Offshore hydrogen production from floating
offshore wind - a study of UNITECH Zefyros

An energy and hydrodynamic analysis of an in-turbine electrolyser for

offshore hydrogen production and the influence of a variable power source

Master thesis in Ocean Technology
Marine installations

Magnus Vestrheim

Department of Physics and Technology
University of Bergen






I. Preface

This master’s thesis is written as a part of my master’s degree in Ocean Technology at the
Department of Physics and Technology at the University of Bergen, in collaboration with the

Western Norway University of Applied Sciences.

The master’s thesis is done in collaboration with UNITECH Energy Group. In the summer of
2020, | asked Gunnar Birkeland, CEO of UNITECH Energy Group, if UNITECH were
interested in me writing a master thesis about hydrogen production from their floating offshore
wind turbine, UNITECH Zefyros. | want to express my gratitude to UNITECH as a company
that shared data and information about UNITECH Zefyros. | want to extend a special thank you
to Gunnar Birkeland, who facilitated the possibility of this collaboration and spent time

answering my questions despite his busy schedule.

The thesis has three supervisors, Velaug Oltedal Myrseth, Torbjern Egeland-Eriksen and
Martin Ferng. | want to express my gratitude for the time spent on meetings and for the valuable
input and feedback provided. Also, I want to thank the other master’s students writing a thesis
about hydrogen for the platform to share information, frustrations, and answers. Of the
hydrogen student group, Aurora Baardsen has been a great help to me for the hydrodynamic
part of the thesis. | would also like to express my gratitude to Thore Clifford Thuestad for
assisting me in the DNV Sesam modelling and for the feedback given despite not being listed

as a supervisor for this thesis.

A
___UNITECH | ’

Hegskulen
paVestlandet

/@ﬂw e

Magnus Vestrheim
31.05.2022







ili. Abstract

The aim of this thesis is to review design considerations and study the effect of a variable power
supply of offshore hydrogen production by an electrolyser inside the turbine tower of a floating
offshore wind turbine. To achieve this, UNITECH Zefyros, previously known as Hywind
Demo, the world’s first floating offshore wind turbine, has been studied for the possibility of
hydrogen production. Historical 2020 wind and power data collected by Zefyros are used for

calculations in the thesis.

The thesis is divided into two cases, shown below.
e Case 1 An in-turbine electrolyser to show the feasibility of hydrogen production at
UNITECH Zefyros.
e Case 2 A large-scale hydrogen production system to study the effect of an intermittent

power supply from wind power on an electrolyser.

The chosen electrolyser must comply with the space constraints in the turbine tower, resulting
in a low-rated electrolyser, less than 1 % of the turbine’s rated power. Hence, the electrolyser
will operate at its rated load if the turbine generates power and cannot be used to study how
variable power influences the electrolyser. A second hydrogen production system is thus
proposed, where the constraints regarding space inside the turbine tower are not considered.
This facilitates for an electrolyser that can use all available energy from Zefyros for hydrogen

production, making the load profile dynamic.

For case 1, an in-turbine hydrogen production system is proposed, where the components are
reviewed for compatibility in an offshore environment. Safety considerations introduced by in-
turbine hydrogen production are identified. Zefyros’ responses to 1- and 10-year seas are
estimated to identify what displacement and accelerations an in-turbine electrolyser would

experience. The annual hydrogen yield in 2020 from the in-turbine electrolyser is estimated.
For case 2, a model is developed in which the electrolyser’s energy efficiency is estimated

through the cell voltage. The energy efficiencies throughout 2020 and the annual hydrogen
yield are estimated to show the effect a variable power source has on an electrolyser.






ii.  Samandrag

Malet med denne oppgava er a vise til vurderingar tilknytt design og a studere effekten av ei
variabel kraftkjelde for offshore hydrogen produksjonssystem ved ein elektrolysgr integrert i
tarnet til ein flytande offshore vindturbin. For a oppna dette er det tatt utgangspunkt i den
offshore flytande vindturbinen UNITECH Zefyros, tidlegare kjent som Hywind Demo, verdas
farste flytande vindturbin. Historiske 2020 vind- og kraftdata samla av Zefyros er brukt for

berekningar i oppgava.

Oppgava er delt inn i to casar, som vist under.

Case 1 Ein integrert elektrolysgr for & kunne bevise moglegheita for gjennomfaring av
hydrogenproduksjon pa UNITECH Zefyros.

Case 2 Eit storskala hydrogenproduksjonssystem for a kunne studere effekten ei variabel

kraftkjelde har pa ein elektrolysar.

Elektrolysgren integrert i turbintdrnet ma veare innan avgrensingar tilknytt lokasjon i
turbintarnet. Dette vil fare til ein elektrolyser med sveert liten merkeeffekt; mindre enn 1 % av
Zefyros sin merkeeffekt. Den lage merkeeffekten vil fare til at sa lenge turbinen genererer kraft
sa vil elektrolysgren operere ved sin merkelast, og kan derfor ikkje brukast til & undersgke
korleis ei variabel kraftkjelde paverkar ein elektrolysgr. Eit anna hydrogenproduksjonsanlegg
er derfor ogsa studert i oppgdva kor avgrensingar av plass ikkje er betrakta. Dette mogleggjer

hydrogenproduksjon fra all konvertert energi fra Zefyros som farer til ein dynamisk lastprofil.

For case 1 er det tatt utgangspunkt i eit hydrogenproduksjonsanlegg inne i turbintarnet til
Zefyros. Komponentar i systemet er vurdert for kompatibilitet med eit offshore miljg.
Betraktningar av sikkerheitsutfordringar som introduserast av eit slik anlegg er identifisert.
Responsen av Zefyros i 1-ars og 10-ars sjg er estimert for & identifisera bevegelsar og
akselerasjonar ein elektrolysgr inne i turbintarnet vil kunne oppleva. Arleg hydrogenproduksjon

er estimert.

I case 2 er det konstruert ein modell kor storskala elektrolysgren sin verkningsgrad er estimert
gjennom cellespenninga til elektrolysgren. Verkningsgradar gjennom 2020 saman med den
arlege hydrogenproduksjonen fra storskala-anlegget er estimert for a vise effekten av ei variabel

kraftkjelde pa ein elektrolysar.
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1. Introduction

Norway has a responsibility to reduce greenhouse gas emissions through set climate goals.
Some of these goals are listed below. [1]
i.  Norway is, by the Paris Agreement, obligated to reduce greenhouse gas emissions by at
least 50 % compared to a 1990-level by 2030.
ii.  Norway shall be climate neutral within 2030.
iii.  Norway has a statutory goal to be a low-carbon society within 2030.

These goals are a call for action for the Government, industry, and academia.

The Norwegian Government presented its offshore wind initiative in February 2022 [2]. It was
announced that 1 500 MW of bottom fixed offshore wind turbines are planned for in the field
Sarlige Nordsjg 1. The Federation of Norwegian Industries requested clarifications of the
framework and the licensing process for offshore wind and urged the Government to speed up
the process to facilitate for the offshore wind expansion [3]. On the 11th of May 2022, the
Norwegian Government presented new ambitions for offshore wind in Norway [4]. The
ambition included that within 2040, areas equalling 30 000 MW of offshore wind shall be
awarded. The Norwegian Government aims to perform the next round of license awarding
within 2025. Regarding hydrogen, more specific examples show the Norwegian Government’s
initiative. Three hydrogen-related projects from Tizir, Horisont Energi, and Yara are given
funds of in total of one billion NOK [5].

In a time of conflict, energy security and cost have been raised as critical issues in the European
Union. The Commission President Ursula von der Leyen has stated: “We must become
independent from Russian oil, coal, and gas. We simply cannot rely on a supplier who explicitly
threatens us. We need to act now to mitigate the impact of rising energy prices, diversify our
gas supply for next winter and accelerate the clean energy transition. The quicker we switch to
renewables and hydrogen, combined with more energy efficiency, the quicker we will be truly
independent and master our energy system...” [6]. The means of storing energy in a future
renewable energy mix is vital to the future grid stability [7], in which hydrogen can play its

part.



UNITECH Zefyros is the world’s first floating offshore wind turbine, FOWT. It was installed
west of Karmgy, at the METCENTRE, in 2009 as Hywind Demo by Equinor [8] In 2019,
UNITECH Offshore A/S purchased the turbine. It is still in production and is also used as a test
infrastructure for research projects, technology development, and training [9]. Zefyros is made
available as a test infrastructure for third parties through Sustainable Energy Catapult, a part of
the Norwegian Catapult Centre [10]. Zefyros is also used as a hub at the METCENTRE [11],
where the TetraSpar turbine is connected by an inter-array cable to Zefyros [12]. In the EU
Flagship project [13], a 12 MW floating offshore wind turbine shall be installed at the
METCENTRE in 2023. Flagship shall be connected to Zefyros, and the onshore grid, by a 66
KV inter-array cable [14]. Zefyros is equipped with a 2.3 MW turbine model SWT-2.3-82 from
Siemens Wind Power. The wind turbine is a standard offshore wind turbine with a reinforced
tower and a floater motion control system. Zefyros is a semi-submersible FOWT [15], which
will be reviewed later in this thesis. UNITECH Zefyros is shown in Figure 1 [16].

Figure 1: UNITECH Zefyros [16]

Directly coupling offshore wind power with an electrolyser for offshore hydrogen production

is not a commercially established method. Several pilot projects are planned to prove this

concept [17-22], of which some are planning or considering utilizing an in-turbine electrolyser

[19, 20]. By in-turbine electrolysis, it is meant that the electrolyser is installed inside the turbine

tower. Integrating electrolysis inside the turbine tower would avoid electrical conversion and

transport losses between the wind turbine and the electrolyser. This would increase the energy
2



efficiency of hydrogen production [19]. An in-turbine electrolyser would also eliminate the
need for any potential additional constructions for placing the electrolyser, such as a floating

structure close to the turbine.

An in-turbine electrolyser is assumed to be used in case 1 of the thesis. UNITECH has stated
constraints regarding the space available inside the turbine tower for the electrolyser and for its
location. The space constraints will be shown to lead to an electrolyser with low rated power
compared to the rated power of Zefyros. The low rated power of the electrolyser will result in
that, in case of any power production from Zefyros, the electrolyser would operate at its rated
load. This would not explore the effect of wind power intermittency on a directly coupled
electrolyser regarding hydrogen production. For this reason, a second hydrogen production

system is proposed where space constraints do not apply.

The second electrolyser will be a part of the large-scale hydrogen production system, which is
case 2 of this thesis. It is assumed to have a rated power of 2.3 MW, the same as UNITECH
Zefyros. The rated power of the electrolyser in case 2 means that the electrolyser can use all
energy converted by Zefyros for hydrogen production. This results in the load profile of the
electrolyser being dynamic as it follows the energy converted by Zefyros. In this way, the effect

of intermittency and variability from wind power on an electrolyser can be studied.

This thesis aims to review design considerations of offshore hydrogen production by an
electrolyser inside the turbine tower of UNITECH Zefyros and the effect a variable power
supply would have on an electrolyser. The thesis will review considerations regarding placing
an electrolyser in an offshore environment. Below, the research questions this thesis aims to

answer are shown.

Q1: Installing an in-turbine electrolyser at UNITECH Zefyros to achieve hydrogen production
by water electrolysis. Given the restrictions regarding available space and location in the turbine
tower, what is the hydrogen yield, and what special considerations must be made considering

its offshore location?

Q2: The effect an intermittent power source has on an electrolyser. How do the intermittent
power source, and the wind conditions in this area, influence the energy efficiency of an

electrolyser?






