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Abstract

The escalating demand for green hydrogen as a sustainable energy carrier has sparked significant inter-
estin offshore wind-to-hydrogen systems, which hold the promise of expediting the transition towards re-
newable energy sources. The objective of this research is to provide insight in the techno-economic fea-
sibility of semi-centralised electrolysis in an offshore wind farm. The semi-centralised offshore wind-to-
hydrogen configuration will be compared with centralised and decentralised offshore wind-to-hydrogen
to potentially reduce the levelised cost of hydrogen (LCOH) in future wind-to-hydrogen production de-
signs.

This research was conducted in collaboration with Vattenfall, a leading player in offshore wind en-
ergy within Europe, who recognizes the potential of green hydrogen as a key driver in the ongoing
energy transition. Vattenfall provided access to an in-house wind farm layout optimisation model to
create optimised wind farm layouts as well as site specific data for the case study. This model and data
allowed a narrowed focus on the hydrogen aspects of the wind-to-hydrogen configurations.

The technical examination explores crucial elements such as the conversion of wind energy into
hydrogen through electrolysis, hydrogen transmission and variances in offshore substations and hy-
drogen wind turbines, to understand the technical differences between the different offshore wind-to-
hydrogen configurations. Additionally, by analysing the hydrogen production process and comparing
the scale of hydrogen production in offshore substations or hydrogen wind turbines, the study exhibits
the technical feasibility of a wind-to-hydrogen farm with numerous semi-centralised monopile hydro-
gen substations in comparison with wind-to-hydrogen farms consisting of a single centralised jacket
hydrogen substation or decentralised hydrogen wind turbines.

To enable a quantitative comparison of the different offshore wind-to-hydrogen setups in the eco-
nomic analysis, the LCOH for each configuration was modelled. This process involved creating wind
farm layouts and calculating the associated cost for a variety of offshore substations using Vattenfall’s
optimisation model. Moreover, aspects such as hydrogen production, the dimensions and cost of hy-
drogen pipelines, and the weight and expense of offshore hydrogen facilities were modelled to estimate
the costs associated with hydrogen production and transmission for each configuration.

In the economic analysis, a detailed case study is conducted. The research investigates cost drivers,
including wind farm expenses, hydrogen substation investments, and energy transmission infrastruc-
ture costs. The results reveal the economic viability of the semi-centralised configuration. The findings
highlight the importance of considering monopile load capacity and substructure costs in determining
the optimal number of hydrogen substations for semi-centralised configurations. However, the decen-
tralised configuration exhibits a 5% lower LCOH compared to the centralised and semi-centralised
configurations due to the lack of additional substructures and high voltage electrical equipment.

In conclusion, this research contributes comprehensive insights into the techno-economic feasibility
of semi-centralised offshore wind-to-hydrogen configurations. The findings highlight the potential of
semi-centralised configurations and call for further research and optimisations. Unlocking the potential
of semi-centralised offshore wind-to-hydrogen configurations can drive the transition toward sustainable
and renewable energy sources.
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Introduction

This chapter provides an introduction to the research topic. Section 1.1 presents a summary of the
relevant background information, highlighting the recent surge of interest in offshore wind-to-hydrogen
farms. Section 1.2 gives an overview of existing offshore wind-to-hydrogen farms, while Section 1.3
presents the problem analysis. In Section 1.4, the research objective and research questions are
outlined. The methodology for addressing these research questions is detailed in Section 1.6. Lastly,
Section 1.7 offers an overview of the report’s layout and division.

1.1. Background

The surging demand for green hydrogen derives from its potential to facilitate the transition towards
renewable energy sources [40]. When produced with renewable energy, hydrogen is a highly promising
energy carrier, with the capacity to reduce carbon emissions in energy-intensive industries such as steel
production, and to be used in energy storage and heavy transportation applications [33][75]. There are
various methods for producing green hydrogen. Among these approaches, electrolysis of water is
considered the most promising method [25]. In this method, electrolysers are employed to split water
molecules into hydrogen and oxygen, using an electric current. If the electrical current is sourced
from a renewable energy source, the resulting hydrogen is considered green hydrogen. At present,
the production of green hydrogen is in its initial stages, with extensive research being conducted on
large-scale green hydrogen projects [90][71][17].

The production of green hydrogen can be achieved using various renewable energy sources, includ-
ing wind, solar, and hydro. European governments and industry are specifically focusing on offshore
wind as a strategic choice for scaling up hydrogen production in Europe [20]. Several reasons con-
tribute to this choice:

* The next generation of offshore wind projects is expected to encounter limited interconnection
points and projected grid constraints. Consequently, these projects are well-suited for dedicated
hydrogen production.

» Offshore wind farms are increasingly being located at far-offshore sites, making the utilization of
a hydrogen pipeline infrastructure more feasible and cost-effective than deploying long-distance
electrical infrastructure. This approach shows promise in reducing the expenses associated with
transmitting energy over long distances [64].

» The interconnection of multiple offshore wind hydrogen projects presents the opportunity to es-
tablish offshore hydrogen production hubs with a capacity of several gigawatts. This intercon-
nection also enables the utilization of a hydrogen backbone infrastructure, which optimises the
transmission of energy over long distances. By establishing these hubs and implementing a ro-
bust hydrogen backbone infrastructure, the efficiency and effectiveness of long-distance energy
transmission can be enhanced for offshore hydrogen production [32].

» Offshore wind shows a higher capacity factor compared to other renewable energy sources [20].
A high capacity factor specifically indicates a more efficient utilization of the installed capacity,
resulting in a more consistent and sustained supply of electricity for electrolysis and hydrogen
production.
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» Many industries and facilities that can make use of hydrogen, such as refineries, the metal indus-
try, marine transport, and export/import facilities, are predominantly located on the coast, in close
proximity to offshore wind farm sites [20].

Offshore wind-to-hydrogen is the term used to describe the production of hydrogen through the
utilization of offshore wind as a renewable energy source. In order to compete effectively with other
green hydrogen production methods, it is imperative for offshore wind-to-hydrogen projects to priori-
tize the optimisation of production processes and achieve cost reductions in electricity generation and
hydrogen production. The configuration of wind-to-hydrogen systems plays a critical role in achieving
these objectives. Therefore, the primary aim of this research is to explore different offshore wind-to-
hydrogen configurations for the generation of green hydrogen to significantly reduce production costs
and enhance competitiveness with other green hydrogen projects by the year 2030.

This thesis was conducted in collaboration with Vattenfall, a leading player in offshore wind energy
within Europe [85]. Vattenfall has a strong interest in future offshore wind-to-hydrogen farms, as they
recognize the potential of green hydrogen as a key driver in the ongoing energy transition [84].

1.2. Offshore wind-to-hydrogen configurations

The production of green hydrogen using offshore wind energy can be accomplished through different
wind-to-hydrogen configurations, which are determined by the placement of the electrolysers. These
configurations can be categorized as either onshore or offshore, based on the location of the electroly-
sers. The distinction between onshore and offshore wind-to-hydrogen configurations has been studied
and discussed in various sources [17], [71], [90], and [24].

In the onshore wind-to-hydrogen configuration, offshore wind energy is transmitted through electri-
cal cables to the shore, where the electricity is utilized by an electrolyser to produce hydrogen onshore.
In the offshore wind-to-hydrogen configuration, the electrolysers are placed within the wind farm and
the hydrogen is produced offshore and transmitted via hydrogen pipelines to shore.

Prior research has demonstrated the potential advantages of offshore wind-to-hydrogen configu-
rations in comparison to onshore wind-to-hydrogen configurations. This is primarily attributed to the
absence of costly high voltage direct current transmission infrastructure required for onshore systems,
particularly when the distance to shore increases [90]. As a result, this study will specifically concentrate
on exploring offshore wind-to-hydrogen configurations as the preferred approach.

Current literature presents two distinct offshore wind-to-hydrogen configurations: centralised off-
shore wind-to-hydrogen, and decentralised offshore wind-to-hydrogen [17][71][90][24]. In the cen-
tralised offshore wind-to-hydrogen configuration, a large-scale centralised offshore electrolysis location,
known as an offshore hydrogen substation, is established at a single location within the offshore wind
farm. At this substation, hydrogen is produced where after transported via a hydrogen pipeline to the
mainland. In the decentralised offshore wind-to-hydrogen configuration, each individual offshore wind
turbine incorporates its own dedicated electrolysis system and related components, all situated on an
additional wind turbine platform. This combined setup is commonly referred to as a hydrogen wind
turbine. Subsequently, the produced hydrogen is transported to the shore through pipelines. The two
offshore wind-to-hydrogen configurations currently reviewed in literature are depicted in Figure 1.1 and
Figure 1.2. In this report, the term "offshore hydrogen facility” (OHF) is used to collectively refer to the
hydrogen substation and hydrogen wind turbine.
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Figure 1.1: Schematic overview of centralised electrolysis in an offshore wind-to-hydrogen farm [58].

Figure 1.2: Schematic overview of decentralised electrolysis in an offshore wind-to-hydrogen farm [58].

Both offshore centralised and decentralised offshore wind-to-hydrogen have their advantages and
disadvantages as stated in literature [71][39]. The main advantage of decentralised hydrogen produc-
tion is the lack of both high voltage electrical equipment and an electrical inter-array cable infrastructure.
The main advantage of centralised hydrogen production is economy of scale for the hydrogen produc-
tion station compared to small scale electrolysis systems for every turbine in a wind farm.

To overcome the disadvantages and both advantages, semi-centralised electrolysis could be a solu-
tion. A high level overview of the semi-centralised configuration is shown in Figure 1.3. In an offshore
wind farm, multiple electrolyser facilities called Semi-centralised offshore hydrogen substations, are
connected to a cluster of wind turbines. This could possibly decrease the electrical cable length and
still uses the economy of scale concerning the electrolysis similar to the centralised configuration. Fur-
thermore, the expenses related to the transportation and installation of large-scale centralised hydro-
gen substations can be reduced by adopting a different approach. By constructing smaller hydrogen
substations on the same foundation as the wind turbines, cost can reductions can be achieved. The
synergistic utilization of the wind turbine substructure and the substructure of the substations, has the
potential to reduce the expenses involved in offshore hydrogen substations.
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Figure 1.3: Schematic overview of semi-centralised electrolysis in an offshore wind-to-hydrogen farm [58].

In this study, an offshore wind-to-hydrogen configuration is defined as Semi-centralised when the
number of hydrogen offshore substations ranges from two to half the total number of wind turbines within
a wind farm. Conversely, the centralised offshore wind-to-hydrogen configuration encompasses a sin-
gular central hydrogen substation, whereas the decentralised wind-to-hydrogen configuration omits
any hydrogen substations, given that the electrolysers are located at the wind turbines on the same
platform. The quantity of hydrogen substations serves as a crucial factor in determining the techno-
economic viability of offshore wind-to-hydrogen configurations. The hydrogen production unit capacity
of decentralised, semi-centralised and centralised offshore hydrogen substations ranges roughly be-
tween 5-20MW, 30-600MW and 600+MW.

1.3. Problem analysis

The primary issue to be addressed concerns identifying the most viable offshore wind-to-hydrogen
configuration for green hydrogen production from offshore wind energy, considering both technical and
economic feasibility. Although existing literature provides both technical and economical insights into
decentralised and centralised electrolysis [71] [39], a notable knowledge gap exists with respect to
semi-centralised electrolysis configurations, as outlined in section 1.2. Consequently, the main chal-
lenges involve making configuration-specific assumptions regarding the costs and technical possibili-
ties of offshore wind-to-hydrogen. Moreover, the limited information on offshore hydrogen transmission
infrastructure poses an additional challenge. As a result, there is a scientific gap concerning the techno-
economic analysis of the semi-centralised offshore wind-to-hydrogen configuration and its comparison
with the centralised and decentralised offshore wind-to-hydrogen configurations.

1.4. Research objective

The objective of this research is to provide an insight in the techno-economic feasibility of semi-centralised
electrolysis in an offshore wind farm. The semi-centralised offshore wind-to-hydrogen configuration will
be compared with the centralised and decentralised offshore wind-to-hydrogen configurations to poten-
tially reduce the levelised cost of hydrogen (LCOH) in future wind-to-hydrogen production designs. This



1.5. Scope of research 5

research will address the techno-economic research gap regarding semi-centralised offshore wind-to-
hydrogen electrolysis, as identified in section 1.3. Additionally, this study may contribute to the future
design of offshore wind-to-hydrogen farm configurations. The main research question, formulated to
achieve the research objective, is stated as follows:

What is the techno-economic feasibility of the semi-centralised offshore wind-to-hydrogen con-
figuration compared with the centralised and decentralised offshore wind-to-hydrogen config-
urations?

To address the main research question, the following sub-questions have been formulated. These sub-
questions will guide the research process and provide a structured approach to analyse the techno-
economic feasibility of different offshore wind-to-hydrogen configurations.

1. What are the key technical differences between the centralised, decentralised, and semi-centralised
offshore hydrogen production configurations?

2. How do the energy conversion efficiency, hydrogen transmission and electrical cable infrastruc-
ture differ among these configurations?

3. What are the primary cost and performance drivers for each configuration, considering capital
expenditures (CAPEX) and total hydrogen production?

4. What determines the optimum number of semi-centralised offshore hydrogen substations in an
offshore wind-to-hydrogen farm?

5. How do the levelised cost of hydrogen compare among these configurations?

1.5. Scope of research

This research aims to compare various offshore wind-to-hydrogen configurations by analysing opti-
mised wind farm layouts with distinct numbers of hydrogen substations. The optimisation of wind farm
layouts is within the scope of this research due to the availability of the in-house Vattenfall model.

The offshore wind-to-hydrogen configurations in this study are all hydrogen production systems.
The electricity generated will be utilized exclusively for hydrogen production and will not be connected
to the grid. Consequently, hydrogen is the only output of all wind-to-hydrogen configurations discussed
in this research. All hydrogen production systems eliminate the need for electrical infrastructure and
do not require additional grid capacity due to the absence of grid connection.

The offshore wind-to-hydrogen configuration boundary of this research is the hydrogen pipeline
connection between an offshore hydrogen facility and an offshore hydrogen backbone pipeline from
the hydrogen grid operator.

To limit the scope of this research, the findings will be based on a singular case study. For this case
study, a representative wind farm site will be chosen in collaboration with Vattenfall, and the necessary
specifications regarding site conditions will be supplied by Vattenfall.

With respect to wind turbine foundation structures, only monopiles will be considered. Monopiles
are extensively employed in offshore wind turbine designs, particularly in the relatively shallow waters
of the North Sea. Additionally, the monopile structure will serve as the foundation for the hydrogen
substation design, resulting in increased synergy in the overall design.

1.6. Methodology

As described in Section 1.4, the primary objective of this project is to conduct a techno-economic anal-
ysis of semi-centralised electrolysis in an offshore wind farm, incorporating a comparison between
centralised and decentralised offshore wind-to-hydrogen. In order to accomplish this objective, a com-
prehensive technical analysis encompassing centralised, semi-centralised, and decentralised offshore
wind-to-hydrogen is carried out. This entails providing a detailed description of the technology and
components involved in the offshore electrolysis, as well as a technical comparison of the offshore
wind-to-hydrogen configurations.

For the economic analysis, financial metrics are outlined to assess the economic viability of the
offshore wind-to-hydrogen configurations. In order to acquire the necessary variables for conducting
the economic analysis and calculating financial metrics, a combination of existing in-house Vattenfall
models and newly developed models is utilized. The optimised wind farm layouts and associated cost,
are derived from an in-house Vattenfall model, which optimises substation placement, wind turbine
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placement, and cable routing to achieve the lowest possible levelized cost of electricity. The hydrogen
production, hydrogen pipeline sizing, and associated costs are modeled and described. Lastly, a case
study is conducted in which the existing and developed models are applied to a specific case. In
addition, a sensitivity analysis is performed to assess the influence of the assumptions made on the
results. This analysis allows for the identification of key assumptions that have a significant impact on
the conclusions or recommendations derived from this research. An overview of the research activities
is presented below.

Technical description

1. System description: Describe the working principles of offshore wind-to-hydrogen production.
This includes an elaboration of the centralised, Semi-centralised and decentralised offshore wind-
to-hydrogen configurations.

2. System components: Outline the technical aspects and type of the components selected for the
offshore wind-to-hydrogen configurations.

Modeling

3. Model overview description: Describe the models necessary to compare the different offshore
wind-to-hydrogen configurations.

4. Hydrogen production modeling: Model Hydrogen production, based on wind farm power curve,
efficiencies and degradation’s.

5. Hydrogen pipeline sizing: Model the hydrogen pipeline dimensions and cost.
6. Hydrogen offshore substation modeling: Mass and cost modeling of hydrogen substations.

Case study

7. Case description: Describe the selected case and elaborate why this case is representative for
this project. This includes a selection of the capacity of different components of an offshore wind-
to-hydrogen farm to meet the requirements of the case study.

8. Wind farm layout creation: Create the wind hydrogen layouts for the different offshore wind-to-
hydrogen configurations. This relates to wind turbine placement, hydrogen substation placement
and electrical cable and hydrogen pipeline infrastructure layout design.

9. Preliminary optimisation: Optimise a set of input parameters in the wind-to-hydrogen farm to
achieve the lowest LCOH for each individual configuration.

10. Semi-centralised configuration selection: Select a semi-centralised configuration for the compar-
ison with the centralised and decentralised wind-to-hydrogen configurations.

11. Wind-to-hydrogen configuration comparison: Compare the different wind-to-hydrogen configura-
tions and evaluate the final results.

12. Sensitivity analysis: Assess the influence of different cost components on the techno-economical
optimisation problem to identify the main factors and thus main cost and technical drivers of an
offshore wind-to-hydrogen design.

1.7. Report layout

The purpose of this section is to present a comprehensive outline of the various segments within the
report. Initially, the report offers a technical examination of offshore electrolysis driven by wind en-
ergy. This is achieved by delineating the distinct offshore wind-to-hydrogen configurations in Chapter
2. Subsequently, Chapter 3 elaborates on the hydrogen components of the offshore wind-to-hydrogen
configurations.

Furthermore, the report encompasses an overview of the models utilized for the techno-economic
assessment of the different offshore wind-to-hydrogen configurations. Chapter 4 provides an overview
of the existing and new develop and elaborates on the workflow between the different models as well
as an explanation of the financial metric employed to gauge the techno-economic performance of these
configurations. Following this, Chapter 5 delves into the hydrogen production model, offering insights
into the electrolysis process. Chapter 6 elucidates the pipeline sizing and cost model, while Chapter 7
expounds upon the mass and cost modeling pertaining to the offshore hydrogen facilities.
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Hereafter, a case study is executed in Chapter 8, where the previously mentioned models are ap-
plied to analyse and compare the techno-economic viability of the various offshore wind-to-hydrogen
configurations. Additionally, in the case study chapter, a sensitivity analysis is undertaken to investi-
gate the influence of different assumptions made, aiming to identify the primary drivers concerning the
techno-economic feasibility of the distinct offshore wind-to-hydrogen configurations. Furthermore, the
case study chapter includes a discussion section to elaborate on the obtained results.

Finally, Chapter 9 provides the conclusion based on the key findings of this study, where after
Chapter 10 offers recommendations for future work.



System configurations

The configuration type of an all-hydrogen offshore wind-hydrogen farm is determined by the placement
of the electrolysers as stated in section 1.2. However, not only the electrolyser placement differs per
configuration. Therefore, the goal of this chapter is to describe the working principle of the three sys-
tem configurations and elaborate on the similarities and differences per configuration. This is done
by first explaining the general working principle of offshore wind to hydrogen electrolysis. Hereafter,
centralised offshore wind-to-hydrogen is discussed in section 2.2. This is followed by an elaboration of
decentralised offshore wind-to-hydrogen in section 2.3 and semi-centralised offshore wind-to-hydrogen
is discussed in section 2.4. Finally, Section 2.5 qualitatively compares the three offshore wind-to-
hydrogen configurations.

2.1. Offshore wind-to-hydrogen system overview

To produce green hydrogen with electrolysis powered by offshore wind energy, several general steps
need to be taken. These steps outline the general process of offshore electrolysis which enables the
production of green hydrogen using offshore wind energy. The general steps involved in the process
are elaborated as follows:

Electricity generation: Offshore wind turbines convert the kinetic energy of wind into mechanical
energy by utilizing rotating blades. This mechanical motion drives a generator, which generates
alternating current (AC) electrical power as an output.

Power transformation: When the power needs to be transmitted over longer distances, the elec-
trical power generated by offshore wind turbines is transformed into high voltage AC power. This
involves feeding the low-voltage AC power into power transformers, which step up the voltage
to a higher level for efficient long-distance transmission. Additionally, when the high-voltage AC
power reaches the offshore hydrogen substation, a step-down transformer is utilized to reduce
the voltage to the required level for electrolysis.

Electricity Transmission: The electricity generated by offshore wind turbines is transmitted to the
offshore electrolysers using inter-array cables with a specific voltage and current depending on
the distance and capacity of transmission.

» Power Conversion: The power generated by wind turbines is typically in the form of AC power.
However, electrolysis processes require direct current (DC) power. As a result, a converter is
required to transform the AC power into DC power for efficient operation. This converter facilitates
the conversion of the electrical energy from the wind turbines, allowing it to be used effectively in
the electrolysis process.

Water treatment: For offshore electrolysis, desalinated and deionized water is required. There-
fore, seawater undergoes a desalination and deionization process to remove impurities like salts
and minerals, such as reverse osmosis to obtain purified water, ensuring the required quality for
electrolysis. Deionization is applied to further purify the desalinated seawater.
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 Electrolysis: The purified water obtained from desalination serves as the electrolyte in an elec-
trolyser, consisting of an anode and a cathode separated by an electrolyte solution. Within this
setup, electrolysis of water takes place.

» Hydrogen purification: The mixture of hydrogen and oxygen gases produced during electrolysis
requires separation and purification. Various techniques, including pressure swing adsorption,
catalytic purification, or membrane purification, are employed based on the specific purity require-
ments for the intended hydrogen application. The purification of hydrogen occurs subsequent to
the electrolyser stacks.

» Hydrogen Compression: In instances where hydrogen needs to be transported to shore, compres-
sion is employed after the purification process. Compression becomes necessary when longer
distances of hydrogen transmission are involved, requiring the overcoming of higher pressure
drops. By compressing the hydrogen, its density increases and its storage volume decreases,
facilitating more efficient and economical transportation to the desired onshore locations.

» Hydrogen Transmission: Offshore hydrogen transport to shore is facilitated through offshore hy-
drogen pipelines. These pipelines enable efficient and secure transportation of hydrogen from
the offshore electrolysers to onshore hydrogen facilities or other desired destinations.

The steps outlined depict the general process of producing hydrogen through electrolysis powered
by offshore wind energy. In addition to the general process steps, there are several ancillary activities
that support the offshore production of hydrogen, ensuring its efficient and sustainable operation. The
following is a list of these ancillary activities:

» Power control: Managing and controlling the electrical power generated by the offshore wind
turbines to ensure stable and efficient operation of the electrolysis process.

» Water pumping: Handling the movement and supply of water required for the electrolysis process.

» System cooling: Maintaining appropriate temperature levels within the electrolysis system to op-
timise its performance and prevent overheating.

» Data communication: Establishing reliable communication networks to monitor and control vari-
ous components of the offshore hydrogen production system.

* Brine disposal: Properly managing and disposing of the brine or wastewater produced as a
byproduct of the electrolysis process.

The ancillary activities are performed by the ancillary components, and they are required in every
configuration. On the other hand, the general process steps take place in their respective associated
components, but not all of these steps are required in every offshore wind-to-hydrogen configuration.
Additionally, there are components that are not directly associated with the ancillary activities or general
process steps, such as the hydrogen substations.

In this report, the components to the process steps and ancillary activities are further categorized
and shown in Figure 2.1. The water treatment equipment, hydrogen purification equipment and sys-
tem cooling system are grouped as part of the Balance of Plant (BOP), while the components for power
transformation and power conversion are grouped within the electrical system. The hydrogen compres-
sor component as well as the electrolyser stacks are treated as individual components. Moreover, the
collective term used for the electrolysers, BOP, electrical system and compressors is the Hydrogen
Production Unit (HPU). The HPU consists of all the components directly involved in the production and
processing of hydrogen at the offshore hydrogen facility.
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Hydrogen production unit (HPU)

- a

Balance of Plant (BOP) Electrical system Compressor

Water treatment Power transformers Hydrogen compressor

Hydrogen purification Power converters

Electrolysers

System cooling Switchgear Electrolyser stacks

Figure 2.1: Schematic overview of the hydrogen production unit equipment.

Table 2.1 provides an overview of the components that are not common to all three configurations.
The variations among the configurations primarily involve wind turbines, hydrogen wind turbines, inter-
array cables, medium and high voltage (MD/HV) switchgear and transformers, and hydrogen substa-
tions. Infield flowlines, which are flexible hydrogen pipelines, and the manifold, an offshore substation
for assembling hydrogen, are also not required in all three configurations.

Conversely, the electrolyser stacks, BOP, compressors, AC-DC converters, steel pipelines, and
ancillary components remain consistent across all configurations, with the only difference being their
installed capacity.

Configuration

Component Centralised | Semi-centralised | Decentralised
Wind turbines X X

Hydrogen wind turbines X
Inter-array cables X X

MD/HV switchgear X X

MD/HV transformers X X

Infield flowlines X
Steel pipelines X X X
Manifold X
Hydrogen substations X X

Table 2.1: Differences in components between the centralised, semi-centralised and decentralised offshore wind-to-hydrogen
configurations.

The difference in components per configuration is important for the techno-economic comparison
between the different offshore wind-to-hydrogen configurations. Therefore, the next sections describe
the configuration-specific general process steps and components.

2.2. Centralised offshore wind-to-hydrogen

This section presents information on the centralised offshore wind-to-hydrogen configuration. A schematic
system overview is discussed in subsection 2.2.1. Following that, subsection 2.2.2 provides an elabo-
ration of the centralised offshore hydrogen substation.
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2.2.1. Centralised offshore wind-to-hydrogen schematic overview

In centralised offshore wind-to-hydrogen, the hydrogen is produced in a single location in a wind farm.
The installed hydrogen production unit capacity ranges from 900-1000MW for a 1GW wind farm, de-
pending on the HPU sizing. In figure (2.2) a schematic overview of the centralised offshore wind-to-
hydrogen configuration is provided. In this figure, an overview is given of the flow lines between the
wind turbines, inter-array cables, electrical system, electrolysers, BOP and hydrogen pipelines. The
flow lines include AC power, DC power, hydrogen, seawater and desalinated water. The electrolysers
in the centralised offshore wind-to-hydrogen configuration are located offshore on single substation.
This substation will have gigawatt scale electrolysis capacity to produce hydrogen and therefore a
large jacket substructure similar to current existing oil and gas platforms is necessary.
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Figure 2.2: Schematic overview of centralised electrolysis in an offshore wind-to-hydrogen farm.

The electricity produced by the wind turbines is converted at the wind turbines from low voltage alter-
nating current (LVAC) power to medium or high voltage alternating current (MDVA or HVAC) power and
transmitted via inter-array cables to the centralised offshore hydrogen substation. The need for power
transformation could be eliminated when employing low voltage electrical transmission. However, the
generated electricity is transformed to HVAC which is necessary to minimise inter-array cable energy
losses in the transmission process. Low voltage electrical transmission involves a substantial number
of inter-array cables and results in high losses. Consequently, low voltage electrical transmission is
not considered a viable option for the centralised offshore wind-to-hydrogen configuration.

At the centralised offshore hydrogen substation, the electrical system consists of medium or high
voltage switch-gear, transformers and converters. In the electrical system, the MDAC or HVAC s first
transformed to LVAC. The majority of LVAC electricity is then converted to low voltage direct current
(LVDC), to power the electrolysers [41]. The remaining minority of the LVAC electricity further trans-
formed to lower voltages and used to power the BOP. If required to meet the off-take pressure, the
generated hydrogen is compressed and then transported through a single steel pipeline to a hydrogen
backbone pipeline.

2.2.2. Centralised offshore hydrogen substation

Centralised electrolysis is conducted at the offshore hydrogen substation, as illustrated in Figure 2.2.
The hydrogen conversion process implemented at this substation differentiates itself from decentralised
electrolysis due to its larger scale. The substructure of the substation acts as the substructure for
constructing the topside. In the context of the centralised offshore hydrogen substation, jacket sub-
structures emerge as a viable option. These substructures are commonly employed in larger offshore
installations, such as high voltage AC or DC substations. Jackets are steel structures characterized
by a lattice framework supported by piles driven into the seabed. They offer several advantages over
other types of substructures, including their ability to withstand heavy loads and support large struc-
tures. Consequently, jackets are considered a good option for accommodating large-scale centralised
hydrogen substations. The specific size and type of jacket required for the substation depend on the
weight and dimensions of the topside.
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2.3. Decentralised offshore wind-to-hydrogen

In this section, information is provided about the decentralised electrolysis configuration. First a schematic
system overview is discussed in subsection 2.3.1. Subsequently, in subsection 2.3.2, there is an elab-
oration of the offshore hydrogen wind turbine.

2.3.1. Decentralised offshore wind-to-hydrogen schematic overview

The electrolysers in the decentralised offshore wind-to-hydrogen configuration are placed at each wind
turbine platform of the wind farm. No extra substructures besides the ones from the turbines, need to be
drilled into the seabed because the electrolysers are placed on a redesigned platform below the turbine
on the same monopile substructure. The decentralised configuration offers two system design options:
the add-on system and the deep-integrated system. In the add-on system, the electrolysis system is
added to a standard wind turbine requiring no modifications to a standard wind turbine except for an
additional platform to the substructure. In the deep-integrated system, the HPU is directly connected to
the electrical system of the wind turbine and placed at the additional wind turbine platform, optimising
space utilization and eliminating the need for certain electrical components. For the decentralised
configuration considered in this research, a deep-integrated system design is chosen, as it has the
potential to reduce the overall cost of the decentralised configuration. In this report, the term "hydrogen
wind turbine” refers to the deep-integrated offshore hydrogen wind turbine.

A schematic overview of the decentralised configuration is given in Figure 2.3. In this figure, an
overview is given of the flow lines between the wind turbines, inter-array cables, electrical system,
electrolysers, BOP and hydrogen pipelines. The flow lines include AC power, DC power, hydrogen,
seawater and desalinated water.
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Figure 2.3: Schematic overview of decentralised electrolysis in an offshore wind-to-hydrogen farm.

The wind turbine generates LVAC power, which can be directly converted to LVDC power for the
electrolysers as the generated electricity is not transmitted through inter-array cables. The AC power
from the wind turbine is directly converted to DC power using a low voltage AC-DC converter. The DC
power is then utilized in the electrolysers for hydrogen production. The deep-integrated decentralised
electrolysis system eliminates the need for medium or high voltage transformers. After the electrolysis
and purification, the hydrogen is transported from the wind turbines to the hydrogen manifold through
hydrogen infield flowlines. At the hydrogen manifold, the hydrogen is collected and, if required, com-
pressed. Subsequently, it is transmitted to the hydrogen backbone pipeline through a steel hydrogen
pipeline for further distribution.

2.3.2. Offshore hydrogen wind turbine
The offshore hydrogen wind turbine is an offshore wind turbine equipped with a redesigned platform
situated on top of the wind turbine substructure. This platform is specifically designed to accommodate
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the electrical system, electrolysers stacks and BOP components. When incorporating this platform,
the increased weight on the substructure must be taken into account during the substructure design
process. Currently, the most commonly used substructure type is the monopile substructure. However,
ongoing research and projects focuses on exploring alternative wind turbine substructure options like
jackets or floating substructures [39]. Nonetheless, for the purposes of this particular research, the
focus will solely be on considering monopile substructures for both the wind turbines and the deep
integrated decentralised offshore hydrogen turbine to limit the scope.

2.4. Semi-centralised offshore wind-to-hydrogen

This section presents information about the semi-centralised electrolysis configuration. Firstly, a schematic
system overview is discussed in subsection 2.4.1. Following that, subsection 2.4.2 provides an elabo-
ration of the semi-centralised offshore hydrogen substation.

2.4.1. Semi-centralised offshore wind-to-hydrogen schematic overview
Semi-centralised offshore wind-to-hydrogen falls between centralised and decentralised configurations.
In this configuration, multiple electrolysis substations are present within a wind farm. Each hydrogen
substation connects to a cluster of wind turbines. This research will evaluate multiple semi-centralised
configurations containing different numbers of hydrogen substations. A schematic overview of a semi-
centralised hydrogen substation is provided in Figure 2.4.

Figure 2.4: Schematic overview of semi-centralised electrolysis in an offshore wind-to-hydrogen farm.

The overall working principle of the semi-centralised configuration is similar to that of the centralised
configuration. The main difference lies in the number of wind turbines connected to the substation,
which impacts the capacity of the electrical system, electrolysers, and BOP. As a result, the size of the
substation varies from the centralised platform, potentially influencing the type of substructure used.
Furthermore, energy transmission takes place through both inter-array cables and hydrogen pipelines.
The inter-array cables serve to connect the clusters of wind turbines to the substations. On the other
hand, the hydrogen pipelines establish the connection between the substations and the hydrogen back-
bone pipeline.

2.4.2. Semi-centralised offshore hydrogen substation

Depending on the overall weight of the topside structure, the semi-centralised substation can be in-
stalled on either a monopile, jacket, or gravity-based substructures. However, for the sake of research
scope limitation, gravity-based substructures are not taken into consideration. The weight of the topside
is determined by factors such as the mass of the electrical system, electrolysers, BOP, and the support
structure. The support structure serves the purpose of providing structural support to the topside com-
ponents. By utilizing the same monopile substructure for both the substation and the wind turbines,
cost-saving synergies can be achieved. However, if the topside’s weight exceeds the capacity of a
monopile substructure, a jacket substructure becomes necessary.
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2.5. Qualltatlve conﬁguratlon comparison

Comparing the different offshore wind-to-hydrogen configurations, a qualitative evaluation of their ad-
vantages and disadvantages is provided in this section. In Table 2.2, a high level qualitative comparison
providing high, medium or low scores per aspect is provided. Hereafter, the various aspects will be dis-
cussed in the context of the centralised, semi-centralised, and decentralised offshore wind-to-hydrogen
configurations.

