be required. The costs for minor and major repairs were
then determined by looking at the trends of how other repair costs of turbine components
increase with the severity of failure, and the values were extrapolated from this in a similar
manner to that seen in Section 3.2.1. Table 2 shows the O&M inputs for the DSU.

Table 2. O&M inputs for desalination unit.

Input Minor Repair Major Repair Major Replacement
Failure rate 1.5245 0.8034 0.1143
Repair times (h) 0.9428 35 11.6696
Repair costs (£) 2009.3294 44,942.6292 765,000.0000
Number of technicians 2.3542 2.9194 6

3.2.3. Export Compressor

In terms of the export compressor, values for failure rates were obtained from the
OREDA bank [13]. Failure modes were again matched up to what quantifies as a minor
repair, major repair and major replacement. In terms of the repair costs, ref. [30] states that
the cost of the compression unit is expressed as £61,733/ MW. Therefore, to scale up to 3 MW,
as per the turbine used in this model, this equated to a CAPEX cost of £185,199. It was also
assumed that the repair cost of this compression unit for a major replacement would cost
the same as the CAPEX cost. The costs for minor and major repairs were then determined
by looking at the trends of how other repair costs of turbine components increase with
severity of failure, and the values were extrapolated from this in a similar manner to that
seen in Section 3.2.1. The NREL CDPs were again used to obtain the repair times for the
export compressor [38]. The mean time to repair the compressor for all failures is five hours
and was used to quantify the time for the compressor major repairs. The times for minor
and major replacements were then determined by looking at the trends of how other repair
times of turbine components increase with severity of failure, and the values were again
extrapolated from this. Table 3 shows the O&M inputs for the export compressor.
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Table 3. O&M inputs for export compressor.
Input Minor Repair Major Repair Major Replacement
Failure rate 0.7613 0.4480 0.1091
Repair times (h) 1.3469 5 16.6708
Repair costs (£) 486.4839 10,880.1699 185,199.1758
Number of technicians 2.3542 2.9194 6

3.2.4. Storage Tank

In terms of the storage tank, values for failure rates were obtained from the OREDA
bank [13]. Failure modes were again matched up to what quantifies as a minor repair,
major repair and major replacement. In terms of the repair costs, the US Department of
Energy performed a cost analysis of hydrogen storage and it stated that the cost of the
hydrogen storage tank is expressed as £310.23/kg [42]; this is also similar to the capital
cost of the storage tank presented in [19]. A basic assumption for this study was that a
storage tank of 1000 kg was implemented into the system for conservative purposes, which
resulted in a CAPEX cost of £310,230. As per the compressor and DSU, this CAPEX cost
was assumed to be the same as the major replacement cost. The same methodology was
used to obtain the repair costs for minor repairs, major repairs and major replacements, as
in the previous sections. The NREL CDPs were again used to obtain the repair times for the
storage tank [38]. The mean time to repair the storage tank for all failures is ten hours and
was used to quantify the time for the storage tank major repairs. The times for minor and
major replacements were again determined by looking at the trends of how other repair
times of turbine components increase with severity of failure, and the again extrapolated
from this in a similar manner to that seen in Section 3.2.1. Table 4 shows the O&M inputs
for the storage tank.

Table 4. O&M inputs for storage tank.

Input Minor Repair Major Repair Major Replacement
Failure rate 0.2935 0.0465 0.0412
Repair times (h) 2.6938 10 33.3417
Repair costs (£) 814.8422 18,225.5579 310,230.0000
Number of technicians 2.3542 2.9194 6

3.2.5. Fuel Cell

Ref. [43] states that PEM fuel cells and PEM electrolysers are two closely related
electrochemical devices having a similar structure, consisting of an anode, a cathode and a
membrane. Therefore, the assumption was that the PEM fuel cell failure rates, repair times
and repair costs are similar to those of a PEM electrolyser.