2. Background

This chapter aims to introduce the theory used in the thesis to answer the research questions
raised in the introduction chapter above. Two hydrogen production systems are proposed to
answer the research questions. These are the in-turbine and the large-scale hydrogen production

system, listed below as cases 1 and 2, respectively.

i. Case 1 An in-turbine electrolyser to show the feasibility of hydrogen production at
UNITECH Zefyros.
ii. Case 2 A large-scale hydrogen production system to study how the intermittent power

supply from wind power affects an electrolyser.

The components necessary for such hydrogen production systems are presented with relevant
theory in the following chapters. This chapter also aims to provide the reader with the
information required to understand why hydrogen can be used as a medium for energy storage

and why offshore wind may be a suitable candidate for hydrogen production.

2.1. Hydrogen energy storage from offshore wind turbines
Hydrogen is the smallest, lightest, and simplest element made up of one electron and the nucleus
consisting of one proton. Hydrogen is the most abundant element in the universe, accounting
for 75 % of the known mass of the universe [23]. Hydrogen atoms are reactive and can be
combined with many elements to form many different compounds, including most biological
and organic compounds such as hydrocarbons, polymers, proteins, and DNA. When two
hydrogen atoms combine, they form a stable molecule, H2 [23]. Among the many interesting
properties of hydrogen is its use as an energy carrier. Hydrogen does not exist naturally on its
own in large quantities on the Earth. Hydrogen has to be separated from compounds such as

water or hydrocarbons, which is why hydrogen is an energy carrier, not an energy source [24].

Hydrogen can be separated from water by electrolysis, where the water molecule is split into
hydrogen and oxygen. Electrolysis uses electrical energy for the water-splitting process, making
hydrogen suitable as energy storage for renewable energy sources. For example, electrical
energy from wind turbines or solar power can be converted into chemical energy in the form of
hydrogen. To convert the chemical energy in hydrogen, one may combust the hydrogen directly
or mix the hydrogen with other compounds like natural gas. It is also possible to convert the

chemical energy in hydrogen to electrical energy by using a fuel cell, FC. [23]
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Wind is air set in motion by pressure differences across the Earth’s surface due to uneven
heating by solar radiation. Hot air rises in the atmosphere while cold air sinks. Variations in
heat transfer to the Earth’s atmosphere create differences in pressure in the atmosphere, which
causes air to flow from high to low pressure. The higher the pressure gradient, the higher the
wind speed. Different surfaces can influence the wind due to differences in pressure fields,
surface roughness, solar radiation, and adsorption [25]. Wind turbines are utilized to convert
kinetic energy in the wind to electrical energy. The theoretical power in wind speed, P4, IS

given by formula 1.

1 1
Pwind:EpAu3 [V] ()

In Figure 2, theoretical power in wind speed through an area A is shown as a function of wind
speed, u. It is assumed a density, p, of 1.225 kg/m?® and a rotor with a diameter of 85 m in which

the wind blows through.
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Figure 2: Theoretical power in wind [MW] as a function of wind speed [m/s]
As shown in Figure 2, the power in the wind increases exponentially with the wind speed. This
shows the importance of wind speed for energy conversion by wind turbines. Wind speed is
one of the reasons why offshore wind farms are emerging around the world [26]; offshore wind
resources are generally larger than onshore ones. The main reason is due to the sea’s lower
surface roughness. However, the surface roughness is not constant. It depends on the wavefield

present, which depends on parameters such as the wind speed, fetch, and water depth [27].
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Wind speed, in its nature, is intermittent in both time and space [28]. This causes the electrical
energy converted by wind turbines to be also highly intermittent. Intermittency is one of the
main reasons behind wind power curtailment [28]. Curtailment of wind energy is the reduction
in electrical energy conversion from the wind to below what the wind turbines are rated for and
represents a loss in revenue and a reduction in energy efficiency [29]. A wind turbine will
generate energy if the wind speed is within its operational range. Curtailment may then happen
due to transmission congestion or lack of transmission access [30]. The grid must at all times
be in balance, meaning the production of energy and the energy usage should be in equilibrium
[31]. In areas with high penetration of wind energy in the electricity mix, such as in rural areas
in China, curtailment has proven to be a problem [29]. In these areas, the wind curtailment rate,
which is the ratio of curtailed electricity to total wind energy generation, typically exceeds 20
% [29]. In 2016 the wind electricity curtailment in China amounted to 49.7 TWh [29]. To put
the number into some context, the total Norwegian energy consumption in 2020 was 212 TWh
[32].

An offshore wind park whose only purpose is hydrogen production would eliminate the need
for an export cable, removing the risk of curtailment [33]. One of the most significant costs
associated with a wind farm is the components used to bring the generated electrical energy to
shore, namely power cables, transformers, and power electronics [34]. These costs would be
eliminated without the use of an export power cable. Subsea hydrogen pipelines, which could
be used to transport the hydrogen onshore, have a higher cost per length unit than power cables
but also higher energy transmission capacity. Thus, the normalized hydrogen pipeline capital
costs are lower. Power cables also have higher transmission losses than hydrogen pipelines
[35]. Another solution to the curtailment and intermittency problem is energy storage. In this
way, the energy destined to be curtailed now can be stored and later fed into the grid or
converted into a new energy carrier. It is possible to convert the hydrogen back to electrical
energy using FCs and feed it back to the grid. The hydrogen can be used directly, such as in
heating, fuel for hydrogen FC vehicles, or the production of artificial fertilizer [36]. It is also
possible to have bunkering stations for potential future maritime vessels utilizing hydrogen as

fuel at offshore locations.



It is important to mention the energy loss associated with hydrogen energy storage. To illustrate
the energy loss, an electrolyser - fuel cell system is proposed. In such a system, electrical energy
is converted to hydrogen using an electrolyser, and converted back into electrical energy using
a FC. Values for energy efficiencies for these components vary significantly in the literature
depending on the electrolyser and FC technology and if higher or lower heating value, LHV,
are used. Efficiencies of 50 — 80 % [37-39] and 30 — 70 % [39-41] for electrolysers and FCs,
respectively, are to be expected. Using the mean value of the efficiencies, storing 1 MWh of
electrical energy as hydrogen, and converting it back to electrical energy would yield 0.325
MWh electrical energy downstream. This energy efficiency value chain of hydrogen storage

and conversion is shown in Figure 3, where n represents the components’ respective efficiency.

Fuel Cell 0.325 MWh
n=05 electrical energy

Electrolyser

1 MWh elecrical
energy

Figure 3: Energy efficiency electrolyser - fuel cell system, n is energy efficiency

Figure 3 shows a graphical representation of the energy losses associated with hydrogen
production and the conversion of hydrogen back to electrical energy. The figure only accounts
for the electrolysis and fuel cell processes. Cooling, power conversion, post-processing, and

other processes would represent further energy losses for the process.

2.1.1. Offshore hydrogen production projects and literature review
This subchapter reviews projects concerning offshore hydrogen production from offshore wind,
relevant literature concerning hydrogen production from intermittent power sources, and
electrolysis modelling. As mentioned in the introduction, directly coupling offshore wind
power with an electrolyser for offshore hydrogen production is not a commercially established

method. In the below paragraphs, the projects referred to in the introduction will be reviewed.

The PosHYdon project [21] aims to integrate three energy systems offshore in the North Sea;
offshore gas, wind, and hydrogen production. The hydrogen production is from seawater

electrolysis and is planned to be located on Neptune Energy’s oil and gas platform. [19, 21]



Deep Purple [17] is TechnipFMC’s offshore hydrogen production initiative. The Deep Purple
system is currently undergoing testing at a land-based location, where the electrolyser load is
simulated to equal a wind turbine’s power generation. For the offshore hydrogen production,
electrolysis of desalinated water is planned. The hydrogen is transported to the seabed, where
it is stored under pressure in pressure vessels. During periods of no or low energy generation
from the wind turbines, fuel cells will convert the hydrogen back to electrical energy to satisfy

the energy demand on the grid. [22]

Lhyfe and Central Nantes plan to install a platform for hydrogen production by electrolysis at
the SEM-REV offshore test site [18, 42]. The hydrogen shall be transported onshore, and the

oxygen is planned to be reinjected into aquatic ecosystems.

Siemens Gamesa is adapting the FOWT SG14-222 DD to integrate an electrolysis system into
its operation [20]. They state on their website, “A modular approach ensures a scalable offshore
wind-to-hydrogen solution. Siemens Energy is developing a new electrolysis product that meets
the needs of the harsh maritime offshore environment and is in perfect sync with the wind

turbine” [20], referring to an in-turbine electrolyser.

In the below paragraphs, research articles that are found to be relevant and have methods and

theory applicable to this thesis are presented.

The journal article “Hydrogen production with sea water electrolysis using Norwegian offshore
wind energy potentials”, K. Meier [33] studies the possibility of hydrogen production at an
offshore platform in Norway. In the study, Solid Oxide Electrolysis Cell, SOEC, and Proton
Exchange Membrane, PEM, electrolysis are compared. The economics of the concept is also
studied. Results show that 35 % of the total available energy is consumed by the SOEC’s
auxiliary systems, while the PEM electrolyser’s auxiliary system consumes 3 %. The energy
efficiency and the amount of hydrogen produced from the SOEC and PEM electrolysers were
found to be similar. The concept was found not to be profitable for both SOEC and PEM
electrolysis; however, large-scale hydrogen production on an offshore platform was found to

be technologically feasible. [33]



The article “Hydrogen Production from Offshore Wind Parks: Current Situation and Future
Perspectives”, G. Calado and R. Castro [34] aims to discuss and outline the main features of
the integration of hydrogen in offshore wind power and to review the literature on the current
state of hydrogen production from offshore wind. The journal article concludes that two
hydrogen production systems from offshore wind are currently proposed. This is by offshore
or onshore electrolysis. Offshore electrolysis’ advantages include reduced cost of energy
transport and reduced transmission losses. Onshore electrolysis’ main advantage is the
increased flexibility in the form of facilitating for both hydrogen and electricity sale. The article
also concluded that literature shows that costs for green hydrogen production are decreasing.
[34]

“Dynamic hydrogen production from PV & wind direct electricity supply — Modeling and
techno-economic assessment”, C. Schnuelle, T. Wassermann, D. Fuhrlaender, and E.
Zondervan [43] present mathematical models for an Alkaline Electrolyser, AE, and a PEM
electrolyser coupled with wind and solar power. Hydrogen production, efficiency, and costs are
subjects studied in this article. Results show that the AE is preferable from an economic point
of view regarding hydrogen production with a directly coupled renewable power source. The
PEM electrolyser was found to be more responsive to load changes and offers advantages in

terms of load response. [43]
Several research articles on the dynamic modelling of electrolysers have been found [44-47].

These articles all include the estimation of energy efficiency by estimating the cell voltage

through a series of formulas. The referred articles [44-47] have inspired the model of this thesis.
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2.2. Wind turbine
As previously mentioned, the purpose of a wind turbine is to convert the kinetic energy in the
wind to electrical energy. In this chapter, the main components of a wind turbine are to be

reviewed. These components are shown in Figure 4.

Nacelle

CONTROL, DRIVE TRAIN
& GENERATOR

HUB

ROTOR

YAW SYSTEM

TOWER

Figure 4: Components of a wind turbine

The rotor converts kinetic energy from the wind into mechanical energy, turning a shaft. The
rotor consists of blades, which are connected to a hub. Most turbines today have three blades,
based on the Danish design [25]. The nacelle houses the drive train, the generator, and control
systems. The drive train may consist of a single shaft or a low-speed shaft, a gearbox, and a
high-speed shaft. The generator’s purpose is to convert the mechanical energy from the shaft to
electrical energy [25]. A yaw system is required to keep the rotor aligned with the wind
direction. An active yaw drive contains motors, allowing the nacelle to face the main wind
direction. The yaw system is normally controlled by a controller with input from wind
measurements from a sensor mounted on the nacelle [25]. The wind turbine tower is the

structure to which the nacelle is connected to the ground level.