Configuration
Aspect Centralised | Semi-centralised | Decentralised
Economy of scale High Medium Low
Synergies Low High High
Maintainability High Medium Low
Resilience Low Medium High
Transport and installation | Low Medium High
Asset risk Low Medium High
Complexity High Medium Low
Energy transmission Low Medium High

Table 2.2: Qualitative comparison of the system characteristics of the centralised, semi-centralised and decentralised offshore
wind-to-hydrogen configurations.

» Economy of scale: The centralised configuration excels in this aspect, leveraging economies of
scale to its advantage by consolidating all hydrogen production in one location, benefiting from
a single electrical system and BOP. Semi-centralised configurations have potential cost efficien-
cies due to the economy of scale for the electrical system and BOP, whereas the decentralised
configuration lacks economies of scale, requiring BOP equipment at each turbine and increasing
costs.

» Synergies: There are no synergies to be gained for the substructure of the wind turbines and the
hydrogen substations in the centralised configuration. However, both the semi-centralised and
decentralised configurations offer notable synergies as the wind turbines and hydrogen produc-
tion can share the same monopile, leading to potential cost reductions.

* Maintainability: The centralised configuration offers the advantage of streamlined and faster re-
pair times and maintenance since all hydrogen-related activities are consolidated in one place.
Semi-centralised configurations, while less streamlined than centralised systems, still manage to
strike a balance. However, managing multiple independent units in the decentralised configura-
tion can pose challenges in terms of operations and maintenance.

* Resilience: The centralised configuration faces challenges in the event of a failure as the impact
can be significant. Conversely, both the semi-centralised and decentralised configurations offer
a high level of resilience, as the failure of one unit does not impact the entire system.

» Transport and installation: The transportation and installation of the centralised substation may
pose difficulties due to its size and weight. In the semi-centralised configuration, the process
is more manageable as the size and weight of the substations are significant but smaller than
centralised substations. The decentralised configuration offers the most efficiency in this aspect
due to the smaller size of the installations.

 Asset risk: The concentration of electrolysers in a single location increases the asset risk for the
centralised configuration. In the semi-centralised configuration, the risk is reduced as assets are
distributed across various locations, while the decentralised configuration reduces asset risk the
most due to its distributed nature.

* Complexity: The centralised configuration simplifies the system but it is complex in terms of the
overall setup. The semi-centralised configurations fall in the middle range, less complex than
centralised systems but more complex than decentralised systems. The decentralised configura-
tion introduces more complexity into the system due to the distribution of assets across various
locations.
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» Energy transmission: The centralised configuration involves two infrastructures: inter-array ca-
bles and a hydrogen pipeline, which could be disadvantageous compared to a single energy
transmission system. The semi-centralised configurations require both infrastructures, similar
to the centralised system. The decentralised configuration stands out, eliminating the need for
expensive inter-array cable infrastructure and high voltage transformation, resulting in reduced
electrical losses and a simplified infrastructure setup.

In conclusion, each of the offshore wind-to-hydrogen configurations presents distinct advantages
and trade-offs. The centralised configuration leverages economies of scale and streamlines mainte-
nance but struggles with resilience and transport difficulties or cost. The decentralised configuration,
while offering high resilience and cost efficient transport and installation, lacks the economies of scale
and has higher complexity in terms of operations and maintenance. Meanwhile, the semi-centralised
configuration aims to balance these extremes, achieving a blend of benefits across all aspects. How-
ever, based on the qualitative comparison, no configuration stands out significantly from the others.



Ottshore wind-to-hydrogen
component description

An offshore wind-to-hydrogen farm consists of various components for hydrogen production and energy
transmission. The configurations discussed in Chapter 2 share similarities in terms of electricity and
hydrogen generation and transmission. However, not all components are required in each configura-
tion, and the specific types and sizes of these components vary depending on the configuration. This
chapter provides information regarding the following components: the hydrogen production unit, inter-
array cables, hydrogen pipelines, hydrogen substations and hydrogen wind turbines. The components
involved in an offshore wind-to-hydrogen are compared across the three offshore wind-to-hydrogen
configurations. Additionally, it explores different methods for offshore transport and installation.

Section 3.1 provides an overview of the components of the hydrogen production unit and describes
the selected techniques for each component. Following that, Section 3.2 provides detailed information
about the inter-array cables. The different types of hydrogen pipelines are discussed in Section 3.3,
and Section 3.4 focuses on the substructure and superstructure of the hydrogen substations. Section
3.5 covers the topic of hydrogen wind turbines, while Section 3.6 discusses the offshore hydrogen
manifold. Finally, Section 3.7 elaborates on the methods used for the transport and installation of
offshore hydrogen facilities.

3.1. Hydrogen production unit

This section provides detailed information on the components of the HPU. The HPU includes the elec-
trolyser, BOP, electrical system, and a hydrogen compressor if hydrogen compression is required.
Subsection 3.1.1 focuses on the electrolyser technology, while Subsection 3.1.2 elaborates on the
components of the BOP. The components of the electrical system are discussed in Subsection 3.1.3,
and finally, Subsection 3.1.4 provides detailed information on the hydrogen compressor.

3.1.1. Electrolyser

Electrolysers are utilised to produce hydrogen from electricity and desalinated water. Therefore, back-
ground information regarding the electrolyser efficiencies, degradation and lifetime is provided, followed
by the electrolyser technology comparison.

Efficiencies

The efficiency of the electrolyser is a crucial factor in determining the annual hydrogen production of a
wind farm. Electrolysis efficiency can be divided into electrolyser stack efficiency, also known as DC
efficiency, and electrolyser system efficiency, which takes into account selected components from the
HPU [67]. The electrolyser stack efficiency refers to the efficiency of the electrolysis process within
the stack itself. On the other hand, the system efficiency considers additional components such as
the BOP (auxiliary equipment), stack energy losses, and electrical losses. The stack and electrolyser
system efficiency are given in Figure 3.1.

16
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Figure 3.1: Electrolysis system efficiency and electrolyser stack efficiency (DC efficiency) [67].

Figure 3.1 illustrates that as the electrolyser power consumption (load) increases, the system effi-
ciency undergoes a rapid rise. This is attributed to the significant auxiliary losses experienced at lower
loads, despite having high DC efficiency. The operating point shifts along the x-axis as the load on
the electrolyser grows, resulting in a corresponding change in system efficiency (shown by the black
curve). The system efficiency reaches its optimal level, typically between 20-40% power consumption.
As the power consumption continues to increase towards the nominal load (rated power), the system
efficiency gradually declines due to the decrease in DC efficiency outweighing the efficiency gains from
the auxiliary equipment [67].

In this study, the stack efficiency is utilized for calculating hydrogen production, as the BOP power
consumption is calculated separately. In reality, the stack efficiency depends on the input power of the
electrolyser stacks as can be seen in Figure 3.1. Additionally, the stack input power depends on the
control strategy because the electrolyser stacks are modular designed. Therefore, in this research, the
electrolyser stack efficiency is assumed to be independent of the input power and equal to the nominal
load efficiency, as the control strategy of the electrolyser stacks is not in the scope of this research.

Degradation

Electrolyser degradation is a major challenge that must be addressed when designing and operating
electrolysis systems for hydrogen production. Over time, the performance of an electrolyser degrades
which resultin decreased efficiency, decreased hydrogen production, and increased maintenance costs
[56]. The electrolyser degradation rate is the rate at which the electrolyser degrades over time, typically
measured in percentage points per full load hour [91]. The electrolyser degradation is calculated with an
electrolyser degradation rate and the number of full load hours of the electrolyser. In this research, it is
assumed that all electrolysers degrade simultaneously since the electrolyser system operation strategy
is beyond the scope of this study. The full load hours are the number of hours that the electrolyser has
been operating at full load.

Lifetime

The lifetime of an electrolyser is determined by its degradation and is measured in terms of the maximum
number of full load hours of operation. The degradation rate of the electrolyser is currently defined as a
linear relationship with the accumulated full load hours. Consequently, although a stack may still have
some usability after reaching its lifetime, it becomes economically impractical to continue using it [41].
It is therefore crucial and advantageous for the annual hydrogen production to periodically replace the
electrolyser stacks. By opting for equal full load hour distribution over the different stacks, the average
electrolyser lifetime efficiency can be increased. Consequently, it is more advantageous to conduct
replacements prior to the electrolysers reaching their end-of-life, enabling the utilization of new stacks
in a similar manner.

Technology comparison
There are three main electrolysers types; Alkaline Electrolyser (AE), Proton Exchange Membrane Elec-
trolyser (PEME) and Solid Oxide Electrolysers (SOE). AE and PEME are commercial available and only
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require electricity to produce hydrogen. SOE is relatively new, currently not commercially available and
requires additional heat to produce hydrogen [17][90]. The SOE is a high temperature electrolyser op-
erating at temperatures between 700-900°C. Besides, the SOE is still in early development phase.
The use of SOE is therefore not preferable in offshore hydrogen electrolysis. For this reason, SOE is
excluded further in this study.

PEME an AE are both modular designed system, meaning the electrolyser systems are made up of
modules, also known as stacks, that can function independently of each other. To increase the capacity
of the electrolyser system, electrolyser stacks can be added. The following sections describe the AE
and PEME systems.

An AE electrolyser consist of an alkaline aqueous electrolyte, liquid water feed, monopolar or bipolar
electrodes and a separation unit. The application of AE in various industries has spanned over a century,
establishing it as a well-established and dependable technology [90][77].

A PEME consist of monopolar or bipolar electrodes, liquid water feed and a proton membrane
electrolyte. In contrast to AE, PEME does not have a separation unit because H; and O, are formed
at different electrodes [90]. Additionally, the development of PEME is still proceeding and therefore
improvements in performance can be expected [62].

For offshore hydrogen production, a comparison is provided between AE and PEME. The compari-
son is made for the year 2019, 2030 and long term prediction data [55] [42].

AE PEME
2019 2030 Long term | 2019 2030 | Long term

Electrical 50-68 | 65-71 >70 56-60 | 63-68 >80
efficiency (%)
Operating 1-30 30-80
pressure (bar)
Operating
temperature (°C) 60-80 50-80

o 60 000 | 90 000 100 000 | 30000 | 60000 | 100000
Stack lifetime ) ) ) ) ) )
(Operating hrs.) 90000 | 100000 | 150000 | 90000 | 90000 | 150 000
Load range (%, relative 10-110 0-160
to nominal load)
Plant footprint
(m2 /KW, 0.095 0.048

Table 3.1: AE and PEME specification comparison [42][90][66][77].

Weight and size are crucial considerations for the centralised, semi-centralised, and decentralised
offshore wind-to-hydrogen configurations due to space limitations on the hydrogen substation and hy-
drogen wind turbine. In terms of electrolyser performance, several factors are significant, including
electrical efficiency, cold start time, ramp-up and ramp-down time, and load range.

Table 3.1 demonstrates that PEME outperform AE counterparts in terms of plant footprint, load
range, and comparable stack lifetime. Currently, the AE exhibits higher electrical efficiency compared to
the PEME. However, it is anticipated that the PEME will eventually surpass the AE in terms of electrical
efficiency.

The cold start time, ramp-up time, ramp-down time, and load range are particularly important due
to the fluctuating input power generated by wind turbines. Alkaline electrolysers may face challenges
in handling dynamic loads caused by fluctuating power in wind farms due to longer cold start time,
narrower load range, and higher ramp-up and ramp-down times [15][62].

When comparing PEME and AE for offshore applications, the difference in output pressure becomes
a crucial aspect to consider. Since hydrogen production takes place offshore, higher pressures are
necessary for efficient hydrogen transmission. Therefore, a higher electrolyser output pressure offers
advantages by reducing the need for extensive compression. In this regard, PEME outperform AE
significantly in terms of output pressure.

Therefore, this report will exclusively focus on PEME, aligning with the electrolyser design choice
made by Mehta et al. [51].
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3.1.2. Balance of plant

In the three offshore wind-to-hydrogen configurations, the components and techniques used in BOP
remain consistent, with the exception of their capacity, which is adjusted to the installed hydrogen
production unit’s capacity. The BOP consist of the water treatment and hydrogen purification. These
components are critical for the successful functioning of the electrolysis plant as they enable the supply
of high-quality water, necessary to obtain high quality hydrogen.

Water treatment

To facilitate the production of hydrogen using electrolysers, it is essential to use desalinated and deion-
ized water because poor water quality is one of main reason for electrolyser stack failure [77]. Desali-
nation, a process that removes salt and other impurities from seawater, plays a critical role in offshore
hydrogen production systems. By integrating desalination technology within these systems, the need
for an external water supply is eliminated. In this study, Seawater Reverse Osmosis (SWRO) is cho-
sen as the desalination technology due to its widespread usage for seawater desalination [23][86].
The SWRO process involves the utilization of partially permeable membranes to selectively remove
salt ions from water. Prior to entering the membrane units, the seawater is pressurized, and a portion
of the pressure can be recovered to conserve energy. The SWRO system comprises two main outlets:
a purified water stream and a brine disposal stream. Typically, the brine stream is three to four times
larger than the purified water stream [23]. Following the desalination process, deionization is applied
to further enhance the purity of the outlet stream from the reverse osmosis units.

Hydrogen purification

Hydrogen purification is a crucial process in offshore hydrogen production to ensure the purity and dry-
ness of the hydrogen gas. It involves separating hydrogen from oxygen and subsequently purifying and
drying the gas. Advanced technologies like membrane-based separation and Pressure Swing Adsorp-
tion (PSA) are employed for efficient and reliable gas treatment. In this study, the membrane-based
separation and PSA methods are selected due to their efficiency, reliability, capability to meet purity
requirements, flexibility, and compact design, making them well-suited for gas treatment in offshore
wind-to-hydrogen [70].

3.1.3. Electrical system

The electrical system ensures the connection of the incoming electrical power from the wind turbine,
wind turbine cluster or wind farm, to the electrolysers and the BOP. The electrical systems of centralised
and semi-centralised electrolysis can be defined as high voltage electrical system and the electrical
system of decentralised electrolysis as the low voltage electrical system as stated in Section 2.5.

High voltage electrical system

The electrical system of the centralised and semi-centralised configurations both consist of a switchgear,
HVAC-LVAC transformer, AC-DC converter and a LV-LV transformer. The switchgear receives the in-
coming HVAC and connects the incoming power with the OHF. The switchgear functions as a safety
barrier and could decouple the power form a wind turbine cluster or wind farm in case of power failures
from the hydrogen substation or hydrogen platform respectively [77]. Hereafter, a HVAC-LVAC trans-
former is used to decrease the incoming HVAC power to LVAC power. The transformer is followed
by a converter to convert the LVAC power to LVDC power necessary for the electrolysers [41]. Addi-
tionally, a LV-LV transformer is used to partly transform the LVAC power after the first transformer to
LVAC power to power the BOP. The only difference between the electrical systems of centralised and
semi-centralised electrolysis is the capacity of the components due to the difference in incoming power.

Low voltage electrical system

The electrical system of the decentralised configuration will be integrated in the wind turbine design
due to the lack of electrical transmission. The electrical system of decentralised consist of a LV-LV
transformer and an AC-DC converter. The incoming power from the wind turbine is LVAC power and
the majority of power is converted to DC power by a AC-DC converter to power the electrolysers. The
minority of LVAC power is transformed to a lower LVAC power by a LVAC-LVAC transformer to power
the BOP. The capacity of the electrical components is scaled to the maximum capacity of the selected
hydrogen wind turbine.
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3.1.4. Hydrogen compressor

To ensure efficient hydrogen transmission to shore, hydrogen compression becomes necessary to over-
come the pressure drop in a hydrogen pipeline. PEME typically generate hydrogen at a pressure output
in the range of 30-35 bar, which serves as the starting point for hydrogen compression. Mechanical
compressors are widely employed for this purpose, efficiently converting mechanical energy into com-
pressed gas energy [46] [63]. Two common types of compressors are used for hydrogen compression:
positive displacement compressors and dynamic compressors.

Positive displacement compressors operate by trapping a fixed volume of gas and subsequently
reducing its volume to achieve compression. This process involves the use of pistons, screws, or other
mechanisms that displace the gas, resulting in compression.

Dynamic compressors, on the other hand, leverage rotating impellers or blades to increase the
kinetic energy of the gas. This heightened kinetic energy is then converted into pressure energy through
a diffuser or volute.

When considering a compressor for offshore hydrogen compression, the following criteria are made;
pressure range of 0 to 100 bar, high hydrogen flow rates and low maintenance requirements. When
taking into account the criteria, a positive displacement compressor, specifically a reciprocating piston
compressor, emerges as a suitable choice for the following reasons:

» Pressure Range: Reciprocating piston are well-equipped to handle the pressure range of 0 to
100 bar, making them suitable for the offshore wind-to-hydrogen configuration considered in this
research.

* Reciprocating piston compressors excel at accommodating high hydrogen flow rates, making
them highly suitable for effectively compressing the hydrogen flow required for megawatt-scale
electrolysis and subsequent compression processes.

* Low Maintenance: Reciprocating piston compressors have a relatively simple design with fewer
moving parts compared to some other compressor types. This simplicity contributes to lower
maintenance needs and reduced downtime preferred in offshore systems.

While mechanical centrifugal compressors could also meet the selected criteria, their use may pose
challenges due to high impeller tip speeds and the potential for hydrogen embrittlement [57]. Therefore,
for all three offshore wind-to-hydrogen configurations, a reciprocating piston compressor is selected as
the preferred choice.

3.2. Inter-array cables

The possible inter-array cables for energy transmission and differences per configuration are discussed
in this section. In the decentralised configuration, the energy generated by the wind turbine is directly
utilized by the electrolysers without the need for electrical cables. However, for both the centralised and
semi-centralised configurations, medium or high voltage AC inter-array cables are required to transmit
the electricity generated by the wind turbines to the centralised and semi-centralised substations.

In centralised and semi-centralised configurations, where wind turbines are connected in strings
of multiple wind turbines at similar distances, the cable voltage capacity remains consistent. In the
current design of offshore wind farms, inter-array cables are typically medium voltage (MV) cables with
a voltage rating of 33kV or high voltage (HV) cables with a voltage rating of 66kV. By choosing 33kV
cables instead of the standard 66kV AC inter-array cables, the need for larger transformers can be
reduced. However, lowering the cable voltage restricts the maximum transmission power through the
cables and increases cable losses. Therefore, careful consideration of cable voltage is essential during
wind farm design.

3.3. Hydrogen pipelines

The possible hydrogen pipeline types for energy transmission and differences per configuration are
discussed in this section. Hydrogen pipelines are essential for the transportation of hydrogen to shore
in offshore wind-to-hydrogen configurations. The size of a pipeline depends on the flow characteristics
of hydrogen, the friction factor of the pipeline and the pressure drop. This will be explained in detail in
chapter 6.
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The hydrogen pipelines can be divided into flexible infield flowlines and steel export pipelines. The
difference between the pipelines relates mainly to the hydrogen transport capacity, structure and the
flexibility and the cost of the pipeline.

Infield flowlines can be divided into bonded or unbonded flowlines. The primary distinctions among
these flowline types lie in their relative roughness, which results in varying pressure drop per meter,
different segment prices, and distinct stability characteristics. For unbonded flowlines that transport
hydrogen, instability occurs on the seabed when their inner diameter exceeds four inches [22]. In this
research, the maximum diameter assumed for bonded flowlines is six inches [36]. The flexible infield
pipelines are well suited to connect small electrolyser facilities because of their plug and play principle
and the flexibility to around monopile structures.

Steel export pipelines are well suited to transport large amount of hydrogen over larger distances
because the diameter can easily be sized to gigawatt scale hydrogen transport [32] [82] [65]. It is prefer-
able to use steel export pipelines if possible due to the lower price per meter of steel export pipelines
compared to flexible infield pipelines [22]. For steel pipelines it is important to use internal coatings
to prevent the pipelines from hydrogen embrittliement. Additionally, external corrosion protection is
required to protect the steel pipeline from Galvanic corrosion [82].

In the centralised and semi-centralised configurations, steel export pipelines are used. A relatively
large pipeline is required to transport all the hydrogen produced by the wind farm to the general hy-
drogen backbone pipeline. The flexibility of infield pipelines is not necessary for this large hydrogen
transport and therefore steel export pipelines are preferable.

In the decentralised configuration, both infield flowlines and a single steel export pipeline are em-
ployed. The infield flowlines serve the purpose of transporting hydrogen from one decentralised off-
shore hydrogen turbine to another hydrogen wind turbine, as well as to the hydrogen assembly station.
These flowlines are preferred due to their plug-and-play installation and flexible structure, which makes
them well-suited for navigating around the monopiles, especially for difficult angles [74]. The hydrogen
is then transported from the assembly station to the hydrogen backbone pipeline using a steel pipeline.

3.4. Hydrogen substation
This section relates to the hydrogen substations of the centralised and semi-centralised configurations.
An overview of the hydrogen substation is given in Subsection 3.4.1. Hereafter, the substructures of the

hydrogen substations are discussed in Subsection 3.4.2 followed by the superstructure in Subsection
3.4.3.

3.4.1. Hydrogen substation overview
A hydrogen substation consist of a substructure and the topside. The substructure functions as the base
of the topside where the topside contains the HPU equipment and superstructure. The superstructure
serves as the framework of the topside structure. Hydrogen substations in the centralised and semi-
centralised configurations can be classified into two types: jacket substations and monopile substations.
The distinction between these types is based on the substructure of the substations, and is determined
by the mass of the substation topside. The substation topside comprises the superstructure and HPU
equipment. Since the HPU equipment has already been discussed in Section 3.1, this section solely
focuses on the substructure and the superstructure.

In Figure 3.2a and 3.2b, an example of both a jacket hydrogen substation and a monopile hydrogen
substation is given showing the difference in scale.
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Figure 3.2: Jacket and monopile hydrogen substation examples [58] [49].

3.4.2. Substructure

Currently, different substructure types are employed for offshore substations, including monopiles, jack-
ets, floating and gravity-based structures (GBS). However, for the purpose of this research, the scope
will be limited to monopiles and jacket substructures. In Figure 3.3, a schematic overview of a monopile
and jacket substructure is given. Monopiles are commonly used in shallower to moderate water depths.
These substructures consist of large steel cylindrical piles that are driven into the seabed. Monopiles
are known for their excellent load-bearing capacity, making them suitable for supporting substations of
relatively smaller sizes. Jacket structures, on the other hand, are frequently utilized in deeper waters.
They feature lattice-like steel frames composed of vertical and diagonal members, providing support
and stability to the substation. Jacket substructures offer enhanced strength and load-bearing capacity
compared to monopiles, making them well-suited for larger and heavier substations.

Monopile
LI LL L]

Figure 3.3: Monopile (left) and jacket (right) substructures [14].

To optimise synergies and reduce costs, utilizing the same monopile substructure for both the wind
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turbine and the substation is advantageous over the use of jacket substructures. This allows for shared
infrastructure and construction processes. However, it is essential to ensure that the topside’s mass
remains within the maximum vertical load limit specified for the monopile substructure. The feasibility
of using a monopile substructure for the substation depends on the installed electrolyser capacity, as
it directly influences the topside’s mass. Conversely, a jacket substructure can be adjusted to accom-
modate the topside mass of the substation and offers a higher maximum load capacity. The jacket
substructure can be optimised within the feasible limits of transportation and installation to accommo-
date the maximum topside mass effectively.

3.4.3. Superstructure

The superstructure of a hydrogen substation is primarily constructed from steel and incorporates grat-
ings as floors and claddings as walls. The superstructure serves as the framework for the topside as
can be seen in Figure 3.2, providing housing and protection for the electrolysers, electrical equipment,
and BOP components. The substation superstructure consists of multiple decks, varying in size based
on the installed hydrogen production unit capacity [28]. These structures may also include features
such as cranes, emergency shutdown systems, and fire protection systems to facilitate equipment
movement, ensure safety, and prevent and manage fires on the substation.

3.5. Hydrogen wind turbine

This section provides detailed information about the offshore hydrogen wind turbine specifically for
the decentralised configuration. First, an overview of a hydrogen wind turbine is given in Subsection
3.5.1. In Subsection 3.5.2, the substructure of a hydrogen wind turbine is discussed. Subsection 3.5.3,
discuss the working platform superstructure.

3.5.1. Hydrogen wind turbine overview

The hydrogen wind turbine consists of two main elements: the substructure and the topside. The
substructure serves as the foundation for the topside. The topside includes a working platform super-
structure, which accommodates the HPU equipment, as well as the wind turbine tower and rotor nacelle
assembly (RNA). In contrast to a conventional wind turbine, the distinguishing factor lies in the electri-
cal system, as explained in Subsection 3.1.3 concerning the electrical systems. Figure 3.4 provides an
illustration of a hydrogen wind turbine as an example.

.
el

Figure 3.4: Siemens Gamesa offshore hydrogen wind turbine [68].

It is worth noting that the wind turbine tower and RNA components in a hydrogen wind turbine are
identical to those in a standard wind turbine. Therefore, the wind turbine tower and RNA components
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are not further discussed, as they do not differ from those found in standard offshore wind turbines.

3.5.2. Substructure

The substructure of an offshore wind turbine plays a vital role in providing the necessary foundation
and stability for its operation in the marine environment. Various types of substructures are employed,
such as monopile, jacket, and floating substructures. Monopile substructures consist of steel piles that
are driven into the seabed and are commonly used in shallow waters. Jacket substructures are lattice-
like steel structures assembled offshore, offering stability in deeper waters and challenging seabed
conditions. Floating substructures are moored to the seabed, enabling the installation of wind turbines
in deep waters. For the purpose of this research, only monopile substructures will be considered,
aiming to establish synergies between the wind turbine and substation substructures, as outlined in the
research scope (1.5).

3.5.3. Superstructure

The superstructure of the hydrogen wind turbine, referred to as the working platform, is primarily com-
posed of steel material. It typically encompasses a single deck accompanied by protective walls to
safeguard the HPU equipment, as indicated in [3]. The size of the working platform is contingent upon
the specific installed capacity of the HPU. For an illustrative example of the working platform super-
structure in an offshore hydrogen wind turbine, please refer to Figure 3.5.

Figure 3.5: Working platform superstructure of an offshore hydrogen wind turbine [68].

3.6. Hydrogen manifold

This section elaborates on the offshore hydrogen manifold in the decentralised configuration. The
offshore hydrogen manifold primary function, is to act as a central hub for gathering hydrogen produced
by the hydrogen wind turbines. Additionally, at the manifold, the collected hydrogen is compressed if
necessary, and subsequent transported to the hydrogen backbone pipeline.

The manifold consists of two main components: the substructure and the topside. The substructure
is designed as a monopile substructure, similar to that of the hydrogen wind turbines. This deliberate
choice aims to create synergies between the manifold and the wind turbines, allowing for shared con-
struction and installation methods, optimising efficiency, and reducing costs. The topside construction
accommodates hydrogen infield flowline connections, hydrogen compressors and a battery system.
The battery system serves as an energy storage solution which enables power supply to the hydrogen
compressors during periods of low wind or varying demand. It stores excess electricity generated by
the wind turbine, which can be utilized during temporary power shortfalls or peak demand periods. This
enhances the overall stability and reliability of the manifold’s operations.

To ensure sufficient power for the manifold’s operations, it is supplied by the closest wind turbine
connected by inter-array cables. This arrangement allows for a direct and efficient power supply, as
the nearby wind turbine can provide the necessary electricity. This setup promotes energy efficiency
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and reduces the need for additional power generation at the manifold.

3.7. Offshore hydrogen facility transport and installation

This section relates to the transport and installation of a centralised substation, semi-centralised sub-
station and decentralised offshore hydrogen turbine. For a decentralised offshore hydrogen turbine,
regular wind turbine installation methods can be used with additional installation of the small scale
electrolyser and BOP equipment. For the centralised and semi-centralised substations, large scale
installation methods are required. For this, multiple methods exist for the transportation and installa-
tion of an offshore substation, and the choice depends on the substation’s weight and size. Below, a
method for the transport from the onshore construction side to the offshore substation sides is given.
Followed by different possible installation methods.

Transport

Both the substructure and topside of a centralised and semi-centralised substation need to be trans-
ported from the onshore construction side to the offshore substation location. For both components,
this can be done by a barge or a heavy transport vessel (HTV), depending on the distance of transporta-
tion. The selection between a barge or an HTV is influenced by factors such as distance and logistical
considerations.

Installation

The installation process for a decentralised offshore hydrogen turbine, semi-centralised substation, and
centralised substation begins with the installation of the substructures. For a monopile substructure,
the foundation is drilled into the seabed. In the case of a jacket substructure, multiple pile foundations
are drilled into the seabed, followed by the installation of the jacket substructure on top [28]. Once the
substructure is placed, the topside of the substation can be installed.

The installation of the substructure and topside of an offshore decentralised offshore hydrogen tur-
bine, semi-centralised substation or centralised substation, can be achieved through various methods,
including a wind turbine installation vessel (WTIV), top lifting, gravity-based structures, float-over, and
bottom lifting installation [9]. The main factor influencing the method selection is the maximum installa-
tion weight capacity. Here is a brief description of each method:

« WTIV: A WTIV is equipped with essential features such as a crane system, dynamic position-
ing, and onboard storage and workshop facilities [9]. The crane system of a WTIV provides the
required lifting capacity and precision for installing various components, including wind turbine
components, electrolysers, and BOP components for a decentralised offshore hydrogen turbine.
Dynamic positioning ensures accurate positioning and stability during the installation process.
Multiple WTIV vessels are available, with a maximum installation capacity of 1,500 tons [4].

Top Lifting: In this method, a crane vessel is used to lift and install the substation module onto
a pre-installed jacket. Semi-submersible crane vessels (SSCVs) such as SSCV Sleipnir, SSCV
Thialf, and SSCV Saipem 7000 are commonly employed for this purpose. The maximum weight
that can be handled by the crane vessel ranges from 4,000 to 18,000 tons [28].

» Gravity-Based Installation (GBS): GBS installations utilize gravity-based structures as the sub-
structure for the offshore substations. These structures, constructed onshore or in dry docks, are
then floated to the installation site and ballasted to sink onto the seabed. Tugboats or special-
ized vessels are typically involved in the towing and positioning of GBS structures.The maximum
weight limit of the GBS installation methods is assumed to be 25,000 tons [13].

Float-over: The float-over method involves transferring the substation module from a transport
vessel to the jacket by aligning and sliding it onto the jacket. Barges or HTVs are typically em-
ployed for this procedure. The maximum weight that can be accommodated in a float-over instal-
lation is assumed to be 32,000 tons [76].

Bottom Lifting: A specialized vessel equipped with a topside lifting system, such as Pioneering
Spirit, is utilized in this method. The substation module is lifted and installed using this system.
Pioneering Spirit, along with the barge Iron Lady or an HTV, is commonly involved in bottom lifting
installations. Pioneering Spirit has a maximum lift capacity of 48,000 tons [6].



Model framework

The centralised, semi-centralised and decentralised offshore wind-to-hydrogen configurations are com-
pared qualitatively in chapter 2 and 3 on their technical aspects and feasibility. In order to compare
the configurations quantitatively on their technical and financial performance a financial metric will be
used. The required inputs of the financial metrics are obtained from existing in-house Vattenfall models
or new models developed for this research. This chapter provides an overview of the already exist-
ing models, required models and the workflow between the models will be provided. Additionally, the
in-house vattenfall models will be discussed briefly in this chapter while the new developed models
will be explained each in their own separate chapter. Moreover, this chapter selects and describes a
financial matrix appropriate to the objective of this study to analyse the techno-economic feasibility of
semi-centralised compared with centralised and decentralised hydrogen production. In section 4.1, an
overview of the required models and the workflow between the different models will be given. Followed
by Section 4.2, where the financial metric will be described. Hereafter, in Section 4.4, the layout opti-
misation model of Vattenfall is briefly explained. Finally, in Section 4.4, the model to obtain the wind
farm cost is discussed.

4.1. Workflow description

This section describes the workflow between the different models used to calculate the required values
for the financial metric described in section 4.2. In Figure 4.1, a schematic overview of the models
is given. In this overview, the in-house Vattenfall models are depicted in yellow, the new developed
models in green and the financial metric in blue. The arrows between the models denote main input
and output relations between the models.
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Figure 4.1: Schematic overview of the workflow between Vattenfall in-house models and new developed models.
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The design of wind farm layouts with optimised electricity production and associated cost information
is a key component to be able to compare different offshore wind-to-hydrogen configurations. Vattenfall
incorporates an internal model known as FEPM to create optimised wind farm layouts and calculate
the costs associated with them. As a result, the workflow overview includes a representation of both
a wind farm layout optimisation model and a wind farm cost model. The wind farm layout optimisation
model optimises wind farm layouts for specific sites, by placing offshore substations, wind turbines, and
cable routing. The model is capable of creating layouts for a selected number and type of wind turbines
and substations, with the aim of minimising the levelised cost of electricity. The wind farm cost model
is used to calculate the non-hydrogen cost of the wind farm. Both the layout optimisation model and
wind farm cost model will be further discussed in Section 4.3 and 4.4 respectively as they are existing
models.

Hereafter, the hydrogen production model calculates the annual hydrogen production of the offshore
wind-to-hydrogen configuration. The electrical wind farm power curve from FEPM is used to calculate
the wind farm hydrogen flow rate curve based on the energy distribution, electrolyser efficiency, and
different loss and availability factors. The hydrogen flow rate curve together with the wind speed distri-
bution and degradation factors results in the annual hydrogen production.