3.3. O&M Modelling

The O&M model utilised for this analysis was developed by the University of Strath-
clyde, as detailed in [28,29]. This model is a time-based simulation tool developed in [44],
and requires several O&M inputs that model the climate, component failures of the system
and lifetime costs to produce a number of useful O&M outputs. Modelling the climate
requires a historical weather dataset, which was obtained from the Federal Maritime and
Hydrographic Agency (FINO) dataset [45]. The model then simulates the wind speed
and significant wave height values over the user-defined lifetime using the FINO data
provided. For each time step of the simulation, the failure rates inputted by the user
dictates whether a component of the coupled wind-hydrogen system has failed. When
a failure occurs within a component defined by the user, repairs are carried out, which
are dependent on available resources and operational requirements (weather windows,
vessels, staff requirements, repair times, etc.). Once the operational shift for the day is
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simulated, the condition of the components within the wind farm is recorded in terms of
the availability and resources consumed; this is repeated until the user-specified lifetime
is reached, in other words, when the wind farm has reached the end of its life. From this,
the O&M outputs are generated, such as the contributions to downtime, contributions
to O&M costs, transport costs and average lifetime availability. This model was already
well established in a number of studies [27-29,34], which is the reasoning for choosing this
model; however, in the studies in which this model was used, only turbine components
were included in the analysis. To further highlight the novelty of this work, this study
included hydrogen system components in the O&M model, which had not been done
before in the previous literature.

3.4. Sensitivity Analysis

Within this analysis, numerous assumptions were made that could affect the uncer-
tainty associated with the results presented. Therefore, to assess how reliant the outputs
were on the inputs, a sensitivity analysis was conducted. As the majority of failure rates in
this study were synthesised and had no reference to empirical data, these were included in
the sensitivity analysis, as synthesised failure rates have greater uncertainty. The number
of technicians remained the same for each component due to the lack of available literature;
therefore, this was also included in the sensitivity analysis. Finally, the repair times were
also subjected to a sensitivity analysis for completeness. Each input that was included in
the sensitivity analysis was varied in a range from 50% to 150% to see the effect it had on
the lifetime average availability of the wind farm.

4. Results

Using the inputs generated in the previous section of the study, the availability, down-
time and O&M costs were obtained for this coupled wind-hydrogen system. A sensitivity
analysis was then conducted to determine the influence the repair times and failure rates
had on the availability and downtime of the system.

4.1. Baseline Model

The baseline model was simulated for 100 iterations to ensure convergence; however,
convergence was achieved at around 50 iterations, with a percentage change of less than
0.04%. Therefore, for future simulations, when considering the sensitivity analysis, the num-
ber of iterations was set to 50. Ref. [27] provides the availability, operation and maintenance
costs of offshore wind turbines with different drive train configurations, and is a useful
study to compare the difference between a normal offshore wind turbine and a coupled
wind-hydrogen system. The wind farm used in this study was 50 km offshore from the
coastline, and therefore, was compared with the 50 km study conducted in reference [27]. It
should be noted that in ref. [27], an average lifetime availability of 91.9% was obtained for
the wind farm operating at 50 km, whereas the coupled wind-hydrogen system modelled
in this study reached an availability of 85.24%. This drop in availability was expected, as
there were more components with significant failure rates and repair times. Availability
could be improved by increasing the number of technicians or vessel capacity during each
working shift, but this was considered out of the scope of this study. Furthermore, it should
be kept in mind that a significant proportion of failure rates were either synthesised or
based on engineering judgement, which means there was a greater degree of uncertainty
associated with these results. In terms of the contributions to downtime, ref. [27] states
that the largest contributing factor within this parameter was the “Rest of Turbine—Minor
Repair”, contributing 35.5% to the downtime of the wind farm. This somewhat agreed with
the study presented in this paper, in which the “Rest of Turbine—Minor Repair” category
was the largest contributing factor; however, this was reduced to 24.1% due to the inclusion
of the hydrogen components with significant failure rates.

A breakdown of the contributions to downtime can be seen in Figure 6. The main
contribution to the downtime, as seen in the coupled wind-hydrogen system modelled



Wind 2024, 4

146

in this study, was the “Rest of Turbine—Minor Repair” category, which was attributed to
24.1% of the downtime. However, it can also be seen that new hydrogen components that
were included in this system also contributed a significant proportion to the downtime
and were caused by major replacements. For example, the “Electrolyser—Major Replace-
ment” category was attributed to 4.7% of the downtime seen within the system; while this
was lower than the “Rest of Turbine—Minor Repair” category, it was still a large percentage
that contributed to the downtime via major replacements. Furthermore, it contributed more
to the downtime than the “Gearbox—Major Replacement” category, which is a component
that is notorious for downtime contributions and can adversely affect the availability of the
turbine [27].