For the fundament of offshore and onshore wind turbines differ. Offshore wind turbines include
bottom fixed wind turbines and floating offshore wind turbines, FOWTSs. Existing installed
offshore wind turbines are mainly wind turbines with bottom fixed foundations such as gravity

base, monopile, tripod, and jacket foundations [25, 48]. Bottom fixed wind turbines are utilized
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at relatively shallow water depths of less than 50 m [48]. For water depths exceeding 50 m, it
is no longer economically viable to utilize bottom fixed wind turbines. Floating installations
with a mooring system anchored to the seabed allow offshore wind installations to exceed 50
m water depths. The floating structure must provide sufficient buoyancy to support the weight
of the installation and restrain roll, pitch and heave motions from environmental effects [48].
FOWTs foundations include, among others, semi-submersible platforms, spar buoys, and
tension leg platforms [48]. However, as FOWTSs are receiving increased attention, new concepts

for FOWTs foundations are being proposed [49, 50].

2.2.1. Power from wind turbines
The theoretical power convertible from wind is shown in formula 1. For a wind turbine, energy

losses and aerodynamic loads must be included in the formula, shown in formula 2 as Py, .
1
Pyr = 3P Au? Cp Nmecn (W] (2)

Where p is the air’s density, A is the rotor area, u is the wind speed, C, is the power coefficient,
and N,ecn 1S the overall efficiency of the wind turbine. The mechanical efficiency 1,,ecn
represents energy losses from mechanical components in the wind turbine, such as energy
losses from the driveshaft and generator as heat [25]. The power coefficient C,, can be derived

from 1-D momentum theory, explained in [25]. Here C, is given by formula 3.
Cp, = 4a(1 —a?) (3)
Where a is the axial induction factor, given in formula 4.

o=l @

Uq

Where u, is the wind speed far enough away from the rotor such that it is unaffected by the
wind turbine. u, is the wind speed at the rotor plane. The maximum C,, can be calculated by

taking the derivative of formula 4 and setting it equal to zero. The result is shown in formula 5.

16 (5)
Cpmax - ﬁ
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This is known as Betz’ limit, which states that at maximum g of the power in the wind is
extractable by a wind turbine. [25]

Every wind turbine has a power curve associated with its generator, in which the power output

is presented as a function of wind speed. In Figure 5, measurements from Zefyros are used to
show Zefyros’ power curve.
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Figure 5: UNITECH Zefyros’ power curve [MW], black line represents cut-in wind speed, red rated wind speed, and yellow
cut-off wind speed [m/s]

As shown in Figure 5, the power output from the wind turbine increases exponentially with
wind speed between the cut-in wind speed and the rated wind speed. When wind speed reaches
rated wind speed and above, the power output is constant until cut-off wind speed. This is done
to reduce aerodynamic loads that may inflict damage to the wind turbine and is done by rotating
or feathering the rotor blades to decrease their surface area [51]. The cut-off wind speed
eventually stops the rotor when the wind speeds are too high for feathering to help reduce loads.
The cut-off wind speed shown in Figure 5 is stated by the specifications of a standard Siemens
SWT-2.3-82 wind turbine generator to be 25 m/s [52]. Figure 5 shows that the turbine shuts
down prior to its cut-off wind speed. This may be because the cut-off wind speed is altered for
the offshore environment existing at Zefyros. The power curve in Figure 5 is unfiltered, such
that some samples deviate from the dense part of the curve. These samples are few in the dataset
of 46157 samples [53], such that the power curve is assumed to be the part of the figure with

the densest population of measurement samples.
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2.3. Hydrodynamics
This chapter, a review of the hydrodynamic response of UNITECH Zefyros is performed, and
formulas used for estimating the response are presented. Any floating structure in the sea will
experience motion due to relevant sea conditions such as waves, current, and wind, where the

motion is defined in the degrees of freedom, shown in Table 1 [54].

Table 1: Definition of the degrees of freedom [54]

Degree of freedom Description

Surge Translation along the longitudinal axis, the main wind direction, x-axis

Sway Translation along the lateral axis, normal to the main wind direction y-
axis

Heave Translation along the vertical axis, z-axis

Roll Rotation about the x-axis

Pitch Rotation about the y-axis

Yaw Rotation about the z-axis

The coordinate system used for the definition in Table 1 is shown in Figure 6.

JLZ
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( Yaw
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Wind >
Surge X
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Heave

Figure 6: Degrees of freedom

Zefyros has a spar buoy foundation. The spar buoy is a gravity stabilized structure with a very
large draft; the draft of Zefyros is 100 m. The large draft results in the spar buoy foundation
usually having good stability and experiencing small heave motions. The deep draft also makes

the construction less affected by wind, waves, and current [54].

Waves can be generated in many ways. A single mathematical solution for all problems related
to the different types of waves does not exist; approximations are required. Limitations and
simplifications are important to be aware of, especially for nonlinear effects. Wind-generated

waves can be classified into two categories, surface waves and swell. Surface waves are a chain
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of waves driven by the local wind field. They are short-crested and highly irregular; tall waves
are followed by unpredictably low waves and vice versa [55]. Swell is waves that have
propagated out from an area and the local wind in which they were generated [55]. They are no
longer dependent on the wind to propagate. Individual waves are more regular, the crest is more
rounded compared to surface waves, and the length of the crests is also longer. The wave height
is more predictable [55]. Although both types of waves mentioned above are irregular to
different degrees, they can be seen as a superposition of many simple regular and harmonic
wave components, each with its amplitude, length, frequency or period, and direction of
propagation. The harmonic components, such as the relation between wave period and

wavelength, the phase difference, are necessary to analyse wave systems’ properties. [55]

A wave can be described through potential theory. In the potential theory, the basic assumption
is that the fluid is incompressible, inviscid, and irrotational [54]. A regular wave is represented

by a sine or cosine wave, shown in Figure 7, extracted from [55].
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Figure 7: A periodic wave as shown from different perspectives. a: time is fixed, b: position is fixed [55]
Waves change in both time and space, which is why the two perspectives in Figure 7 are
mentioned. In the figure, the z-coordinate is directed upwards, the water depth h is measured
from still water level to the seabed, &, is the wave amplitude, T,,,,. IS the wave period, A is the
wavelength, and ¢ is the wave surface elevation. Sine and cosine waves are expressed in terms
of angular arguments; hence, the wavelength and period are converted into angles using
formulas 6 and 7. [55]

_2m rad] (6)
B m
21 rad
- rad] ™
Twave S
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Where k is the wavenumber and w is the wave frequency. If the wave moves in the positive x-
direction, the wave surface elevation of a regular wave can be expressed as a function of space
and time, x and t, shown in formula 8.

& = ¢, cos(kx — wt) (8)

Irregular waves can be expressed using a linear superposition of wave components. In Figure

8, extracted from [55], this is shown by the sum of two waves.

z}

Z]

Figure 8: Superposition of two periodic waves propagating in the same direction [55]

Irregular waves can be described as a sum of several periodic wave components in a Fourier

series, shown in formula 9. [55, 56]

L ©
§O) = ) £, cos(kyx = wpt +2,)

Where ¢, is a random phase angle component and n is the number of the wave in the set of
waves N. A common representation to describe the sea over time is to use significant wave
height H,. H, is given by the average wave height of the highest third of individual waves over
a given period, seen in formula 10. [55, 56]

N/3 (10)
1

Ho=g ) H; ]
j=1

w| =]

Where j is the ranking of the largest wave heights, where 1 is the largest, 2 is the next largest,
and so on. A series of wave profiles can be analysed statistically by a Gaussian or normal
distribution [55]. This normal distribution, if the water level has a mean value equal to zero,

still water level, is given by formula 11.

L |- (Y (1)
f(x)—ameXp[ (m)]
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Where x is the variable being studied and o its standard deviation. With this distribution, the

probability that the wave surface elevation ¢ exceeds a threshold b is given by formula 12.

P{{>b}= fbmf(x) dx = — 12n fbwexp l_<ﬁ7>zldx (12)

If the range of frequencies of the series of wave profiles is not too long, it becomes a narrow
banded frequency spectrum [55]. This is the case for most waves, both surface waves and swell
[55]. If this is the case, and the wave surface elevation is assumed to be normally distributed,
then the wave amplitude statistics will obey a Rayleigh distribution. A wave spectrum is used
to describe the sea’s stochastic behaviour. The wave spectrum shows the wave’s energy that

occurs at different frequencies. The wave amplitude of the irregular wave, &, , can be expressed

in a wave spectrum S (w,,), as shown in formula 13. [55, 57]

N N 1
> Se(w) b= ) & (@)

Where Aw is the difference between two successive frequencies, multiplying this formula with

(13)

p g, the density of the seawater and the gravitational constant, yields the energy per unit area

of the waves in the frequency interval Aw, shown in Figure 9 extracted from [55].
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Figure 9: Wave energy density spectrum [55]
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It has been attempted to describe irregular seas in a standard form, such as the Bretschneider
and JONSWAP wave spectrums [55]. In this thesis, the JONSWAP wave spectrum is utilized.
JONSWAP, Joint North Sea Wave Project, was an extensive wave measurement program

carried out at the North Sea [55]. The JONSWAP wave spectrum is given in formula 14.
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320 - H? ~1950 (14)
Se(wy,) = T—ﬁlS. w™>- exp( 73 -w‘4> -3,34

Where T, is the peak period of the spectral peak. A is given by formula 15, and w,, the frequency
at spectral peak is given by formula 16. o,,,, is a step function of . g, changes if the wave

frequency is larger than the frequency at spectral peak, 0.09, or not, 0.07. [55]

W1\’ (15)
A "
=exp |-
Usl.“ep\/E
2m rad] (16)
w, = [—
P T, Ls

Short-term statistics are used to calculate the response of Zefyros. The basis of calculating such
a response is the transfer function of that response [55]. The transfer function of the response
can be derived from the energy density of the response. Short-term statistics are a sea state
registration over a relatively short time interval, three to six hours [56]. Inside this time interval,
the sea state is assumed to be stationary. Assuming a normal distributed incoming wavefield
and a Rayleigh distributed wave amplitude, the structure’s response amplitudes can be
approximated to be Rayleigh distributed [55]. The short-term Rayleigh distributed probability
density function of the structure’s response is given by formula 17. [55]

R, R2 17
(R = xp (- o )

OR 2mgpg

Where my, is defined as the area below the response spectrum and R, is the response amplitude

being studied.
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2.4. Hydrogen production
In this chapter, methods of producing hydrogen will be reviewed. Different electrolyser
technologies will be reviewed, and the choice of electrolyser will be made for the hydrogen
production systems for cases 1 and 2. The chosen desalination technology to provide the

electrolyser with water with sufficient purity is presented.

The most common method for hydrogen production today is steam reforming. It is estimated
that 68 % of the world’s hydrogen production comes from this process [58]. Hydrocarbons in
natural gas react with steam in the presence of a nickel catalyst at a high temperature, 500 —
1100 °C, and a pressure of 0.3 — 2.5 MPa [59]. Hydrogen, carbon monoxide, and carbon dioxide

are released. This is shown in formula 18.

CH, + H,0 - CO + 3H, (18)

The steam reforming process includes emissions of around 7 kg CO2/kg Hz and has an energy
efficiency of about 80 % [60]. Hydrogen can also be produced by water electrolysis. Here,
water in its liquid or vapor form can be dissociated into its elemental components, molecular
oxygen and hydrogen. This is shown in formula 19 [61]. The electrolysis process is powered
by electrical energy, so the emissions from this process depend on the emissions included in
the electrical energy used.

Ha0 — Hy(g) +30,() 19

An electrolytic cell consists of two electrodes placed face to face, separated by a thin membrane
layer. In an electrolytic cell, electrical energy is provided from an external power source to split
water molecules into gaseous hydrogen and oxygen. Half-cell reactions depend on the
electrolyser technology utilized [61]. An electrolyser consists of multiple cells put together in

stacks. By combining cells and stacks, the hydrogen output can be modified [39].