Additionally, the pipeline lengths obtained from FEPM together with the hydrogen mass flow rates
from the hydrogen production model, are used to calculate the optimal hydrogen pipeline diameters
and the associated cost in the hydrogen pipeline sizing & cost model. First, the pipeline sizing model
calculates the minimum pipeline diameter required for each pipeline segment based on two important
inputs: pipeline segment length and maximum hydrogen mass flow rate. The length of the pipeline seg-
ment is important because it influences the pressure drop that occurs in the pipeline due to friction and
other losses. The maximum hydrogen mass flow rate determines the maximum amount of hydrogen
gas that needs to be transported through the pipeline at any given time. Once the pipeline length and
maximum hydrogen mass flow rate have been obtained, the pipeline sizing model uses these inputs to
calculate the minimum pipeline diameter required for each pipeline segment to overcome the pressure
drop. This calculation takes into account factors such as flow velocity and pipe material properties
to ensure that the pipeline is able to safely and efficiently transport the hydrogen gas. The hydrogen
pipeline cost model calculates the pipeline cost based on the pipeline length, the pipeline diameters
and associated procurement, logistic and non-material cost.

Hereafter, the hydrogen substation and hydrogen wind turbine cost are calculated by the offshore
hydrogen facility mass & cost model. The model first calculates the topside mass of the substation
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or hydrogen wind turbine, using the installed HPU capacity. The mass of the topside determines the
type of substation substructure type. Once the topside mass and the type of substructure have been
established, the model calculates the breakdown of costs. These include expenses for HPU equip-
ment, topside superstructure, substructure, non-material, manifold and transportation, installation and
commissioning.

Finally, the annual hydrogen production, wind farm costs, offshore hydrogen facility costs, and hy-
drogen pipeline costs are utilized in the calculation of the Levelised Cost of Hydrogen (LCOH). This
enables a comparison of various offshore wind-to-hydrogen configurations.

4.2. Levelised cost of hydrogen

The LCOH is used to quantitatively compare the different offshore wind-to-hydrogen configurations.
The LCOH is a useful metric for comparing different offshore wind-to-hydrogen configurations because
it provides a comprehensive assessment of the economic viability and competitiveness of each config-
uration over the project’s lifecycle. The LCOH includes the capital expenditures (CAPEX), operational
expenditures (OPEX) and hydrogen production. The CAPEX and OPEX represent the financial part of
a wind-hydrogen configuration. The hydrogen production represents mostly the technical performance
of the offshore wind-to-hydrogen configuration. The LCOH can be calculated with equation 4.1 [71].

LT, LT,
LCOH = S CapExg gy, + OPEXg gy, + CaPEXpy , + OpEXPtH,y/Z M, .y (4.1)
y=0 (1+DR)v = (1+DR)v '

This equation consist of the CAPEX and OPEX related to the electrical energy (CapExg gy, OPEXg en)
and power to hydrogen (CapExpy,OpExpyy). Additionally, in this equation, My, represents the annual
hydrogen production mass, DR the discount rate, LT the lifetime of the wind-to-hydrogen farm and y is
the production year ranging form 0 to LT.

The LCOH is used for the evaluation of potential profitability, informed investment decision-making,
and assessment of project development opportunities. This metric enables the analysis and compari-
son of the cost-effectiveness of various hydrogen production pathways, providing valuable insights into
the market competitiveness of hydrogen as an energy carrier.

4.3. Wind farm layout optimisation

This section provides a brief explanation of Vattenfall’s in-house model for optimising the layout of wind
farms. The objective is to maximize the energy production of the wind farm while minimising costs
associated with the installation, maintenance, and operation of wind turbines and related infrastructure.
Vattenfall's model employs a systematic approach to this optimisation process, consisting of three main
steps: substation positioning, substation connection, and unified wind turbine positioning and cable
routing. The inputs to the model include the wind farm’s expected lifetime, site data, the number and
specifications of wind turbines, as well as the specifications of inter-array cables.

The first step involves optimising the positioning of substations to minimise the total length of cables
required for efficient power transmission. The optimal positions are determined by considering the wind
farm’s site data and the number of offshore substations. The model selects locations where the sum
of distances from each substation to the wind turbines is minimised.

In the substation connection step, the connections between substations, as well as the connection
between a substation and the backbone pipeline using hydrogen pipelines, are established manually.
Optimal pipeline routes are determined based on minimising the total length of pipelines. This approach
aims to reduce overall installation and maintenance costs by minimising the total pipeline length.

The final step involves unifying the positioning of wind turbines and cable routing [18]. The model
iteratively places the turbines to maximize energy production while minimising wake losses and the
levelized cost of electricity. The model takes into account wind direction and speed frequency distri-
butions. Simultaneously, cable routing is optimised to efficiently connect turbines to substations. The
model ensures that the cable routes are as short as possible while adhering to given restrictions, such
as avoiding cable crossings.
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4.4. Wind farm cost

The wind farm cost relates to all cost in a wind-to-hydrogen farm except for the cost associated directly
to hydrogen, namely; the offshore hydrogen facility, hydrogen pipelines and hydrogen manifold cost.
Additionally, this study combines the different cost components of the wind farm cost, such as wind
turbines, foundations, cables, transport, installation, and other project-related expenses, in order to
calculate one single total CAPEX value and one single total OPEX value per year over the lifespan of
the wind farm. The costs of the wind farm components will be aggregated due to the confidentiality
of Vattenfall’s internal models. However, this information is still useful to determine the wind farm cost
for each offshore wind-to-hydrogen configuration in the offshore wind-to-hydrogen farm. The research
focuses on analysing the cost values that vary per offshore wind-to-hydrogen configuration, specifically
the expenses related to cables, transport and installation, and decommissioning of the wind farm.

For both the centralised and semi-centralised configuration, the cost estimates for standard wind
farm are directly derived from the in-house Vattenfall model, which provides the CAPEX and OPEX
associated with building and running the wind farm. However, it's important to note that the costs
associated with the hydrogen infrastructure components, namely the OHFs and the Hydrogen pipelines,
are not included in the Vattenfall model.

For the decentralised configuration, the wind farm cost can not directly be obtained from the in-house
Vattenfall model. Therefore, modifications need to be made because of the significant differences in
design compared to a stand wind farm.



Hydrogen production modeling

This chapter focuses on the hydrogen production of an offshore wind-to-hydrogen farm. To determine
the LCOH for an offshore wind-hydrogen farm, the annual hydrogen production must be calculated.
Therefore, the primary objective of this model is to estimate the hydrogen production of a specific off-
shore wind-to-hydrogen farm configuration. The method used to calculate the annual hydrogen produc-
tion is similar for different configurations. The primary distinctions arise from the configuration-specific
energy loss factors. The model overview is given in Section 5.1 together with the annual hydrogen pro-
duction equation. Section 5.2 provides insights into the HPU input power, while Section 5.3 elaborates
on the power distribution. Section 5.4 outlines the hydrogen flow rate calculations. Finally, Section
5.5 elaborates on the intermediate results of the hydrogen production model taking into account the
assumed constants for the model.

5.1. Hydrogen production model overview

This section provides an overview of the hydrogen production model for hydrogen production through
electrolysis powered by offshore wind energy. The hydrogen production model calculates the annual
hydrogen production for an offshore hydrogen facility. The annual hydrogen production per OHF can
be calculated by considering the annual wind speed distribution and the hydrogen flow rate curve per
OHF, which incorporates the power distribution factors, electrolyser efficiency (including degradation),
electrolyser replacements and availability factors. By multiplying the annual probability per wind speed
by the total hours per year and the hydrogen flow rate per wind speed, the hydrogen production per wind
speed can be determined. The total annual hydrogen production per OHF is calculated with Equation
5.1, summing the annual hydrogen production per wind speed for year y.

N
AHPoHE ,, = Z (p;., - 8760 - HFR; , - AFppy) (5.1)
i=1

In this equation, AHPof ,, represents the total annual hydrogen production per OHF, N represents
the number of wind speed data points considered, p; , represents the annual probability associated
with wind speed bin ¢, HFR; , represents the hydrogen flow rate corresponding to wind speed bin i in
year y and AFypy is the availability factor of the HPU. The multiplication by 8760 represents the total
number of hours in a year.

The availability factor is a critical parameter for assessing the operational reliability and performance
of offshore wind-to-hydrogen configurations. To simplify the analysis, the availability factors of the
electrolyser stacks, BOP and OHF electrical system components are combined into a single value
representing the annual availability of the entire HPU. It quantifies the percentage of time that the HPU
is available and operational. Given the nascent stage of OHF designs and the scarcity of accessible
data, it's currently assumed that the availability factor of the HPU remains constant across different
offshore wind-to-hydrogen configurations. However, it is important to note that although this assumption
is reasonable, there are potential factors that could result in different availabilities. For instance, in a
centralised OHF design, if there is a failure in the centralised substation, the entire wind farm would be
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affected, compared to a decentralised case where only one hydrogen wind turbine would be impacted.
Furthermore, safety considerations may require the shutdown of the entire centralised substation during
maintenance due to explosion risks and other safety concerns. These factors could potentially lead to
variations in the availability of the OHF configurations.

The total annual hydrogen production of a wind-to-hydrogen configuration is calculated by summing
the annual hydrogen production of all OHFs within a wind-to-farm. Equation 5.2, calculates the offshore
wind-to-hydrogen annual hydrogen production (AHPownE).

AHPowkr,, = Y AHPowE (5.2)
OHF

To calculate the annual hydrogen production, the model utilizes an integration approach, specifically
the integration of the hydrogen flow rate curve (HFR;), the probability density function of the wind
speed distribution (p;), and the differential wind speed (d;). This integration allows for a comprehensive
evaluation of the hydrogen production potential based on the available wind resources.

To determine the hydrogen flow rate curve, the electrical power curve from FEPM is used, rep-
resenting the power produced by the wind turbines. The model first takes into account the power
curtailment, which represents the maximum input power of the hydrogen production units. This func-
tionality is required to size the hydrogen production unit versus the installed wind turbine capacity and
to create an adjusted electrical power curve. This adjusted power curve is the input to the hydrogen
production unit. Hereafter, the power distribution is determined by calculating the power demand per
component. Hereby, the percentage of power available for electrolysis is determined. This is followed
by the electrolyser efficiency and degradation calculation. The power distribution and the electrolyser
annual efficiency together with the overall annual wind farm degradation are used to convert the electri-
cal power curve into a hydrogen flow rate curve for each year during the lifetime of the wind-to-hydrogen
farm.

5.2. Hydrogen production unit input power

The annual hydrogen production per OHF can be calculated using the HPU input power. The HPU input
power is derived from the electrical power curve per OHF and the curtailment factor. The wind turbine
specifications, wake losses, wind farm availability and electrical losses regarding power conversion,
transformation and transmission, are included in the electrical power curve for an OHF. The wind farm
degradation and the electrical system at the OHF are not included and will be added separately.

The HPU electrical input power for each year of operation is determined by multiplying the initial elec-
trical power curve with the wind farm degradation factor and the OHF electrical system efficiency. The
HPU input power curve per year for an OHF, considering degradation and electrical system efficiency,
is calculated using Equation 5.3.

Papuiyy = Porr,i - (1 — DRwe)? - nourEs (5.3)

In this Equation, (Pnpu ;) represents the HPU input power for an OHF per wind speed bin 7 and
year y. Pour; denotes the initial OHF electrical input power at that particular wind speed bin without
considering degradation effects and OHF electrical system losses. DRyr represents the wind farm
degradation rate, which captures the gradual reduction in power generation capability over time. The
symbol nonres represents the electrical system efficiency of the OHF for both the high voltage and
low voltage electrical systems (nonrnv-es & (MonFLv-es))- The efficiency of the high voltage electrical
system differs from that of the low voltage electrical system due to the inclusion of an additional power
transformation step in the high voltage system.

5.3. Power distribution

The power distribution at the OHF involves the allocation of electrical power from the wind turbines to
various systems required for hydrogen production and processing. This section provides information
regarding the power distribution overview in Subsection 5.3.1. Additionally, the subsequent subsections
provide information on the power demand per component of the HPU.
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5.3.1. Power distribution overview
The electrical power is first transmitted through cables to the electrical systems, as explained in Section
2. Once the electrical power reaches the substation, the electrical system transforms and converts the
HVAC power to LVDC power with a specific efficiency of the OHF electrical equipment components.
Following the electrical system, power is allocated to the electrolyser stacks, BOP equipment, and
compressors based on their respective power requirements for hydrogen production and processing.
The ancillary step of water pumping, which involves supplying sea water to the desalination unit and
circulating cooling water through the electrolysis process, consumes a specific amount of power, and is
duly considered in the power distribution analysis. Furthermore, it is assumed that the power demand
associated with ancillary steps such as power control and data communication is negligible and can be
disregarded in the overall power distribution.

To ensure efficient power distribution, the power demand of each system is determined by evaluating
the power demand necessary for the production and processing hydrogen. The total power demand of
the HPU to process and produce hydrogen (Pypy) is given in Equation 5.4.

PHPU = Pelectrolyser + Pdesalination + Pcompression + Ppurification + Ppump (5-4)

This equation includes the power demand of the electrolyser ( Pejectrolyser), desalination unit (Pyesaination )»
compression system (FPeompression), hydrogen purification (Poyrification) @nd water pump system (Ppump)-
The following subsections provide further details on the power demand per component, elaborating on
their respective contributions to the overall power demand to produce and process hydrogen.

5.3.2. Electrolysis

The power demand of the electrolyser stacks can be calculated with the Higher Heating Value (HHV)
of hydrogen and the electrolyser efficiency (nelectrolyser,y) in year y [67]. The HHV of hydrogen refers
to the heat released per kilogram (originally at 25 °C) when it undergoes complete combustion, with
the resulting products returning to a temperature of 25 °C. The HHV takes into account the latent heat
of vaporization of water that is formed during the combustion process [10]. The annual electrolyser
efficiency (nelectrolyser,y) refers to the percentage of input electrical energy that is converted to hydrogen
gas output in year y. The power demand of the electrolyser can be calculated with Equation 5.5 [71].
Where 1y, is the hydrogen mass flow rate.

HHVA,

Telectrolyser,y

Pelectrolyser = mHz : (55)

The annual electrolyser efficiency plays a significant role in determining the annual hydrogen produc-
tion of the wind farm, as discussed in Subsection 3.1.1. Over time, the electrolyser efficiency degrades
and eventually reaches its maximum lifespan. The annual electrolyser degradation is calculated with
an electrolyser degradation rate and the number of full load hours of the electrolyser per year. The full
load hours represent the cumulative number of operating hours for the electrolyser, considering both
full load hours and partial-load hours.

The number of electrolyser full load hours per year (FLH, ) is calculated with equation 5.6. In this
equation, Eglectrolyser,y 1S the electrolyser input energy in year y and Peiectrolyser,rated 1S the electrolyser
installed capacity.

FLHy _ Eelectrolyser,y (5.6)

Pelectrolyser,rated

By multiplying the full load hours in year y (FLH,) with the degradation rate (DRgjectrolyser), the annual
electrolyser degradation (ADeectrolysery ) in year y, is calculated with Equation 5.7.

ADeIectronser,y = DReIectronser ' FLHy (5-7)

The electrolyser end-of-year efficiency (nejectrolyser-end,y) iN year y is then calculated by subtracting
the annual degradation from the electrolyser efficiency at the start of year y (nelectrolyser-start,y) in EQuation
5.8. Hereafter, the average electrolyser efficiency (neiectrolyser, ) in year y is calculated from the start and
end-of-year efficiency with Equation 5.9.

Tlelectrolyser-end,y — Tlelectrolyser-start,y — ADelectrolyser,y (5-8)
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Tlelectrolyser-start,y + Tlelectrolyser-end,y 9
TNelectrolyser,y = B) (5.9)

By employing the average electrolyser efficiency, the calculation of the annual hydrogen production
becomes more straightforward, as it does not involve complex iterative processes or detailed analysis
of degradation dynamics. However, it is important to acknowledge that this assumption may not capture
the exact efficiency variations throughout the year, particularly in cases where non-linear degradation
patterns or significant variations exist.

In order to calculate the electrolyser efficiency accurately during the lifetime of the wind-to-hydrogen
farm, it is necessary to consider the number of electrolyser stack replacements. By taking into account
the number of electrolyser stack replacements, the impact of new stacks with higher efficiencies replac-
ing older ones is taken into account. The minimum number of electrolyser stack replacement (Nminsr)
during the lifetime of the wind-to-hydrogen farm is determined with the maximum stack lifetime (LTgstack)
and the sum of the annual full load hours (FLH, ) during the lifetime. Equation 5.10 is used to calculate
the minimum number of stack replacements.

FLH,
Nonsr = 22y (5.10)
LTstack

5.3.3. Desalination
The power demand of the desalination unit to produce desalinated water as input for the electrolyser
stacks is calculated with equation 5.11 [71].

DWCeIectronsers * €desalination (5 11)

Pdesalination = mHz .
T)desalination
In this equation, the desalinated water consumption of electrolysers is given as DW Ceicctroiysers-
Additionally, the energy to process seawater in the desalination unit is given as egesaiination and an
efficiency factor denoted as ngcsaination 1S applied [69]. The efficiency factor is applied because during
the desalination process, not all seawater is transformed into desalinated water due to inevitable water
losses [42][69].

5.3.4. Hydrogen compression

The power demand of the compressors depends on the desired hydrogen pressure of the hydrogen
substation. The power demand of the compressors can be calculated with the adiabatic compression
equation 5.12 [52].

~y—1

. Ccomp,1 - IMEAN - Ngr pcompP,oUT \ " NST

Pcompressor = MH, - TP : <FY ) : < -1 (512)
Ncomp - GH, * Ccomp,2 v—1 DCOMP,IN

This equation involves several variables and constants that are important for calculating the power
required to compress hydrogen gas. The compression efficiency is denoted as nconp. The specific
heat capacities of hydrogen gas are represented by the ratio v = ¢,/c;. The value of v depends on
factors such as the temperature and pressure of the gas. The mean temperature, denoted as Ty;gpan,
is assumed to be constant and represents the average temperature during the compression process.
The gas gravity of hydrogen gas is denoted as G 2. The input pressure of the compressor is denoted
as pcomp,1n, While the output pressure is indicated as pcoarp,our. The number of compressor stages
is denoted as Ngr and can be calculated with equation 5.13, where r,., 4. is the compression ratio per
stage [35].

(Bcomp.our)
NST _ PCOMP,IN (513)
ln("'st(zge)
In this study, most variables remain constant except for the input and output pressure, which play a
significant role in determining the compressor power demand. The specific input and output pressure
settings of the compressors directly affect the power demand during the compression process.
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5.3.5. Water pump system

To provide water to the desalination unit and the cooling system, a water pump system is necessary.
In this study, a simplified calculation method is employed to estimate the power demand of the pump
system, considering its minimal impact on the overall power distribution.

The pump system for the desalination unit is assumed to be an open loop system, while the pump
system for the cooling system is considered a closed loop system. To determine the power demand of
the open loop system, the hydraulic power required to pump seawater to a specific height is calculated,
considering the energy efficiency of the pump [79]. In the closed loop system, the pump power demand
is mainly caused by friction losses. For simplicity, it is assumed that the power demand caused by
friction losses, is a fraction of the power demand of an open loop system and therefore is determined
using a friction loss factor. By applying this simplified method, the losses due to friction within the closed
loop system are taken into account [35]. Since it is anticipated that the pump power demand of the
closed loop system is not significant, it is deemed possible to use this assumption. The equation for
the power demand of pumping seawater to an offshore substation located at a certain height above
sea level can be determined using equation (5.14) [79].

Ppump _ Pseawater * g * Qdesalination * + Hclosed-loop * Pseawater * g Qcooling -H (5.14)

Tlpump Tpump

In this equation, Pyump represents the power demand of the pump system (in kW) required to supply
the desalination and cooling system with the amount of water necessary to produce and process hy-
drogen. Additionally, pciesed-loop iS the friction factor for the open loop system, pseawater is the density of
seawater, g is the gravity constant, Qgesaiination IS the volumetric flow rate of seawater for desalination,
Qcool is the volumetric flow rate of seawater for cooling, H is the total head between the sea level and
the substation, and n,ump is the efficiency of the pump.

The volumetric flow rate of the water supply for the desalination system and the water input of
the cooling system are calculated with the equation 5.15 and 5.16 respectively. In both equations, @
represents the volumetric flow rate of the desalination and cooling respectively. SW Ccooiing represents
the seawater water consumption for cooling.

. DWC
(desalination = T7H, —— clectrolysers (5.15)
T)desalination
Qcooling = mHz : SWCcooling (5-16)

5.3.6. Hydrogen purification

The process of hydrogen purification involves the utilization of Pressure Swing Adsorption (PSA) as
discussed in Section 3.1.2. The amount of power consumed by PSA is influenced by various factors,
including the rate at which hydrogen flows, the operating pressure, the desired level of hydrogen purity,
and the specific power demand of the PSA system. To simplify matters, we assume a constant specific
power demand of hydrogen processed in the PSA system [50]. Since it is anticipated that the power
demand of the hydrogen purification process are small, it is deemed possible to use this assumption.
Therefore, the power demand of gas separation and hydrogen purification system can be estimated
using equation 5.17 [50]. Purification iS the PSA system power demand and ppurification iS the specific
power demand of the purification.

Ppurification = mHQ * Ppurification (517)

5.4. Hydrogen flow rate

In Section 5.2, an electrical power curve is given. This power curve can be used to estimate the amount
of hydrogen that could be produced at different wind speeds. The electricity production is converted
into hydrogen production estimates, taking into account the HPU installed capacity, the electrolyser
efficiency and the power distribution given in Section 5.3.1. The equation to translate the electrical
power curve into a hydrogen flow rate curve in year y, is given in equation 5.18.

Pupu i,y - Pdelectrolyser,i,y - Tlelectrolyser,;
HFRZ — Y yser,:,y yser,y 518
¥ HHV 1, (5:18)
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In this equation, HFR,; , is the hydrogen flow rate per wind speed bin i per year y, Pypy iy is the
HPU input power per wind speed bin i per year y, pdejectrolyser iS the electrolyser power distribution factor
and HHV g, is the higher heating value of hydrogen.

To calculate the electrolyser power distribution factor, equation 5.19 is utilized. In this equation,
Pelectrolyser,i,y represents the power demand of the electrolysers, while Pypy ; ,, represents the total power
demand of the HPU, taking into account the electrolysers efficiency, compressor input pressure, and
compressor output pressure.

FPetectrolyser,i.y (5.19)

pdelectrolyser,z‘,y = 2
HPU, i,y

5.5. Hydrogen production model demonstration

This section aims to demonstrate the functionality of the hydrogen production model. Firstthe constants
used are given in Subsection 5.5.1. Hereafter, the hydrogen production unit input power is analysed in
Subsection 5.5.2. Furthermore, the power distribution is discussed in Subsection 5.5.3, followed by the

hydrogen flow rate in Subsection 5.5.4. Finally, in Subsection 5.5.6, the annual hydrogen production is
given.

5.5.1. Hydrogen production model constants
The constants used in the hydrogen production model are depicted in Table 5.1.
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Parameter Symbol Value Unit Source
HPU input
Wind farm degradation rate DRwr X | %lyr [72]
OHF HV-electrical system efficiency TIOHF HV-ES 96.2 | % [38]
OHF LV-electrical system efficiency TOHFLV-ES 96.4 | % [38]
Electrolysis
Initial PEME stack efficiency Nelectrolyser 80.0 | % [41]
Hydrogen higher heating value HHV g5 39.4 | kWh/kg [21]
Electrolyser degradation rate DRelectrolyser 0.1 | %./1000 FLH | [91]
Electrolyser stack lifetime LTstack 80000 | FLH [27][42]
Desalination
Desalinated water consumption DW Celectrolysers 15 | I/kg [80, 69]
Desalination energy €desalination 0.0035 | kWh/I [42, 69]
Seawater desalination efficiency T)desalination 60.0 | % [69]
Compression
Compressor constant 1 Ccomp, 1 286.76 | - [52]
Compressor constant 2 Ccomp, 2 3.6-10% | - [52]
Mean compression temperature TVEAN 285.15 | Kelvin [87]
Gas gravity of hydrogen gas G, 0.0696 | - [71]
Compression ratio per stage T'stage 2| - [2]
Compression efficiency TICOMP 50 | % [81]

H, specific heat capacities ratio ~ 141 | - [30]
Pumping

Cooling sea water consumption SW Celectrolysers 15 | I/kg [80, 69]
Seawater density Lpump 1027 | kg/m? [16]
Head height H 20| m Estimate
Gravity constant g 9.81 | m/s?

Closed loop pump friction factor pump 11 % [35]
Purification

Specific power demand for PSA system | ppurification 1800 [ kW /kgHas™ ! | [50]
HPU availability

HPU availability factor | AFupy 975 % | 37]

Table 5.1: Hydrogen production model constants.

5.5.2. Hydrogen production unit input power
An OHF electrical power curve example for a 1GW wind farm is shown in Figure 5.1. In this figure, the
wind farm power output and HPU input power including high voltage and low voltage electrical system
efficiency are depicted. The shape of the curves are related to the specifications of the wind turbines
connected to the OHF. Additionally, the size of the power curve is related to the amount of wind turbines

connected to the OHF.
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Figure 5.1: Wind farm power curve before electrical system (Wind farm power curve), HPU input power including HV-electrical
system efficiency (HPU input power (incl. HV-ES.)) and HPU input power including LV-electrical system efficiency (HPU input
power (incl. HV-ES.)).

Taking into account the electrical system efficiency of the centralised configuration and the degra-

dation rate of the wind farm, the hydrogen production unit input power is determined with equation
5.3.

5.5.3. Power distribution overview

The power demand for the HPU components to reach a specific hydrogen flow rate is calculated for
the initial year.

Electrolysis
The power demand of the electrolyser stacks for a range of hydrogen mass flows is given in Figure 5.2.

—— Electrolyser
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Figure 5.2: Electrolyser power demand for hydrogen mass flow rates (0-6 kgHz/s).
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Balance of Plant

The power demand of the BOP components for a range of hydrogen mass flows is given in Figure 5.3.

It can be noticed that the power demand of the BOP components is a fraction of the electrolyser stacks
power demand.
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Figure 5.3: BOP component power demand for hydrogen mass flow rates (0-6 kgHz/s)

Hydrogen compression

Figure 5.4 illustrates the energy consumption of the compressor when compressing 1kg hydrogen for
a range of input pressures (1-35 bar), to a range of output pressures (1-200 bar). Notably, the energy
consumption is influenced by the pressure ratio between the input and output pressure. Therefore, it

is advantageous to start with a relatively higher input pressure, such as the 35 bar input pressure from
the electrolyser, to minimise the energy required for compression.
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Compressor input pressure (bar)
—— 1 bar —-= 10 bar =+=- 20 bar 30 bar
Sbar e 15 bar -+ 25bar ===+ 35bar

Energy consumption (kWh / kg H2)

0 25 50 75 100 125 150 175 200
Compressor output pressure (bar)

Figure 5.4: Compressor energy consumption for a range of input pressures (1-35 bar), to a range of output pressures (1-200
bar)

To connect the offshore wind-to-hydrogen farm to a hydrogen backbone pipeline an output pres-
sure of 50 bar will be considered. Figure 5.5 illustrates the power demand of the compressor when
compressing hydrogen from 10.0, 15.0, 20.0, 25.0, 30.0 and 35.0 bar input pressure to 50.0 bar output
pressure.

Compressor input pressure (bar)
— 10.0 —-= 20.0 - - 300

Compressor power demand (MW)

Hydrogen mass flow rate (kg/s)

Figure 5.5: Compressor power demand versus hydrogen mass flow rates, when compressing hydrogen from 10.0, 15.0, 20.0,
25.0, 30.0 and 35.0 bar input pressure to 50.0 bar output pressure.

Notably, the power demand of the compressor is fraction of the electrolyser stack power consump-
tion, especially when compressing form 35.0 bar to 50.0 bar.

Hydrogen production unit power demand
Considering the hydrogen production model constants in 5.5.1, the initial PEME stack efficiency, a
compressor input pressure of 35.0 bar and output pressure of 50.0 bar, the total HPU power demand
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for a range of hydrogen mass flow rates is given in Figure 5.6.
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Figure 5.6: Total HPU power demand for a range of hydrogen mass flow rates (0-6 kgH>/s), considering a compressor input
and output pressure of 35.0 and 50.0 bar respectively.

The relative electrolyser stack power demand of the total HPU power demand is 98.35% when an
input and output pressure of 35.0 and 50.0 bar respectively, are considered. This also leads to the
conclusion that the electrolyser stack efficiency is a key factor for the total hydrogen production as it
directly impacts the electrolyser hydrogen output.

Due to the linear relation between the HPU power demand and the hydrogen mass flow rate, a
linear relation between the installed HPU capacity and annual hydrogen production is obtained.

5.5.4. Hydrogen flow rate curve

Figure 5.7 shows an example of a hydrogen flow rate curve based on the electrical power curve given
in Subsection 5.5.2 and hydrogen production model constants given in Table 5.1. This hydrogen flow
rate curve relates to the first year of operation including the initial electrolyser efficiency. To determine
the annual hydrogen production during the lifetime of the offshore wind-to-hydrogen farm, a hydrogen
flow rate curve will be generated for each year, incorporating the effects of degradation and availability
factors.
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Figure 5.7: Hydrogen mass flow rate curve and wind speed probability distribution (example).

5.5.5. Electrolyser stack replacements

In figure 5.8, an example of the average electrolyser efficiency per year is provided for 0-4 electrolyser
replacements. Replacements of the electrolysers increase the average efficiency over the lifetime of
the wind farm. In this example, the average electrolyser efficiency for 0-4 replacements during the
lifetime of the wind farm, is respectively; 72.4%, 76.3%, 77.5%, 78.1% and 78.5%.
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Figure 5.8: Electrolyser stack efficiency including degradation for 0-4 electrolyser stack replacements.

In this example, the option of not replacing the electrolyser stack is not feasible because the stack’s
lifetime is surpassed by the high number of full load hours it has already operated. The total full load
hours accumulated by the electrolyser stack over the lifetime of the offshore wind-to-hydrogen farm
are nearly 150,000 hours while its maximum capacity is assumed to be 80,000 full load hours. This
indicates that at least one replacement of the electrolyser stack is necessary, and multiple replacements
are optional to sustain operations effectively.

The optimal number of electrolyser replacements is not solely determined by the lifetime efficiency
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of the electrolyser and the electrolyser maximum full load hours. Other factors, such as the cost of
the electrolysers and the impact of decreased availability during the replacement of electrolyser stacks,
also play significant roles. Therefore, finding the optimal number of replacements requires careful
consideration of these factors in addition to the electrolyser lifetime efficiency.

5.5.6. Annual hydrogen production

Figure 5.9 provides an example of the annual hydrogen production of a centralised offshore wind-to-
hydrogen farm for scenarios involving 1 and 2 electrolyser replacements. In this figure, the impact
of electrolyser degradation and wind farm degradation on hydrogen production is noticeable. The
degradation of the wind farm leads to linear overall decrease in hydrogen production. Furthermore, the
figure illustrates that stack replacements occur during specific years. During this specific replacement
year, there will be a portion of the year where old degraded stacks are in operation, followed by another
portion of the year where new electrolyser stacks are utilized. As a result, the average efficiency during
this period is lower compared to the first full year with new electrolyser stacks.
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Figure 5.9: Annual hydrogen production for 1 and 2 electrolyser stack replacements.

Lastly, the annual hydrogen production represents the cumulative hydrogen production of the off-
shore wind-to-hydrogen farm throughout its entire lifetime.



Hydrogen pipeline sizing & cost
modeling

When designing a hydrogen pipeline system, it is important to determine the appropriate diameter of
the pipeline to ensure the safe and efficient transport of the required amount of hydrogen but also to
minimise the hydrogen pipeline cost. This chapter aims to elaborate on the hydrogen pipeline sizing
and cost modeling. First the flow characteristics of hydrogen are discussed in Section 6.1. Subse-
quently, Section 6.2 presents a comprehensive explanation of the methodology employed to calculate
the diameter of a hydrogen pipeline. Hereafter, the cost modeling of a hydrogen pipeline is explained
in Section 6.3. Finally, in Section 6.4, the hydrogen sizing and cost modeling intermediate results are
given.

6.1. Hydrogen flow characteristics

Hydrogen gas has several flow characteristics that are important to consider in the design and operation
of hydrogen pipeline systems. The key characteristics include a relative low density, high compress-
ibility and low viscosity which depend on the temperature and pressure of the hydrogen gas as well as
the specific characteristic of hydrogen. The density, compressibility and viscosity are determined with
the CoolProp function in python [11]. The density is discussed in Subsection 6.1.1, the compressiblity
in Subsection 6.1.2 and the viscosity in Subsection 6.1.3.

6.1.1. Low density

The density of hydrogen gas for different pressures and temperatures can be seen in Figure 6.1. Hy-
drogen has a low density compared to other gasses such as methane. For a temperature of 283.15
Kelvin and a pressure of 35.0 bar, hydrogen has a density of 2.934 kg/m? and methane 25.694 kg/m?3
[60]. The low density can make it more difficult to transport and store in large quantities. However, the
advantage of a low density is the lower mass flow rate for a given volumetric flow rate. This can result
in lower pressure drops and lower energy losses during the transport of hydrogen gas in hydrogen
pipelines.

43
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Figure 6.1: Density of hydrogen gas for different temperature and pressure.

The low density of hydrogen gas poses a challenge in offshore wind-to-hydrogen projects where
space is often limited. To store the same amount of energy, larger volumes of hydrogen gas are needed
compared to denser gases. This necessitates careful design of storage systems that can accommo-
date the larger volume of hydrogen. One approach is to use larger tanks or storage facilities to meet the
storage requirements. Additionally, alternative storage methods like underground caverns or offshore
tanks can be explored as viable options to overcome space limitations effectively. By carefully con-
sidering storage solutions, offshore wind-to-hydrogen projects can optimise the use of available space
and ensure efficient storage of hydrogen gas.