DSU - Major Replacement, 5.1%
_Scheduled Maintenance, 4.6%

_ Remote Resets, 7.8%

DSU - Major Repair, 3.0% __

DSU - Minor Repair, 4.5% _ Generator Minor Repair, 2.0%

Generator Major Repair, 0.3%
Fuel Cell - Major Replacement, 4.7% __
Generator Major Replacement, 0.6%

_____ Converter Minor Repair, 2.3%
Converter Major Repair, 2.5%
- __Converter Major Replacement, 4.6%

Gearbox Minor Repair, 1.3%

- Gearbox Major Repair, 1.4%

—_Gearbox Major Replacment, 4.1%
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Fuel Cell - Minor Repair, 1.7% _
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Storage Tank - Major Replacement, 2.4%
Storage Tank - Major Repair, 0.5% __—
Storage Tank - Minor Repair, 1.0%_

Rest of Turbine Major Replacement, 0.9%

“._Rest of Turbine Minor Repair, 24.1%
Rest of Turbine Major Repair, 6.5%

Figure 6. Contributions to downtime.

The reason for the large contribution of downtime due to the electrolyser may be
that it is a relatively new technology. A PEM electrolyser is a new type of technology
that shows promise in the future of green hydrogen systems. However, as detailed in
the Net Zero Technology Centre Hydrogen Backbone Link Report [46], PEM electrolysers
score low in terms of the technology readiness level (TRL) when compared with other
proven technologies, such as alkaline electrolysers. This low TRL can determine the failure
modes and the failure rates of the PEM electrolyser, and therefore, increase the rate at
which it fails, and thereby, adversely affect the availability and contribution to downtime.
However, it should be considered that when the PEM electrolyser technology becomes more
frequently used with coupled wind-hydrogen systems, the failure rate will come down
accordingly due to lessons learned within the industry regarding maintenance methods for
PEM electrolysers. Similar conclusions could be made for the fuel cell and DSU components
of the hydrogen system, in which they contributed a significant proportion to the downtime,
which could be attributed to the technology readiness level of these components.

Figure 7 shows the contributions to downtime from only the hydrogen components,
which accounted for 37% of the total system downtime. It should be noted that Figure 7 does
not include the converters of the hydrogen system, as they were contained in the converter
input, which was also inclusive of the converters of the wind turbine. The reasoning for
this was that the key novelty of this study was the rest of the hydrogen system, in which the
electrolyser, fuel cell, storage tank, DSU and export compressor components had not been
applied to the Strathclyde O&M model before; therefore, the contribution to downtime of
these components were of key interest. As it can be seen in Figure 7, the DSU contributed
the most to the downtime in terms of the hydrogen components, totalling 34% when
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summing the minor repair, major repair and major replacement contributions. This was
followed by the electrolyser and fuel cell, which both contributed 20.7%. Therefore, it can
be said that components of concern when considering purely the hydrogen part of the
coupled wind-hydrogen system were the DSU, electrolyser and fuel cell, which, again,
could have been due to the technology readiness levels of these components.
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Figure 7. Contributions to downtime (hydrogen system only).

In terms of lifetime O&M costs, it can be seen in Figure 8 that the main contribution
came from the lost revenue, totalling 38%, which somewhat agreed with ref. [27], as that
study showed that the lost revenue contributed to 45% of the lifetime O&M costs for an
offshore wind farm located at 50 km from the coastline. However, the second-largest
contribution to lifetime O&M costs were the repair costs, which totalled 33%, as seen in
Figure 8, which was due to the increase in expensive components being used in the wind
farm when including the hydrogen system. Finally, the third largest cost was the transport
costs, which accounted for 25% of the total costs.