Electrolyser technologies are differentiated by their operating temperature, low- or high-
temperature, and by their electrolyte. Low-temperature electrolysers include, among others,
Proton Exchange Membrane, PEM, electrolysis, Alkaline Electrolysis, AE, and Anion
Exchange Membrane, AEM, electrolysis. The electrolysis technologies mentioned above are
differentiated by their electrolyte, proton exchange membrane, potassium hydroxide, and
polymer membrane, respectively [39]. These electrolyser technologies have an operating

temperature of 60 — 80 °C. High-temperature electrolysers include, among others, Solid Oxide
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Electrolyser Cell, SOEC, with an oxide ceramic electrolyte and an operating temperature of
700 — 900 °C [39]. The mentioned electrolysis technologies, the AE, PEM electrolyser, the
AEM electrolyser, and the SOEC will be reviewed in the following subchapters.

2.4.1. Proton Exchange Membrane
The Proton Exchange Membrane, PEM, electrolytic cell consists of two electrodes, a solid
electrolyte, circulating deionized water, a power supply, and a membrane of proton-conducting
polymer electrolyte, often manufactured by Nafion® [62]. The membrane carries ionic charges
and separates electrolysis products, preventing recombination into water. The electrolysis
process also requires electrical energy through a potential difference between the electrodes
[61]. During electrolysis, the following half-cell reactions occur for the anode and the cathode

in formulas 20 and 21, respectively. [62]

1
= + -
Hy0(1) - 50,(g) +2H + 2e (20)

2H* + 2e™ - H,(g) (21)

PEM electrolysers can operate at a high current density due to a smaller area of the electrolyte
[62]. In electrochemistry, current density, i, is defined as electrical current through an element,
1, divided by the cell area, A..;; [63]. This is given in formula 22.
I [ A (22)
Aceyy lem?

i =

The high current density reduces operational costs and potentially the overall cost of electrolysis
[62]. The low gas crossover rate of the proton exchange membrane yields hydrogen with high
purity and allows the PEM electrolyser to operate under a wide range of power inputs. This is
because the proton transport across the membrane responds rapidly to the power input and is
not delayed by inertia, such as in liquid electrolytes. PEM electrolysis covers most of the
nominal power density range, 10 — 100 % [62]. The start-up time of PEM electrolysis is
approximately 15 minutes [64]. A solid electrolyte allows for a compact design with good
structural properties and high operational pressures, yielding high-pressure hydrogen
downstream. For context, the electrolyser manufacturer NEL states a delivery pressure of
hydrogen up to 30 bar from their PEM electrolyser line-up [65]. The higher pressure delivered

hydrogen leads to less required energy consumption in case of further compression.
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Problems related to the high operational pressure also exist. Cross-permeation, the risk of
permeation of hydrogen to oxygen side and vice versa, increases with pressure. Hydrogen and
oxygen produced at both sides of the electrode permeate through the PEM and mix. This mixing
increases the risk of gas explosion and decreases the overall efficiency of the electrolysis cell
[66]. The corrosive, acidic environment caused by the PEM requires the use of distinct
materials. These materials must resist harsh corrosive conditions and sustain high applied
voltage. This is true for components such as the catalyst and the separator plates. Only a few
materials are applicable: platinum group metals, such as platinum, iridium, ruthenium, and
titanium-based separator plates. These materials are costly and will result in high CAPEX for
the PEM electrolyser [62]. In subchapter 2.5.1, a more comprehensive review of the PEM

electrolyser design is presented.

2.4.2. Alkaline Electrolyser
The Alkaline Electrolyser, AE, consists of two electrodes, a liquid electrolyte, a membrane, and
a power supply. In an AE, the electrodes are immersed in liquid potassium hydroxide, the
electrolyte. A porous solid material, the membrane placed between the electrodes, allows
transport of hydroxyl ions (OH™) between the electrodes and, due to the low permeability of
oxygen and hydrogen, restricts transport of the mentioned gases. The AE electrolysis process
requires electrical energy through a potential difference between the two electrodes [61]. When
a sufficient difference of potential between the electrodes is reached, reduction and oxidation
reactions occur simultaneously at the anode and cathode shown in formulas 23 and 24,

respectively. [61]

40H™ - 0, + 2H,0 + 4e~ (23)
AH,0 + 4e™ > 2H, + 40H™ (24)

The main advantage of AE is that it can be made of abundant and inexpensive materials; simple
iron or nickel steel electrodes are used to produce hydrogen and nickel for oxygen production
[62]. Disadvantages associated with AE include low operating pressure, load range, and limited
current density. The start-up time of an AE is about one hour [64]. Due to the liquid electrolyte
of AE when operating at a low load, less than 40 % of rated power [62], the rate of hydrogen
and oxygen production reduces while the hydrogen permeability through the diaphragm
remains constant. This yields a higher concentration of hydrogen at the anode, or oxygen side,

creating a hazardous environment. The AE has low achievable current densities due to high

21



ohmic losses across the electrolyte and membrane. The liquid electrolyte results in an inability

to operate at high pressure. [62]

2.4.3. Anion Exchange Membrane
Anion Exchange Membrane, AEM, electrolysis is the electrochemical splitting of water into
oxygen and hydrogen utilizing an AEM. Electrical energy is required for the electrolysis
process. The overall reaction consists of two half-reactions, the Oxygen Evolution Reaction,
OER, and Hydrogen Evolution Reaction, HER. Water is circulated from the anode side to the
cathode side through the membrane, where it is reduced to form hydrogen and hydroxyl ions,
OH~. The hydroxyl ions diffuse through the membrane to the anode side, recombining as water
and oxygen. The OER and HER reactions are presented in formulas 25 and 26, respectively.
[67]
40H™ - 0, + 2H,0 + 4e~ (25)

AH,0 + 4e™ > 2H, + 40H™ (26)

The main difference between PEM and AEM electrolysis is the replacement of the proton
exchange membrane with an anion exchange membrane. A transition metal catalyst can be
utilized in an AEM electrolyser, making the materials used in the membrane for an AEM
cheaper than in a PEM [67]. In an AEM electrolyser, distilled water or a low concentration of

an alkaline solution can be used as an electrolyte. [67]

2.4.4. Solid Oxide Electrolysis Cell
High-temperature electrolysis of steam with an operating temperature of 700 — 900 °C may be
performed using a Solid Oxide Electrolysis Cell, SOEC. The SOEC consists of an anode and a
cathode separated by a dense ionic conducting electrolyte. Steam is fed to the cathode side of
the SOEC, where it is reduced to H2. Oxide ions, O%, pass through the electrolyte to the anode,
where they recombine into oxygen, releasing two electrons. This is shown for the anode and

cathode in formulas 27 and 28, respectively. [68, 69]

H,0 +2e~ - H, + 0?~ (27)

1
02_ - 502 + 26_ (28)
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The electrical energy demand for high-temperature electrolysis is lower than low-temperature
electrolysis due to the high operating temperature. This is shown in Figure 10, extracted from

[70].
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Figure 10: Total AH, Electrical AG. and Thermal TAS energy demand [kJ/mol] as a function of operating temperature [°C].
Collected from [70]

Figure 10 shows that the electrical energy required for electrolysis decreases with increasing
temperature while the thermal energy demand increases. If utilizing waste heat from nearby
exothermal processes, the energy efficiency of the SOEC can reach 95 % using hydrogen’s

higher heating value [68].

The SOEC is in a research and development stage, but research and attention have increased
rapidly over the last years, reaching advanced stages [39]. Bosch is planning for Solid Oxide
Fuel Cell commercialization in 2024 [71]. The durability of the ceramic catalyst at high

temperatures and long-term operation remains a problem to be solved. [62]
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2.4.5. Electrolyser choice for offshore hydrogen production
This subchapter will assess the reviewed electrolyser technologies to find the optimal
technology for use in offshore hydrogen production coupled with wind power. In Table 2, what
is deemed as the advantages and disadvantages of the reviewed electrolyser technologies are

presented and compared.

Table 2: Comparison of electrolyser technologies [62, 67, 69]

AE | PEM Electrolysis | AEM Electrolysis | SOEC
Advantages
Well established High current densities | Non-noble metal Non-noble
technology and voltage efficiency | catalyst catalyst
Relatively low cost Rapid system Non-corrosive High efficiency
and cost effective response and good electrolyte
partial load range
Non-noble catalysts Dynamic operation Low cost Syngas (CO)
production
MW range stacks High gas purity High operating Waste heat
pressure utilization
Long-term stability Compact system Compact system
design design
Disadvantages
Low current densities, | High cost of Laboratory stage Laboratory stage
partial load range and | components
dynamics
Low operational Stacks below MW Low current density Durability
pressure range

The SOEC and AEM are not seen as feasible due to the market state of the technologies.
Furthermore for the SOEC, there is no supply of waste heat at Zefyros, and a steam production
process at the turbine would further complicate and enlarge the system [67]. The AE cannot
operate below a specific load, typically 20 — 40 % of the nominal load, for safety reasons. This
constraint does not apply to the PEM electrolyser [62, 72]. Also, the AE has a liquid electrolyte,
potassium hydroxide KOH [62]. Since Zefyros is in constant motion in the six degrees of
freedom, it is uncertain how this would affect the AE and its liquid electrolyte. Also, the AE
electrolysis requires a larger area than PEM electrolysis [73]. The intermittency of wind power
would result in frequent load changes of the electrolyser. Considering the longer start-up time
of AE electrolysis compared to PEM electrolysis [64], PEM electrolysis is seen as the most
promising option for electrolysis technology for the proposed hydrogen production system, and

is assumed to be used in the hydrogen production system of cases 1 and 2.
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2.4.6. Desalination

PEM electrolysers require fresh water for the electrochemical splitting of the water molecule.
At an offshore location, seawater is readily available. Hence, desalination and seawater
purification result in an inexhaustible supply of feedwater to the electrolyser. Two primary
technologies of desalination exist, thermal and pressure operated. In this thesis, the pressure-
driven technology reverse osmosis, RO, is chosen because it is the most available and
developed technology [73]. RO desalination utilizes the osmotic principle, where two solutions
have different concentrations of salt particles and are separated by a membrane that only allows
for the salt-free solvent to pass through. The clean solvent will flow from the side with the
lowest concentration of salt particles to the membrane and into the side with the highest salt
particle concentration. The salt concentration will eventually reach equilibrium for the sides.
By applying external pressure, this process is reversed. This way, freshwater is produced on
one side and concentrated seawater brine on the other side. Before the seawater is fed through
the membrane, it must be pre-processed by filtration and by adding chemicals [73]. RO
desalination can be done in multiple steps to increase water purity. 1-step RO desalination
yields water with purity 200 — 500 ppm with an energy consumption of 2.5 — 3 kWh/ ton water
[73]. 2-step RO desalination yields water with purity < 10 ppm and with an energy consumption
of 3.3 — 4 kWh/ton water, which is assumed to be the desalination method used in cases 1 and
2 of this thesis. [73]
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2.5. PEM electrolysis design and thermodynamics.
In this chapter, the design of a PEM electrolyser is reviewed, and the electrolyser
thermodynamic formulas used in the model of the large-scale electrolyser in case 2 will be

presented.