6.1.2. High compressibility

Figure 6.2 illustrates the compressibility factor of hydrogen gas at varying pressures and temperatures.
Hydrogen gas is relatively compressible, which means that its volume can change significantly in re-
sponse to changes in pressure. This can be both an advantage and a disadvantage in different appli-
cations, as it allows for efficient storage and transportation of hydrogen but can also result in significant
changes in density and viscosity under varying conditions [29].
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Figure 6.2: Compressibility factor of hydrogen gas for different temperature and pressure.

The high compressibility of hydrogen enables efficient compression, which is vital for offshore ap-
plications involving hydrogen transportation to shore. This compression process increases the energy
density of hydrogen, allowing for the storage of more energy in a given volume. Efficient compres-
sion also reduces energy consumption when overcoming pressure drops during transport. However,
it is important to note that the high compressibility of hydrogen results in significant pressure changes
during pipeline transport. Therefore, optimising the compression and decompression processes is es-
sential to maximise energy storage, minimise energy losses, and achieve overall efficiency in offshore
wind-to-hydrogen configurations.

6.1.3. Low viscosity

The dynamic viscosity of hydrogen gas is given in Figure 6.3 at different pressures and temperature.
Hydrogen gas has a very low dynamic viscosity, which increases the Reynolds number and decreases
the friction losses [83]. This low viscosity can be an advantage in terms of minimising pressure drop
and energy loss during transport, but it can also lead to vibration-induced fatigue in the pipeline if flow
velocities are too high [45].



6.2. Methodology pipeline diameter sizing 46

,_.
T
v

1.2

1.0 Bar
10.0 Bar
25.0 Bar
50.0 Bar
100.0 Bar
1.0 150.0 Bar
200.0 Bar
300.0 Bar

1.1

Viscosity [kg/(m*s)]
o o
® ©

e
g

0.6 1+

0.51

0.4

150 200 250 300 350 400
Temperature [K]

Figure 6.3: Viscosity of hydrogen gas for different temperature and pressure.

The low viscosity of hydrogen gas reduces friction losses and pressure drops during transport. This
property minimises energy losses due to friction as hydrogen flows through pipelines or other transporta-
tion systems. In the context of offshore wind-to-hydrogen configurations, where the distance between
the wind turbines and the hydrogen production facility can be significant, minimising energy losses
during transport is crucial for overall system efficiency. The low viscosity of hydrogen gas favors the
design of pipeline systems with larger diameters or smoother inner surfaces. These features help re-
duce friction and maintain optimal flow rates, minimising pressure drop along the pipeline. However,
proper consideration of vibration-induced fatigue is essential during pipeline design to ensure the safe
transport of hydrogen.

Overall, the flow characteristics of hydrogen gas can have both advantages and disadvantages
in different applications. Proper consideration of these characteristics is essential in the design and
operation of hydrogen pipeline systems to ensure safe and efficient transport of hydrogen.

6.2. Methodology pipeline diameter sizing

This section provides an overview of the methodology employed for determining the minimum pipeline
diameter required to transport hydrogen over a specified distance, while accounting for a designated
pressure drop, velocity limit and maximum hydrogen mass flow rate. The methodology is based on
a method from Engineers Edge [31] and the work of E. Craye [22]. However, the exact methodology
and friction factor calculation are different compared to Craye’s work. In Subsection 6.2.1, an overview
of the pipeline diameter sizing method is given. Hereafter, Subsections 6.2.2 and 6.2.3 offer detailed
explanations of the pressure drop and the associated friction factor.

6.2.1. Methodology overview
The pipeline diameter is determined based on the pipeline length, desired pressure drop, velocity limit
and maximum hydrogen mass flow rate.

» The pipeline length represents the distance between the hydrogen inlet point and the outlet point
of the hydrogen pipeline. It is the specific distance for which the calculation of pressure drop is
determined.

» To mitigate vibration-induced fatigue, the velocity limit must be considered in hydrogen pipelines.
Excessive flow velocities in these pipelines can induce vibrations that lead to cracks and leaks
over time. The risk of VIF is influenced by factors such as vibration frequency, intensity, pipe
geometry, material properties, and operating conditions [61][45]. Therefore, it is crucial to restrict
the flow velocity of hydrogen within the pipeline as a preventive measure against VIF.
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» The maximum hydrogen mass flow rate corresponds to the highest amount of hydrogen entering
the pipeline per unit time. This value is determined by the hydrogen production capacity of the
HPU.

» The pressure drop in a pipeline is the difference between the inlet and outlet pressure of a pipeline.
The pressure drop is caused by friction losses in the pipeline and is therefore affected by the
pipeline diameter. The desired pressure drop is the predetermined difference between the input
pressure and output pressure of a pipeline.

The method used to calculate the pressure drop over a pipeline with certain diameter is a numerical
integration method. By employing this method, the pressure drop in a pipeline with a certain diameter
and length is determined taking into account a velocity limit and maximum hydrogen mass flow rate.
To determine the minimum pipeline diameter, the pressure drop in a pipeline is calculated for a range
of pipeline diameters. The goal is to find the smallest diameter that meets the desired pressure drop
criteria.

The pipeline pressure drop can not be directly calculated for the total length of a pipeline because the
change in pressure, changes the density, viscosity and compressibility factor of the hydrogen gas. This
results in a change in hydrogen flow velocity, Reynolds number and friction factor which all influence
the pressure drop in the pipeline. Therefore, a numerical integration method is used. In the numerical
integration method, the pressure drop over a pipeline for a diameter is calculated for segments of 250
meter. Due to the short length and thus the minimal difference in pressure between the inlet and outlet
of the segment, it is not necessary to know the average pressure within the segment to estimate the
viscosity, density and compressibility factor. The minimal pressure difference in the segment leads to
negligible changes in viscosity, density, and compressibility. Consequently, the pressure at the outlet
of the segment is sufficient for calculating the corresponding friction factor and hydrogen flow velocity.
The values that need to be calculated are presented in Figure 6.4, alongside a schematic overview of
the pipeline segment.
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Figure 6.4: Numerical integration method for hydrogen pipeline diameter sizing [36]).

The pressure drop calculation begins with the segment closest to the pipeline outlet. The inlet
pressure of this segment, located 250 meters from the outlet, is calculated using the pressure drop
equation. Subsequently, the calculated pressure serves as the outlet pressure for the next segment,
which is 500 meters from the pipeline outlet. This process continues for each segment until reaching the
pipeline inlet, allowing the determination of the required inlet pressure at the beginning of the pipeline
to reach a selected outlet pressure. For pipelines shorter then 250 meters, only one integration step is
performed. During each iteration, several parameters need to be recalculated as they vary throughout
the flow in the pipeline. These parameters include:

* Density

» Dynamic viscosity

» Compressibility factor
* Reynolds number

» Hydrogen flow velocity
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* Friction factor

To simplify the pressure drop calculations, two main assumptions are made regarding the hydrogen
flow. First, an isothermal flow is assumed, meaning that the hydrogen’s temperature is presumed
constant throughout the pipeline. Second, no elevation changes are considered, and therefore, any
pressure drop resulting from height differences is disregarded.

6.2.2. Pressure drop
When the hydrogen molecules are transported through pipelines, they experience frictional resistance,
resulting in energy losses that can be quantified as pressure drops along the pipeline. This means that
energy needs to be supplied to maintain a steady flow of gas through the pipeline. The pressure drop
over a pipeline can be calculated with Equation 6.1, which is obtained from the general flow equation
[89].
2 2 2
Pin_Pout :fx—xva—x
2 x Ppn D 2 T
This equation can be rewritten as Equation 6.2 and is used to calculate the inlet pressure of a pipeline
for a specified output pressure (Poyt ), compressibility factor (Z), friction factor (f), pipeline length (L),
pipeline diameter (D), hydrogen density (p) and flow velocity (V). Besides, isothermal flow is assumed

and therefore, T;{Q =1[31].
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6.2.3. Friction factor
The friction factor of the hydrogen pipeline is calculated with Equation 6.3 also known as the Colebrook-
White equation [89]. The Colebrook-White equation is an empirical formula that relates the friction factor
to the Reynolds number and the relative roughness of the pipe.

1 ’ 2.51
N (3.7 D Re \/f) (6:3)

In this equation; f is the friction factor, ¢ is the pipe roughness, D is the diameter of the pipe and Re
is the Reynolds number. The Reynolds number is a dimensionless quantity that describes the ratio of
inertial forces to viscous forces in a fluid. The Reynolds number is calculated with Equation 6.4, where
p is the density of the fluid, V is the velocity of the fluid, D is the diameter of the pipeline and p is the
dynamic viscosity of the fluid [34]. The velocity of the fluid is calculated with Equation 6.5, where 1 is
the mass flow rate, p the density and D the diameter [34].

Re=LVD (6.4)
I
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The Colebrook-White equation is an implicit equation, which means that it cannot be solved directly
for f. Instead, it is typically solved iteratively using numerical methods. Equation 6.6 calculates factor
based on a guessed friction factor fy.ess- This factor is then used in Equation 6.7 to calculate an
estimate of the friction factor [31].

factor = —2 xlog,, ( S 251 ) (6.6)
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6.3. Hydrogen pipeline cost modeling

This section elaborates upon the hydrogen pipeline cost, taking into account the pipeline diameter from
the pipeline sizing model. The cost components can be categorized into procurement, logistic and
pipeline non-material cost in Subsections 6.3.1, 6.3.2 and 6.3.3 respectively. Because the procurement
and logistic cost modeling differs for the infield flow lines and the steel pipelines, a distinction in these
subsection is made between the type of hydrogen pipelines.

The cost associated with the hydrogen pipelines can be divided into two categories: capital expen-
ditures (CAPEX) and operational expenditures (OPEX). In this research, the cost functions denoted
bY Ceomponent refer to the CAPEX values incurred before operation of the wind-to-hydrogen farm starts.
On the other hand, the OPEX values represent the costs incurred during each year of the facility’s life-
time and are denoted as Copex,component- 1he OPEX values are calculated by multiplying the CAPEX
of a specific component by its corresponding OPEX factor, indicated as fopex component- The OPEX of
hydrogen pipelines are specifically associated with the pipeline procurement.

This hydrogen pipeline cost modeling is based on the work of E. Craye regarding hydrogen pipeline
cost modeling [22].

6.3.1. Procurement

Procurement costs include expenses related to acquiring raw material, fabrication of the pipeline and
cost related to support structures such as valves. Regarding the infield flowlines, specific procurement
cost assumptions per meter are obtained within Vattenfall. For steel pipelines, the costs are estimated
based on the raw material cost and fabrication rates.

Support Structures

Support structures include various connection components for the pipeline system, such as isolation
valves and check valves. Check valves regulate pressure at each turbine, with in-string turbines having
three isolation valves and end-of-string turbines having one. Valve costs scale with pipeline diameter,
using a relation derived from the oil and gas industry.

Infield flowlines

The infield flowline (IF) network consists of bonded and unbonded flowlines, both proposed as feasible
solutions but with a different price per meter. Additionally, the network incorporates flanges at the end
of each pipeline segment, diverless connections, risers for turbine connection and check and isolation
valves. Check valves regulate pressure at each turbine, with in-string turbines having three isolation
valves and end-of-string turbines having one. Valve costs scale with pipeline diameter, using a relation
derived from the oil and gas industry. The total procurement cost of the flowlines is determined with
Equation 6.8 [22]. In this equation, Cirpc represents the total procurement cost of the flowlines. ¢ de-
notes the segmental cost per meter, Lir represents the flowline length, crange is the cost of each flange,
Nirseg represents the number of flowline segments, cqc denotes the cost of each diverless connection,
and ciiser represents the cost of each riser. Nymines denotes the number of turbines connected to the
network and c,4ves represent the cost of the valves per IF segment.

C’IF,pc =cF - Lif + Clange - 2- NIF,seg + Cdc - ]VIF,seg + criser * Nturbines + ]VIF,seg * Cvalves (6.8)

The unbonded and bonded infield flowline cost per meter for a given diameter can be determined
with Equation 6.9 [36]. In this equation, D is the inner diameter of the infield flowline and cig1, cir2
and ¢ 3 are the specific cost constants related to an unbonded or bonded flowline.

cF = 1 - D+ cip2 - Die + ces3 (6.9)

The cost of the valves, flanges and diverless connections can be determined with Equations 6.10,
6.11 and 6.12 respectively [36]. The cost of a riser is a constant.

Cvalves = Cvalves,1 * D + Cvalves,2 (610)

Cflange = Cflange,1 * D — Cflange,2 (611)
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Cdc = Cdc,1 * Cflange (6.12)

In the equations above, Cyayes represents the cost of the valves, with cyaives,1 @and cyaves 2 being the
associated cost coefficients. Change represents the cost of the flange, with cange,1 @nd cfiange 2 being the
associated cost coefficients. Cy. represents the cost of the diverless connection, with c4c 1 being the
associated cost coefficient.

Steel pipeline

The total procurement cost of the steel pipeline (SP) is determined by combining the raw material cost
and the fabrication cost, as described in Equation 6.13 [22]. In this equation, Csp ¢ represents the total
procurement cost of the steel pipeline, Cspmat denotes the cost of raw materials for the steel pipeline,
and Csptap represents the cost of fabrication for the steel pipeline.

CSP,pc = Cspmat + Cspfab (6.13)

The pipeline’s raw material cost is influenced by its steel composition, as the cost scales with the
specific mass of the pipeline segment (I'sp) and the specific price of steel (cstee1). The mass of a pipeline
depends on the diameter (D), the wall thickness (T\,41) and the steel density (p). The pipeline thickness
is determined with Equation 6.14, where a relationship between pipeline inner diameter and pipeline
thickness was established through logarithmic curve fitting [22].

Twar = 0.0021 - |Og(D) + 0.021 (6.14)

Equations 6.15 and 6.16 are used to determine the pipeline specific mass [22]. Hereafter, a pressure
scale factor (Pscale) from Equation 6.17 is used to take into account the maximum pressure in the

pipeline (pmax) [22].

A==.((D+2-T)* - D?% (6.15)

N

Tsp=Ap (6.16)

(D/0.0245 — 1) - (50 — 50/35 - pmax/10°)
5000

The material cost per meter of the hydrogen steel pipeline is calculated with Equation 6.18 [22].
In this equation, Cspmat represents the material cost per meter of the hydrogen steel pipeline. Pscaie
denotes the scaling factor, I'sp represents the weight factor for the steel material, cseei denotes the
specific cost of steel material per unit weight, cfsp represents a fixed cost per meter steel pipeline and
cfspsupport denotes a fixed cost per pipeline which represents the additional cost for support structures
of the steel pipeline.

Pscale =1- (617)

CSP,mat = (pscale -I'sp - Csteel + CfSP) - Lesp + C]CSP,support (6-18)

The fabrication of the steel pipeline is calculated with a fixed fabrication rate per meter (cspap) and
the pipeline length (Lsp). Additionally, depending on the diameter and thickness of the pipeline, a
spool is required. For every Ispo0 Meter pipeline, a spool need to be fabricated. The total hydrogen
steel pipeline fabrication cost can be calculated by the Equation 6.19 [22].

L
Cspiab = cspfab - Lisp + Cspool * lﬁ
spool
In this equation, Csprap represents the total fabrication cost of the steel pipeline. cgpfa, denotes
the fixed fabrication rate per meter, Lgp represents the pipeline length, cspoo denotes the cost of each
spool, and lsp0 represents the maximum pipeline length per spool.

(6.19)
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Operation and maintenance

To estimate the operation and maintenance costs of the hydrogen pipelines, which are referred to as the
OPEX of pipelines in this study, a simplified method is employed. In this approach, the OPEX values
are assumed to be a percentage of the procurement cost of the hydrogen pipeline. The OPEX values
for the hydrogen pipeline are calculated using Equation 6.20, where Copex pipeline represents the total
OPEX of the pipelines, Cy,c denotes the procurement cost of either the infield flowlines or steel pipelines,
and fopex pipeline represents the OPEX factor associated with the pipelines. By using this equation, the
ongoing operation and maintenance costs can be estimated based on the initial procurement cost and
the specified OPEX factor.

Copex pipeline = Cpc * fOPEX pipeline (6.20)

6.3.2. Logistics

The model approach for the transport and installation cost, referred to as logistic cost (Ciog), of both
hydrogen infield flowlines and steel pipelines is determined by the pipeline’s length and diameter. The
installation procedure takes into account weather allowance, mobilization, demobilization, initiation,
laydown, and interim mobilization expenses. The total cost of installing an infield flowline or steel
pipeline is calculated by multiplying the overall timeline required for the export pipeline with either the
Reel-lay vessel day rate or the S-lay vessel day rate [22]. It is important to note that the fixed cost for
mobilization of a pipeline is assumed to be divided by the number of pipeline segments and does not
increase with the number of segments.

Infield flowlines

Infield flowlines, which always have an outer diameter equal or smaller than 6 inches, are installed
using Reel-lay vessels. Each trip of a Reel-lay vessel can accommodate up to 75 km of infield flowline
[22]. The installation speed depends on the type of flowline, with bonded flowlines being installed at
half the speed of unbonded flowlines. Additionally, the installation process includes the time required
for support structure installation.

Steel pipelines

The choice of installation vessel for steel pipelines depends on the outer diameter. For pipelines with
outer diameters less than 16 inches, Reel-lay vessels are utilized. These vessels have a daily laying
capacity of up to 10 km and can carry up to 20 km of pipeline per trip. On the other hand, for pipelines
with outer diameters larger than 16 inches, Reel-lay vessels are not suitable, and S-lay vessels are
required. In the case of S-lay installation, the laying speed decreases to 3 km per day as the steel
pipeline segments are welded together offshore [22]. Additionally, support structures need installation
time.

6.3.3. Non-material

The non-material cost relate to the cost of site preparation, FEED studies, company costs and Project
Management & Engineering (PME). Equation 6.21 is used to calculate both the steel pipeline and
infield flowline non-material cost [22]. In this equation, fsp denotes the site preparation cost, L the
infield flowline or steel pipeline length, fcc represents the company cost factor, frs the FEED studies
factor, and the PME factor is denoted with fppe. The total project cost (PC + LC') encompasses both
the procurement cost and the logistic costs associated with the hydrogen pipeline project.

Cnm = (frs + fec + feme) - (Cpe + Ciog) + fsp - L (6.21)

6.4. Hydrogen pipeline sizing & cost model demonstration

This section aims to demonstrate the hydrogen pipeline sizing & cost model. Subsection 6.4.1 provides
the constants used in the hydrogen pipeline sizing and cost model. Additionally, Subsection 6.4.2 gives
the demonstration results of the pipeline diameter sizing and Subsection 6.4.3 discuss the hydrogen
pipeline cost demonstration results.
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6.4.1. Hydrogen pipeline sizing & cost model constants

The constants utilized in the Hydrogen pipeline sizing & cost model are summarized in Table 6.1. These
constants serve as key parameters for the accurate estimation of hydrogen pipeline sizing and associ-
ated cost.

Parameter Symbol Value | Unit Source
Pipeline sizing

Steel pipeline inner roughness €sp X | pm [22]
Unbonded infield flowline inner roughness €UBIF X | um [22]
Bonded infield flowline inner roughness €BIF X | pm [22]
Hydrogen flow velocity limit Viim X | m/s [36]
Infield flowline procurement cost

Unbonded IF segment cost coefficient 1 CIF 1 X | €linch? [36]
Unbonded IF segment cost coefficient 2 CIF2 X | €linch [36]
Unbonded IF segment cost coefficient 3 CIF3 X | € [36]
Bonded IF segment cost coefficient 1 CIFA X | € linch? [36]
Bonded IF segment cost coefficient 2 CIF2 X | €/inch [36]
Bonded IF segment cost coefficient 3 CIF3 X | € [36]
Riser cost Criser X | € [36]
Valves cost coefficient 1 Cvalves,1 X | €linch [36]
Valves cost coefficient 2 Cvalves,2 X | € [36]
Flange cost coefficient 1 Cflange, 1 X | €finch [36]
Flange cost coefficient 2 Cflange,2 X | € [36]
Diverless connection cost coefficient 1 Cdc,1 X | € [36]
Infield flowline OPEX factor foPEXIF 20 | % [8]
Steel pipeline procurement cost

Steel density P) 7850 | kg/m?

Specific cost of steel material per unit weight | cgeel X | €/kg [22]
Fixed cost per meter of steel pipeline cfsp X | €/m [22]
Fixed cost per pipeline for support structures | cfspsupport X | €/pipeline | [22]
Fabrication rate per meter Fsp X | meters/day | [22]
Spool length Ispool 20 | km [22]
Steel pipeline OPEX factor foPEx.sp 20 | % [8]
Pipeline logistics cost modeling

Offshore service vessel day rate X | €/day [22]
Reel-lay Vessel day rate X | €/day [22]
S-lay vessel day rate X | €/day [22]
Jet trenching vessel day rate X | €/day [22]
Multi services vessel day rate X | €/day [22]
Pipeline non-material cost modeling

Site preparation factor fsp X | €/m [22]
Company cost factor fec 10 | % [22]
FEED studies factor frs 11 % [22]
PME factor JrPvE 7| % [22]

Table 6.1: Hydrogen pipeline sizing & cost model constants.
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6.4.2. Hydrogen pipeline diameter sizing

The goal of the pipeline diameter sizing is to find the minimum diameter to overcome the pressure drop
in the pipeline while adhering to the hydrogen flow velocity limit. Figure 6.5 illustrates the relationship
between pressure drop and hydrogen velocity increase for two pipelines, each with a length of 200km,
hydrogen mass flow rate of 2 kg/s, and an input pressure of 35 bar and 24 bar. Additionally, the outlet
pressure is limited to 20.0 bar, and the maximum allowable hydrogen flow velocity is denoted as X m/s.
The selected input pressures, combined with the specified output pressure, massflow, velocity limit,
pipeline length, and inner roughness, lead to pipeline diameters of 12 inches and 16 inches for input
pressures of 35 bar and 24 bar, respectively.

Pressure (bar)
Velocity (m/s)

—T— — T —— ——T—TT T — ——T ——T
0 25 50 75 100 125 150 175 200
Distance (km)

—— Pressure drop pipeline 12.0 inch —— Velocity pipeline 12.0 inch
—== Pressure drop pipeline 16.0 inch —-==Velocity pipeline 16.0 inch
------ Outlet pressure limit —-= Velocity Limit

Figure 6.5: Hydrogen pressure drop and flow velocity increase for two hydrogen pipelines with input pressures: 35 bar and 24
bar, output pressure: 20 bar, length: 200km, massflow: 2 kg/s, velocity limit: X, inner roughness: X, diameters: 16 inch and 12
inch.

The graph reveals that as the pressure decreases, the hydrogen flow velocity increases. Larger
pressure drops correspond to greater increases in hydrogen flow velocity. This trend is evident when
comparing the pressure drop and hydrogen flow velocity increase for the two pipelines. The 12-inch
pipeline experiences a pressure drop from 35 bar to 20 bar, while the 16-inch pipeline undergoes a
pressure drop from 24 bar to 20 bar, accompanied by a hydrogen flow velocity increase that is five
times smaller than that of the 12-inch pipeline.

To mitigate pressure drop in a pipeline, increasing its diameter is necessary, as evidenced by the
difference in pressure drop and flow velocity increase between the 12-inch and 16-inch pipelines. This
difference emphasizes the balance that must be maintained when sizing hydrogen pipelines, between
the pipeline diameter, pressure drop, and hydrogen flow velocity increase.

The optimal input pressure and resulting pipeline diameter are dependent on several factors, in-
cluding pipeline cost, compressor cost, and the impact of compression on hydrogen production losses.
As a result, the optimal input pressure and corresponding pipeline diameter will be further assessed
during the preliminary optimisation phase of the case study.



6.4. Hydrogen pipeline sizing & cost model demonstration

54

6.4.3. Hydrogen pipeline cost

In Figure 6.6, the hydrogen pipeline cost per meter for a range of diameters is given for a steel pipeline,

bonded infield flow line and unbondend infield flowline.
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Figure 6.6: Procurement specific cost for infield flowlines and steel pipeline.

Increasing the hydrogen pipeline diameter results in a higher specific cost, as evident from Figure
6.6. Conversely, reducing the pipeline diameter leads to a larger pressure drop, which in turn may
necessitate additional compression, incurring associated costs and power consumption. This scenario
introduces a trade-off, necessitating a careful balance between opting for minimal compression with
larger pipeline diameters or increased compression with smaller pipeline diameters.



Ottshore hydrogen facility mass &
cost modeling

This chapter delves into the mass and cost modeling associated with an OHF and discusses the vari-
ous assumptions made, along with their applicability to different configurations. Comparing the mass
and cost of OHFs is crucial due to the differences in their capacities within offshore wind-to-hydrogen
systems. The modeling of OHF mass is addressed in Section 7.1, followed by the modeling of OHF
cost in Section 7.2. Following that, in Section 7.3, the intermediate results of the OHF mass and cost
modeling are presented to demonstrate the models.

7.1. Mass modeling

This section provides an elaboration on the mass modeling of OHFs, which is required for the cost
calculations of the different OHF compositions in the various offshore wind-to-hydrogen configurations.
In Subsection 7.1.1, an overview is presented, covering the different components involved in mass
modeling for various OHF compositions. Following that, Subsection 7.1.2 discusses topside mass
modeling. Subsection 7.1.4 focuses on the modeling of jacket substructure mass, while Subsection
7.1.5 provides an elaboration on the modeling of monopile substructure mass.

7.1.1. Mass modeling overview

The mass of an OHF consist of the topside and substructure mass. The topside mass is important to
determine the substructure type while both the topside and substructure type are important to eventually
determine the transport and installation cost. Table 7.1 provides an overview of the mass modeling
components for different OHF compositions. The table distinguishes between jacket and monopile
substructures, as well as centralised, semi-centralised, and decentralised offshore wind-to-hydrogen
configurations. Consequently, the following OHF compositions are derived: centralised jacket, semi-
centralised jacket, semi-centralised monopile, and decentralised monopile. This overview serves as a
guideline for the mass modeling of OHFs, and the specific components will be further discussed in the
subsequent subsections.

55
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Section Component Symbol | Cen. Jacket | Semi-cen. Jacket | Semi-cen. MP | Decen. MP
HPU HV Mupu Hv X X X
HPU LV Mupu v X
. Compressor Meomp X X X
;I'Ao/fpsmlie ) Superstructure Msuper X X X
topside Supportstructure | Msupport X X X
Working platform | Myp X
H, wind turbine MuwT X
Primary steel Mps X X
Substructure: Secondary steel | Mg X X
Jacket (Mjacket) | Anode Manode X X
Piles Afp“e X X
Substructure: Foundation Mumpfou X X
Monopile (Myp) | Transition piece Mypyp X X

Table 7.1: Offshore hydrogen facility mass components per configuration.

Based on the provided table, two equations for the topside mass of the OHF and two equations for
the substructure mass of the OHF can be derived. They are presented below.

The topside mass of a centralised jacket, semi-centralised jacket, and semi-centralised monopile
OHF, known as the topside of an offshore hydrogen substation, is determined using a similar approach
as described in Equation 7.1 [28].

MTopside,substation = MHPU,HV + J\/fcomp + Msuper + Msupport (7-1)

The topside mass of a decentralised OHF, also known as the topside of an offshore hydrogen wind
turbine, is calculated with Equation 7.2.

Mropsidge Hwt = Mupu,Lv + Mwp + Muwt (7.2)

The substructure mass of the jacket founded substations is determined with Equation 7.3 [28] [53].
This equation applies for the centralised jacket and semi-centralised jacket OHF composition.

]V[Jacket = Mps + Mss + Manode + Mpile (7-3)

The substructure mass of a monopile founded substation and hydrogen wind turbine is determined
with Equation 7.4. This equation applies for the semi-centralised monopile and decentralised monopile
OHF composition.

Mwmp = Mwmpsou + Mmptp (7.4)

7.1.2. Topside hydrogen substation
The substation topside mass equation (Equation 7.1), is derived from a high-level study conducted
by DNV for substations ranging from 100MW to 2GW [28]. It is important to note that the equations
assume a linear relation between the mass and the installed hydrogen production unit capacity, without
considering any scaling benefits and include an uncertainty of 25%. The substation topside mass is
important because it determines the substation substructure type. The topside mass of a substation
is determined by the combined mass of the HPU components, compressor mass, superstructure and
auxiliary equipment.

Mupu v represents the mass of the high voltage HPU equipment. This can be calculated using
Equation 7.5, where I'ypy vy represents the HPU high voltage specific mass per installed HPU capacity.

Mupunv = I'vpu v - Prpu (7.5)

The mass of the compressor is determine with Equation 7.6, where the compressor installed capac-
ity is denoted with Peompressor @nd the compressor’s specific mass with I'compressor-

]V[comp = Fcompressor : Pcompressor (7-6)
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The superstructure mass is calculated with Equation 7.7. In this equation, Msper refers to the super-
structure mass and I'syper represents the specific mass of the superstructure per unit HPU equipment
mass.

Msuper = Fsuper - Mupy (7-7)

The supporting infrastructure mass (Msypport) Can be calculated using Equation 7.8, where I'sypport
represents the specific mass of the supporting infrastructure per unit HPU equipment mass.

Msupport = 1_‘support - Mypu (7.8)

7.1.3. Topside hydrogen wind turbine

The topside mass of the hydrogen wind turbine is calculated with Equation 7.2 [3]. The mass of a

hydrogen wind turbine consist of the turbine mass, HPU low voltage equipment mass and working

platform mass. The turbine mass is supplied by Vattenfall and depends on type of turbine used [48].
The low voltage HPU equipment denoted with Mppy v, can be calculated using Equation 7.9, where

I'wpu v represents the HPU low voltage specific mass per installed HPU capacity.

Mupu,tv = Thpu Ly - PHpu (7.9)

The working platform mass of the hydrogen wind turbine can be calculated with Equation 7.10 [3]
[28]. In this equation, Myp represents the mass of the working platform, Pyine is the rated power of
the turbine, Aypy is the area of the HPU equipment. The constant values are coefficients derived from
fitting the historical data [3].

Mwp = -0.25 (7.10)

0.00031

Pur ine
( burb '0.0368+3> + Appu

7.1.4. Jacket substructure

Equation 7.11 is used to calculate the mass of the jacket substructure (M acket) [28]. The jacket sub-
structure mass is determined by the sum of four components: primary steel mass (Mps), superstructure
mass (Mss), anode mass (Manoge) @and pile mass (Mpiie).

M jacket = Mps + Mss + Manode + Mpile (7-11)
Mps is calculated using Equation 7.12, where I'ys represents the specific mass of the primary steel
per unit topside mass, cfys is a correction factor and Dyater is the water depth [28].
Mps = (Pps : MTopside - Cfps) - Dwater (7-12)
Manode is determined by Equation 7.13, which incorporates the specific mass of the anode per unit
primary steel mass (I'anoqe) @and a correction factor ¢ fanoge [28].
Manode = L'anode - ]V[ps + cfanode (7-13)
The secondary steel mass (M) is calculated using Equation 7.14, where I'ss represents the specific
mass of the superstructure per unit HPU capacity, and cfss is a correction factor [28].
Mss = T'ss - Papu + cfss (7.14)

The mass of the piles can be calculated using Equation 7.15. In this equation, M. represents the
mass of the piles, which is determined by raising the mass of the jacket (M jacket) t0 the power of I'yje
and multiplying it by 8 [53].

Mpje = 8- M, 2% (7.15)
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7.1.5. Monopile substructure

The mass of a monopile substructure consists of the foundation and the transition piece. These com-
ponents depend on the specific mass per meter of a monopile, the length of the monopile, and the
transition piece mass, which are obtained from a Vattenfall substructure expert. The monopile sub-
structure mass can be calculated using Equation 7.16 [48].

Mypsub = Mmptou + Mmptp (7.16)

In Equation 7.16, Mupsub represents the mass of the monopile substructure, Myptou represents the
mass of the monopile foundation, and Mwpy, represents the mass of the transition piece. The mass of
the monopile foundation can be calculated using Equation 7.17.

jwMPfou = FMPfou : (Dwater + Dembedded + Delevation) (7-17)

In Equation 7.17, I'vprou represents the specific mass of the monopile foundation, Dyater represents
the water depth, Dempedded represents the embedded depth into the soil and Degjevation represents the
distance between the water level and the top of the monopile foundation [48].

7.2. Cost modeling

This section focuses on cost modeling for OHFs, which is crucial due to variations in OHF compositions
across different offshore wind-to-hydrogen configurations. Subsection 7.2.1 provides an overview of
the cost modeling components for different OHF compositions. Subsection 7.2.2 discusses hydrogen
production unit (HPU) equipment costs, while Subsection 7.2.3 elaborates on superstructure cost mod-
eling. Subsection 7.2.4 addresses substructure cost modeling, followed by an explanation of transport,
installation, and commissioning cost modeling in Subsection 7.2.5. Subsection 7.2.6 explores non-
material cost modeling, and finally, Subsection 7.2.7 delves into manifold cost modeling.