Repair Costs, 33% __
Y Lost Revenue, 38%
N

Technician Costs, 2%

Scheduled Maintenance Costs, 2%

Transport Costs, 25%

Figure 8. Contributions to lifetime O&M costs.
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A more detailed breakdown of the transport costs in terms of crew transfer vessels
(CTVs), fast support vessels (FSVs) and jack-up vessels can be seen in Figure 9. The largest
contribution to transport costs was the jack-up vessel at 50%, which was expected, as it
had the largest cost associated with the transport options and was only used for major
replacements that were pertinent to the wind turbine nacelle. It should be noted that for
all hydrogen component major replacements, it was decided that an FSV would suffice
for replacements, as the components were based on the bottom of the turbine, eliminating
the need for a jack-up vessel. Therefore, all failures in regard to the hydrogen part of the
system were either conducted by a CTV or FSV. When comparing the transport costs with
ref. [27], a slightly different breakdown was observed: the jack-up vessel was observed to
contribute 69% of the transport costs, whilst the CTVs contributed to 31%. In this study,
the jack-up vessel contributed to 50%, the FSVs contributed to 7% and the CTVs contributed
to 43% of the transport costs. As hinted earlier, the usage of CTVs and FSVs increased
when considering the implementation of the hydrogen system, whereas the jack-up vessel
remained the same. Therefore, the frequency at which CTVs and FSVs were deployed
increased, leading to a larger share of the transport costs.

/ﬁFSV, 7%

#

Jack-Up, 50% __—

. “_CTV, 43%

Figure 9. Contributions to transport costs.

4.2. Sensitivity Analysis

Due to the nature of how the inputs were obtained for this study, they had a degree of
uncertainty associated with them, in particular, the failure rates, repair time and number
of technicians inputs of the model. Therefore, in this subsection, the failure rates, repair
times and number of technicians were subject to a sensitivity analysis to try to quantify
the uncertainty surrounding these inputs. Each input was varied from 50% to 150% of
the baseline to see the effect it had on the average lifetime availability. The reasoning
for varying the inputs of the model in 10% increments from 50% to 150% was based on
similar methodologies seen in other O&M papers that considered the uncertainty of O&M
model inputs [27,47]. All O&M inputs that were subjected to the sensitivity analysis were
generated from Section 3 within this study.

4.2.1. Failure Rates

As described in Section 3.2, the majority of failure rates either came from synthesised
data or engineering judgement, which could affect the uncertainty of the failure rate. This
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was especially true for the desalination unit, as the related data were completely from
OREDA. The purpose of this sensitivity analysis was to see the effect that varying the
failure rates had on the availability of the site.

As it can be seen in Figure 10, when decreasing the failure rates of the hydrogen
components, the availability of the system increased, as expected, to a maximum of 89.78%.
However, when increasing the failure rates, the availability of the system dropped signifi-
cantly to a minimum of 69.87%. By varying the failure rates from 50% to 150%, there was a
percentage change of 19.91% seen in the availability of the system, which suggests that the
analysis conducted in this study was quite sensitive to the failure rate inputs.

Failure Rate Sensitivity Analysis
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Figure 10. Failure rate sensitivity analysis.

4.2.2. Repair Times

Similar to the failure rates, the majority of repair times came from the NREL CDPs,
in which the mean repair time for each piece of equipment was considered as the repair
time for a major replacement, and engineering judgement was used to determine the
minor repair and major replacement times based off of the NREL CDPs, which affected the
uncertainty of the repair times. The purpose of this sensitivity analysis was to see the effect
that varying the repair times had on the availability of the site. The results of the sensitivity
analysis can be seen in Figure 11.
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Figure 11. Repair time sensitivity analysis.
When decreasing the repair times of the hydrogen components, the availability of

the system increased, as expected, to a maximum of 87.25%. Furthermore, by increasing
the repair times, the availability of the system dropped slightly to a minimum of 78.32%.
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By varying the repair times from 50% to 150%, there was a percentage change of 8.93% seen
in the availability of the system, which suggests that the analysis conducted in this study
was more robust to the repair time inputs than the failure rates of the hydrogen system.

4.2.3. Number of Technicians

Finally, the number of technicians input was subjected to a sensitivity analysis, as it
was assumed that the number of technicians would stay constant for each hydrogen
component due to the lack of available literature. The purpose of this sensitivity analysis
was to see how much the number of technicians could change before seeing a noticeable
change in the availability. The results of the sensitivity analysis can be seen in Figure 12.
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Figure 12. Number of technicians sensitivity analysis.