2.5.1. PEM electrolysis design
A PEM electrolyser consists of multiple cells, which form a stack. The main components of a
PEM electrolysis cell are the proton exchange membrane, the catalyst layers, the gas diffusion
layers, and the bipolar plates [74]. A schematic of a PEM electrolytic cell is shown in Figure

11, where the cell’s main components are included. [75, 76]
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Figure 11: Schematic of a PEM electrolytic cell

The Membrane Electrode Assembly, MEA consists of the PEM, an ionomer solution, and the
cathode and anode catalysts. Nafion® membranes are the most commonly used membranes due
to their ability to operate at higher current densities, 2 A/cm?, high durability, and high proton
conductivity [74]. PEMs are fabricated by different methods; however, the most common is
that the catalyst is coated on the membrane. The catalyst decreases the activation energy for the
electrolytic process. The ionomer solution improves the proton transport from the electrode
layers to the membrane, decreasing the ohmic losses in the cell. It also provides structure to the
catalyst layer [74]. The MEA is sandwiched between the gas diffusion layers, which are thin
layers of titanium in the shape of foams, felts meshes, or sintered plates [45]. The gas diffusion
layers need to be highly conductive. They must operate in the harsh operating conditions of a

PEM electrolyser and manage product distribution and transportation [45]. The bipolar plates
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are embedded with flow fields that transport the reactants, oxygen and hydrogen, to the

membrane electrode and electrolysis products away from the cell [45].

Degradation of a PEM electrolyser is expected, where multiple operating parameters and factors
may cause the degradation [45]. Traditionally electrolysis is powered by a constant supply of
power. By introducing a variable power supply, for example, by directly coupling the
electrolyser with a wind turbine, the electrolytic cell will experience voltage fluctuations,
leading to corrosion and durability issues [45]. This is a well-documented phenomenon for the
PEM fuel cell technology [77]. Insufficient feed water purity is one of the major contributors
to stack degradation in a PEM water electrolyser. Low water purity may lead to an accumulation
of impurities, resulting in increased ohmic resistance and degradation, hence increasing the risk
of failure [77].

2.5.2. Electrolyser thermodynamics

Electrolysis requires electrical energy to split the water molecule. The minimum theoretical
energy for water electrolysis is shown in formula 29. [45, 74]

_ _ J ] (29)

AG = AH—-TAS =nF U,,, [mol e
Where AG is the Gibbs free energy, T is the temperature, AS is the change in entropy, AH is the
change in enthalpy, n is the number of electrons, F is Faraday’s constant, and U,., is the
reversible voltage. The minimum theoretical energy, AG, at standard temperature and pressure,
STP is 237.2 kd/mol [45], yielding U, as shown in formula 30. [74]
AG (30)

Urev = ﬁ = 1.23 [V]

Once the current passes through the cell, the actual voltage for electrolysis increases from the
reversible cell potential due to irreversible losses. These irreversible losses are described in the

following sections.

Cell voltage
The required formulas for estimating the cell voltage are presented in the following sections.
Later, a model will be developed based on these formulas. The proposed model is based on

existing models in the literature [44-47, 78-80], and will be presented in chapter 3.1.4.
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To estimate the electrolyser efficiency, the cell voltage of the PEM electrolyser cell must be
estimated. The cell voltage is represented by the sum of the open circuit voltage and three
overpotentials; activation, ohmic, and concentration overpotential. This is shown in formula 31.
[47]

Ucen = Uocv + Uact + Uopm + Ucon [V] (31)

Open Circuit Voltage U,y

The Open Circuit Voltage, OCV, is the potential between the electrodes in the cell when no
current is passing through the circuit. The OCV is given by the sum of the reversible cell voltage
and a part that relates to the reactants involved in the electrolysis process. The OCV is given in
formula 32. [45]

RT
UOCV — Urev + cell In pHZ pOZ

V] (32)
2F Pcathode | Panode

U, IS the reversible cell voltage, R is the universal gas constant, T, is the cell temperature

in Kelvin, py, is the hydrogen pressure, peqnoqe 1S the pressure at the cathode side, py, is the

oxygen pressure, and panoqe 1S the pressure at the anode side. The reversible cell voltage can

be estimated through a temperature-dependent formula, shown in formula 33. [46]

Upey = 1.23 — 0.9+ 1073(T,py — 298) [V] (33)

The hydrogen pressure is given by the sum of the pressure at the cathode side and the partial
increase factor for hydrogen and subtracting the water saturation pressure. This is shown in
formula 34. [45, 79]

PH, = Pcathode t VH, i — PH,0,sat [bar] (34)
Where y, is the partial increase factor for hydrogen, i is the current density, and py,, is the
water saturation pressure. The water saturation pressure can be calculated from formula 35 [47].

__ B 35
P 0sar = 10° T el [bar] (35)

Where A, B and C are given parameters. Values for A, B and C with temperature in °C and
Ph,0.sqt INmm Hg is given in Table 3 [47].

Table 3: Parameters in formula 35 with temperature in °C, yielding water saturation pressure in mm Hg [47]

A B C
8.07131 1730.63 233.426
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The partial pressure increase factor for hydrogen, y;,, is dependent on the type of catalyst. For

bar cm

a Pt/C catalyst, platinum on carbon, yy, is 2.4 - - [45]. The oxygen pressure, py,, is given

by formula 36. [45, 79]
Po, = Panode T Yo, i— Pu,0,sat [bar] (36)

Where y,, is the partial pressure increase factor for oxygen which again is determined by the
type of catalyst. Assuming the cathodic and anode catalyst layers have similar thickness and

structure, v, at the anode is expressed as shown in formula 37. [79]

e vy, [bar cm? (37)
Yo, = gg;'Ck 2 A

Here, £Fik is the diffusity for Nafion® membranes. [45]

Activation overpotential U,

The activation overpotential, U,.;, represents the Kinetic electrochemical behaviour and
describes an energetic barrier that must be surpassed to start the electrochemical reactions at
the electrodes. Some of the applied voltage is lost in transferring electrons to or from the
electrodes. The activation overpotential for the electrolysis cell is given by the sum of the anode

and cathode overpotential, shown in formula 38. [44, 45]

Uact = Uact,anode + Uact,cathode [V] (38)

The anode and cathode overpotentials are given in formulas 39 and 40, respectively.

RT ) i (39)
Uact,anode = Warcsmh m [V]
RT i (40)
Uact,cathode = TarCSlnh 2 . [V]
oref c

Where i, ,.f is the reference exchange current density of either the anode or cathode and «a is

the charge transfer coefficient. The anode and cathode exchange current densities are calculated

using formula 41. [45]

| N Eact,a/C 1 1 A (41)
lo,a/c = loref a/c €XP R Tref - Teen cm?
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Where T, is the reference temperature of the electrolysis cell and E; . is the activation

energy for the OER or the HER, anode or cathode, respectively. [45]

In Table 4, values that are found in the relevant literature, [44, 81-84], for charge transfer
coefficients for anode and cathode and reference exchange current density of the anode and
cathode are presented. These values are extracted from [46]. The conceptual basis of the
reference charge transfer coefficient a requires a value of less than one for both the anode and
cathode [44].

Table 4: Values used for reference exchange densities and charge transfer coefficients in literature [46]

loref a loref.c ag ac Reference
11077 1x107" 0.8 0.25 [44]
0.5%1073 0.4 x10°° 0.5 0.25 [81]
1%107° 1%1073 0.5 0.5 [82]
1%1077 1x1073 0.5 0.5 [83]
2%1077 2%1073 2 0.5 [84]

As can be seen from Table 4, values for the different parameters vary greatly, especially for the
reference exchange current densities. Later, in Table 8, chosen parameters for reference

exchange densities and charge transfer coefficients will be presented.

Ohmic overpotential U,

Ohmic overpotential, U, is related to the material’s internal ohmic resistance. The
magnitude of U,,,, depends on the material’s properties [46]. The ohmic overpotential is
simplified in this thesis to reduce the number of specific electrolyser design choices. This thesis
only accounts for ohmic losses from the membrane. This is a justified assumption because the
membrane is the dominant source of resistance in the cell [47]. The simplified formula for
ohmic overpotential is shown in formula 42.

)
U = 222 1 V] “

mem

Where 6,,0m 1S the membrane thickness, and o,,.,, IS the membrane conductivity. The
membrane conductivity can be expressed in an empirical formula for Nafion® membranes,

shown in formula 43.

= (0.0051391 0.00326) 1268( ! ! ) [ ! ] (3
Gmem - . mem " eXp 303 Tcell Q cm
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Where A,,,..m IS the number of molecules per sulphonic group, representing the water content in
the membrane. Standard membrane preparation, heating to operating temperature, leads to the
membrane having a A,,,.,, Of approximately 0.5, 12 — 14 when exposed to water-saturated gas
and 22 when exposed to liquid water [44]. In [45], it assumed a water content of the membrane
of 21, a well-hydrated membrane. This is also the case for the developed model to be presented

in chapter 3.1.4. Seen in formula 43, the ohmic resistance increases if the membrane is dry.

Concentration overpotential U,,,,

U, Occurs due to the change in concentration of the reactants at the electrode surface during
electrolysis. U,,,, develops when the current density is high enough to restrict the electrolysis
process by overpopulating the membrane surface with oxygen gas bubbles, slowing down the
reaction speed. U,,,, is given by formulas 44 and 45, the sum of concentration overpotential at
the anode and cathode. [44, 47]

Ueon = US04 + UG V] (44)

RT [C RT (Ceat 45

Uc0n — ln( a”OzJ) + ln( ca H2,1> [V] ( )
4F \Cang,o) 2F \Ceaty g

Where index 1 is for the operating condition, index 0 is for a reference operating condition,

Cany, is the oxygen concentration at the anode, and C,,; Hzis the hydrogen concentration at the

cathode. In formula 45, assuming that the concentration of oxygen at the anode is the partial
pressure of oxygen at the current operating conditions, and the standard condition is given by
the partial water saturation pressure subtracted from the anode pressure, the anode
concentration overpotential can be estimated [80]. The same methodology is applied for the

cathode overpotential. This is shown in formulas 46 and 47. [44, 80]

yanode =RT1n< Po, ) ] (#0)

4 F Panode—pHZO,sat
yeatode _ RT ln< P, ) V] (47)
2F Pcathode—pHZO,sat

Electrolysis energy efficiency
The energy efficiency of the electrolyser, n,, can be calculated by the product of the voltage

efficiency, n,, and the faradaic efficiency, ng. This is shown in formula 48. [45, 78]
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Nr = Nr My (48)

ny 1S given by formula 49 [44, 45].

AG TAS
_ Thermo —neutral voltage Uy, —pfp 1482 (49)
o = Cell voltage U Usen Ugenl

Electrolysis generates entropy as heat. Considering that no external heat is available, the energy
required for the electrolysis process must be delivered in terms of electrical energy. That means
that the thermal energy required, TAS, must be added, see Figure 10 in subchapter 2.4.4. Hence,
the thermo-neutral voltage, U, is considered the minimum required voltage for electrolysis
for calculating n,, shown in formula 48. Uy, is given by formula 50 [45, 46, 74].
=Gt TAS pa FT 8 _ 1482 ] (50)

The faradaic efficiency, np, expresses the charge transfer efficiency of electrons in the
electrolyser. For a PEM electrolyser, this translates to the efficiency at which oxygen and
hydrogen generation occurs. i is calculated in terms of current density, shown in formula 51.
[45, 78]

A (51)

Jx [
=1- [—
F i lem?

Where j, is the total gas crossover current density, shown in formula 52. [45, 78]

A (52)

. .H .0
Je =Jx Fx’ [sz

Where the gas crossover for hydrogen is given in formula 53. [45, 78]

PH, Ay . [A ] (53)

+
cm?

'HZ T
=2FP
Jx 2 o AyOpy

Where P§2 is the effective diffusive permeability coefficient for hydrogen, which is

temperature-dependent, and d,,, is the membrane swelling. P} is given in formula 54. [45, 78]

mol ] (54)

T _ . -20
Pl =3-1072°exp(0.026 T o) |;nlsPa
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a, is a fitting parameter, given in formula 55. [45, 78]

1 (55)

The oxygen permeability coefficient, sz, Is twice that of the corresponding sz for a Nafion®
membrane [44, 45, 79]. It is assumed that the current density effect on the permeation is the

same for both electrodes [44, 45]. This yields j, shown in formula 56. [45, 78]

T sz ) [ (56)
Jx = Z(FP S cm?