7.2.1. Cost modeling overview

This section provides an overview of the cost modeling components for the different OHF composition.
A distinction is made between the jacket and monopile substructure as well as the centralised, semi-
centralised and decentralised offshore wind-to-hydrogen configurations. This leads to the following
OHF compositions:

+ Centralised jacket

» Semi-centralised jacket

» Semi-centralised monopile
» Decentralised monopile

Table 7.2 depicts the cost modeling components. The cost associated with the OHFs can be di-
vided into two categories: capital expenditures (CAPEX) and operational expenditures (OPEX). In this
research, the cost functions denoted by Ccomponent refer to the CAPEX values incured before operation
of the wind-to-hydrogen farm starts. On the other hand, the OPEX values represent the costs incurred
during each year of the facility’s lifetime and are denoted as Copex component- 1he OPEX values are cal-
culated by multiplying the CAPEX of a specific component by its corresponding OPEX factor, indicated
as fopex.component- 1hese OPEX costs are specifically associated with the HPU equipment, substation
superstructure, substation substructure and hydrogen manifold.
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Section Component Symbol Cen. Jacket | Semi-cen. Jacket | Semi-cen. MP | Decen. MP
Electrolyser stacks Cstacks X X X X
HPU BOP Cgop X X X X
(Chpuv) Compressor Coompressor X X X X
or (Chpu,Lv) Electrical HV Chv-electrical X X X
Electrical LV Clv-slectrical X
Superstructure steel Csteel-super X X X
Superstructure Grating Carating X X X
(Csuper,substation) Cladding Cc|addi”9 X X X
or (Csuper,HWT) Coating Ccoating X X X
Working platform Cwp X
Jacket primary steel Chps X X
Jacket anode Canode X X
(S;bstr;lcture Jacket secondary steel | Css X X
orj?ga ) Jacket pile Chile X X
MP MP Foundation CMp fou X X
MP Transition piece Cuptp X X
TIC Jacket substation T&I Cra substation jacket X X
© o) |- MP substation T Cra substationMP X
(CTIC,substatfon,jack)et MP HWT T&| CT&I,HWT,MP X
CT'CvS“bS‘a"f’"MF’ HPU installation Chpu, X X X X
(Cric pwrmp) Commissioning Ceom X X X X
Decommissioning Cdecom X X X X
. EPC Cepcm X X X X
z\l(?n-matgrlz)al Owner Cownor X X X X
non-material Contingencies Ceont X X X X
Tower & RNA Tower Crower X
(Crower&RNA) Rotor nacelle assembly | Crna X
Manifold Procurement CwmFpe X
(Cue) T&I Cmr T3l X
IAC CwmFiac X

Table 7.2: Offshore hydrogen facility cost components per configuration.

From this table, the OHF cost equation for each wind-to-hydrogen farm can be derived. Important
to mention is that that the Tower and Rotor Nacelle Assembly (RNA) costs are incorporated only in the
calculations for the decentralised OHF cost because in the decentralised configuration, they share the
same monopile as the HPU equipment.

In addition to the discussion of the OHF cost, this cost section also covers the manifold cost for
the decentralised configuration. The costs associated with the Manifold, while listed in the table, are
calculated independently from the decentralised OHF in Subsection 7.2.7. This separate calculation is
due to the Manifold being a distinct offshore substation construction.

The CAPEX of the centralised jacket and semi-centralised jacket OHF, known as jacket substation,
is calculated with Equation 7.18.

(7.18)

The CAPEX of the semi-centralised monopile OHF, known as a monopile substation, is determined
with Equation 7.19.

C’OHF,jacket-substation = CHPU,HV + Csuper,substation + C’jacket + CTIC + C(non—material

(7.19)

The CAPEX of the decentralised monopile OHF, known as a monopile hydrogen wind turbine, is
calculated with Equation 7.20. The costs for the wind turbine tower and RNA (Crowerarna) are sourced
internally from Vattenfall. These costs are fixed for the chosen type of wind turbine and do not include
high voltage electrical equipment [48].

CoHrMP-substation = CHPU,HV + Csuper,substation + Cmp + CTic + Chon-material

(7.20)

The overall OPEX of an OHF can be determined using Equation 7.21. This equation incorporates
the OPEX values associated with the HPU equipment, superstructure, and substructure. The super-
structure OPEX can pertain to either the substation superstructure or the working platform superstruc-
ture of the hydrogen wind turbine. Similarly, the substructure OPEX can be associated with either a
monopile or jacket substructure.

ConrMp-hwT = Chpu,Lv + Csuper,HwT + Cmp + CricMp + Chon-material + CTower&RNA
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COPEX,OHF = COPEX,stacks + COPEX,BOP + COPEX,compressor + COPEX,superstructure + COPEX,substructure (7-21)

7.2.2. Hydrogen production unit equipment
The cost of the HPU equipment comprises the combined cost of the electrolyser stacks, BOP, com-
pressor, and electrical equipment. The HPU equipment cost modeling for the centralised jacket and
semi-centralised jacket and monopile OHF, differs compared to the decentralised monopile OHF. The
difference lies in the electrical system cost, which is dependent on the incoming voltages. Specifi-
cally, the electrical system cost varies based on whether the incoming voltages are high voltage or low
voltage.

The high voltage HPU equipment CAPEX can be calculated with Equation 7.22. The low voltage
HPU equipment CAPEX is determined with Equation 7.23. Important to mention is that the compressor
CAPEX Ciompressor ONly applies when there is a compressor present in the OHF.

C’HPU,HV = Cstacks + CBOP + Ccompressor + CHV—eIectricaI (7-22)

C’HF’U,LV = Cstacks + CBOP + Ccompressor + OLV—eIectricaI (723)

The cost functions assume a scaling of HPU cost with installed capacity. The scaling of cost is ob-
tained from the Danish Energy Agency and DNV [3]. This assumption is based on the limited economies
of scale above 100MW [88]. The economy of scale of the electrolyser stacks is limited due to the mod-
ular design of electrolyser stacks.

The CAPEX of the electrolyser stacks within the HPU can be calculated using Equation 7.24. Here,
Cstacks represents the CAPEX of the electrolyser stacks, Pypy is the power of the HPU, and cgiacks is the
specific cost of the electrolyser stacks. It is assumed that the electrolyser stack cost scale non-linear
with the installed HPU capacity [3].

SFstac S
(P"“Du)k> (7.24)

Cstacks = PHPU - Cstacks - (
Ppy

The specific cost of the stacks is calculated with Equation 7.25[3]. This is done to take into account
the economy of scale of the electrolyser stacks. In this equation, cstacks ref is the reference specific cost
of the electrolyser stacks, Ppy ref is the associated reference HPU capacity and S Facks IS the scale
factor of the electrolyser stacks.

Popu et )

Cstacks = Cstacks,ref * ( (PHPU ref)SFstacks (725)

The OPEX associated with the electrolyser stacks are determined using Equation 7.26, where
Copex stacks denotes the OPEX of the electrolyser stacks. The OPEX factor of the electrolyser stacks
is represented by fopex stacks-

Copex stacks = Cstacks * fOPEX stacks (7.26)

The BOP CAPEX (without compressor) (Cgop), can be calculated with Equation 7.27 [41]. In this
equation, (cgop) presents the specific cost of the BOP. It is assumed that the cost of the BOP scales
non-linear with the HPU installed capacity.

P S Fgop
Csop = PHpu - cBoP - ((HPU))

7.27
Pipu (7:27)

The specific cost of the BOP is calculated with Equation 7.28 [3]. This is done to take into account
the economy of scale of the BOP equipment. In this equation, cgop e is the reference specific cost of
the BOP equipment, Ppy rer is the associated reference HPU capacity and S Fgop is the scale factor of
the BOP equipment.

Phpu ref ) (7.28)

CBOP = CBOPyref * (
(Prpu rer)*Feop
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The OPEX associated with the BOP are determined using Equation 7.29, where Copex gop denotes
the OPEX of the BOP. The OPEX factor of the BOP is represented by fopexsop-

Copex,sop = Cgop - foPeEx,BoP (7.29)

The compressor CAPEX, can be calculated with Equation 7.30 [57]. In this equation, Ccompressor rep-
resents the CAPEX of the compressor. The cost factors for the compressor are denoted as ¢1 _compressor
and ca_compressor- 1he power of the compressor is represented by Peompressor- It can be noted that be-
sides a cost component which scales with the installed compressor capacity, a fixed cost is associated
independent from the installed capacity.

C’compressor = Pcompressor - C1—compressor T C2—compressor (7-30)

The OPEX associated with the compressor are determined using Equation 7.31, where Copex compressor
denotes the OPEX of the compressor. The OPEX factor of the compressor is represented by fopex compressor-

COPEX,compressor = Ccompressor ' fOPEX,compressor (7-31)

The high voltage electrical equipment CAPEX (Chv.electrical) SCales non-linear with the installed HPU
capacity and is adapted from an internal Vattenfall source and the gigawatt scale study of Hydrohub
[41]. The high voltage electrical equipment CAPEX for a range of HPU installed capacities is given
in Figure 7.1. This cost function stems from a list of electrical components per installed capacity, as
provided by an in-house expert at Vattenfall [48]. Major contributors to this function are the step-down
transformers and high voltage switchgears. The significant cost hike around 330, 660, and 990MW
is attributable to the step-down transformers, as an additional one becomes necessary after a spe-
cific capacity. The same applies to high voltage switchgears, albeit with smaller capacity increments.
This stepped function is especially disadvantageous for the smaller OHFs capacities within the semi-
centralised configuration, as it could raise their specific cost significantly. Nevertheless, fully utilising
the electrical equipment capacity of the primary contributors is more critical in order to decrease the
specific electrical equipment cost.
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Figure 7.1: Total and specific electrical equipment CAPEX per HPU installed capacity.

The OPEX associated with the high voltage electrical equipment are determined using Equation
7.32, where Copex Hv-electrical denotes the OPEX of the high voltage electrical equipment. The OPEX
factor of the high voltage electrical equipment is represented by fopex Hv-electrical-
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Copex Hv-electrical = CHV-electrical * fOPEX HV-electrical (7.32)

The low voltage electrical equipment CAPEX (Clv.electrical) SCales linear with the installed HPU capac-
ity and calculated with Equation 7.33. In this equation, c|v.electrical,1 represents the fixed cost coefficient
and cpyv-electrical,2 the variable cost coefficient of the LV electrical equipment. Additionally, Pyrbine repre-
sents the rated power of the hydrogen wind turbine.

Cl\eelectrical = CLV-electrical,1 * Piurbine + CLV-electrical,2 (733)

The OPEX associated with the low voltage electrical equipment are determined using Equation 7.34,
where Copex Lv-electrical denotes the OPEX of the low voltage electrical equipment. The OPEX factor of
the low voltage electrical equipment is represented by fopex Lv-electrical-

COPEX,LV—eIectricaI = CLV—eIectricaI . fOPEX,LV—eIectricaI (7-34)

The cost of replacing the electrolyser stack is expected to be lower than the initial stack cost, as it is
assumed that the stack cost reduces over time due to learning rates [38]. The formula to calculate the
replacement cost (Cstacks,y) for the electrolyser stack in year y can be determined using Equation 7.35.
This equation involves several variables: Pqpy, which represents the installed capacity of the HPU;
Cstacks, the cost per unit of electrolyser stack capacity; fscr, the stack replacement cost coefficient;
and CTic replacement, @n additional cost component covering the transport and installation of the stack
replacement.

Ostacks,y = PHPU * Cstacks * fSCR + CTIC,repIacement (7-35)

The calculation of the stack cost decrease is based on a simplified approach, assuming that the
electrolyser stack cost decreases by the same percentage with each replacement. Furthermore, it is
assumed that the transport and installation expenses for the stack replacement amount to a percentage
of the stack cost [3]. This transport and installation of a stack replacement can be calculated with
Equation 7.36, where fric replacement represents the transport and installation cost coefficient.

CTIC,repIacement = fTIC,repIacement . PHPU * Cstacks * fSCR (7-36)

7.2.3. Superstructure

The superstructure CAPEX of the centralised jacket, semi-centralised jacket and semi-centralised
monopile OHF, consist of the substation superstructure CAPEX and is depicted as Csyper,substation [28].
The superstructure CAPEX of the decentralised monopile OHF, known as the monopile hydrogen wind
turbine, consist only of the working platform CAPEX denoted as Csyper,HwT [3].

The cost of the substation superstructure is primarily influenced by the HPU installed capacity. In
literature, a linear relation between the topside superstructure cost and the HPU installed capacity is
found [28]. The substation superstructure CAPEX, is obtained by summing the CAPEX of the individual
components steel (Cseel-super), grating (Cgrating), cladding (Cladding) @nd coating (Ceoating)- Equation 7.37
is used to calculate the substation superstructure CAPEX [28].

Csuper,substation = Csteel-super + Cgrating + Ccladding + Ccoating (7-37)

The superstructure steel CAPEX is determined using Equation 7.38, where cgee) represents the
specific cost of steel [28].

Csteel-super = Msuper * Csteel (738)
The grating CAPEX in the substation superstructure is estimated using Equation 7.39, with cgating
representing the cost of grating surface [28].

CGrating = VTopside * Cgrating (7.39)

The cladding CAPEX in the substation superstructure, is estimated using Equation 7.40, where
Celadding epresents the specific cost of cladding in per unit support infrastructure mass [28].
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Ccladding = ]\/[support * Ccladding (7-40)

The coating CAPEX in the substation superstructure is calculated using Equation 7.41, with cgoating
representing the specific cost of coating per unit mass of both the support infrastructure and superstruc-
ture steel [28].

Ccoating = (Msuppor‘t + Msuper) * Ccoating (7-41)

The OPEX associated with the substation superstructure are determined using Equation 7.42, where
CopEx,super.substation denotes the OPEX of the substation superstructure. The OPEX factor of the super-
structure is represented by fopex super substation-

COPEX,super,substation - C’super,substation . fOPEX,super,substation (7-42)

The CAPEX of the superstructure working platform of the hydrogen wind turbine is calculated with
Equation 7.43 [3]. The cost scales with the mass of the working platform (Myp) determined with Equa-
tion 7.10, and the specific cost of the working platform (cywp).

Cwp = Mwp - cwp (7.43)

The OPEX associated with the working platform are determined using Equation 7.44, where Copex wp
denotes the OPEX of the working platform. The OPEX factor of the working platform is represented by

Jopexwp-
Copexwp = Cwp - fopex,wp (7.44)

7.2.4. Substructure
The cost of the OHF substructure is influenced by the type of substructure used, which is directly im-
pacted by the topside weight. The cost for a jacket substructure or monopile substructure is calculated
using different equations.

The CAPEX of a jacket substructure, denoted as Cj,cet, Can be determined by Equation 7.45. The
jacket substructure CAPEX consist of the primary steel CAPEX (Cys), anode CAPEX (Canode), S€C-
ondary steel CAPEX (Css) and pile CAPEX (Cpie).

C(Jacket = Cps + Canode + Css + Cpile (7-45)
The primary steel CAPEX is calculated using Equation 7.46, where M;s represents the mass of the
primary steel and cys is the cost per unit mass of primary steel [28].
Cps = Mps - Cps (7.46)
The anode CAPEX is determined by Equation 7.47, which incorporates the mass of the anode
(M3anode) @nd the cost per unit mass of the anode material (canoge )[28]-
Canode = Manode * Canode (747)
The secondary steel CAPEX is calculated using Equation 7.48, where Mss represents the mass of
the secondary steel and ¢4 is the cost per unit mass of secondary steel [28].
Css = Mss - Css (748)
The pile CAPEX is calculated using Equation 7.49. In this equation, M. denotes the mass of the
piles, and cpje represents the cost per unit mass of the piles.
Cpile = Mpile * Cpile (749)

The OPEX associated with the jacket substructure are determined using Equation 7.50, where
Copex Jacket denotes the OPEX of the jacket substructure. The OPEX factor of the jacket substructure
is represented by fopex Jacket-
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Copex Jacket = Clacket * fOPEX Jacket (7.50)

For semi-centralised monopile and decentralised monopile OHFs, the CAPEX of the monopile sub-
structure, denoted as Cyp, is determined using Equation 7.51. The CAPEX of the monopile substruc-
ture consist of the monopile foundation CAPEX and the monopile transition piece CAPEX [48].

Cmp = Mwmptou - cMPfou + MmpPtp - Ctp (7.51)

In this equation, Mypsou represents the mass of the monopile foundation and cypsou represents the
cost per unit mass of the monopile foundation. Mwpy, represents the total transition piece mass, and
cMpgp represents the cost per unit mass of the transition piece.

The OPEX associated with the monopile substructure are determined using Equation 7.52, where
Copex,monopile denotes the OPEX of the monopile substructure. The OPEX factor of the monopile sub-
structure is represented by fopex monopile-

C’OPEX,monopiIe = Cmonopile : fOPEX,monopiIe (7-52)

7.2.5. Transport, installation and commissioning

The cost of transport, installation and commissioning (TIC) represents the total expenditure required
for the entire process from transporting the hydrogen related components from an onshore yard to the
offshore location and associated commissioning. The TIC differs for the different OHF compositions
due to the different types of substructures and the difference in topside mass.

For a centralised jacket and semi-centralised jacket substation, the TIC costs are calculated with
Equation 7.53. In this equation Ctgisubstationjacket Fepresents the jacket substation transport and instal-
lation cost. The HPU equipment installation cost are depicted as Cppy inst and the commissioning cost
as Ceom.

CTIC,substation,jacket = CT&I,substation,jacket + C1HPU,inst + Ccom (7-53)

The TIC of a semi-centralised monopile substation, denoted as Cric substation,Mp, €an be calculated
using Equation 7.54. In this equation, Crg;substationmp represents the transport and installation cost of
a monopile substation.

Cic substationMP = CTal substation,MP + CHPU,inst + Ccom (7.54)

The TIC of a decentralised monopile hydrogen wind turbine is determined using Equation 7.55. In
this equation, Ctg wwTmp represents the transport and installation cost of a monopile hydrogen wind
turbine.

CricHwtmp = CraiHwTMP + Chpu,inst + Ceom (7.95)

The cost of transport and installation (T&l) for an OHF substructure and topside is determined by
the specific method of T&l, as described in Section 3.7. The choice of T&l method is influenced by the
topside mass of the OHF, which in turn depends on the installed capacity of the HPU.

For the substation jacket composition, there are no synergies in T&l, necessitating a separate T&I
procedure that does not consider the transport and installation of wind turbines. The T&I cost for a jacket
substation (CTgi substation,jacket) iS €stimated using data from Vattenfall's internal sources. Due to the
inherent uncertainty, a simplified and conservative cost function is employed. This function incorporates
both transport and installation costs, represented by a fixed cost per T&l method, determined by the
topside’s mass. This approach results in the step function observed in Figure 7.2.
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Figure 7.2: Total transport and installation cost function for jacket and monopile substations for a range of topside masses [73].

The step function of the monopile substation is depicted in Figure 7.2 as well. The T&l cost for the
monopile substation differs from the jacket substation OHF due to the synergies created by sharing the
monopile foundations with the wind turbines. Similar to the jacket substation, Vattenfall provides a cost
estimate for the monopile substation T&l cost, as depicted in the figure. This cost function incorporates
both transport and installation costs, with a fixed cost per T&l method determined by the topside’s mass.

The hydrogen wind turbine’s T&I cost (Crgnwrmp) €encompasses the expenses associated with
both the transport and installation of the working platform on the hydrogen wind turbine, as well as
the T&I operations specific to the hydrogen wind turbine itself. The calculation of Crgnwrme can be
achieved using Equation 7.56, where Ctg wp represents the T&l cost of the working platform, and
Cra nwt denotes the transport and installation cost of the hydrogen wind turbine. The T&I of the offshore
hydrogen wind turbine includes the standard T&l cost for a wind turbine, substructure, and foundation,
and is determined using Vattenfall’s in-house model. The transport and installation cost for the hydrogen
wind turbine is a fixed constant per turbine.

Craipwtmp = Craiwp + CTaiHWT (7.56)

The cost of the HPU equipment installation scales with the HPU equipment cost and is calculate
with Equation 7.57 [3]. In this equation, Chpu instalation represents the HPU equipment installation cost.
The component specific cost coefficients of the stacks, BOP, electrical equipment and compressor are
denoted with cinst stacks» Cinst,BOP: Cinst,electrical @Nd Cinst,comp respectively.

C’HPU,inst = Cstacks Cinst,stacks 1 Cgop - Cinst,BOP + Cealectrical * Cinst,electrical + C(comp * Cinst,comp (7-57)

The commissioning cost of the offshore substation can be determined using Equation 7.58 [5]. This
equation, commonly utilized in the oil and gas industry, calculates the commissioning cost as a per-
centage of the total HPU equipment CAPEX. In this equation, C¢om, represents the commissioning cost,
Cupu denotes the total equipment CAPEX (including the HPU), and ¢fcom is the commissioning cost
factor expressed as a percentage.

Ceom = CHpu * ¢foom (7.58)

The decommissioning cost (Cyecom) at the end of the lifetime of the OHF is calculated using Equation
7.59 [5]. In this equation, Ct ¢ represents the combined cost of construction, transport, installation, and
commissioning of the OHF, and cgecom is the decommissioning cost factor.

Cdecom = CTIC * Cdecom (7.59)
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7.2.6. Non-material

The Non-material costs refer to expenses that are not directly attributed to the physical components
of the hydrogen substation but still hold significant importance in the overall cost estimation. The cal-
culation of non-material costs remains consistent across all OHF compositions. These costs, denoted
as Chon-material, €an be determined using Equation 7.60, which involves the summation of engineering,
procurement, project and construction management costs (Cgpcm), owner’s costs (Cowner), and contin-
gency costs (Ceont) [41]

Cnon-material = CEPCm + Cowner + Ccont (7-60)

Engineering, procurement, project and construction management (EPCm) costs (Cgpcm) can be
calculated using Equation 7.61. In this equation, Chpy, Csup, and Csyper represent specific material
cost components, while ¢fgpcn denotes the cost factor associated with EPCm [41]. It is essential to
note that, for the non-material cost calculation, a cost scaling factor of 1 is used to determine the HPU
equipment cost Cypy because it is assumed that the non-material costs do not scale with the HPU
installed capacity.

Cepcm = (Chpu + Csub + Csuper) - ¢fepcm (7.61)

Owner’s costs (Cowner) refers to expenses incurred by the owner of the OHF, such as legal fees,
permitting, and insurance costs. These costs can be calculated using Equation 7.62, where Cypy,
Csub, and Csyper represent material cost components, and fowner denotes the cost factor associated
with owner’s costs [41].

Cowner = (CHPU + Csub + C(super) * Cowner (7-62)

Contingency costs (Ceont) account for unforeseen events or circumstances that may arise during
the construction or operation of the OHF. These costs can be calculated using Equation 7.63, where
Chpu, Csub, Csuper relate to the material cost, Cepcn represent EPCm cost, Cowner the owner’s cost and
cfeont denotes the contingency cost factor [41]. The total contingency costs are determined by adding
the costs of these components and multiplying the sum by the contingency cost factor.

Ocont = (CHPU + Osub + C’super + CEPCm + Oowner) : Cfcont (7-63)

7.2.7. Manifold

The cost modeling of the hydrogen manifold specifically pertains to the decentralised configuration.
Since it the manifold is a separate construction, it is not included in the overall cost of the OHFs. The
manifold CAPEX comprises the procurement cost, installation cost, substructure cost, and compressor
cost, which can be calculated using Equation 7.64 [36]. It is crucial to note that this equation represents
a simplified method, incorporating case-specific values obtained within Vattenfall.

CMF = CMF,procurement + CMF,T&I + C’MF,s,ubstructure + Ccompressor + CMF,IAC (764)

The manifold procurement cost (Cwrprocurement) @nd transport and installation cost (Cwur 7)) are fixed
cost. The manifold substructure cost (Cyur substructure) iS determined with monopile cost Equation 7.51.
The compressor cost (Ceompressor) is determined with Equation 7.30. Finally, the cost and length of the
IAC connecting the closest wind turbine to the manifold (Cyr ac), Nnecessary for supplying power to the
compressors, are calculated using the in-house Vattenfall model.

The OPEX associated with the manifold are determined using Equation 7.65, where Copex me de-
notes the OPEX of the manifold. The OPEX factor of the manifold is represented by fopex me-

CopexMF = CwmF - foPEXMF (7.65)

7.3. Mass & cost model demonstration

This section aims to demonstrate the functioning of the OHF mass & cost modeling. First the constants
used are given in Subsection 7.3.1. Hereafter, the OHF mass modeling demonstration results are given
in Subsection 7.3.2. Hereafter, in Subsection 7.3.3, the OHF cost modeling demonstration results are
elaborated.
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7.3.1. Offshore hydrogen facility constants

In Table 7.3, the constants used for the mass modeling of the OHF are given. Additionally, in Table 7.4,
the cost constants used for the OHF cost modeling for the centralised and semi-centralised configura-
tions are given.

Parameter Symbol Value | Unit Source
Hydrogen production unit

Compressor specific mass T compressor X | tonne/MW [57]
HPU HV specific mass Thpu 12.8 | tonne/MW [28]
HPU LV specific mass Thpu 9 | tonne/MW [3]
Superstructure

Superstructure specific mass Tsuper 1.035 | tonne/tonneppy | [28]
Supporting infrastructure specific mass Tsupport 0.515 | tonne/tonneypy | [28]
HPU area decentralised configuration Anpu 577 | m? [3]
Substructure

Jacket primary steel specific mass Ips 0.0184 | % [28]
Jacket secondary steel specific mass T'ss 0.085 | tonne/tonnenpy | [28]
Jacket primary steel mass correction factor cfos 15.79 | tonne [28]
Jacket secondary steel mass correction factor | cfss 88.7 | tonne [28]
Jacket Anode mas correction factor ¢fanode 7.5 | tonne [28]
Jacket Anode specific mass Tanode 0.0095 | tonne/tonnepsg [28]
Jacket pile mass factor Lyite 0.5574 | - [53]
Monopile foundation mass Mwmpfou X | tonne [48]
Monopile transition piece mass Mupip X | tonne [48]

Table 7.3: Offshore hydrogen facility mass constants.
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Parameter Symbol Value Unit Source
Hydrogen production unit equipment
Electrolyser stacks specific cost (1000MW) Cstacks ref 154000 | €/ MW [41]
Electrolyser stack scale factor S Fgop 0.95 [3]
Electrolyser stack OPEX factor OPEX,BOP 20 | % [77]
BOP specific cost (1000MW) CBOP ref 54000 | €/ MW [41]
BOP scale factor SFgop 0.75 [3]
BOP OPEX factor fOPEX,BOP 30 | % [71]
Compressor specific cost C1-compressor X | €MW VF
Compressor fixed cost C2-compressor X| € VF
Compressor OPEX factor JOPEX,compressor 80| % [26]
Stack replacement cost coefficient fscr 90.0 | % [38]
Stack replacement TIC cost coefficient JTIC replacement 50.0 | % [3]
Superstructure
Superstructure steel specific cost Csteel 4042.1 | €/tonne [28]
Grating specific cost Cyrating 211 | €lm? [28]
Cladding specific cost Celadding 3464.7 | €/tonne [28]
Coating specific cost Ceoating 138.6 | €/tonne [28]
Substation Superstructure OPEX factor JOPEX super,substation 20 | % [39]
Working platform specific cost cwp 7500 | €/tonne [3]
Working platform OPEX factor fopex,wp 20 | % [39]
Substructure
Jacket primary steel specific cost Cps 2309.8 | €/tonne [28]
Jacket Anode specific cost Canode 7506.9 | €/tonne [28]
Jacket secondary steel specific cost Css 2887.3 | €/tonne [28]
Jacket OPEX factor foPEX Jacket 20 | % [54]
Monopile foundation specific cost CMPfou X | €/tonne [48]
Monopile transition piece specific cost CMPitp X | €/tonne [48]
Monopile OPEX factor foPEX,monopile 20 | % [54]
Transport and installation
Stack installation cost coefficient Cinst,stacks 50.0 | % [3]
BOP installation cost coefficient Cinst BOP 100 | % [3]
Electrical equipment installation cost coefficient | cinst electrical 30.0 | % [3]
Compressor installation cost coefficient Cinst,comp 30.0 | % [3]
Commissioning OHF cost factor ¢foomm 10.0 | % [5]
T&l cost of working platform Craiwp 95,000 | €/turbine | [3]
Non-material
EPCm OHF cost factor cfercm 23.0 | % [41]
Contingency OHF cost factor cfeont 35.0 | % [41]
Owner cost factor ¢ fowner 16.0 | % [41]
Decommissioning cost factor ¢ fdecom 50.0 | % [35]
Manifold
Manifold procurement cost CMF procurement X| € [36]
Manifold transport and installation cost CMFTal X | € [36]
Manifold OPEX factor foPEXMF X | % [36]

Table 7.4: Offshore hydrogen facility cost constants.
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7.3.2. Mass model demonstration results

The topside mass of the substation determines the appropriate substructure type and is thus vital for the
overall system design of the substation. Additionally, the substructure mass is of significant importance
as it directly influences the selection of the transport and installation method for the substation. In Figure
7.3, the hydrogen substation topside and substructure mass per installed HPU capacity are depicted.
It can be observed from this figure that the substructure’s mass remains constant between 0-300MW.
Moreover, it's apparent that there’s a linear relationship between the topside and substructure mass
and the installed HPU capacity after 300MW. The transition point around 300MW, signifies the shift
from a monopile substructure to a jacket substructure, determined based on the analysis of the topside
mass and the monopile’s load capacity.

The monopile mass remains constant for the HPU installed capacity before the transition point.
The assumption here is that the monopiles utilized for offshore wind turbines are also employed for
the hydrogen substations. As a result, the monopile’s load capacity is not fully utilized below the HPU
installed capacity of the transition point between the monopile and jacket. This conservative decision
guarantees that the monopiles are sufficiently robust to handle the maximum load of both the wind
turbines and the topsides of the hydrogen substations. While optimising the monopiles for the specific
HPU installed capacity could reduce costs, it would also lead to fewer synergies between the monopiles
of the wind turbines and the hydrogen substations.

Conversely, for jacket substructures, the mass does increase with a rise in topside mass, as the
jacket is designed to specifically accommodate the corresponding topside weight.
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Figure 7.3: The total and specific mass of a hydrogen substation topside and substructure, plotted against the HPU installed
capacity for HPU capacities exceeding 100MW.

The determination of the substructure, whether a jacket or a monopile, can be achieved by referring
to the values provided in the figure above and considering the load capacity of the monopile. Specif-
ically, for a 15MW wind turbine using a monopile substructure with an 8-meter diameter, it is noted
that the vertical load capacity is 10,000 tons [7]. In cases where the installed HPU capacity leads to a
topside weight surpassing 10,000 tons, a jacket substructure will be chosen for the semi-centralised sub-
station. Similarly, for the centralised configuration, a jacket substructure is preferred for the centralised
substation due to the anticipated topside weight, which is not suitable for a monopile substructure.

In this research, the topside and substructure mass of the offshore hydrogen wind turbine is pre-
sented as two single values since only one offshore wind turbine with a constant capacity is selected.
Considering a 15MW hydrogen wind turbine, the topside mass and substructure mass are 1,903 and
1,280 tonne respectively.
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7.3.3. Cost model demonstration results
The aggregate cost of a hydrogen substation can be determined by summing up the individual cost
components for each HPU installed capacity. Figure 7.4 illustrates both the total CAPEX and specific
CAPEX per HPU installed capacity. The plot demonstrates an evident economy of scale, aligning with
the cost scaling observed for electrolyser stacks, BOP equipment, and electrical equipment. Further-
more, cost steps can be observed in the total and specific CAPEX graph, which correspond to changes
in transport and installation expenses, as well as shifts in the substructure type. Notably, the transition
from a monopile to a jacket substructure, occurring at around the 300MW mark, triggers a significant

surge in costs.
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Figure 7.4: Hydrogen substation total and specific CAPEX vs. HPU installed capacity for HPU installed capacity above

100MW.

The total and specific OPEX of a hydrogen substation for a range of installed HPU capacities is

depicted in Figure 7.5. The substation OPEX consist largely of HPU equipment cost, therefore a sig-
nificant economy of scale is observed when looking at the specific OPEX line in the figure.
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Figure 7.5: Hydrogen substation total and specific OPEX vs. HPU installed capacity for HPU installed capacity above 100MW.
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When determining the offshore hydrogen turbine cost, a single CAPEX value and a single OPEX
value is obtained by using Equation 7.20. For this particular example, undersizing is not considered.
As a result, the capacity of the HPU is equivalent to the input power capacity of the HPU. This results
in a total CAPEX of 27.5 million euros and an OPEX value of 0.48 million euros per year. However, it's
important to note that the CAPEX and OPEX values of the hydrogen wind turbine cannot be directly
compared with the substation CAPEX and OPEX. This is because the CAPEX and OPEX value of the
hydrogen turbine includes the cost of the wind turbine, whereas the hydrogen substation CAPEX and
OPEX does not incorporate the wind turbine cost.



Case study

The primary objective of this chapter is to conduct a comparative analysis of various offshore wind-to-
hydrogen configurations, employing a case study approach. The case study involves several steps,
including a site selection, the creation of wind-to-hydrogen farm layouts, modeling the cost of the wind
farm excluding hydrogen components and calculating the hydrogen production, hydrogen pipeline di-
ameters and associated costs, as well as the mass and cost of the offshore hydrogen facilities. These
steps are executed by utilizing the in-house Vattenfall model combined with newly developed model,
specified in this report. Section 8.1 provides an overview of the key characteristics of the case study.
Hereafter, the wind-to-hydrogen farm layouts are created. Subsequently, the components of the wind-
to-hydrogen farm need to be sized to achieve the lowest LCOH for each individual configuration. This
is done in Section 8.2, which presents the preliminary optimisation results for the wind-to-hydrogen
farm designs. Section 8.3 explains the process of selecting the semi-centralised configuration which is
then used for the comparison of the centralised, semi-centralised, and decentralised configurations in
Section 8.4. This comparison focuses on the LCOH and identifies the key drivers affecting the config-
urations. Moving forward, Section 8.5 conducts a sensitivity analysis to evaluate the potential impact
of variations in the key drivers of LCOH. This is followed by Section 8.6, where a more in-depth evalu-
ation of different assumptions and scenario sensitivities is conducted. Finally, Section 8.7 presents a
discussion of the case study results.