When decreasing the number of technicians of the hydrogen components, the avail-
ability of the system increased, as expected, to a maximum of 87.05%. Furthermore,
by increasing the number of technicians, the availability of the system dropped slightly to a
minimum of 82.49%. By varying the number of technicians from 50% to 150%, there was a
percentage change of 4.56% seen in the availability of the system, which suggests that the
analysis conducted in this study was robust to the number of technicians input.

5. Discussion
5.1. Awailability

This study found that the coupled wind-hydrogen system modelled in this work had
an average lifetime availability of 85.24%. When compared with a similar wind farm that
was also located 50 km from the coastline, this resulted in an availability decrease of 6.66%,
which was expected, as more components were introduced to the system when considering
hydrogen. Possible ways to increase the availability of the coupled wind-hydrogen system
could be to improve the repair times for the hydrogen components whilst also improving
the mobilisation time of the FSV, which was set to 21 days after a review of ref. [29].

5.2. Contribution to Downtime

In terms of the contributions to downtime, the majority of downtime came from the
“Rest of Turbine—Minor Repair” category totalling 24.1% of the overall downtime. In
future, improved turbines or turbines from other manufacturers may have higher or lower
failure rates, resource requirements and repair types; therefore, there is a slight uncertainty
associated with this output [27]. However, it is interesting to note that some of the hydrogen
components included in this study contributed a large portion to the downtime, especially
the electrolyser, fuel cell and DSU. This was due to the technology readiness level of these
components being relatively immature. However, the contribution of downtime associated
with these components is expected to decrease as the technologies become more mature.
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5.3. Lifetime O&M Costs

In terms of lifetime O&M costs, the main contributor was lost revenue, which was
attributed to 38% of costs. The second-largest contributor were the repair costs, which could
have been due to the use of expensive hydrogen components that were relative immature in
terms of technology readiness level. However, it should be noted that the main contribution
to repair costs was scheduled maintenance at 88%. From a maintenance perspective, this
is favourable, as the majority of costs came from a preventative perspective instead of a
reactive one. The third-largest contributor was the transport costs, which equated to 25%,
and mainly comprised jack-up vessel costs. However, it was noted in this analysis that the
CTV and FSVs took up a greater proportion of the transport costs when compared with
ref. [27], which was due to the assumption that no hydrogen equipment required jack-up
vessels to repair failures.

5.4. Robustness of Inputs

The quality of the results are analysed in this section, discussing the limitations of
the study presented within this paper. The obvious limitation was that the failure rates
and repair times were based on data from a large variety of sources. However, due
to the limited literature of offshore hydrogen O&M modelling, many of these inputs
were determined based on synthesised data and engineering judgement. This inevitably
introduced a degree of uncertainty within the outputs produced by the Strathclyde O&M
model. However, this study should be seen as a starting point for further studies to build
upon the findings of this paper due to the novelty of the research area. It should also be
noted that the hydrogen repairs in this model were denoted as “CTV” and “FSV” repairs
due to the fact that the hydrogen-producing equipment would be at the base of the turbine.
Therefore, jack-up vessels were not considered for the hydrogen equipment. However,
O&M operators will have their own operating strategies for their assets; therefore, there is a
natural uncertainty surrounding the vessel type and resource requirements for each failure
observed in this study. Furthermore, it was assumed within the model that a corrective
and preventative O&M strategy was employed to dictate how and when a failure should
be repaired. With the advent of predictive and condition-based maintenance strategies,
this could provide a useful means to improve hydrogen system availability. A sensitivity
analysis was conducted in this study to determine the uncertainty associated with the failure
rate, repair times and number of technicians inputs of the O&M model. It was shown
that the failure rate inputs were the most sensitive inputs for the analysis; therefore, these
inputs will be a priority to be refined in future studies to achieve a model of greater fidelity.
However, the analysis was found to be robust to the number of technicians input; therefore,
it can be said that the study was less dependent on the number of technicians input.