2.6. Hydrogen storage
Hydrogen’s gravimetric energy density is 33.33 kWh/kg [85], which is very high compared to
traditional fossil fuels such as petrol 12.2 kWh/kg and diesel 12 kWh/kg [86]. Gravimetric
energy density indicates how much energy exists per mass unit, for example in kWh/kg while
volumetric energy density indicates energy unit per volume unit, for example in kWh/m? [87].
Hydrogen produced by electrolysis typically results in gaseous hydrogen under relatively low
pressure, resulting in a low density of the hydrogen gas. The volumetric energy density of
hydrogen can be calculated from the density of the gas, resulting in a low volumetric energy
density compared to fossil fuels. Hydrogen gas at STP has a density of approximately 0.09
kg/m?3[88], yielding a volumetric energy density of 3 kWh/m?3. Diesel has a volumetric energy
density of approximately 9611 kWh/m? [89]. This means that to store 9611 kWh, one would
require 1 m? diesel or 3204 m® hydrogen. Therefore, some form of processing of the hydrogen
gas must be done to increase the hydrogen’s volumetric energy density to store hydrogen in a

realistic storage volume. Figure 12 shows some of the methods for storing hydrogen. [90]
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Metal hydrides
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Liquid Organic hydrogen carriers
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Figure 12: Hydrogen storage methods
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Hydrogen’s physical storage includes compressed gaseous, liquid, cryo-compressed, and slush
hydrogen. Chemical hydrogen storage includes hydrides, adsorption of hydrogen, liquid
organic hydrogen carriers, reformed organic fuels, and hydrolysis [90]. Some of these storage

methods will be reviewed in this chapter.

The most common method for storing and transporting hydrogen is to compress the gaseous
hydrogen into a higher storage pressure, increasing the density of the gas [91]. In a piston
compressor, a piston reduces the available volume for hydrogen gas in the piston cylinder, much
like in an internal combustion engine. Piston compressors can reach high end pressure by
multistage hydrogen compression. The first step increases the hydrogen pressure to a couple of
atmospheres before reaching the targeted hydrogen pressure through the next steps. The
estimated energy consumption for compressing hydrogen gas from atmospheric pressure to 250
bar by multistage compression is 2-4 kWh/kg [92, 93]. Compressed hydrogen is stored in
pressure vessels. Pressure vessels are separated by their structure material into types, as shown
in Table 5. [94]

Table 5: Hydrogen pressure vessel types, materials, rated pressure and gravimetric hydrogen density [94, 95]

Pressure vessel Material Rated pressure Gravimetric hydrogen
[MPa] density [wt %]

Type | Metallic 20- 30 1.7

Type 1l Metallic with 20 2.1

Polymer liner wrap
on cylindric part

Type 111 Composite material 70 N/A
with metal liner
Type IV Composite material 70 5.7

with polymer liner

In Table 5, gravimetric hydrogen density describes the ratio of the weight of stored hydrogen

to the weight of the pressure vessel.

It is also possible to liquefy hydrogen. At atmospheric pressure, hydrogen has a boiling point
of 20 K [91]. By reducing the temperature below this temperature, hydrogen becomes a liquid.
Liquid hydrogen is stored in cryogenic storage tanks. These tanks are isolated to minimize heat
exchange with the environment and are often spherical due to the surface area to volume ratio
[94]. Heat exchange with the environment will occur, leading to some stored liquid hydrogen
changing phase into hydrogen gas. This phase change will increase the pressure in the storage

tank. The hydrogen gas is released through a pressure relief valve to avoid rupture of the
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cryogenic tank. This venting of the hydrogen is called hydrogen boil-off and represents a loss

in stored hydrogen. [95]

Storing hydrogen in organic fuels such as methane and methanol is also possible. Among
reformed fuels, ammonia, NH;, is considered promising for hydrogen storage due to its
hydrogen density, 17.8 wt% [90], established production facilities, applications, and ease of
transport [90]. Ammonia is a standardized product with a well-established distribution network,
handling method, and regulations covering its storage and transportation [96]. Ammonia can
be combusted directly, mixed with hydrogen or methane fuels, or be used as fuel in fuel cells.

One of the disadvantages of ammonia is the release of NOx when combusted. [97]

Hydrogen can also be stored in a solid state using nanostructured materials by the adsorption
of molecular hydrogen in metal hydrides and nanostructured materials, such as carbon
nanotubes and metal organic framework systems, by either physisorption or chemisorption
processes [98]. These storage methods are not considered in the thesis due to the low volumetric

energy density of these methods and their market states. [98, 99]

In the thesis, it is assumed that hydrogen is stored as a compressed gas at 250 bar. Storing
hydrogen as a compressed gas is the most established storage method of hydrogen [100]. The
small annual hydrogen yield, space restrictions, and degree of complexity make compressed
gaseous hydrogen storage the most suitable storage technology for the proposed in-turbine
electrolysis system. The choice of storing at 250 bar was made due to the availability of pressure

vessels rated for this pressure [101].

2.7.Hydrogen transportation and bunkering
Methods for hydrogen transportation must be selected with a background in several parameters.
These parameters include hydrogen amount, the state of the stored hydrogen, the distance from

production to customer, and land or sea transport. [58]

Hydrogen transport

For small amounts of hydrogen, it may be beneficial to store hydrogen in storage tanks and
transport it using trucks. For transportation by truck, the storage density of the transported
hydrogen should preferably be high to allow for as much hydrogen to be transported in one
turn. The total weight of the transport is also important to minimize and is done for compressed

gaseous hydrogen by utilizing composite storage tanks [58]. Factors such as storage time, the
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distance of the transport route, cost, and fuel usage also have to be considered in the logistics

of hydrogen transport by truck [58].

Transporting hydrogen in large quantities over long distances, 1000 — 4000 km [58], transport
of compressed gaseous hydrogen in pipes is the most viable option. This could be done by
mixing the hydrogen into, for example, natural gas or the transportation of pure hydrogen [58].
A subject that has received increased attention in the last years is the possibility of hydrogen
transport in existing pipe networks [102-105]. This would eliminate the need for all new
pipelines to be built and significantly reduce costs for hydrogen transport by pipes. In the
SINTEF HyL.ine project [102], utilizing already established pipeline networks at the North Sea
for oil and gas transport for hydrogen transport is reviewed. The main topics to be addressed
are at what rate hydrogen can get into the pipe material and how much hydrogen it takes for the

material to lose its structural properties. [106]

It is also possible to use marine tankers for transportation. The world’s first liquid hydrogen
tanker, Susio Frontier, was launched in December 2019 in Kobe, Japan [107]. Susio Frontier
will transport liquid hydrogen produced in Australia to Japan. The project aims to prove the

feasibility of bulk liquid hydrogen shipping by sea. [107]

Hydrogen bunkering
In this section, bunkering methods for hydrogen are reviewed. Since the hydrogen storage
method is assumed to be compressed hydrogen, only bunkering methods for compressed

hydrogen are considered.

Bunkering of hydrogen is the hydrogen transfer from its storage to a consumer, supplying fuel
for maritime vessels. The bunkering method depends on the hydrogen storage method. There
are two leading technologies of gaseous hydrogen bunkering; compressing the gas onto the
vessel, or by pressure balancing [108]. For compressing, a high throughput compressor is used
to move the hydrogen from low-pressure storage at the bunkering facility to the vessel. This
bunkering method allows for control of the hydrogen flow but requires costly equipment; the
compressors [108]. In pressure-balancing, hydrogen is stored at a higher pressure at the
bunkering location than the storage pressure of the vessel. The hydrogen would flow from high
to low pressure, from storage to vessel, by opening a valve. This method does not require

compressors to transfer the hydrogen but requires considerable storage capacity at the
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bunkering facility since a lot of the stored hydrogen is inaccessible. When the storage pressure
drops below the pressure of the vessel storage, hydrogen transfer by pressure balancing would
not be possible. [108]

It is also possible to utilize swappable portable tank containers. This is containerized storage,
replacing the transfer and handling of the hydrogen. Hydrogen is transferred by replacing the
full containerized hydrogen storage with a new empty containerized storage. This solution
simplifies distribution but would increase the cost of storage due to more pressure vessels
required. [109]

In the thesis, it is assumed that the stored compressed hydrogen on Zefyros is compressed on

board a vessel to transport the hydrogen onshore.

2.8. Hydrogen consumption
Today, more than half of the world’s hydrogen production is being used to produce ammonia,
where 90 % of the ammonia is further used to produce artificial fertilizer [58]. About 25 % of
the world’s hydrogen is used for petroleum refining and 10 % for methanol production.
Hydrogen is also used in the production of steel, metal alloys, glass, electronics, and synthetic

resins [58]. Below, potential consumers of hydrogen will be reviewed.

In the transport sector, hydrogen light-duty vehicles, trucks, trains, maritime vessels, and planes
are potential hydrogen consumers [58]. Hydrogen-powered vehicles, FC vehicles, have existed
since 2015; however, FC vehicles have not experienced the same growth as electric cars [110].
This is shown in Figure 13, which shows the Norwegian carpool in 2020 by fuel. Data is
collected from [111].
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Figure 13: The Norwegian car pool in 2020 by fuel, other fuels include e.g. natural gas and hydrogen [111]
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Figure 13 shows that the share of vehicles powered by non-traditional fuels is low. The low
share of hydrogen vehicles may be due to Norway’s number of hydrogen filling stations.
Currently, two hydrogen filling stations in Norway are open to consumers; Hgvik and Hvam
[112, 113]. Three hydrogen filling stations are currently under construction, and one filling
station is privately owned by Asko [114]. The world’s first hydrogen ferry, Norled’s MF Hydra,
will travel the route Hjelmeland — Nesvik — Skipavik in Rogaland, Norway. The ferry is
currently powered by diesel generators [115], and fuel cells are planned to be installed in
autumn 2022 [116]. Eidesvik’s Viking Energy will become the world’s first supply vessel
powered by ammonia-driven fuel cells by Wértsila. The launching date of the vessel is planned
to be in 2024 [117]. Airbus has stated that they aim to develop the world’s first zero-emission
commercial aircraft by 2035, the ZEROe concepts [118]. Here, liquid hydrogen would be
combusted with air in modified gas turbines. Hydrogen fuel cells will also be used to

complement the gas turbine and power electrical equipment on the aircraft. [118]

The use of hydrogen as means of heating in residential buildings is an option to reduce
greenhouse gas emissions from countries with an existing gas network for heating. These
countries include, among others, Australia, Canada, Netherland, the USA, and the UK, where
natural gas is used for heating and cooking. Winlaton in northeast England uses a gas mixture
of natural gas and hydrogen for heating and cooking, where hydrogen makes up 20 % of the
gas mixture. The gas mixture is transported through public supply pipelines, supplying 668

homes, a school, and some small businesses [119].

Industry accounts for approximately a third of the world’s energy consumption and carbon
emissions [58]. Around 40 % of these carbon emissions are from heating by fossil energy
sources. By using hydrogen as fuel, these carbon emissions can be decreased [58]. In Odda,
Norway, Tizir Titanium & Iron is planning to replace coal with hydrogen in their process of
producing titanium oxide, potentially decreasing the carbon emissions by 90 % and increasing

the energy efficiency by 40 % [120].

As mentioned in chapter 2.1, hydrogen can be used to store surplus energy. Due to the
intermittent nature of renewable energy sources, such as wind and solar power, and the grid
capacities, it may be possible to either have a surplus or shortage of power available on the grid.
This imbalance of power production and demand is mainly an issue in areas with high

penetration of intermittent energy sources in the energy mix and low grid capacities. Here,
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hydrogen can act as energy storage in periods of surplus energy production. Hydrogen can later
be converted back to electricity using fuel cells and fed into the grid during periods of a shortage

in energy production.