8.1. Case description

This section presents background information on the selected case study, needed for evaluating various
offshore wind-to-hydrogen configurations. It encompasses site selection, project specifications and
component capacity determination. Subsection 8.1.1 provides an overview of the case study site and
selected parameters. The rationale behind the site selection is discussed in Subsection 8.1.2. In
Subsection 8.1.3, the project specifications are discussed, while Subsection 8.1.4 elaborates on the
determination of wind turbine capacity, number of wind turbines, number of OHFs, inter-array cable
capacity, and electrolyser stack capacity.

8.1.1. Case description overview

The case-specific parameters relevant to component specifications, project specifications, site condi-
tions and configuration specifications are summarized in Table 8.1. The table provides an overview of
the key parameters associated with the case study, facilitating a deeper understanding of the subse-
quent analysis and discussions.
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Parameters Value | Unit

Site conditions and specifications

Mean wind speed 10.6 | m/s
Range water depth 25-35 | m
Estimated Weibull scale factor 11.9779 | m/s
Estimated Weibull shape factor 2.3682 | -
Estimated Weibull mean wind speed 10.61 | m/s
Distance of site to shore 100 | km
Distance of site to backbone pipeline 7 | km

Project specifications

Commissioning year 2030 | -
Project lifetime wind-to-hydrogen farm 30 | year
Discount rate 10.0 | %

Component specification

Wind turbine rated capacity 15 | MW
Inter-array cable voltage rating 66 | kV

Inter-array cable type 1: cross sectional area X | mm?
Inter-array cable type 2: cross sectional area X | mm?
Electrolyser min. stack capacity 01 | MW
Electrolyser max. stack capacity 10.0 | MW

Configuration specifications

Number of OHF centralised 11 -
Number of OHF semi-centralised 2-8 | -
Number of OHF decentralised 70 | -

Table 8.1: Case specific parameters regarding component specifications, project specifications, site conditions and
configuration specifications.

8.1.2. Site selection

The site selected for the wind-to-hydrogen farm in this case study is a planned all-electric wind farm
location in the North Sea with an intended electrical wind farm capacity of 1000MW. This location is
selected because of the available resources within Vattenfall, regarding site conditions such as wind
speed, wave height, water depth and geographical obstacles. This location is considered ideal for
offshore wind farms due to its high wind resources and the presence of consistently calm and pre-
dictable sea conditions [19]. Additionally, the location consists of water depths ranging from 25-35
meters, making it suitable for ground-based wind turbines and substations [14]. Furthermore, the in-
tended electrical capacity of the wind farm site, set at 1000MW, aligns with the capacities observed in
literature for wind-to-hydrogen farms [28][3][24].

The selected site is assumed to be more than 100km away from shore, where energy transmission
via pipelines is considered advantageous compared to high voltage DC cables, reducing transportation
costs [3]. Therefore, a wind-to-hydrogen farm at this site will be ideal for the integration with the future
European hydrogen backbone network [88].

The shape of the selected site together with the location of the assumed hydrogen backbone pipeline
connection, denoted with "x”, is given in Figure 8.1. The figure depicts possible locations for wind
turbines or hydrogen substations, represented by blue dots. The center bottom of the figure, depicted
in white and surrounded by blue dots and the lower boundary, indicates an area where neither wind
turbines nor substations can be placed but permits the crossing of cables or pipelines. For the hydrogen
backbone pipeline connection, it is assumed that the location is situated 7 km from the site boundary
at UTM X and Y coordinates of [l and [l respectively.
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x Backbone location
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Figure 8.1: Shape of selected site and the assumed location for hydrogen backbone connection (depicted with: "X”).

The wind speed probability distribution for the specific location, provided by Vattenfall, is presented
in Figure 8.2. By combining this data with the hydrogen flow rate curve, the annual hydrogen production
can be computed, as explained in Chapter 5. To facilitate future research or replication of this work, a
Weibull fit is incorporated. Additionally, the corresponding scale factor, shape factor, and mean wind
speed are calculated and provided in Table 8.1.
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Figure 8.2: Wind speed probability distribution and Weibull fit [1].

8.1.3. Project specifications
The commissioning year of the wind-to-hydrogen farm is assumed to be 2030. This is inline with the
current expectations of green hydrogen production in the North Sea area [59]. Furthermore, the project
lifetime for this specific site is provided by the national government, which is approximately 30 years
[48].

The discount rate, also referred to as the Weighted Average Cost of Capital (WACC), plays a critical
role in determining the LCOH and has a significant impact on the final results. Jansen et al. conducted
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an analysis of country-specific data on offshore wind projects within Europe [44]. Their study revealed
that, historically, most countries have used a WACC of 6-8% for offshore wind projects. However, it's
important to note that their research predates a recent increase in interest rates, which has substantial
implications for financial investment markets. Consequently, it is reasonable to consider an increase in
the WACC.

Recent findings from a DNV study on hydrogen backbone pipeline projects have already reflected
this trend, using a nominal discount rate of 10% [3]. Therefore, a discount rate of 10% will be adopted for
this project to account for the evolving financial landscape and its potential impacts on the investment
scenario.

8.1.4. Component capacities
The choice of technology for the wind-to-hydrogen components is already addressed in chapter 3. This
subsection selects the capacities for the wind turbines, inter-array cables, and electrolyser stacks.

» Wind turbine capacity: The case study employs a standard 15MW wind turbine. Given that the
current offshore wind farm development for the commissioning year 2030 often assumes the
use of 15MW turbines as a standard, the same type of turbines is considered in this context.
Increasing the wind turbine capacity augments the monopile’s maximum vertical load capacity,
thereby enabling a higher maximum electrolyser installed capacity on a hydrogen substation that
uses the same monopile [7].

Furthermore, choosing 15MW wind turbines over smaller ones offers additional advantages. Firstly,
larger wind turbines can capture higher wind speeds at greater heights, leading to increased an-
nual energy production and more efficient use of low-wind areas [12]. Secondly, larger turbines
benefit from economies of scale, reducing costs per megawatt and improving the economic via-
bility of wind energy projects [43]. Additionally, their increased inertia results in slower short-term
power fluctuations, which is advantageous for electrolysers, especially in decentralised configura-
tions. In such configurations, electrolysers are directly connected to a single wind turbine without
power aggregation [78] [35].

For projects further in the future, even larger wind turbines could be considered, as the trend
toward increased turbine capacity is expected to continue [43].

* Number of wind turbines: The offshore wind-to-hydrogen farm comprises 70 wind turbines, re-
sulting in a combined installed capacity of 1045MW. This capacity aligns with the observed range
for wind-to-hydrogen farms, as discussed in Subsection 8.1.2.

Inter-array cable capacity: Two different inter-array cables with a voltage capacity of 66kV are
used to transport electricity. 66kV is required to transmit the produced energy from the 15MW
wind turbines to an OHF. 33kV inter-array cable is not considered viable because only two turbines
could be connected to an OHF due to cable capacities and a significant increase in energy losses
in the cables. By combining the two 66kV cables, it is possible to connect a string of five wind
turbines to an OHF [48]. The distinction between the two 66kV inter-array cables lies in their
cross-sectional areas. Opting for a larger cross-sectional, enables the cable it to accommodate
a higher capacity of electrical current. This capability proves advantageous but is also required
for increased power transmission. Moreover, the larger cross-sectional area cable leads to lower
power losses during transmission due to a lower cable resistance. However, it is important to
consider the financial aspect associated with a larger cross-sectional area. As the cross-sectional
area increases, the price per meter of the cable also rises. Both technical and cost considerations
are taken into account during the cable routing of the wind farm layout optimisation, to ensure
optimal performance and economic feasibility of the electrical energy transmission.

Electrolyser stack capacity: The capacity of the electrolyser stacks is selected within the range
of 0.1MW to 10MW for the PEM electrolyser stacks. This range allows for a more specific opti-
misation of the HPU capacity with steps of 0.1MW, aiming to optimise the LCOH for the wind-to-
hydrogen farm. This level of steps is particularly important for offshore hydrogen turbines because
they have a relatively small electrolyser capacities. In future electrolysis installations, there is a
preference for large-scale electrolyser stacks due to their anticipated higher performance com-
pared to smaller-scale stacks, as well as their reduced physical footprint [77] [41].
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8.2. Preliminary optimisation

Before comparing the different offshore wind-to-hydrogen configurations, a preliminary optimisation of
four design parameters will be conducted for each configuration. This section begins by providing an
overview of the preliminary optimisation process in Subsection 8.2.1. Hereafter, an explanation of the
four preliminary optimisations is given. The preliminary optimisations cover the following aspects: the
adjustment of the compressor input pressure (Subsection 8.2.2), the determination of the number of
electrolyser stack replacements (discussed in Subsection 8.2.3), the adjustment of the compressor
output pressure to meet the requirements of the backbone pipeline (elaborated in Subsection 8.2.4),
and the sizing of the HPU capacity in relation to the HPU input power (outlined in Subsection 8.2.5).

8.2.1. Preliminary optimisation overview

In order to optimise the key design parameters for the offshore wind-to-hydrogen configurations, the
constants provided in Table 5.1, 6.1, 7.3, and 7.4 from the modeling chapters, are utilised. The key
design parameters for optimisation, namely the compressor input pressure, number of stack replace-
ments, compressor output pressure, and HPU installed capacity, need to be determined to calculate
the optimal LCOH for each configuration. The following points are important to consider during the
preliminary optimisations:

 Optimisation applicability: The compressor input pressure optimisation is exclusively applicable to
the semi-centralised and decentralised configurations. In the case of the centralised configuration,
the compressor input pressure is predetermined as it aligns with the constant output pressure of
the electrolysers. On the other hand, the optimisation of the compressor output pressure, number
of stack replacements and HPU capacity sizing is applicable to all three offshore wind-to-hydrogen
configurations.

» Placement of compressor: The placement of the compressor within an offshore wind-to-hydrogen
farm is important to understand how the input and output pressure of the compressor could be
optimised. Each offshore wind-to-hydrogen configuration consist of one compressor location
which is located at the beginning of the steel hydrogen pipeline connected to the hydrogen back-
bone pipeline. This means that for the centralised configuration, the compressor is located at
the centralised hydrogen substation, for the decentralised at the hydrogen manifold and for the
semi-centralised at the last hydrogen substation that connects the wind-to-hydrogen farm to the
hydrogen backbone pipeline.

Steel pipeline arrangement: For the semi-centralised configurations, the steel hydrogen pipelines
connecting the hydrogen substations can be arranged in parallel or in series, which impacts the
allowed pressure drop in the pipeline. The specific layout dictates the type of connection used
and varies between different semi-centralised configurations. Figure 8.3 provides an example
of the parallel and series arrangement for the semi-centralised configuration with 3 hydrogen
substations.

Approach to allowed pressure drop: The approach used to determine the allowed pressure drop
within the steel hydrogen pipelines previous to the compressor, in relation to the compressor input
pressure, is the same for each semi-centralised configuration. For hydrogen pipelines in series,
the pressure drop within a steel pipeline segment is the difference between the electrolyser output
pressure and the compressor input pressure, divided by the number of steel pipeline segments
between the farthest hydrogen substation and the compressor. For hydrogen pipelines in parallel,
the pressure drop within a steel pipeline segment is the difference between the electrolyser output
pressure and the compressor input pressure. As an example, for a semi-centralised configuration
with three hydrogen substations, a compressor input pressure of 30 bar and electrolyser output
pressure of 35 bar, the allowed pressure drop in the pipelines prior to the compressors is 2.5 bar
for series and 5 bar for parallel. This example is shown in Figure 8.3.
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Figure 8.3: Steel pipeline arrangement example for both parallel and series for the semi-centralised configuration consisting of

3 hydrogen substations.

An individual key design parameter is considered optimal when its value leads to the lowest LCOH

for a particular configuration. Consequently, the optimal values of the four key design parameters re-
sult in the lowest LCOH for a specific wind-to-hydrogen configuration. Each preliminary optimisation
parameter involves certain trade-offs, and the explanation of these trade-offs, along with the optimisa-
tion range, is provided as follows:

+ Compressor input pressure: The compressor input pressure determines the allowed pressure
drop within the hydrogen pipelines previous to the compressor, subsequently impacting the re-
quired diameters of the pipelines and the associated costs. Moreover, the compressor input
pressure affects the installed capacity of the compressor and the electrolyser, thus influencing the
overall cost of the system and the total hydrogen production. This results in a trade-off between
the cost of the steel hydrogen pipelines previous to the compressor, the cost of the compressors,
the cost of the electrolysers and the total hydrogen production. Given that the electrolyser output
pressure is 35 bar, the considered range of compressor input pressures for the semi-centralised
configurations is between 27 and 34.5 bar. For the decentralised configuration, only two compres-
sor input pressures are considered, namely 25 and 30 bar. This is done to simplify the calculations
and only to show the impact of the compressor input pressure.

* Number of stack replacements: The optimal number of electrolyser stack replacements is deter-
mined by balancing the increase in hydrogen production with the cost of the stack replacements.
Additional stack replacements lead to improved average electrolyser stack efficiency over the
lifespan of the wind-to-hydrogen farm. The considered range of electrolyser stack replacements
is between 1 and 4. No stack replacement is not an option as the maximum lifetime of the stacks
is exceeded.

+ Compressor output pressure: The compressor output pressure determines the allowed pres-
sure drop within the steel hydrogen pipeline after the compressor, subsequently impacting the
required diameter of the pipeline and the associated costs. This is the pipeline connecting the
wind-to-hydrogen farm to the backbone pipeline. Additionally, the compressor output pressure
affects the installed capacity of the compressor and the electrolyser, thus influencing the overall
cost of the system and the total hydrogen production. This results in a trade-off between the cost
of the steel hydrogen pipeline after the compressor, the cost of the compressors, the cost of the
electrolysers and the total hydrogen production. Given that the inlet pressure of the backbone
pipeline is 50 bar, the compressor’s output pressure must exceed 50 bar to compensate for the
pressure drop that occurs in the pipeline, as explained in Chapter 6. The considered range for
optimising the compressor output pressure is between 51 and 59 bar.

» HPU capacity sizing: Optimisation of HPU installed capacity versus the HPU input power im-
pacts the hydrogen production and the cost of the HPU. By evaluating different HPU installed
capacities, the goal is to find the optimal balance between the HPU installed capacity to produce
hydrogen and the cost associated with the HPU installed capacity. The HPU is CAPEX-intensive
and usually operates at full rated power continuously. However, in wind farms, its capacity factor
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is around 40-50% due to the variable nature of wind energy. Reducing the HPU installed capacity
could therefore increase the HPU capacity factor [37]. The relationship between HPU installed
capacity sizing and HPU input power can be represented by a factor known as the HPU sizing
factor, denoted as fupu.sizing.- This factor captures the correlation between the installed capacity
of the HPU and its corresponding input power. In general, there are three sizing options:

— Matching, fupu-sizing = 1: Matching HPU capacity means that the installed HPU capacity is
the same as the maximum HPU input power. This means that the HPU can utilize all the
available wind power without any restrictions. The HPU will have a similar capacity factor
as the wind farm since it can fully utilize the available power.

— Undersizing, frpu-sizing < 1: Undersizing the HPU installed capacity means that its capacity
is smaller than the maximum HPU input power. This leads to an increase HPU capacity
factor and thus an increase in full load hours because a larger period of the year the HPU
produces hydrogen at rated capacity. An increase in the number of full load hours will in-
crease the annual degradation of the electrolyser. The total hydrogen production will be
reduced compared to a matched sizing scenario because the HPU rated capacity is limited.
Undersizing the HPU installed capacity can result in cost savings since a smaller installed
capacity would require a lower upfront investment.

— Oversizing, fupu.sizing > 1: Oversizing the HPU means that its capacity exceeds the maxi-
mum HPU input power. Oversizing the HPU would decrease the capacity factor and the full
load hours since the HPU would not be able to operate at full capacity for extended periods.
However, when the variable HPU efficiency curve is considered, the hydrogen production
may increase when the HPU operate below nominal load because of an increased HPU ef-
ficiency. However, a variable efficiency curve of the HPU is not considered in the modeling
of this research and therefore oversizing will not be discussed further.

The considered range for the HPU capacity sizing factor is between 0.90 and 1.0.

When investigating the interaction between the four key design parameters, it was discovered that
the optimal values of the number of stack replacement, compressor output pressure and HPU capacity
sizing are not affected by the compressor input pressure within the range. As a result, the compressor
input pressure was initially optimised separately, also due to its inapplicability to each of the three
configurations. To determine an optimal value for the compressor input pressure, a base value of 51
bar was considered for the compressor output pressure, along with one stack replacement and a HPU
capacity sizing factor of 1.0.

Subsequently, the optimisation process focused on the number of stack replacements, compressor
output pressure, and HPU installed capacity. These parameters were optimised together as they are
applicable to each configuration and demonstrate interaction. The LCOH is determined for each com-
bination of the three parameters within their specified range for the centralised, semi-centralised, and
decentralised configurations. The objective was to identify the combination of these design parameters
that results in the lowest LCOH.

In the following subsections, the optimisation of the four key design parameters is discussed se-
quentially. However, to demonstrate the interaction between the HPU sizing factor, the number of
stack replacements, and the compressor input pressure, the optimal values for the number of stack
replacements and compressor output pressure will be presented for different HPU sizing factors within
their respective ranges.

8.2.2. Compressor input pressure

Figure 8.4 illustrates the relationship between the LCOH and the compressor input pressure for the
semi-centralised configurations. For each configuration, the LCOH initially decreases as the compres-
sor input pressure increases, reaching a minimum at the optimal compressor input pressure. The
minimum values vary slightly across configurations, approximately falling between 32 and 34.8 bar.
The decrease in LCOH is attributed to the reduction in compressor cost, which outweighs the increase
in pipeline cost at higher compressor input pressures. However, as the pressure approaches 35 bar,
the LCOH starts increasing again due to the rising cost of hydrogen pipelines, outweighing the reduced
compressor cost.
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Figure 8.4: LCOH vs. a range of compressor input pressures for semi-centralised offshore wind-to-hydrogen configurations.

For the 2 substation configuration (blue line), the LCOH for input pressures smaller than 30.9 bar is not calculated due to the

large amount of calculations and because lower input pressures are assumed to be less economically viable considering the
trend of the other semi-centralised configurations.

Figure 8.5 displays the relationship between the diameter of the largest hydrogen pipeline in a con-
figuration and the compressor input pressure. Initially, the largest pipeline diameter increases gradually
with the increasing compressor input pressure. However, a notable increase is observed when reach-
ing a compressor input pressure of 35 bar. This suggests that a small pressure difference between
the electrolyser and the compressor input pressure necessitates relatively larger pipeline diameters to

avoid exceeding the allowed pressure drop.
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Figure 8.5: The largest steel pipeline diameter of a configuration vs. a range of compressor input pressures for
semi-centralised offshore wind-to-hydrogen configurations.
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To facilitate the comparison of the semi-centralised configurations, a uniform compressor input pres-
sure is chosen for each semi-centralised configuration. This compressor input pressure must take into
account the assumed maximum allowed steel pipeline diameter of 16 inch [36]. Therefore, the highest
compressor input pressure that can be used is 33 bar. With this standardised pressure of 33 bar, the
LCOH values for each semi-centralised configuration differ from their optimal LCOH by a maximum
of 0.01€/kg. A compressor input pressure of 33 bar will be used further in this case study for the
semi-centralised offshore wind-to-hydrogen configurations.

In contrast, for the decentralised configuration, the LCOH outcome is compared for two different
compressor input pressures: 25 bar and 30 bar. The results indicate that when the compressor input
pressure is set to 25 bar, the decentralised configuration yields a lower LCOH of 3.91€/kg, whereas
it rises to 3.94€/kg with the compressor input pressure set to 30 bar. Therefore, for the decentralised
configuration, a compressor input pressure of 25 bar is selected and will be used further in this case
study.

8.2.3. Number of electrolyser stack replacements

Figure 8.6 presents the LCOH for varying numbers of stack replacements, considering HPU sizing fac-
tors from 0.9 to 1, and using a compressor output pressure of 51 bar for the centralised, decentralised,
and semi-centralised configurations. Because the effect of different number of stack replacements is
similar within the range of compressor output pressures, the choice of a fixed compressor output pres-
sure of 51 bar is sufficient to demonstrate the impact of different stack replacements across a range
of HPU sizing factors. The semi-centralised configuration with four hydrogen substations serves as an
illustrative example for all semi-centralised configurations.
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Figure 8.6: Preliminary optimisation: LCOH versus the HPU capacity sizing factor (0.9-1.0) for a range of stack replacements
(1-4) in the centralised, semi-centralised (4 hydrogen substations), and decentralised configurations. (Fixed compressor output
pressure = 51 bar)

The figure clearly indicates that the lowest LCOH is achieved when there is only one stack replace-
ment, represented by the color red, for all three configurations. If an additional stack replacement
does not lead to a decrease in LCOH, it means that the cost incurred by the extra stack replacement
outweighs the increase in hydrogen production.

Moreover, the figure shows that as the HPU capacity sizing factor increases, the distances between
the different color dots also increase. This suggests that with a higher HPU capacity sizing factor, adding
an extra stack replacement results in a larger increase in LCOH compared to smaller HPU capacity
sizing factors. This effect arises from the higher number of full load hours per year associated with a
decreasing HPU sizing factor, leading to increased electrolyser stack degradation. Consequently, for
smaller HPU capacity sizing factors, replacing the electrolyser stacks results in a more significant overall
increase in hydrogen production throughout the wind-to-hydrogen farm’s lifespan than with larger HPU
capacity sizing factors. Additionally, with an increasing number of full load hours during the lifespan,
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there may be a need for a second electrolyser stack replacement once the maximum stack lifetime is
exceeded for the second time.

Additionally, the figure highlights a variability in the impact of electrolyser stack replacements among
different configurations. The distance between the dots representing different stack replacements, in-
creases from the centralised to the semi-centralised and then to the decentralised configuration. This
increase is due to the rise in electrolyser stack cost with the decrease in HPU installed capacity from
the centralised to the decentralised configuration, caused by the cost scaling factors. Consequently,
replacing the electrolyser stack in the centralised configuration would result in lower costs compared
to the decentralised configuration.

Taking into account a range of HPU sizing factors between 0.9 and 1, based on the constants and
assumptions outlined in the previous chapters, it can be concluded that the optimal number of stack
replacements for the various wind-to-hydrogen configurations is one. This value for stack replacements
will be further utilized in the subsequent sections for the centralised, semi-centralised and decentralised
offshore wind-to-hydrogen configurations.

8.2.4. Compressor output pressure

Figure 8.7 illustrates the LCOH for different compressor input pressures (ranging from 51 to 59 bar),
one stack replacement and various HPU capacity sizing factors for the centralised, semi-centralised,
and decentralised configurations. The semi-centralised configuration with four hydrogen substations
is used as an illustrative example for all semi-centralised configurations. For each compressor input
pressure, the diameter of the steel hydrogen pipeline that connects the wind-to-hydrogen farm to the
backbone pipeline is optimised to ensure the hydrogen reaches 50 bar at the backbone pipeline.
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Figure 8.7: Preliminary optimisation: LCOH versus the HPU capacity sizing factor (0.9-1.0) for a range of compressor output
pressures (51-59 bar) in the centralised, semi-centralised (4 hydrogen substations), and decentralised configurations.

The analysis reveals that the lowest LCOH is attained when the compressor output pressure is set
to 51 bar. Increasing the compressor output pressure beyond this value leads to an increase in the
LCOH. This indicates that above 51 bar, the cost associated with an increasing compressor output
pressure and the decrease in hydrogen production due to less installed electrolyser capacity, outweigh
the cost savings of a smaller steel hydrogen pipeline diameter.

Additionally, for practical reasons and limited expected decrease in LCOH, it was chosen not to
decrease the compressor output pressure below 51 bar. This decision was made to avoid potential
issues arising from very small differences between the 50 bar backbone pressure and the compressor
output pressure, which could lead to impracticality’s in case of minor errors with the compressor.
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8.2.5. Hydrogen production unit sizing

Figure 8.8, presents the LCOH for HPU installed capacity sizing factors ranging from 0.9 to 1.0, consid-
ering one stack replacement and a compressor output of 51 bar from the previous optimisations. The
semi-centralised configuration with four hydrogen substations is used as an illustrative example for all

semi-centralised configurations.
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Figure 8.8: Preliminary optimisation: LCOH versus the HPU capacity sizing factor (0.9-1.0) for a single compressor output
pressures (51 bar) and stack replacement (1), in the centralised, semi-centralised (4 hydrogen substations), and decentralised
configurations.

The figure illustrates that a certain degree of undersizing results in a decrease in the LCOH for the
various configurations. However, it can be concluded that the disparity between matching sizing and
optimal undersizing remains relatively small for each configuration. Furthermore, notable differences
in the impact of undersizing can be observed among the centralised, semi-centralised, and decen-
tralised configurations. With an increasing number of OHFs, the beneficial influence of undersizing
on the LCOH diminishes. This finding can be explained by the growing significance of the BOP and
electrolyser cost scale factors as the number of OHFs increases. Undersizing the HPU with a small
installed capacity results in a relatively larger impact of the BOP and electrolyser cost scale factors.
Consequently, the potential cost reduction due to undersizing becomes limited in this context.

From the figure, it is possible to identify the optimal sizing factor per configuration. The optimum
sizing factor differs per configuration and therefore the sizing of all the different semi-centralised con-
figurations is included in Figure A.3 in Appendix A.1. The optimal HPU sizing factors lie between 0.95
and 1.0. To be able to compare the configurations on their total hydrogen production and cost, the
average optimal HPU sizing factor is selected of 0.97. The average HPU sizing factor may not be ideal
for all configurations, but the variances in LCOH are relatively small (<0.02€ /kg). Consequently, these
differences do not significantly impact the selection of the optimal wind-to-hydrogen configuration.

8.3. Semi-centralised configuration selection

To facilitate a comparison between the centralised, semi-centralised and decentralised wind-to-hydrogen
configurations, the first step is to identify the optimal semi-centralised configuration that yields the low-
est LCOH. This section focuses on the selection of the optimum number of hydrogen substations within

the semi-centralised configuration, aiming to minimise the LCOH. The selection process involves con-
sidering the semi-centralised configurations, ranging from to 2 to 8 hydrogen substations. By evaluating

and comparing the LCOH values for different numbers of hydrogen substations within this range, the

optimal semi-centralised configuration can be identified. In Subsection 8.3.1, an overview will be pre-
sented regarding the selection of the semi-centralised configuration, along with the primary factors that

influence the optimal number of substations. This will be followed by a comparison of the energy trans-
mission infrastructure in Subsection 8.3.2. Subsequently, in Subsection 8.3.3, a comparison of the

hydrogen substations within the semi-centralised configurations is elaborated.
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8.3.1. Optimum semi-centralised configuration selection overview

The layouts of the semi-centralised configurations are created according to the method discussed in
Section 4.3. The semi-centralised layouts consisting of 3 and 7 hydrogen substations are shown in
Figure 8.9, to function as examples. The layouts consisting of 2,4,5,6 and 8 substations are included
in Figure A.4 and Figure A.5 of Appendix A.2. In the figures, the blue area represents the site available
for wind turbine and hydrogen substation placement, the dark blue and red lines depict the inter-array
cables, the white bars present the hydrogen steel pipelines and the wind turbines are numbered. The
wind-to-hydrogen layouts exhibit a strategic arrangement with wind turbines positioned along the site’s
borders to reach the highest energy yield. Moreover, the hydrogen substations do not each require
their own hydrogen steel pipeline connected directly to the backbone pipeline. Instead, the hydrogen is
initially conveyed from the substations to another substation. At the last substation before the backbone
pipeline, the hydrogen is compressed and subsequently transported to the hydrogen backbone pipeline
via a single pipeline. This approach of not connecting every substation to the hydrogen backbone
pipeline serves to minimise space constraints and the total length of the inter-array cables and the
pipelines.
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(a) H substations: 3 (b) H> substations: 7

Figure 8.9: Semi-centralised offshore wind-to-hydrogen farm layouts including 3 and 7 offshore hydrogen substations.

A comparison of the semi-centralised configurations based on their LCOH is conducted. Figure 8.10
presents the LCOH values for the semi-centralised configurations. Among them, the configuration with
2 hydrogen substations achieves the lowest LCOH of 4.13 €/kg. Hereafter, the configuration con-
sisting of 4 hydrogen substations achieves the lowest LCOH of 4.14 €/kg. These two configurations
differ in terms of substation substructure type. The 2 substation configuration features a jacket sub-
structure, while the 4 substation configuration utilizes monopile substructures for the OHFs. Since the
resulting LCOH is almost similar for both configurations, the 4 substation configuration with monopile
substructures is selected for the overall configuration comparison.

The selection of the 4 substation configuration with monopile substructures over the 2 jacket substa-
tion configuration is supported by several practical reasons. Firstly, opting for monopile substructures
allows for the use of the same contractors responsible for wind turbine installations. This streamlines
the project management process and fosters collaboration among teams with expertise in offshore wind
projects, reducing complexities and potential delays.

Secondly, 4 smaller monopile substations generally require smaller construction and installation
vessels compared to the installation of 2 larger jacket substations. The availability of smaller vessels is
more abundant in the market, which decreases the risk related to project logistics and scheduling and
has the potential to reduce overall costs.

By considering these practical aspects, the 4 monopile hydrogen substation configuration emerges
as a favorable choice. Consequently, the 4 substation semi-centralised configuration is compared with
the centralised and decentralised configurations in Section 8.4.



8.3. Semi-centralised configuration selection 84

~

o

o

Number of hydrogen substations
v

w

0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0
LCOH (€/kg)
E \Wind farm Hydrogen substations Energy transmission

Figure 8.10: LCOH breakdown for semi-centralised configurations comprising 2-8 hydrogen substations (2-3 substations =
Jacket substructure, 4-8 substations = monopile substructure). The LCOH is categorized into three components: wind farm,
hydrogen substation, and energy transmission.

Next to the overall LCOH, Figure 8.10 illustrates the contribution to the LCOH from the wind farm,
energy infrastructure, and hydrogen substations. The wind farm contribution includes the costs asso-
ciated with all components of the wind-to-hydrogen farm, excluding the hydrogen pipelines, inter-array
cables, and hydrogen substations.

There is a significant disparity observed in the contribution of hydrogen substations between the
semi-centralised configurations. Furthermore, a minor difference arises in the contribution of energy
transmission to the LCOH, which encompasses the costs of the hydrogen pipelines and inter-array
cables.

Since the variations in LCOH among the semi-centralised configurations are primarily attributed to
the hydrogen substations and energy infrastructure, the subsequent subsections will provide a detailed
analysis of these components.

Furthermore, variations in hydrogen production arise throughout the lifetime of the semi-centralised
configurations due to discrepancies in inter-array cable losses. Table 8.2, provides an overview of the
maximum total HPU input capacity and maximum inter-array cable power loss. The variances in inter-
array cable power loss can be attributed to differences in inter-array cable type and length. For the
maximum current, the smaller diameter inter-array cable leads to a significant higher power loss then
the larger inter-array cable [48].

Parameter Unit Semi-centralised

Number of hydrogen substations # 2 3 4 5 6 7 8
Maximum total HPU input power MW | 1036.75 | 1037.37 | 1038.02 | 1038.26 | 1038.95 | 1038.57 | 1038.86
Maximum power loss inter-array cables | MW X X X X X X X

Table 8.2: Maximum HPU input power and power loss inter-array cables for semi-centralised wind-to-hydrogen configurations.

Figure 8.11 depicts the total hydrogen production over the lifetime for the semi-centralised configura-
tions. A slight increase in hydrogen production is observed due to the reduction in power loss resulting
from inter-array cables. However, the hydrogen production shows a decrease from 6 to 7 hydrogen
substations and then increases from 7 to 8 hydrogen substations. This is because the power loss in
the inter-array cables for the 7 substations is larger compared to the losses for the 6 and 8 substations.
Nevertheless, the differences in hydrogen production among the configurations are not significant, with
the maximum variance being only 0.2%.
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Figure 8.11: Normalised hydrogen production during lifetime for semi-centralised configurations comprising 2-8 hydrogen
substations.

8.3.2. Energy transmission infrastructure

Within the semi-centralised configurations, the energy infrastructure differs due to the different number
and positioning of hydrogen substations, the different positioning of the wind turbines as well as the
associated inter-array cable and hydrogen pipeline routing. The resulting difference affecting the energy
infrastructure contribution to the LOCH relates to the total length of the inter-array cables and the total
length of the hydrogen pipelines.

It is important to note that the total length and CAPEX of the energy infrastructure are highly depen-
dent on the specific case study and site dimensions. However, the results obtained from the analysis
can provide insights into the relation between length and cost of the energy infrastructure. Addition-
ally, the specific CAPEX values of the energy infrastructure are included for comparison with existing
literature.

Figure 8.12a presents the total length of inter-array cables and hydrogen pipelines for the different
number of substations. The graph demonstrates that as the number of substations rises, the total length
of inter-array cables decreases, with a maximum reduction of 8% observed between two substations
and seven substations. On the contrary, the length of hydrogen pipelines generally expands as the
number of substations increases. However, this growth tapers off after five substations, reaching a
maximum difference in total pipeline length of 143% between two substations and five substations.

Figure 8.12a illustrates the total CAPEX of the energy infrastructure for each configuration. It is
apparent that the pattern of total CAPEX differs from that of the total length of the energy infrastructure.
This suggests variations in the specific CAPEX values for the energy infrastructures. Regarding the
inter-array cables, the total CAPEX decreases similar to the decrease in total length. However, when
examining the hydrogen pipelines, a relatively larger difference in total CAPEX becomes apparent. This
indicates that the costs associated with the hydrogen pipelines have a more significant impact on the
overall CAPEX of the energy infrastructure compared to the inter-array cables.
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(a) Normalised energy infrastructure length.
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Figure 8.12: Normalised length and CAPEX of inter-array cables and hydrogen pipelines for each semi-centralised
configuration.