5.5. Future Work

There are a few areas of future work that could assist in the deficiencies within this
study and provide useful input for the wind-hydrogen research area. First, it is proposed
that expert elicitation is utilised to generate more precise failure rates and subsequent repair
times for offshore hydrogen systems. This is where data of the opinions of industry experts
on a subject are synthesised when there is uncertainty due to a lack of knowledge, or when
such data are unavailable to the public domain. This study proposes that elicitation should
be conducted in a similar methodology to [48] based on industry experts from onshore
hydrogen operations and offshore wind and oil and gas O&M, as due to the relevant
expertise in the area, they would be the most appropriate to synthesise the failure rates and
repair times of offshore hydrogen components.

Furthermore, this study would benefit from operational data produced by these
coupled wind-hydrogen systems. If any work orders were available to this study from
O&M operators, a similar methodology used in ref. [34] could be utilised to determine
the necessary failure rates, repair times and repair costs based on empirical operational
data, which would greatly reduce the uncertainty associated with these inputs. It should be
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appreciated that there is no commercial offshore wind-hydrogen system as of yet, as most
projects are in a trial phase, producing mere kilowatts; therefore, a potential scope of work
could be to work with such operators when they reach commercial stages.

Whilst a variety of hydrogen system components were analysed within this study, it
should be noted that the electrolyser component of the system did not include the electrical
sub-components (transformer, DC system, etc.). Whilst the intention of this study was
to give a starting point for offshore O&M modelling, these components will have failure
rates and associated repair costs, which can be quite significant. Therefore, a future area of
work is a more detailed analysis of the sub-components and failure rates of the electrolyser,
with a focus on the electrical sub-components, as detailed previously.

6. Conclusions

This study provided a reasonable starting point for the O&M modelling of offshore
wind-hydrogen systems. A literature review was conducted at the start of the study
to review potential data sources and model inputs, which concluded that existing data
sources were too generic for quantitative risk analysis and that useful inputs to the O&M
model were very sparse. A hydrogen plant map was then created after a review of the
current offshore wind-hydrogen systems in development, including Siemens Brande, ERM
Dolphyn and Qrsted Gigastack. This resulted in the following components being included
in the modelled system:

e  Desalination unit;

¢ Electrolyser;

e  Export compressor;
e  Storage tank;

*  Fuel cell.

The inputs for each component were determined by the literature, synthesis or engi-
neering judgement. When all failure rate, repair time and repair cost inputs were obtained
for each component, they were inputted into the O&M model developed by the University
of Strathclyde, along with other inputs representative of a wind farm consisting of 100 tur-
bines rated at 3 MW each. The average lifetime availability of the offshore wind-hydrogen
system was 85.24%, which was a drop in availability when compared with similar studies
of wind farm O&M modelling. The main contribution to the downtime was the “Rest of
Turbine—Minor Repair”, although in terms of the hydrogen system, the “Electrolyser—
Major Replacement”, “DSU—Major Replacement” and “Fuel Cell—Major Replacement”
categories contributed greatly to the downtime, surpassing the “Gearbox—Major Replace-
ment” category. This could be explained by the infancy of the PEM electrolyser technology.
In terms of the lifetime O&M costs, the main contributor to this was lost revenue, which
totalled 38%, whereas the transport costs, which equated to 25%, mainly comprised the
jack-up vessel costs. However, it was noted in this analysis that the CTVs and FSVs took a
greater proportion of the transport costs when compared with similar studies, which was
due to the assumption that no hydrogen equipment required jack-up vessels to repair fail-
ures in this study. Finally, the main contribution to repair costs was scheduled maintenance
at 88%, which was ideal from a maintenance perspective, as the majority of costs came
from a preventative perspective instead of a reactive one.

To summarise the work that was conducted by the authors of this paper, key O&M
inputs, such as failure rates, repair times and repair costs, were discovered, synthesised and
presented in this paper for hydrogen system components, which had not been attempted
in the previous literature. O&M outputs, such as contributions to downtime, lifetime
availability, contributions to O&M costs and transport costs, were also produced for a
wind farm that was coupled with a hydrogen system, which, again, was not present in the
literature. In terms of final remarks, it was shown that a coupled wind-hydrogen system
could be feasible, as shown in this study; however, more accurate inputs are required to
reduce the uncertainty associated with the O&M model.
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