A review of how and where the produced hydrogen from the proposed in-turbine hydrogen

production system can be used is shown in the results chapter of the thesis.

2.9. Hydrogen safety
Hydrogen is a standardized product, such that standards and regulations for handling and
managing hydrogen are available worldwide. In Norway, The Norwegian Directorate for Civil
Protection is the expert authority for flammable substances, including hydrogen. The following
references are examples of regulations for handling and transport of hydrogen [121-125].
Storulykkeforskriften, The Major Accident Prevention Policy, [123], must be followed if the
amount of stored hydrogen exceeds 5 tons. Hydrogen safety is the key to increasing social

acceptance of hydrogen in society. [90]

Hydrogen has low ignition energy and has a very wide flammability range, 0.017 mJ, and 4.1
— 74.8 vol%, respectively [90]. This means that hydrogen requires a low amount of energy to
ignite and is flammable in a very wide range of concentrations in air. In addition, hydrogen also
has a low electro-conductivity rate, which means that hydrogen flow has the potential to trigger
an electrostatic spark that may ignite the hydrogen, whether in the liquid or gaseous phase.
Hence, isolating hydrogen from the surrounding environment, external heat sources, and system
grounding is important [90]. When burning, hydrogen has a nearly invisible pale blue flame.
The combustion produces water such that inhaling the smoke from hydrogen combustion is

safe, with no risk of smoke asphyxiation. [90]

A gas detector is necessary to detect hydrogen leaks. Gas detectors suitable for detecting a
hydrogen leak include mainly catalytic bead detectors [126]. The catalytic bead gas detector
consists of a pair of platinum wire wound resistors with ceramic beads, where one of them is
coated with a catalyst. When a combustible gas meets the catalytic surface, it gets oxidized.
Heat is released, causing the resistance in the platinum wire coated with the catalyst to change
while the other catalyst’s resistance remains unchanged. The sensors detect the change in

current due to this change of resistance [126]. Since hydrogen is lighter than air, it rises rapidly
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and disperses quickly. It is important to place the gas detectors nearby and directly above where

leaks are more likely to happen, such as in a valve stem or in a connection. [126]

Hydrogen presents several challenges related to the detection of a potential flame. The nearly
invisible hydrogen flame requires technology to detect flames in the non-visible spectrum of
electromagnetic radiation; ultraviolet, UV and infrared, IR radiation. It is also possible to utilize
thermal sensors to detect an increase in temperature due to the flame [126]. A thermal sensor
must be placed near the hydrogen flame to detect the flame. The energy from the flame is
radiated primarily in the UV spectrum. UV detectors excel at detecting hydrogen flames;
however, they are sensitive to sparks, arcs, welding, and other UV-rich sources. When UV-rich
sources are present, false alarms could happen [126]. Multispectral IR flame detectors use a
combination of IR sensor filters and analysis software to detect flames and reduce false alarms.
Multispectral IR detectors can be designed to specifically detect the low amount of IR radiation
caused by a hydrogen flame. These have a good detection range with a low response time and

do not cause false alarms of the same nature as the UV detectors [126].

In the report, “Report on offshore structural integrity and safety performance of H2 production,
processing, storage and transport”, R. Koelewijn, M. v. Dam, and C. Hulsbosch-Dam [126], a
hazard identification study, HAZID, of offshore hydrogen production at an offshore platform.
A HAZID is a qualitative study for the early identification of risk. In the report [126], risk is
defined as the frequency of the occurrence of harm and the severity of that harm. Several
potential risks and recommendations resulted from this HAZID [126]. In the event of a
hydrogen leak, a cloud could form and create an explosive environment. Planned release of
oxygen can result in an oxygen-rich environment causing an increased risk of flammability or
explosion, and higher corrosion rates [126].In the event of a hydrogen jet flame caused by a
leak, the HAZID recommends that the flame is not extinguished. The leak could continue to
form clouds and potentially create a more dangerous explosive environment by extinguishing
the flame [126]. The report [126] concludes that catalytic bead gas detectors and multiple IR
flame detectors are best suited for hydrogen application. It also concluded that further studies
for hydrogen safety are necessary, such as the venting of hydrogen and oxygen and the effect

of hydrogen flame temperature on structural steel [126].

Hydrogen production inside the turbine tower of Zefyros would create a potentially explosive

environment. The use of electrical equipment and the safety systems onboard Zefyros would
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have to comply with the regulation “Forskrift om utstyr og sikkerhetssystem til bruk i
eksplosjonsfarlig omrade” [125]. In this regulation, it is specified that all components used in

an explosive environment must be EX-certified and marked. [127]

Lhyfe and Central Nantes plan to install a platform for hydrogen production by electrolysis at
the SEM-REV offshore test site [18, 42]. DNV will lead a safety study for this project to identify
the main environmental, safety, and operational risks for offshore hydrogen production

facilities [128]. At the time of writing this thesis, this study is not available.

In the results chapter, safety hazards for an in-turbine electrolyser are identified, and gas and

flame detectors and their locations are specified.

2.10. Material selection
For the successful use of materials for the storage of compressed hydrogen, some unique
properties of the compressed hydrogen gas must be considered. These properties include
hydrogen embrittlement, hydrogen attack, and hydrogen permeation, and will be reviewed in
this chapter. [91]

Hydrogen embrittlement occurs when hydrogen is in contact with metal. The contact may
happen during manufacturing, for example, by arc welding, which could be a source of
hydrogen atoms [91]. Hydrogen permeation due to the hydrogen solubility of the metal leads
to a certain concentration of hydrogen inside the metal. This hydrogen causes a reaction within
the metal structure, leading to hydrogen embrittlement [91]. Hydrogen embrittlement results in
a hardening of the metal and a reduction in ductility, which in turn causes the metal to crack
below the expected yield stress [91]. The risk of hydrogen embrittlement increases with the
pressure of the hydrogen [91]. Materials that can be utilized without any specific precautions
regarding hydrogen embrittlement include brass and most copper alloys, aluminium, and

aluminium alloys, and beryllium copper alloys [91].

In carbon steels, hydrogen in the steel may react with the carbon and form methane at the grain
boundaries and voids. The methane does not diffuse through the steel; it accumulates in the
voids at high pressure, which causes cracks to form. This is called hydrogen attack, where the
risk increases with increased temperature and pressure of the hydrogen. Increasing the fraction

of certain materials such as chromium, molybdenum, titanium, and wolfram in the storage
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material reduces the risk of hydrogen attack [91]. Other materials such as aluminium,

manganese, and nickel increase the risk of hydrogen attack. [91]

For permeation through metals, diatomic hydrogen, Hz, is absorbed through the metal surface
to produce atomic hydrogen, H. The hydrogen atoms will diffuse through the metal and
recombine into Hz, which will exit the metal wall [91]. Hydrogen permeation increases with
temperature. Structural materials for use in hydrogen storage must have low hydrogen
permeability to enclose the stored hydrogen [91]. A layer of a low permeable material inside a
storage tank is also an option to reduce permeability [91]. For pressure vessels, mainly low-

alloy steel, austenitic stainless steels, and ferritic steel are used as structural materials. [91]

In the results chapter, a review of suitable materials utilized in the proposed in-turbine hydrogen

production system is performed.
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3. Method

In this master’s thesis, an energy- and hydrodynamic analysis of an in-turbine electrolyser at
UNITECH Zefyros FOWT is performed. Results have shown that an in-turbine electrolyser at
Zefyros would not describe the electrolyser’s efficiency when powered by a variable power
source. Hence, the thesis is divided into two cases. Case 1 considers the in-turbine system, and
case 2 considers the large-scale hydrogen production system. To design these two cases and to
answer the research questions raised in the introduction chapter, the hierarchical approach

shown in Figure 14 is followed.
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Figure 14: Methodology of the master ’s thesis

First, a review of relevant literature is performed to identify what research has been done for
offshore hydrogen production by electrolysis and what projects exist in the industry. The review
shows that most of the concepts include electrolysers coupled with wind power placed at a
maritime structure of its own for offshore hydrogen production [17, 18, 21, 22]. The literature
review is done with a background in all concepts for hydrogen production from intermittent
power sources [33, 34, 43], and for PEM electrolysis modelling [44-47]. Applicable
methodologies, results, theory, and concepts found in the literature study have inspired this
thesis’s work [45].
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The thesis’s theory chapter, or background, is done to achieve the knowledge required to
perform the calculations, modelling, and simulations in the results chapter of the thesis. The
theory chapter’s purpose is also to provide the reader with relevant theory to understand the
research questions listed in the introduction chapter and any simplifications and assumptions

made to answer them.

The method chapter aims to describe how the problem is approached. This is an iterative
process; when describing the approach, new relevant questions to the problems were found that
needed to be addressed. The same is the case for the results chapter, where the results of the

calculations, modelling, and simulations are shown.

In the discussion chapter, the results of the thesis are discussed along with the results’
limitations, assumptions, and simplifications. A discussion of the results’ applicability in a real-
life scenario is made along with the value of the results to UNITECH as a company. The choices
of components in the two hydrogen production systems are defended. In the concluding chapter,

the research questions are answered.

Considering the concept that is offshore hydrogen production, a repeating challenge is to
maintain the scope of the thesis at an achievable level. Areas for further study are suggested in

the future research chapter.

3.1. Approach
In the background chapter, the hydrogen value chain, general hydrodynamic formulas, and a
short introduction to offshore wind turbines have been introduced. In the approach chapter, the
two proposed cases shall be explained along with the method of approaching the research

questions and how they are answered.

3.1.1. Case descriptions
As mentioned, the thesis is divided into two cases. This is done to answer the research questions
presented in the introduction chapter. Case 1 includes the in-turbine hydrogen production
system. Case 2 includes the large-scale hydrogen production system. This subchapter aims to

describe the two cases.

Conversations with UNITECH revealed that in the case of hydrogen production at Zefyros, an

in-turbine concept was considered the feasible concept. UNITECH stated the space available
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for an electrolyser inside the turbine tower to be 1 m x 1.5 m x 2 m at a level 17 m above still
water level [129]. Results have shown that the space constraints largely limit the choice of
electrolyser. The rated power of the assumed in-turbine electrolyser is but a small fraction of
the rated power of UNITECH Zefyros. To answer research question Q2, a new hydrogen
production system is proposed. This hydrogen production system is referred to as case 2, the
large-scale hydrogen production system. Here, no space constraints apply, and only the energy
aspect of the system is reviewed. This is done to estimate the variable power source’s influence

on the electrolyser efficiency and the hydrogen production from Zefyros.

To answer research question Q1, a hydrodynamic analysis of Zefyros is performed. This is
done to identify the displacement and acceleration the in-turbine hydrogen production system
from case 1 would experience at Zefyros. An assessment of material selection for case 1 is done

with a background in the offshore environment at Zefyros.

The in-turbine electrolyser, case 1, refers to the hydrogen production system where space
constraints apply. The large-scale hydrogen production system, case 2, refers to the hydrogen
production system where space constraints do not apply. System overviews of the small- and

large-scale hydrogen production systems are shown in Figures 15 and 16, respectively.
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storage

Figure 15: Case 1: System overview, in-turbine electrolysis

In Figure 15, the system overview for the proposed in-turbine electrolysis system, case 1, is
shown. The wind rotates the rotor blades, generating electrical energy. The electrical energy
powers a desalination unit to supply the electrolyser with feedwater with sufficient purity. The
electrolyser and the desalination unit are placed inside the turbine tower to perform hydrogen

production. The hydrogen gas is compressed to 250 bar and stored in pressure vessels. The
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compressor and hydrogen storage must be placed on the outside platform due to no additional

space inside the turbine tower.