Figure 8.13 presents specific CAPEX information for steel hydrogen pipelines and inter-array cables.
Analysis of the figure reveals that the specific price of inter-array cables does not vary significantly
across different configurations. The small differences can be attributed to the varying lengths and
costs of the two types of inter-array cables. The decrease in specific CAPEX for the pipelines is a
result of the number of segments and pipeline diameters. Generally, an increase in the number of
segments and total pipeline length leads to a decrease in specific CAPEX for hydrogen pipelines. The
reason why there is a decrease in the specific CAPEX when the number of segments and total pipeline
length increases is because their are several fixed cost associated with the transport and installation
of the hydrogen pipelines. Furthermore, the specific hydrogen pipeline CAPEX is influenced by the
average pipeline diameter. When the number of pipelines increases within a wind-to-hydrogen farm,
the average pipeline diameter decreases. This is because with more pipelines, each pipeline needs
to transport a smaller flow rate, allowing the usage of smaller pipeline diameters, and as a result, the
average pipeline diameter decreases.
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Figure 8.13: Normalised specific CAPEX of energy infrastructure for semi-centralised configurations (2-8 substations), divided
into steel pipeline and inter-array cables.

Based on the figure, it can be inferred that there is no significant difference in the specific CAPEX
between the inter-array cables and hydrogen pipelines. This finding contradicts the initial assumption
that pipelines are less expensive than electrical cables. The main reason for this is the lower energy
transmission capacity required and the relatively short distances involved in this particular context.
Pipelines are typically well-suited for the transmission of large amounts of energy over long distances,
but in this case, the distances are short, and the amount of energy in the form of hydrogen is relatively
small.

8.3.3. Offshore hydrogen facilities

Table 8.3 displays the specifications of various semi-centralised configurations, including their HPU
rated capacity per substation, substation topside mass, topside specific mass and substructure type.
As the number of substations increases, both the HPU rated capacity per substation and the substation
topside mass decrease. The table also indicates the type of substructure used, which will be further
explained below.

Parameter Unit Semi-centralised

Hydrogen substations # 2 3 4 5 6 7 8
HPU rated capacity per substation | MW 502 336 252 202 168 144 126
Substation topside mass tonne 15,617 | 10,418 | 7,818 | 6,256 | 5,217 | 4,470 | 3,912
Substation specific topside mass tonne/MW 31.1 310 310 | 310 | 311 31.1 31.0
Substation substructure type - Jacket | Jacket MP MP MP MP MP

Table 8.3: Offshore hydrogen facility specifications for semi-centralised (2-8 substations) wind-to-hydrogen configurations
(Substructure types: MP = monopile, Jacket).

Figure 8.14 illustrates the topside mass of the semi-centralised hydrogen substations per configu-
ration. Additionally, a line in the figure represents the load capacity of the monopile, thereby indicating
whether a substation utilizes a monopile substructure. By considering a maximum vertical load capac-
ity of 10,000 tonnes, the boundary between a monopile and jacket substructure can be determined.
For semi-centralised configurations with up to three hydrogen substations, jacket substructures are uti-
lized, whereas in semi-centralised configurations with 4 or more substations, monopile substructures
are employed.
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Figure 8.14: Topside mass of hydrogen substations for semi-centralised wind-to-hydrogen configurations (2-8 substations)
including the monopile load capacity. (2-3 substations = Jacket substructure, 4-8 substations = monopile substructure).

Figure 8.15 provides a comparison of specific CAPEX among the hydrogen substations in the semi-
centralised configurations. The specific CAPEX is of the hydrogen substations is the total CAPEX di-
vided by the HPU installed capacity. The figure displays the specific costs of different components, such
as HPU equipment, superstructure, substructure, transport and installation, and non-material expenses,
for each configuration. It is important to note that the substructure type differs across configurations.
Specifically, the configurations with two and three substations utilize jacket substation substructures,
while configurations with 4 or more substations employ monopile substructures.
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Figure 8.15: Specific CAPEX of hydrogen substation components for semi-centralised configurations (2-3 substations = Jacket
substructure, 4-8 substations = monopile substructure).

Distinct variations in specific costs can be observed for the HPU equipment, substructure, and
transport and installation in the semi-centralised configurations. The specific cost of HPU equipment
is influenced by scaling, resulting in higher costs when the HPU installed capacity per substation de-
creases. It is of significance to emphasize that the electrolyser replacement costs are not incorporated
in the specific HPU equipment CAPEX, as they are considered part of the HPU’s OPEX. Differences
in non-material costs arise from the increase in material cost, as non-material costs scale with material
costs. The superstructure cost remains similar across different configurations, as it scales linearly with
the installed HPU capacity.

Variations in substructure and transport, installation and commissioning costs primarily stem from
the topside weight, which determines the type of substructure and the method of transport, installation,
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and commissioning used. Notably, a significant difference in substructure cost and transport, installa-
tion, and commissioning cost can be observed between configurations with three and 4 substations,
representing the boundary between jacket and monopile substructures. This suggests that substantial
cost reductions are achieved through the synergies offered when using monopiles substructures both
for wind turbines and hydrogen substations. However, it is important to mention that the specific cost
of the substructure and transport, installation, and commissioning increases from 4 to 8 substations.
This can be attributed to the fixed cost component associated with monopiles, as the same monopile is
used for configurations with 4 to 8 substations, resulting in increased costs as the number of substations
rises.

8.4. Offshore wind-to-hydrogen configuration comparison

In this section, the economic feasibility of the centralised, semi-centralised, and decentralised offshore
wind-to-hydrogen configurations is compared within the specific case study. The evaluation focuses
on the economic viability by examining the created layouts and their LCOH in Subsection 8.4.1. Subse-
quently, a detailed analysis of the energy infrastructures and offshore hydrogen facilities is presented
in Subsections 8.4.2 and 8.4.3 respectively. The main objective of these analyses is to determine the
optimal configuration for offshore hydrogen production within an offshore wind farm based on LCOH.
Additionally, the goal is to identify the key factors that influence the selection of the optimal configura-
tion. Once these factors are identified, a sensitivity analysis can be performed to assess their individual
impacts more specifically.

8.4.1. Offshore wind-to-hydrogen configuration comparison overview

The wind-to-hydrogen farm layout for the centralised, semi-centralised and decentralised configura-
tions are depicted in Figure 8.16, 8.17 and 8.18 respectively. The centralised configuration consist of
one hydrogen substation while the semi-centralised configuration consist of 4 hydrogen substations,
chosen based on the semi-centralised configuration selection. On the other hand, the decentralised
configuration consist of 70 hydrogen wind turbines. In the centralised and semi-centralised layouts, the
blue area represents the site available for wind turbine placement, the dark blue and red lines depict
the two different inter-array cable types, the white bars present the hydrogen steel pipelines and the
wind turbines are presented by small red circles with a specific number. In the decentralised layout,
the green, blue and red lines depict the infield flowlines, the white bar represents the steel hydrogen
pipeline, the central circle is the hydrogen manifold and the wind turbines are depicted with a small "x”.
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Figure 8.16: Centralised offshore wind-to-hydrogen farm layout.
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Figure 8.17: Semi-centralised (4 hydrogen substations) offshore wind-to-hydrogen farm layout.
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Figure 8.18: Decentralised offshore wind-to-hydrogen farm layout.

The wind-to-hydrogen farm layout in the centralised configuration follows a similar arrangement to
an all-electric wind farm. It includes a single offshore electrical substation and adopts the same place-
ment of wind turbines and substations. In the decentralised configuration, the layout is the same as for
the centralised configuration, as it shares the optimised substation position, steel pipeline substation-
backbone connection, wind turbine positions, and cable routing. The main differences lie in the replace-
ment of standard wind turbines with hydrogen wind turbines, the substitution of the substation with a
manifold, and the use of infield flowlines instead of inter-array cables.

Furthermore, in all three configurations, the positioning of wind turbines along the borders of the
site is notable. This arrangement is strategically designed to minimise wake losses and maximize
power output. While this placement increases the length of inter-array cables, the overall focus is
on augmenting power output, which carries greater significance. This strategic arrangement of wind
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turbines along the site’s borders demonstrates consistency across different offshore wind-to-hydrogen
configurations.

The offshore wind-to-hydrogen configurations are compared on their LCOH taking into account the
preliminary optimisations of Section 8.2. The LCOH of the configurations is depicted in Figure 8.19.
From this figure, the conclusion can be drawn that the decentralised configuration results in the lowest
LCOH of 3.91 € /kg.
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Figure 8.19: LCOH breakdown for the centralised, semi-centralised and decentralised configurations. The LCOH is
categorized into three components: wind farm, hydrogen substation, and energy transmission.

Figure 8.19 provides an illustration of the contribution to the LCOH from the wind farm, energy in-
frastructure, and hydrogen substations or hydrogen wind turbines. The wind farm contribution encom-
passes the costs associated with all components of the wind-to-hydrogen farm, excluding the hydrogen
pipelines, inter-array cables, and hydrogen substations. This component represents a significant por-
tion of the LCOH and varies among the different configurations.

In the decentralised configuration, notable cost savings can be observed due to the absence of high
voltage transformers in the electrical system of hydrogen wind turbines. This leads to a cost saving of
0.38M€ compared to a standard wind turbine. The cost advantage in the decentralised configuration
is a direct result of this design choice.

The contribution of hydrogen substations to the LCOH exhibits considerable variation among the
configurations. It is important to consider that the substructures of the hydrogen wind turbines are
included as part of the wind farm contribution since they are already installed for the wind turbines.
This distinction should be taken into account when analysing the LCOH contribution of the hydrogen
substations.

Additionally, the LCOH contribution of energy transmission, which incorporates the expenses asso-
ciated with hydrogen pipelines and inter-array cables, differs across the configurations. The specific
costs for these components vary among the configurations, influencing their contribution to the overall
LCOH.

Since the differences in LCOH related to the energy infrastructure and offshore hydrogen facilities
among the configurations are influenced by multiple factors and not just one, the upcoming subsections
will delve into an analysis of these components.

Furthermore, variations in total hydrogen production throughout the lifespan occur due to disparities
in electrical power losses. The total hydrogen production during the lifetime for the centralised, semi-
centralised and decentralised configuration is given in Figure 8.20. The variances in inter-array cable
power loss can be attributed to differences in inter-array cable length and causes the differences in
hydrogen production during lifetime.
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Figure 8.20: Normalised hydrogen production during lifetime for the centralised, semi-centralised and decentralised
configurations.

Table 8.4 offers an overview of the maximum total input capacity of the HPU and total electrical power
loss for the centralised, semi-centralised and decentralised configurations. The differences in electrical
power loss are caused by the differences in inter-array cable length. The decentralised configuration
generates a greater amount of hydrogen throughout its lifetime compared with the centralised and
semi-centralised configuration. This can be attributed to the absence of inter-array cables and the high
voltage power transformer steps present in the configuration. These factors contribute to improved
efficiency and reduced power losses, resulting in higher hydrogen production compared to the other
configurations.

However, it's important to consider the simplification of the efficiency curve of the electrolysers when
interpreting these results. The current analysis assumes a constant efficiency curve for the electroly-
sers, which may not fully capture the actual performance variations among different configurations.
The impact of this simplification on hydrogen production will differ per configuration due to the varying
capacities of the electrolysers. Specifically, the decentralised configuration is expected to be more
affected by a variable efficiency curve since there is less power aggregation leading to relatively large
power fluctuations which could affect the hydrogen production negatively [37] [35].

Parameter Unit | Centralised | Semi-centralised | Decentralised
OHFs # 1 4 70
Wind farm HPU maximum input power | MW 1034.6 1038.0 1041.4
Maximum inter-array cable power loss | MW X X -

Table 8.4: Centralised, semi-centralised and decentralised wind-to-hydrogen configuration specifications.

8.4.2. Energy transmission infrastructure

The energy transmission infrastructures of the three configurations are compared based on their type,
length, and associated cost. Figure 8.21 provides a visual representation of the offshore wind-to-
hydrogen configurations’ energy transmission infrastructure type, length and total CAPEX.
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Figure 8.21: Length and CAPEX of inter-array cables, steel hydrogen pipelines and hydrogen infield flowlines for the
centralised, semi-centralised and decentralised configurations.

Figure 8.21a demonstrates that the semi-centralised configuration exhibits a shorter total length of
energy transmission infrastructure compared to the centralised and decentralised configurations. The
centralised and decentralised configurations share the same cable or pipeline layout and, therefore,
should have identical total energy infrastructure lengths. However, the disparity in infield flowline length
and inter-array cable length between the centralised and decentralised configurations can be attributed
to the inclusion of spare length in the inter-array cable. In the case of the decentralised configuration, the
inter-array cable length specifically refers to the cable connecting the turbine nearest to the manifold,
responsible for supplying the required power for compression. However, due to the relatively short
length of the inter-array cables (approximately X km), their impact on the overall length and CAPEX is
not easily observable in the figure.

Figure 8.21b shows the total CAPEX of the energy infrastructures of the three configurations. It can
be seen that the total energy infrastructure CAPEX of the semi-centralised and decentralised is similar
and is marginally lower compared to the centralised configuration. The difference in total CAPEX is
mainly caused by the variation in specific CAPEX between inter-array cables, steel pipelines, and infield
flowlines.

Figure 8.22 presents specific CAPEX information for hydrogen pipelines and infield flowlines. Analy-
sis of the figure reveals that the specific CAPEX of inter-array cables does not vary significantly across
different configurations. The minor differences can be attributed to the varying lengths and costs of
the two types of inter-array cables. For the steel pipeline, a notable disparity can be observed. The
decrease in specific CAPEX for the pipelines is a result of the number of segments and pipeline diam-
eters. Generally, an increase in the number of segments and total pipeline length leads to a decrease
in specific CAPEX for hydrogen pipelines. The specific price of infield flowlines is comparable to the
specific price of the inter-array cables.
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Figure 8.22: Normalised specific CAPEX of energy infrastructure for the centralised, semi-centralised and decentralised
configurations, divided into steel pipelines, infield flowlines and inter-array cables.

As discussed in the semi-centralised energy infrastructure specific CAPEX, it becomes apparent
that there exists a disparity in the specific CAPEX between inter-array cables and hydrogen pipelines,
resulting in a higher cost for the pipelines. As explained before, this finding contradicts the initial as-
sumption that pipelines are typically less expensive than electrical cables.

8.4.3. Offshore hydrogen facilities

Table 8.5 provides insights into the specifications of the OHFs in the configurations, displaying the HPU
rated capacities, topside masses, specific topside mass, and substructure types for the substation or
hydrogen wind turbines. It is evident from the table that the specific topside mass of the decentralised
configuration is significantly higher than that of the other configurations. This is primarily due to the
additional mass of the wind turbines.

Parameter Unit Centralised | Semi-centralised | Decentralised
OHFs # 1 4 70
OHF HPU rated capacity MW 1002 252 14.4
OHF topside mass tonne 31,234 7,818 1,880
OHF Specific topside mass | tonne/MW 31.1 31.0 130.6
OHF Substructure type - Jacket Monopile Monopile

Table 8.5: Offshore hydrogen facility specifications for centralised (1 hydrogen substation), semi-centralised (4 hydrogen
substations) and decentralised (70 hydrogen wind turbines) wind-to-hydrogen configurations.

Figure 8.23 offers a comparison of the specific CAPEX for offshore hydrogen facilities across the
different configurations. The figure presents a breakdown of specific costs for various components,
including HPU equipment, superstructure, substructure, transport, installation and commissioning, and
non-material expenses, for each configuration. It is important to note that in the decentralised config-
uration with 70 OHFs, the CAPEX of hydrogen wind turbines and substructures are not included as
explained before.

Decentralised

Semi-centralised

Centralised 4 b 46.2 49.3 107.1
0 200 400 600 800 1000
Specific CAPEX (€/kW)
B HPU equipment B Substructure W Superstructure
W Non-material B Transport, installation and commissioning Manifold

Figure 8.23: Specific CAPEX of hydrogen substation components for the centralised, semi-centralised and decentralised
configurations.
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Distinct variations in specific CAPEX are apparent for HPU equipment, non-material, substructure,
transport, installation, and commissioning, and superstructure.

The specific CAPEX of HPU equipment is influenced by scaling, resulting in higher CAPEX when
the HPU installed capacity decreases. This discrepancy can be observed between the centralised and
semi-centralised configurations,where the semi-centralised setup exhibits a higher HPU equipment
specific CAPEX value because of its lower HPU installed capacity per hydrogen substation. However,
the HPU equipment specific CAPEX in the decentralised configuration is significantly lower, due to the
cost savings of not requiring high voltage electrical equipment.

Differences in non-material CAPEX arise because these costs are calculated as a percentage of
the material CAPEX, and thus, they scale with the HPU equipment, substructure, and superstructure
CAPEX. However, the non-material CAPEX is based on the HPU equipment cost without considering
the cost scaling factors of the electrolyser stacks and BOP. For the semi-centralised configuration,
the HPU equipment cost used for calculating non-material costs is the same as in the centralised
configuration. Additionally, the substructure cost is lower for the semi-centralised configuration than
for the centralised configuration. Consequently, the total non-material CAPEX in the semi-centralised
configuration is lower compared to the centralised configuration.

Disparities in substructure and transport and installation CAPEX primarily stem from variations in
topside weight, influencing the selection of substructure type and the method of transport and installa-
tion. Where the centralised hydrogen substation contains a jacket substructure, the semi-centralised
hydrogen substation contain monopile substructures. Additionally, for the decentralised configuration,
no substructure cost is included since the substructure is already installed for the wind turbine and
included in the wind farm cost.

The superstructure specific CAPEX in the centralised and semi-centralised configurations is similar
as the cost scales linearly with the installed capacity of HPUs. In contrast, the superstructure specific
CAPEX in the decentralised configuration is significantly lower, as it requires a simpler construction in
the form of a working platform.

8.5. Sensitivity Analysis

This section provides a sensitivity analysis, aiming to understand how varying key parameters can
influence the overall system performance and cost of offshore wind-to-hydrogen configurations. First
in Subsection 8.5.1, an overview of the high-level and low-level parameters is given together with the
method used to conduct the sensitivity analysis. Hereafter, in Subsection 8.5.2, the sensitivity analysis
is provided of the high-level parameters. Finally, in Subsection 8.5.3, the sensitivity analysis regarding
low-level parameters is given. Both the high-level and low-level parameter sensitivities are used to
compare the impact on the different configurations.

8.5.1. Sensitivity analysis overview

The sensitivity analysis methodology, designed to highlight the sensitivities concerning the LCOH of
different offshore wind-to-hydrogen configurations, incorporates the extraction of key parameters for
the LCOH from previously discussed sections. Subsequently, a sensitivity analysis of these parameters
is conducted. The procedure entails altering the input parameters by -20%, -10%, +10%, and +20%,
and subsequently calculating the consequent LCOH. This mechanism facilitates the identification and
comparative evaluation of the impacts invoked by variations in the defined parameters. This strategy is
uniformly executed across the centralised, semi-centralised, and decentralised. As a result, differences
in sensitivity across these configurations become evident.

The first step involves conducting a sensitivity analysis on the high-level parameters, which are
presented in Table 8.6, along with an explanation for each parameter. Important note is that for the
centralised and semi-centralised configuration, the OHF total CAPEX and OHF total OPEX are rep-
resented by Substation total CAPEX and Substation total OPEX. For the decentralised configuration,
the OHF total CAPEX and OPEX are represented by Hydrogen wind turbine (HWT) total CAPEX and
Substation total OPEX.

In the HPU in-efficiency and HPU in-availability parameters, the emphasis is placed on inefficiency
and in-availability rather than efficiency and availability. This decision was made to ensure that the
parameter values remain within realistic bounds. Increasing efficiency or availability by 20% would ex-
ceed physical limits [35]. Since efficiency and availability are capped at 100%, extending them beyond
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this threshold can lead to unrealistic results that violate fundamental principles. On the other hand, by
focusing on inefficiency and in-availability, a more practical range of values is obtained for sensitivity
analyses. This range includes variations of +20%. As an example, let's examine the impact of a 20%
increase in the HPU inefficiency parameter. If the initial inefficiency of the HPU is 10%, a 20% increase
would raise it to 12%. On the other hand, if the original efficiency is 90%, a 20% increase would result
in an efficiency value of 108%. Therefore, selecting inefficiency and in-availability helps maintain the
feasibility and validity of the analysis.

High-level parameters Description

Wind farm CAPEX CAPEX of wind farm excluding cost related to offshore hydrogen
facilities, hydrogen pipelines and inter-array cables.

OHF total CAPEX CAPEX of HPU equipment, substructure, superstructure, transport,

installation and commissioning and decommissioning. For decen-
tralised, this does not included the wind turbines and monopile sub-

structure.

Energy transmission CAPEX | CAPEX of the inter-array cables and hydrogen pipelines.

Wind farm OPEX OPEX of wind farm excluding cost related to offshore hydrogen fa-
cilities, hydrogen pipelines and inter-array cables.

OHF total OPEX OPEX of all components of the offshore hydrogen facilities. For de-
centralised, this does not included the wind turbines and monopile
substructure.

Energy transmission OPEX OPEX of the inter-array cables and hydrogen pipelines.

Discount rate Discount rate

HPU in-efficiencies Initial in-efficiency electrolyser stacks, electrical equipment, desali-

nation, hydrogen purification and compression.

Table 8.6: High-level parameters for the sensitivity analysis.

In the second step, a more detailed sensitivity analysis is conducted on low-level parameters. This
analysis aims to provide a deeper understanding of the key factors influencing the LCOH. The low-level
parameters are defined in Table 8.7. By examining these specific components, it becomes possible to
identify the main drivers behind the variations in LCOH across different configurations. It is important
to note that the low-level parameters considered for the sensitivity analysis do not include parameters
related to the wind farm CAPEX and OPEX. This deliberate choice is made to align with the focus of
this study, which centers on the hydrogen components. Furthermore, the analysis of the LCOH has
indicated that the contribution of the wind farm to the LCOH is similar across all configurations.

Important note is that for the centralised and semi-centralised configuration, the OHF parameters
are represented by Substation parameters. For the decentralised configuration, the OHF parameters
are represented by Hydrogen wind turbine (HWT) parameters.
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Low-level parameter Description

HPU equipment CAPEX CAPEX of the electrolyser stacks, BOP equipment, electri-
cal system and compressor.

OHF non-material CAPEX CAPEX of EPCm, owner and contingencies.

Inter-array cable CAPEX CAPEX of inter-array cables.

Hydrogen pipeline CAPEX CAPEX of steel hydrogen pipelines and infield flowlines.

OHF superstructure CAPEX CAPEX of substation superstructure.

OHF substructure CAPEX CAPEX of substation jacket or monopile substructure.

OHF TIC CAPEX CAPEX of substation transport, installation and commis-
sioning.

Manifold total CAPEX CAPEX of manifold.

Cost scaling factor electrolyser stacks | Scaling factor electrolyser stacks and BOP.

Cost scaling factor BOP Scaling factor electrolyser stacks and BOP.

Degradation rate wind farm Degradation rate power conversion wind farm.

Degradation rate electrolyser stacks Degradation rate electrolyser stacks.

Initial in-efficiency electrolyser stacks | Initial in-efficiency electrolyser stacks.

HPU in-availability HPU in-availability.

monopile load monopile load.

Mass OHF topside Mass of HPU equipment and superstructure.

Table 8.7: Low-level parameters for the sensitivity analysis.

8.5.2. LCOH high-level parameter sensitivities

Figure 8.24 illustrates the influence of high-level parameters on the LCOH for the centralised configura-
tion. The parameters are ranked based on their impact of uncertainty or change. The results reveal that
changes in the wind farm CAPEX have a significant effect on the overall system cost. Thus, initiatives
aimed at reducing the wind farm CAPEX can result in substantial cost savings. It could be stated that
the wind farm CAPEX is crucial for different offshore wind-to-hydrogen configurations. However, it is
worth noting that the uncertainty associated with the wind farm CAPEX is relatively small compared to
the hydrogen-related parameters, as the wind farm CAPEX is well-established.

Additionally, the discount rate and the inefficiencies of the HPU significantly contribute to the vari-
ations in the LCOH. Changes in the discount rate impact the time value of money, while alterations
in HPU inefficiencies directly affect the hydrogen production over the wind-to-hydrogen farm’s lifetime.
Therefore, it is important to evaluate the uncertainties associated with these parameters to enhance
the certainty and accuracy of the LCOH results. This evaluation can bring to light any challenges in
accurately estimating their values or models.

Moreover, investigating the potential changes in these parameters over time or in different locations
can provide valuable insights. For instance, variations in discount rates or HPU efficiencies might arise
due to evolving market conditions, technological advancements, or regional differences. Understanding
the dynamics and possible fluctuations in these key parameters can enable more informed decision-
making and robust planning for the design of cost-effective offshore wind-to-hydrogen configurations.

In contrast, the impact of changes in hydrogen substation OPEX and energy infrastructure CAPEX
and OPEX on the LCOH appears to be relatively limited. While they influence the overall system
performance, their direct influence on the LCOH is less pronounced compared to the wind farm CAPEX,
discount rate, and HPU inefficiencies.
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Figure 8.24: Tornado plot illustrating the high-level parameter sensitivity analysis of LCOH for the centralised offshore
wind-to-hydrogen configuration.

In Figure 8.25, the influence of the high-level parameters on the LCOH for the semi-centralised
configuration is presented. The parameters are ranked in the same order as for the centralised config-
uration for comparison purposes. The shape of the tornado plot is similar to the shape of the tornado
plot of the centralised configuration. This similarity in the shape of the tornado plots indicates that the
high-level parameters, such as wind farm CAPEX, discount rate, and HPU inefficiencies, have a similar
influence on the LCOH in both the centralised and semi-centralised configurations.
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Figure 8.25: Tornado plot illustrating the high-level parameter sensitivity analysis of LCOH for the semi-centralised offshore
wind-to-hydrogen configuration consisting of 4 hydrogen substations.

In Figure 8.25, the influence of the high-level parameters on the LCOH for the decentralised config-
uration is presented. The parameters are ranked in the same order as for the centralised configuration
for comparison purposes. The shape of the tornado plot is almost similar to the shape of the tornado
plot of the centralised and semi-centralised configuration. The only difference relates to the impact of
the hydrogen substation CAPEX and OPEX. This can be declared by the significantly lower specific
OHF CAPEX of the decentralised configuration due to fact that the substructure cost are not included
as well as the lack of high voltage electrical equipment.
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Figure 8.26: Tornado plot illustrating the high-level parameter sensitivity analysis of LCOH for the decentralised offshore
wind-to-hydrogen configuration.

In all configurations, the wind farm CAPEX, discount rate, and HPU inefficiencies have significantly
impact on uncertainty and change. The energy infrastructure has a comparatively limited influence.

Regarding the decentralised configuration, it is observed that its advantage lies in having signifi-
cantly lower OHF specific CAPEX due to the exclusion of substructure costs and high voltage electrical
equipment. However, this advantage might not be fully reflected in the tornado diagrams, as these
diagrams primarily show the sensitivity of the LCOH to changes in parameters rather than comparing
absolute differences in LCOH between configurations.

Additionally, in the sensitivity study, the difference in the decentralised configuration compared to the
other two configurations may be related to the fact that the centralised and semi-centralised configura-
tions have more potential for cost reductions through further improvements to the hydrogen substation,
while the decentralised configuration already exhibits lower costs. Therefore, the potential for additional
cost reduction in the decentralised configuration might be limited compared to the other configurations.

Overall, these findings emphasize the importance of reducing the values and reducing the uncer-
tainty of the wind farm CAPEX, discount rate, and HPU in-efficiency to achieve cost-effective offshore
wind-to-hydrogen systems.

8.5.3. LCOH low-level parameter sensitivities

Figure 8.27 presents the low-level parameter sensitivities for the centralised configuration. Similar to
the high-level parameter tornado plot, the parameters are ranked based on their impact on uncertainty
and change. The same order of parameters is maintained for the semi-centralised and decentralised
configuration tornado plots for the low-level parameter sensitivities.

The analysis reveals that the primary parameters affect by uncertainty and change within the cen-
tralised configuration are the initial inefficiency of the electrolyser stacks and the CAPEX of the HPU
equipment. Conversely, the impact of scaling factors is zero in the centralised configuration since no
scaling occurs.
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Figure 8.27: Tornado plot illustrating the low-level parameter sensitivity analysis of LCOH for the centralised offshore
wind-to-hydrogen configuration.

For the semi-centralised configuration, the low-level parameter sensitivity is depicted in Figure 8.28.
As in the centralised configuration, the impact of the initial in-efficiency of the electrolyser stacks and the
HPU equipment CAPEX is the most significant. However, there a some differences compared to the
specific parameter sensitivity of the centralised configuration. The influence of the substation topside

mass and substructure is relatively smaller. Additionally, the impact of the BOP and electrolyser stack
cost scaling factors is visible, albeit limited.
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Figure 8.28: Tornado plot illustrating the low-level parameter sensitivity analysis of LCOH for the semi-centralised offshore
wind-to-hydrogen configuration.

In the decentralised configuration, the low-level parameter sensitivity is depicted in Figure 8.29.
Similar to the centralised and semi-centralised configurations, the impact of the initial inefficiency of
the electrolyser stacks and HPU equipment CAPEX remains significant. However, there are notable
differences compared to the other configurations. The mass of the substation topside and substation
substructure have negligible impact in the decentralised configuration. This suggests that these fac-
tors have less influence on the LCOH within this configuration. On the other hand, the decentralised
configuration shows a larger impact of pipeline CAPEX and manifold CAPEX. This indicates that the
cost of the hydrogen pipelines and manifold significantly affects the LCOH in the decentralised setup.
Additionally, the cost scaling factor of the electrolyser and the BOP have a more prominent influence in
the decentralised configuration. This can be explained by relative small scale HPU installed capacities
thus leading to a greater impact of the cost scale factors.
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Figure 8.29: Tornado plot illustrating the low-level parameter sensitivity analysis of LCOH for the decentralised offshore
wind-to-hydrogen configuration.

Parameters such as the initial stack in-efficiency and the stack degradation rate are considered
uncertain due to the limit knowledge about their offshore working. Changes in these parameter will
largely affect the LCOH.

Moreover, the sensitivity of several parameters varies across the three configurations, potentially
leading to a different optimal offshore wind-to-hydrogen configuration. For instance, the HPU equip-
ment CAPEX is subject to uncertainty and will likely change over time. Depending on the cost scale
factors, this could result in different optimal configurations in terms of LCOH.

Overall, the low-level sensitivity analysis provides valuable insights into the impact of uncertainty
and change to the parameters of the wind-to-hydrogen configurations. In addition to optimising the
parameters, it is important to consider the uncertainty associated with these parameters and evaluate
the accuracy of the models used to estimate them.

8.6. Assumption and scenario sensitivity analysis

This section examines the influence of assumptions made prior to the LCOH calculations, which may
vary for the different offshore wind-to-hydrogen configurations. Different assumptions for the three con-
figurations may yield different optimal configuration results. For instance, Subsection 8.6.1 analyses
the load capacity of the monopile to understand its impact on determining the optimal number of hydro-
gen substations in the semi-centralised configuration. Moreover, Subsection 8.6.2 investigates whether
significant differences in electrolyser stack CAPEX, combined with the cost scale factors, could lead
to alternative optimal configuration outcomes. Subsection 8.6.3 assesses a scenario where different
HPU availabilities and OPEX factors are considered for each configuration. Subsection 8.6.4, delves
into the effect of different degradation rates on the optimal number of electrolyser replacements. Lastly,
Subsection 8.6.5 evaluates the effect of different discount rates on the different configurations.

8.6.1. Monopile load capacity

The determination of the monopile load capacity is a critical factor in selecting the appropriate sub-
structure type for different semi-centralised configurations within a substation. Previous chapters have
presented findings regarding the relationship between the number of hydrogen substations, the HPU
sizing factor, and the monopile load capacity, resulting in distinct substructure types.
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Specifically, when considering a monopile load capacity of 10,000 tonnes, semi-centralised configu-
rations comprising 2 and 3 hydrogen substations, along with an HPU sizing factor of 0.97, consistently
led to the adoption of jacket substructures. On the other hand, for semi-centralised configurations with
4 or more hydrogen substations, monopile substructures were utilized as their topside did not exceed
the load capacity of 10,000 tonnes.

The assumed monopile load capacity of 10,000 may be uncertain as it is based on simplified load
capacity and lacks a detailed structural analysis. To assess the influence of different monopile load
capacities, various capacities were considered to calculate the corresponding LCOH. For each capacity,
it was determined whether the number of substations could be accommodated on monopiles or if jackets
were required. The LCOH was then calculated based on these potentially new substructures. Figure
8.30 presents an overview of the LCOH for different semi-centralised configurations across a range
of monopile load capacities. Please note that the centralised configuration was excluded from the
monopile consideration because the 33,000 ton topside was assumed to be out of the range of a
monopile substructure. Similarly, the decentralised configuration was not considered as the hydrogen

wind turbines already utilise monopile substructures. The figure includes both the LCOH values for the
base case centralised and decentralised configurations as reference.
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Figure 8.30: LCOH versus monopile load capacity for semi-centralised configurations. Figure indicates the transition point
from jacket to monopile substructure, represented by a solid (Jacket) to dashed (Monopile) line.

In the presented figure, a distinct reduction in LCOH can be observed for each configuration at a

specific monopile load capacity. This reduction signifies the transition from a jacket substructure to
a monopile substructure. Notably, immediately following this drop, when the monopile load capacity
is fully utilized by the hydrogen substation in the corresponding configuration, the LCOH is lower com-

pared to the configuration with one fewer substation. These findings highlight the potential for achieving
significant cost reductions by an increased monopile load capacity.

8.6.2. Electrolyser stack cost

The electrolyser stack cost assumed in this research is based on large cost reductions between now
and 2030 due to electrolyser development [41]. However, one can argue that the electrolyser stack
cost do not reduce as much as assumed in the coming years. Therefore, the LCOH is determined for
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a range of electrolyser stack CAPEX.

Figure 8.31 illustrates the LCOH for different configurations, including the centralised configuration,
semi-centralised configurations with 4 hydrogen substations, and the decentralised configuration. The
graph shows that an increase in electrolyser CAPEX has a more significant impact on the LCOH of the
decentralised configuration compared to the centralised and semi-centralised configurations. Notably,
at an electrolyser stack CAPEX of 550€ /kW, which is over three times the assumed electrolyser stack
CAPEX for the base case, the centralised configuration achieves a lower LCOH than the decentralised
configuration.

5.75
5.50

5.25

o

o

o
1

&

~

[$)]
1

LCOH (€/kg)

4.50

4.251

4.00 R — Cent.rallsed -
E Semi-centralised
=+ Decentralised

T L L L L B
200 300 400 500 600 700 800
Stack CAPEX (€/kW)

Figure 8.31: LCOH versus stack CAPEX for centralised, semi-centralised (4 substations) and decentralised offshore
wind-to-hydrogen configurations.

The reason why an increase in electrolyser stack CAPEX leads to different optimal wind-to-hydrogen
configuration can be attributed to the cost scaling factor of the electrolyser stacks. An increase in
electrolyser stack CAPEX does increase the LCOH of the decentralised configuration significantly more
then for the centralised configuration. Overall, it can be stated that the electrolyser stack CAPEX
has influence on the optimal offshore wind-to-hydrogen configuration when cost scaling factors are
considered. However, it is worth considering that the cost scaling factors may be closer to 1 than initially
assumed in this study, mainly because of the modular design of the stacks. In scenarios where the
cost scaling factors approach 1, the influence of stack cost on the various configurations may become
negligible.

8.6.3. Availability and maintenance cost

In this report, it is assumed that the availability and maintenance costs are equal for the centralised,
semi-centralised, and decentralised offshore wind-to-hydrogen configurations. However, it is plausible
to consider that there might be differences across these configurations. For instance, during mainte-
nance of the HPU in the centralised configuration, the entire HPU installation must be turned off for
safety reasons, potentially leading to decreased HPU availability. Conversely, the maintenance cost of
the decentralised configuration could be considerably higher due to the distributed HPU installations.
Therefore, three scenarios: Base case, Middle and High are applied to each configuration. The scenar-
ios represent the optimistic values (Base case), pessimistic values (High) and the values in between
(Middle), for the availability and maintenance. The parameters and associated values are given in
Table 8.8.
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Parameter Symbol Unit Base case | Middle | High
HPU availability factor AFnpy % 97.5 93.75 | 90.0
Electrolyser OPEX factor fopex stacks | Yo/CAPEX 2.0 11.0 | 20.0
BOP OPEX factor foPEx BOP %/CAPEX 3.0 11.5| 20.0
Electrical system OPEX factor | fopexEes %/CAPEX 3.0 1.5 | 20.0

Table 8.8: Scenario availability and maintenance cost parameters for the base case and the centralised, semi-centralised and
decentralised offshore wind-to-hydrogen configurations.

It is important to note that the values used are assumptions and can be considered as extreme
values for illustrative purposes. They have been chosen to demonstrate the potential impact but are
not derived from literature values.

Figure 8.32 displays the resulting LCOH for both the base case and the availability and maintenance
cost scenario.
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Figure 8.32: Availability and maintenance scenarios: LCOH of centralised, semi-centralised (4 substations) and decentralised
offshore wind-to-hydrogen configurations for the Base case, Middle and High scenario. Base case: OPEX factors = 2.0 or
3.0%, HPU availability = 97.5%, Middle: OPEX factors = 11.0 or 11.5%, HPU availability = 97.5%, High: OPEX factors = 20.0%,
HPU availability = 97.5%.

In each configuration, the LCOH experiences an increase. However, the magnitude of this increase
varies depending on the configuration. This highlights the significance of accounting for availability and
maintenance costs across the different configurations.

8.6.4. Stack degradation rate

The stack degradation assumed in this research may be considered optimistic. Hence, in this sub-
section, an evaluation of stack degradation is conducted to assess its impact on the preliminary op-
timisation of stack replacements. Figure 8.33 presents the LCOH as a function of a range of stack
degradation rates for the centralised, semi-centralised, and decentralised configurations, considering
various numbers of electrolyser stack replacements.
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Figure 8.33: LCOH versus stack degradation rates for centralised, semi-centralised (4 substations) and decentralised offshore
wind-to-hydrogen configurations. (base case degradation rate = 0.1 %./1000FLH)

The figure demonstrates that the optimal number of stack replacements is heavily influenced by the
stack degradation rate. Additionally, the variations observed across the configurations can be attributed
to the different electrolyser stack CAPEX due to cost scaling effects. These findings underscore the
significance of accurately accounting for stack degradation rates in determining the optimal number of
replacements, and how this impacts the cost-effectiveness of each configuration.

8.6.5. Discount rate

The discount rate has a significant impact on uncertainty and variation, as indicated in the sensitivity
analysis. Moreover, the choice of discount rate may differ depending on the specific configuration being
considered, mainly due to variations in associated project risks. These risks encompass both technical
difficulties and asset-related uncertainties.

Consequently, it becomes imperative to conduct an analysis that explores different discount rates for
each configuration, specifically focusing on identifying the optimal setup that results in the lowest LCOH.
Therefore, it is chosen to calculate the LCOH for a range of discount rates for the different offshore
wind-to-hydrogen configurations. By taking into account a range of discount rates, an assessment of
the economic viability and cost-effectiveness of possible combination of discount rates is achieved.
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Figure 8.34: LCOH versus discount rates for centralised, semi-centralised (4 substations) and decentralised offshore
wind-to-hydrogen configurations.

The figure illustrates that altering the discount rate results in a comparable increase in LCOH for
each configuration. Nevertheless, when the discount rates vary per configuration, certain combinations
of discounts may favor the centralised or semi-centralised configuration over the decentralised one.

8.7. Discussion case study

In this section, the findings of the case study are discussed in order to contextualise them appropriately.
This includes an interpretation of the results in Subsection 8.7.1, a comparison with existing literature
in Subsection 8.7.2, an acknowledgment of the limitations in Subsection 8.7.3 and implications of the
case study results in Subsection 8.7 .4.

8.7.1. Interpretation of results

The findings from the case study can be grouped into four main categories: preliminary optimisation,
selection of semi-centralised configuration, configuration comparison, and sensitivity. Each category
will be discussed in the subsequent paragraphs, providing valuable insights into the techno-economic
aspects of offshore wind-to-hydrogen configurations.

Preliminary optimisation

» The optimal compressor input pressure is determined by striking a balance between the com-
pressor cost, pipeline cost, and hydrogen production. In this specific case, the compressor cost
plays a more substantial role than the hydrogen pipeline cost, making it advantageous to prioritize
minimising compression and opting for larger pipeline diameters.

» The number of stack replacements influences the LCOH, with the optimal number being the min-
imum required. However, the number of stack replacement is highly dependent on electrolyser
stack cost and the stack degradation rate.

» The undersizing of the HPU can lead to a decrease in the LCOH, depending on the scaling factors
of the electrolyser and BOP. For larger HPU installed capacities with less influence from scaling
factors, undersizing leads to a larger reduction in LCOH. However, undersizing also results in
reduced hydrogen production. It is essential to consider the connection to revenue, especially
when hydrogen prices are high. In such cases, undersizing may decrease the LCOH but also
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have a negative impact on the Net Present Value (NPV) over the project’s lifetime, making it
an unfavorable choice. Therefore, when the total hydrogen production is the key performance
indicator, undersizing is not preferred.

Semi-centralised configuration selection

» The LCOH of the semi-centralised configurations does not vary significantly, but the configurations
with 2 and 4 substations yield the lowest LCOH. This is caused by the lowest energy transmission
CAPEX and relatively low specific CAPEX of the hydrogen substations. An increase in number
of hydrogen substations leads to higher cost.

» For the semi-centralised configurations with 2 and 3 hydrogen substations, jacket substructures
are selected, because the topside mass of the substations exceeds the assumed load capacity of
the monopile. The configurations with 4 to 8 hydrogen substations use monopile substructures,
which offer cost savings in substructure, transport, and installation.

» Within a semi-centralised configuration consisting of a specific number of hydrogen substations,
the use of monopile substructures is advantageous over jacket substructures as long as the load
capacity of the monopile is not exceeded.

The switch from a jacket to monopile substructure is advantageous if the monopile’s load capacity
is fully utilized. When transitioning from a semi-centralised configuration with 3 jacket substruc-
tures to a configuration with 4 monopile substructures, adding an additional hydrogen substation
leads to a decrease in LCOH, due to the cost savings from using a monopile instead of jackets.
After reaching 4 hydrogen substations, adding further substations leads to an increase in LCOH.
This increase is primarily driven by the additional cost associated with installing extra offshore
substations beyond the initial 4, offsetting the initial cost advantage of using monopiles over jack-
ets.

Increasing the monopile load capacity beyond the topside mass of the 3-substation configuration
results in a new optimal semi-centralised configuration due to significant cost reductions when
monopiles could be used in the semi-centralised configuration with 3 hydrogen substations.

The total length of the energy infrastructure of the 2 substation semi-centralised configuration is
the smallest. The total energy infrastructure CAPEX of the semi-centralised configuration with 4
substations is the highest due the high cost of the steel pipelines connecting the substations and
because the inter-array cable cost are reduced further for 5 hydrogen substations. Nonetheless,
the differences in energy transmission costs between these configurations are relatively small,
falling within the range of 0-5%.

Surprisingly, the specific cost of the hydrogen pipelines is higher than that of the inter-array cables.
This is likely due to the relatively short length of the hydrogen pipelines. Furthermore, hydrogen
pipelines with a relatively large diameter are chosen, despite the higher specific cost, because
this reduces the need for compression and ultimately lowers the LCOH.

» The semi-centralised configuration consisting of 6 hydrogen substations yields the highest hydro-
gen production due to the lowest inter-array cable energy losses.

Configuration comparison

» The decentralised configuration demonstrates the lowest LCOH, primarily attributed to higher total
hydrogen production during the lifetime and reduced costs.

» The absence of inter-array cables in the decentralised configuration eliminates inter-array cable
power losses, resulting in increased hydrogen production throughout the lifetime.

» Cost savings in the decentralised configuration arise from the lack of high voltage electrical equip-
ment and the absence of additional substations, except for the manifold. These factors signifi-
cantly reduce costs compared to the semi-centralised and centralised configurations.

» The impact of the energy infrastructure varies minimally across the configurations. The hydrogen
infield flowlines as well as the steel pipelines between the hydrogen substations exhibit higher
costs than the inter-array cables. The pipelines do not have economic benefits over the inter-
array cables due to their small energy volumes.
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Sensitivity

+ Sensitivity analysis reveals differences between the configurations. While influential high-level
parameters like wind farm CAPEX and HPU inefficiency show similar impacts across configura-
tions, low-level parameters demonstrate varying effects. For instance, changes in cost scaling
factors have a greater impact on the decentralised configuration.

» A change in monopile load capacity leads to a different optimal semi-centralised configuration.

When the monopile load capacity and the substation topside mass of a configuration are matched,

a significant reduction in LCOH is achieved.

Considering different electrolyser stack CAPEX values due to significant uncertainties could po-

tentially result in different optimal wind-to-hydrogen configurations. This effect is primarily driven

by the cost scaling of the electrolyser stacks, which becomes more pronounced with increasing
electrolyser stack CAPEX.

The availability and maintenance cost scenario analysis highlights the significance of considering

availability and maintenance costs across different configurations. Specifically, in this scenario,

the centralised configuration appears to be the preferred option, demonstrating a lower LCOH
compared to the semi-centralised and decentralised configurations.

» The evaluation of stack degradation rate highlights its potential optimistic assumption and its sig-

nificant impact on the preliminary optimisation of the number of stack replacements. The optimal

number of stack replacements is highly dependent on the stack degradation rate, with variations
observed across different configurations due to differing electrolyser stack CAPEX caused by
cost scaling effects.

The variation in discount rates among configurations, stemming from differences in risk levels,

may result in distinct optimal offshore wind-to-hydrogen configurations. The considerable influ-

ence of the discount rate on uncertainty or change plays a significant role in this outcome.

8.7.2. Comparisons with previous research

The results of the case study will be compared with literature to explore if they support or challenge
existing literature results. This will be done for the overall LCOH of the different configurations, the
specific CAPEX of the offshore hydrogen facilities and the specific cost of energy infrastructure.

Levelised cost of hydrogen

To begin with, it is important to compare the LCOH obtained in this study with findings from existing lit-
erature. This comparison serves to validate the methodology employed in the case study and establish
a benchmark for evaluating the competitiveness of offshore wind-to-hydrogen configurations. Several
LCOH values for offshore wind-to-hydrogen production can be found in the literature.

According to the International Energy Agency (IEA), the projected LCOH range for offshore wind in
2030 is between 1.9€ /kg and 4.3€ /kg, where the spread is caused by regional variations in costs and
renewable resource conditions [40]. DNV, a leading authority in the field, estimates a LCOH of 4.56<€ /kg
to be achieved by 2030 [3]. Another study by Singlitico et al. reports a LCOH of 2.5€ /kg for centralised
considering a median range of 0.5 to 12GW of installed electrolyser capacity [71], and 3.2€ /kg for
in-turbine electrolysis using a discount rate of 5%. Interestingly, this contradicts the findings of our
research, where the decentralised configuration resulted in a lower LCOH compared to the centralised
configuration.

However, Singlitico et al. mention that the higher LCOH for the decentralised configuration, as
opposed to the centralised configuration, can be attributed to economies of scale. Their study em-
phasizes that economies of scale related to electrolysers and pipelines become more pronounced for
smaller sizes. In the case of decentralised electrolysers, which have capacities below the size of the
wind turbines, they are more strongly affected by economies of scale. Additionally, increasing the di-
ameter of pipelines for a given length leads to a decrease in cost per capacity. Consequently, in the
context of small-scale decentralised placement, the decentralised configuration with a large number of
pipelines from the hydrogen wind turbines to the manifold is associated with a higher LCOH [71].

Compared to the study from Singlitico et al, this current study, limits the impact of economies of
scale, and the costs of infield flowlines are comparable to the inter-array cable costs. As a result, the
decentralised configuration yields a lower LCOH compared to both the semi-centralised and decen-
tralised configurations in this research.
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Specific cost substations

The specific cost of offshore hydrogen jacket substations is important for evaluating the feasibility and
cost-effectiveness of offshore wind-to-hydrogen configurations. This current study found that the spe-
cific cost of the offshore hydrogen jacket substations ranged from 970€ /kW to 1150€ /kW. In contrast,
DNV estimates the specific cost for 100-1000MW jacket hydrogen substations between 1330€ /kW and
1380€ /kW. The differences in costs arise from the relatively low assumed stack cost in this research,
based on the cost reduction assumptions from the Institute for Sustainable Process Technology (ISPT),
as compared to the findings in the DNV studies [28].

Energy transmission specific cost

The specific cost of inter-array cables remained consistent across the different configurations, with
variations attributed solely to the two cable types employed. The specific cost of inter-array cables was
deemed highly reliable, due to the available resources within Vattenfall.

In contrast, the specific cost of hydrogen pipelines exceeded that of inter-array cables, particularly
for configurations with relatively shorter total pipeline lengths. The average specific cost of steel hy-
drogen pipelines across the three configurations was determined to be 1.4 million € /km, featuring an
average diameter of 14 inches and an average total length of 51km. A noticeable disparity emerged
when comparing this specific cost to the figures reported in literature. According to Khan et al., a spe-
cific cost of 0.39 million € /km was documented for a 36 inch steel offshore hydrogen pipeline spanning
1500km [47].

For the decentralised configuration, the specific cost of infield flowlines was estimated at X million
€ /km, with an average diameter of X inches and a total length of X km. Once again, a substantial
deviation from the figures in literature was observed. DEA's report indicates a specific cost of 0.562
million € /km for 2-6 inch infield flowlines with a total length of 34km [3].

These findings highlight significant disparities in specific costs when compared to literature. The
cost calculations for hydrogen pipelines in this study are considered conservative.

8.7.3. Limitations
This case study presents valuable insights, but it is important to acknowledge several limitations:

 Specific site focus: The case study focuses on a specific offshore wind-to-hydrogen site, which
may not fully represent all possible scenarios. A different site could lead to a different optimal
number of hydrogen substations for the semi-centralised configuration. However, the main con-
clusions drawn from this work would be similar as the impact of the specific layouts is limited.
Simplified efficiency curve for electrolysers: In this study, the electrolyser’s efficiency curve is
represented by a single efficiency value. However, in reality, the efficiency curve can significantly
influence hydrogen production. As mentioned earlier, this effect is more pronounced in smaller
electrolyser facilities with limited power aggregation. Consequently, the decentralised configu-
ration will be more sensitive to hydrogen production calculations when this simplification is not
considered.

Substation design: The study’s examination of hydrogen substation design is limited. Particularly,
the assumption that the topside area is not the limiting factor for using monopiles may not hold true
in reality. Moreover, the evaluation of monopile substructures does not include an assessment
of the substation’s structural dynamics, which could potentially result in variations in the load
capacities of the substructures. This limitation will mainly affect the configurations consisting of
monopile substructures as jacket substructures are commonly used.

Simplified OPEX model: The reliance on a simplified OPEX model based on CAPEX values
introduces potential inaccuracies in the cost analysis. The operation and maintenance of offshore
wind-to-hydrogen farms will be complex and challenging what could lead to a significant increase
in cost. Additionally, the effect on the different offshore wind-to-hydrogen configuration is also
not yet clear. Where the centralised configuration benefits from a single location for operation
and maintenance and thus decrease complexity, the decentralised benefits from lower risk due
to multiple locations for operation and maintenance and thus lower impacts of failures.

» Offshore working of HPU equipment: The case study’s scope does not encompass the effects
of offshore operation of hydrogen production unit equipment. Offshore operation may affects the
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efficiency, degradation and therefore availibility and cost of the electrolysers, purifiers, desalina-
tion units and compressors. Vibrations caused by waves could potentially impacts the working of
such components. This limitation will especially impact smaller hydrogen substations or offshore
hydrogen wind turbines as they are assumed to be more affected by offshore conditions.

* Regulatory and policy considerations: The case study does not account for potential regulatory
or policy changes that could influence the economic viability and feasibility of offshore wind-to-
hydrogen configurations. The effect on different offshore wind-to-hydrogen configurations is un-
known but and is highly depended on the regulation or policy.

Acknowledging these limitations is essential for understanding the scope and applicability of the
case study findings. Addressing these limitations through further research will enhance the accuracy
and comprehensiveness of future analyses in the field of offshore wind-to-hydrogen systems.

8.7.4. Implications

The findings of this case study have important implications for policy, practice, and further research in
the field of offshore wind-to-hydrogen systems. The insights gained from the study can guide decision-
making processes, optimisation strategies, and future investigations.

» Optimisation strategies: The preliminary optimisation findings highlight the significance of con-

sidering multiple factors, such as compressor cost, pipeline diameter, and stack replacements,

when designing offshore wind-to-hydrogen systems. These insights provide valuable guidance
for optimising configurations, minimising costs, and enhancing system performance.

Configuration selection: The semi-centralised configuration selection findings offer practical im-

plications for choosing the most suitable configuration. Moreover, the impact of inter-array cable

length and monopile load capacity on cost reduction and hydrogen production is emphasized,
aiding in configuration decision-making.

» Comparison and validation: Comparisons with existing literature validate the methodology em-

ployed in this study and establish benchmarks for offshore wind-to-hydrogen configurations. The

findings both support and challenge previous research, particularly regarding LCOH estimates.

Understanding these discrepancies contributes to a better understanding of cost drivers and pro-

vides insights for future investigations.

Consideration of multiple factors: The case study underscores the importance of considering mul-

tiple factors, including HPU availability, hydrogen production efficiencies, cost sensitivities, and

mass assumptions, when designing offshore wind-to-hydrogen configurations. By incorporating
these factors, policymakers, industry practitioners, and researchers can make informed decisions
to reduce the LCOH and improve overall system performance.

* Further research opportunities: The case study identifies several areas for further research. For
example: Exploring the impact of structural analysis for substation design, developing more more
accurate OPEX models, conducting studies across a broader range of sites, and considering
potential regulatory and policy scenarios are important research opportunities. A more elaborate
discussion of recommendations for future work will is given in Chapter 10.

In summary, the implications of this case study provide valuable insights for policymakers, industry
practitioners, and researchers. By leveraging these findings, stakeholders can make informed deci-
sions, optimise configurations, and drive the development of cost-effective offshore wind-to-hydrogen
systems.



Conclusion

This research aimed to evaluate the techno-economic feasibility of the semi-centralised offshore wind-
to-hydrogen configuration compared to centralised and decentralised configurations. By addressing the
research gap regarding semi-centralised offshore wind-to-hydrogen electrolysis, the study examined
its feasibility in an offshore wind farm context. The main research question was formulated as follows:

"What is the techno-economic feasibility of the semi-centralised offshore wind-to-hydrogen config-
uration compared with the centralised and decentralised offshore wind-to-hydrogen configurations?”

The analysis revealed the technical feasibility of a wind-to-hydrogen farm with multiple hydrogen
substations utilizing monopile substructures. By addressing technical aspects related to offshore elec-
trolysis, desalination, purification, and compression, alongside monopile load capacity and hydrogen
transmission through pipelines, the semi-centralised offshore wind-to-hydrogen configuration demon-
strated viability. However, it is important to acknowledge that, for all three offshore wind-to-hydrogen
configurations, the analysis was limited to literature research and modeling, and did not encompass de-
tailed technical considerations such as variable loads, structural dynamics, and the impact of offshore
conditions on the hydrogen production unit equipment. These limitations could potentially influence the
outcomes of this research if their implications differ per configuration.

Furthermore, the case study findings demonstrated the economic viability of the semi-centralised
configuration when compared to the centralised and decentralised configurations. The difference in lev-
elised cost of hydrogen (LCOH) between the centralised and semi-centralised configurations was min-
imal, while the decentralised configuration exhibited a 5% lower LCOH. Although the semi-centralised
configuration offered CAPEX reductions through synergies between monopile substations and wind
turbines, the additional costs associated with multiple substations outweighed the savings compared
to the centralised configuration.

The study has identified the technical distinctions among the centralised, semi-centralised, and de-
centralised offshore hydrogen production configurations. These technical differences center around
the energy transmission infrastructure, high voltage electrical system and substation substructure type.
The energy transmission infrastructure of the centralised and semi-centralised consist of inter-array
cables and one or multiple steel hydrogen pipelines, whereas the decentralised configuration consists
of infield hydrogen flowlines and a single steel hydrogen pipeline. This approach eliminates the need
for inter-array cables and high voltage electrical equipment, which leads to less electrical power losses
and potential cost savings in the decentralised configuration. The substation substructure of the cen-
tralised configuration is a jacket, the substructure of the hydrogen wind turbines in the decentralised
configuration are monopiles and the substation substructure type of the semi-centralised configuration
can either be a jacket or monopile depending on the topside weight. Throughout the research, the
monopile substructure demonstrated advantages over the jacket substructure.

Variations in energy conversion efficiency, hydrogen transmission, and electrical cable infrastruc-
ture were observed across the configurations. The centralised configuration, consisting of a large-scale
inter-array cable infrastructure, experienced higher inter-array cable losses, the semi-centralised con-
figuration, consisting of a decreased inter-array cable infrastructure, incurred slightly fewer inter-array
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energy losses, and the decentralised configuration benefited from the absence of inter-array cables
and high voltage energy transformers, resulting in the highest electrical efficiency leading to the high-
est hydrogen production during lifetime. However, it's important to note that the difference in hydrogen
production during the lifetime of these configurations was found to be only around 1.25% between
the centralised and decentralised setups. Considering the inherent inaccuracies and uncertainties in
the assumptions, these differences can be considered small. Additionally, the simplified electrolyser
efficiency further contributed to the advantages of the decentralised configuration. Taking all factors
into account, the total hydrogen production is not expected to differ significantly among the various
configurations.

The sensitivity analysis identified the main cost and performance drivers, influencing the LCOH for
each configuration. The wind farm cost, excluding hydrogen components, remained consistent across
all configurations and served as the primary cost driver. As a result, the differences in LCOH between
the offshore wind-to-hydrogen configurations were relatively small, with variations mainly caused by
the hydrogen substation and energy transmission cost.

The disparities emerged in the hydrogen substation and hydrogen wind turbine cost, specifically
related to substructure, transport, installation, and high voltage electrical equipment. On the other
hand, the infield energy transmission cost among the different configurations was comparable and did
not lead to significant variations in LCOH.

Concerning the performance drivers, the primary factor influencing hydrogen production is the initial
efficiency of the electrolyser stack. Additionally, the stack degradation rate has a large impact on the
LCOH and on the number of stack replacements. It's important to note that in this analysis, the initial
electrolyser stack efficiency and degradation rate were assumed to be equal in each configuration. In
reality, these values could vary among the configurations, but further research is needed to determine
their actual differences.

Furthermore, the optimal number of hydrogen substations within a semi-centralised wind-to-hydrogen
farm depends on the load capacity of the monopile as well as the substructure-related costs. The
monopile substructure proves to be the most advantageous option when using the minimum number
of substations that can still be accommodated by them.

Overall, the decentralised configuration outperformed the centralised and semi-centralised configu-
rations in terms of LCOH. This was primarily attributed to the absence of high voltage electrical equip-
ment and the absence of extra substructures, leading to cost reductions in substation substructures, as
well as their transport, installation, and commissioning. Additionally, as stated above, the decentralised
configuration achieved only a minor increase in hydrogen production due to the lack of electrical power
loss in inter-array cables, resulting in a minor decrease in LCOH.

To conclude, this research provided comprehensive insights into the key technical parameters, en-
ergy efficiency, cost drivers, optimal substation numbers, and LCOH comparisons for centralised, de-
centralised, and semi-centralised offshore wind-to-hydrogen configurations. The findings contribute to
understanding the techno-economic feasibility of these configurations and highlight the potential for
further investigation and development in the field.
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Recommendations for future work

This chapter presents a set of recommendations for future research and development in the field of
offshore wind-to-hydrogen configurations. These recommendations aim to address key areas that
require further research to advance development of offshore hydrogen production powered by wind
energy. The recommendations are categorized into methodology related and content related topics.
First the methodology related recommendations will be discussed in Subsection 10.1, followed by the
recommendations related to the content in Subsection 10.2.

10.1. Methodology

The recommendations regarding the methodology apply on the wind farm layout optimisation, the num-
ber of case studies and a number of simplifications and are given as follows:

 This research utilized wind farm layouts optimised for electricity production in the offshore wind-to-
hydrogen configuration. For further research, it is recommended to design optimisation models
specifically for offshore wind-to-hydrogen farms because different cost and performances associ-
ated with offshore wind-to-hydrogen farms could influence the optimal positioning of wind turbines,
hydrogen wind turbines, hydrogen substations and hydrogen pipeline routing.

» The number of case studies conducted is limited, which means the findings of this particular study
may heavily rely on the specific parameters of this case study. Conducting additional case stud-
ies encompassing various wind farm shapes, diverse locations, various wind turbine capacities,
and different wind farm capacities, will validate the proposed hydrogen production models and
evaluate their applicability in different contexts.

The research methodology incorporated certain simplifications. These are enumerated below, along
with suggestions to enhance the research’s precision:

» The electrolyser stack efficiency curve is simplified in the hydrogen production model by using
a fixed electrolyser efficiency value. A more detailed hydrogen production model including a
dynamic electrolyser efficiency curve will enhance the accuracy of the hydrogen production and
show the differences per offshore wind-to-hydrogen configuration.

The electrolyser stack degradation rate is assumed to be constant for the different offshore wind-
to-hydrogen configurations in this research. However, it can be argued that the electrolyser degra-
dation rate varies per configuration as it depends on several factors such as the turn-on and turn-
off ratio and the ramp-up and ramp-down speed. Advisory control strategies can significantly
affect these factors [36]. As such, exploring the impacts of distinct advisory control strategies on
various offshore wind-to-hydrogen configurations is highly recommended.

The modeling of the hydrogen substation mass and size is simplified in this research. While this
study emphasized the energy transmission system by sizing the hydrogen pipeline diameters,
delving deeper into the structures of the hydrogen substations could enhance the precision of
the work as the contribution of the substations to the LCOH is more significant than the energy
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transmission. For example, a more detailed analysis and modeling of the hydrogen substation will
decrease the uncertainty of the maximum installed capacity on a jacket or monopile substructure.

» The transport and installation model for the hydrogen substations was simplified in this research.
A more detailed transport and installation model that could be used across different wind-to-
hydrogen farms, could lead to a more precise rendering of the final results.

» The OPEX are considered as a percentage of the CAPEX. This simplification does not allow for
optimisations within the operation and maintenance costs. Therefore, creating detailed OPEX
models that are independent of CAPEX will enable a more accurate assessment of the economic
viability of the offshore wind-to-hydrogen configurations.

» The HPU availability is simplified and considered equal for the different offshore wind-to-hydrogen
configurations. However, it can be argued that the HPU availability depends on several factors
such as the HPU capacity and number of hydrogen substations or hydrogen wind turbines. There-
fore, investigating and developing models to accurately predict the availability of hydrogen pro-
duction units will enhance the accuracy of the hydrogen production per configuration.

10.2. Content

The following content-related recommendations for future research could enhance development in the
field of offshore hydrogen production powered by wind energy:

» Dynamic behavior analysis: Analyse the dynamic behavior of hydrogen production equipment un-
der varying load conditions, with a particular focus on the difference between the centralised, semi-
centralised, and decentralised configurations. Understanding and optimising the performance
and efficiency of hydrogen production equipment in response to fluctuating loads will contribute
to achieving stable and reliable hydrogen production processes, while also providing insights into
the variations across different configurations. A viable approach would be to start with a lab-scale
examination, simulating varying load conditions, and based on the findings, move towards setting
up a testing facility.

» Impact of offshore conditions on HPU equipment: Investigate the impact of offshore deployment
of HPU equipment, such as electrolysers, compressors, purifiers, and desalination units. This
research will address the considerations and requirements for offshore hydrogen production, en-
abling safe and efficient operation of HPU equipment in offshore environments. Collaborative
field studies, possibly in partnership with equipment manufacturers, can shed light on offshore
operational challenges and solutions.

* Floating offshore wind: Examine the feasibility and technological requirements for implementing
floating offshore wind-to-hydrogen systems in deeper waters. By expanding the potential areas for
offshore hydrogen production, this research will contribute to leveraging offshore wind resources
and enabling the sustainable production of hydrogen in regions with deeper waters. Pilot projects
in select deeper water regions can validate findings and offer firsthand experience.

 Salt water electrolysis: Research to potential of salt water electrolysis to remove the desalination
step from the offshore facilities. This could decrease cost but also system complexity as a process
step will be removed. Conducting experimental setups in controlled environments can validate
the efficacy and scalability of this method.

» Hydrogen storage in pipelines: Explore the possibility and potential benefits of hydrogen stor-
age in hydrogen pipelines. This could potentially improve the business case of offshore wind-to-
hydrogen facilities as the additional storage facilities onshore could be removed. Mathematical
and computational modeling can be employed initially, followed by on-site testing for more com-
prehensive validation.

* Integration with offshore floating solar: Consider the combination of offshore wind and floating so-
lar platforms for a steadier hydrogen output. This approach could lead to more consistent energy
sourcing and hydrogen production. Prototype installations can be a practical way to evaluate the
synergistic benefits of such an integrated system.

By addressing these topics, future research can significantly contribute to advancing the field of
offshore hydrogen production powered by wind energy.
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Appendix Case study

A.l. Preliminary optimisation

Figure A.1 and A.2. illustrates the relationship between LCOH and compressor input pressure, along
with the associated largest hydrogen pipeline diameter for the semi-centralised configurations sepa-
rately.

2 hydrogen substations 3 hydrogen substations

4.138 2 =
& 4136 *z
1@ 4.134 2 ‘;
£ n§
Y4132 °
z B
z we
S 4.130 g
163

4.128
" "
31.0 315 320 325 33.0 335 34.0 345 35.0 27 28 29 30 31 32 33 34 35
Compressor input pressure [bar] Compressor input pressure [bar]
—e— LCOH ®- Maximum pipeline diameter —e— LCOH - Maximum pipeline diameter
(a) 2 Substations (b) 3 Substations
4 hydrogen substations 5 hydrogen substations
2

417 4.30 -

I Fazs 2E

& 4.16 H £

2 2426 g

H z 13

Q I} £

S 415 G424 e

é

422 14
4.14
27 28 29 32 33 18
Compressor nput pressure ar CompressorInput pressurs er
—— LCOH e~ Maximum pipeline diameter —— LCOH e~ Maximum pipeline diameter
(c) 4 Substations (d) 5 Substations

Figure A.1: LCOH and maximum pipeline diameter versus compressor input pressures for 2-5 hydrogen substation
semi-centralised offshore wind-to-hydrogen configurations.
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Figure A.2: LCOH and maximum pipeline diameter versus compressor input pressures for 6-8 hydrogen substation
semi-centralised offshore wind-to-hydrogen configurations.

Figure A.3 represents the preliminary optimisation of the compressor output pressure, number of
stack replacements and HPU sizing factor for the semi-centralised configurations.
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Figure A.3: Semi-centralised HPU sizing factors.

A.2. Semi-centralised wind-to-hydrogen layouts

The wind-to-hydrogen farm layouts for the semi-centralised configurations consisting of 2-8 hydrogen
substations, are shown in Figure A.4 and A.5.
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Figure A.4: Semi-centralised offshore wind-to-hydrogen farm layouts including 2-5 offshore hydrogen substations.
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