J Electrolysis
._, , Desalination
" 1 Compressor

Figure 16: Case 2: System overview; large-scale hydrogen production system

The system overview for the proposed large-scale hydrogen production system, case 2, is shown
in Figure 16. In the figure, the hydrogen production system, consisting of an electrolyser, a
desalination unit, and a compressor, is shown not to have a specified location. This is because
the location of the large-scale hydrogen production system is not considered in the thesis. The

storage of the produced hydrogen is not included in the scope of case 2.

3.1.2. Wind conditions and power production
The data used in this thesis for energy analysis for both the in-turbine and large-scale hydrogen
production systems are historical SCADA, Supervisory Control And Data Acquisition, data
from Zefyros in 2020 provided by UNITECH [53]. This dataset has a sampling interval of 10
minutes. This means that what happens outside these samples is unknown. This thesis assumes
that the state of the measured parameter is constant until the following sample is available. For
example, at 14:00, the measured wind speed is 10 m/s. Even though the wind speed will change
during the next 10 minutes, it is treated as constant. A new measurement is executed at 14:10,
where the assumption repeats itself. The dataset starts on the 22" of January 2020 and ends on
the 20" of January 2021; however, only 2020 values are used to simplify the modelling process.

The data used from the dataset are shown in Table 6.
Table 6: SCADA data used in thesis

Parameter Unit
Wind speed m/s

Active Power kW
Current A
Voltage \Y/
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Figure 17 presents the wind conditions at Zefyros for the year 2020. In the provided dataset,
there are some gaps in the measurements, which may have been caused by turbine shutdown,

planned installations, or other shutdown reasons. These gaps are treated as having no value.
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Figure 17: Onsite wind conditions Zefyros 2020, [m/s]

Illustrated in Figure 17 is the intermittent nature of wind speed. The wind conditions from May
2020 are shown in Figure 18 to illustrate the intermittency more clearly. May is chosen due to
having power production during the whole month.
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Figure 18: Wind speed Zefyros May 2020, [m/s]

The intermittency of wind speed in Figure 18 results in variable power production. The power
production from Zefyros in 2020 is shown in Figure 19.
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Figure 19: Power production UNITECH Zefyros 2020 [kW]. Red line shows the rated power of the turbine 2300 kW.

Figure 19 shows that power production directly correlates with wind speed. The power
production from Zefyros is less than its rated power due to certain energy losses, such as from
Nmecn- The reason why the power conversion is limited is related to the power curve of the
turbine, shown in Figure 5 in subchapter 2.2.1. When the wind speed exceeds a certain value,
in this case 13 m/s, the power conversion is limited to reduce loads on the turbine. When this
is no longer sufficient to keep loads on an operational level, the turbine shuts down. At Zefyros,
this occurs at a wind speed of 25 m/s [52].

To illustrate the changes in wind speed throughout 2020, the monthly variation of wind speed

is shown in Figure 20.
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Figure 20: Monthly variation in wind speed [m/s]
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In Figure 20, it is difficult to conclude the average wind speed for the respective months. In

Figure 21, a bar diagram of the monthly average wind speed is shown to illustrate this.

Monthly average wind speed 2020
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Figure 21: Monthly average wind speeds [m/s].Red line shows the average wind speed in 2020, 9.12 m/s

Shown in Figure 21 is that the winter, early spring, and late autumn months have the highest
average wind speed. As mentioned, the dataset starts on the 22" of January 2020, making the

average wind speed in this month unrepresentative.

3.1.3. Case 1: In-turbine hydrogen production
In this subchapter, the components of case 1, the in-turbine hydrogen production system, and

their energy demands will be reviewed.

The power measurements from the generator are utilized to estimate the hydrogen production
from the proposed in-turbine hydrogen production system. The power generation from the
generator is in the dataset stated in KW. The power generation from the generator is divided by
6 to calculate the amount of energy generated in the 10 minutes in which the sample lasts. This
is shown in formula 57.
57
EZefyros = PZefyros ’ g [kWh] ®7)
The energy consumption of the proposed in-turbine NEL S series PEM electrolyser, Epgy, 1S
67.85 kWh/kg Hz, and the hydrogen production rate is 0.0944 kg Hz/h or 0.0157 kg H2/10 min
[130]. Since the in-turbine electrolyser will operate at a constant load, the energy consumption

is also assumed to be constant.
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The specific energy consumption of compression and desalination is assumed to be constant
per mass unit product; 3.5 kWh/kg Hz and 3.6 kWh/ton H20 for the compression and
desalination, respectively [73, 92, 93]. The energy demand of the compressor and desalination

unit during the 10 minutes is estimated using formulas 58 and 59, respectively.

Ecompression = 3.5:0.0157 [kWAh] (58)
Egesatination = 36 My,o [kWh] (59)

Where my, , is the water consumption of the electrolyser. The electrolyser manufacturer states
the electrolyser’s specific water consumption to be 0.9 I/Nm? or 10.01 kg H20/kg H2[130]. The

electrolyser’s water consumption during the 10 minutes is calculated by formula 60.

g H; 0] (60)

k
my,o = 0.0157 * 10.01 [10 —

Where 0.0157 kg H2/10 min is the hydrogen production rate in the 10-minute sampling interval.

The energy consumption of the components in the in-turbine hydrogen production system is
subtracted from the energy generation from Zefyros. If this result is positive, the hydrogen
production system is on; if negative, off and the electrolyser is in standby mode. This is shown
in formula 61.
0, Spem <0 61
SPEM = EZefyros - EPEM - Ecompressor - Edesalination {1, S;E;Z >0 ( )
Where Spgy 1S the operational state of the electrolyser, on or off, represented by 1 and O,

respectively.

A battery is implemented in the system to provide the electrolyser with energy for entering a
standby mode when the operational state is “off”. At standby, the power demand is assumed to
be 2 % of rated power [131]. The standby mode keeps the electrolyser at operating temperature
and pressure [131]. When in standby, the load response of the electrolyser is less than 10
seconds [132]. In the thesis, the load response is assumed to be instant due to the sampling
interval of the dataset. The battery is assumed to have a C-rate of 1 and a Depth of Discharge,
DoD, at 80 %. Through an iterative process to find a battery capacity that suited the dynamics

of the operating mode, a 5 kWh battery was found to be suitable. This would cover the standby
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load for most of the year, apart from the long periods of downtime in 2020, shown in Figure 17
in subchapter 3.1.2. If there is any remaining energy from Zefyros after hydrogen production
and battery charging, it will be exported to the grid through the export cable.

Figure 22 shows a schematic of the design of the in-turbine hydrogen production. The purpose
of this figure is to graphically show the description of the case 1 in-turbine hydrogen system

proposed in this subchapter.
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Figure 22: Design of the proposed in-turbine hydrogen production, case 1

In formula 59 it is shown that the energy demand of the desalination unit is estimated by the
water consumption of the electrolyser, which depends on the hydrogen production. Hydrogen
production data must then be transmitted to the desalination unit to estimate its energy

consumption. The dotted line in Figure 22 illustrates this.

DNV Sesam

This section describes the methodology used for estimating the hydrodynamic response of the
turbine. The response of the turbine is relevant for case 1, the in-turbine electrolyser. A potential
electrolyser manufacturer can review what displacement and accelerations their components
would experience onboard the turbine. DNV Sesam is used for this purpose. DNV Sesam is a
collection of software applications for maritime structures’ design and strength assessment
[133]. The DNV Sesam application GeniE is used to build the 3D models of Zefyros. The model
is imported into HydroD for analysis. The response of the turbine is collected in Postresp.

Further details about the applications GeniE, HydroD, and Postresp can be found in [134],
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[135], and [136], respectively. Two finite element models are built in GeniE, the panel model

and the mass model, shown in Figure 23.

Figure 23: GeniE models, panel model and mass model, respectively

No mooring systems are considered in the model to reduce the scope of the thesis. This means
that the turbine’s surge, sway, and yaw response cannot be calculated. Hence, only heave, roll,
and pitch have been considered. Due to the symmetry of the turbine, heave and pitch responses

are identical. This will be shown in chapter 4.1.2.

UNITECH provided a spreadsheet of the mass properties of Zefyros [137]. The properties
utilized in the model are listed in Table 7. These values are added in the HydroD analysis model.
The weight of the proposed in-turbine hydrogen production system is not included. This is
justified by the weight of the turbine being much greater than the proposed in-turbine hydrogen

production system.
Table 7: Structural properties UNITECH Zefyros

Part of structure Weight [ton] KG [m]
Nacelle 136 165
Tower 172 131.8
Substructure 1305.22 59.2

In Table 7, KG is the vertical distance between the very bottom of the turbine and the centre of

gravity along the centreline of the turbine.

According to the DNVGL-0OS-C102 standard [138], the minimum design sea state for
operational conditions shall reflect a 1-year response level. This standard is for offshore ship-

shaped units. It is assumed that the electrolyser must be designed with the same guidelines for
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design conditions. The standard states that the survival conditions must be accounted for.
Survival condition is defined as: “..the condition for the most severe environmental loads the
unit is exposed to” [138]. This is related to the 100-year response level. Since the expected
lifetime of the electrolyser is less than 100-years [139], this is not included in the thesis. The
standard states that topside areas should use 10-year return period seas for short-term response
analysis [138]. DNVGL-0OS-C102 [138] states that the Most Probable Maximum, MPM, should
be applied when performing a short-term response analysis. The probability of that
measurement n out of the number of measurements N in the records exceeding its most

probable maximum amplitude is shown in formula 62. [55]

P(R) = 1 ©2)

Combining formula 17 in chapter 2.3 and formula 62 yields formulas 63 and 64.

Ra =In(n) —In (N) 3

Myr

P(Ra) =1— eln(n)—ln(N) (64)

When n is one and N goes toward infinity, the MPM response is shown in formula 65.

P(R)=1-e1=0.63 (65)

Resulting in the probability of exceedance of the MPM amplitude being 63 %. The probability
of exceedance is high; however, a large exceedance of the most probable maximum response

is not probable due to the shape of the probability density function [57].

In the HydroD model, important input parameters are the wave spectrum’s Hg and T,
significant wave height and spectral peak, respectively. UNITECH has provided the site
assessment of Zefyros, where wave measurements are from 1970 to 1986 [140]. In the site
assessment, H, and T, for the 1 —year return period is 9.3 m and 13.9 s, respectively. Similarly,
for the 10 — year return period, H, and T, is 11.4 m and 15.1 s, respectively. These values are

calculated in terms of short-term statistics, where the duration of the sea state is three hours
[140]. In Postresp, a specific point is made to identify the displacement and acceleration of the

point where the electrolyser is planned to be located. This point is 17 m above still water level.
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By using the parameters described above, the response amplitudes of displacement and

acceleration in heave and pitch are estimated. This will be shown in subchapter 4.1.2.

3.1.4. Case 2: Large scale hydrogen production
This subchapter describes how the thesis estimates the energy efficiency of the electrolyser in
the large-scale hydrogen production system, from case 2, when powered by a variable power
source. A model that estimates the cell voltage and the energy efficiency depending on the load

of the electrolyser is developed and described in the section below.

Case 2, electrolyser model

The model is built in SIMULINK. SIMULINK is an extension of MATLAB and is a
programming and numeric computing platform. In the thesis, SIMULINK is used as a graphical
modelling tool. Both tools, SIMULINK and MATLAB are developed and owned by
MathWorks [141].

The formulas expressed in subchapter 2.5.2 are implemented in Simulink. The model’s input is
the power measurements from the SCADA data provided by UNITECH [53]. In periods of
downtime of the turbine, the power from Zefyros is negative due to various power demands at
Zefyros despite no production from the turbine. The negative values are set to zero in the model
due to occurring problems if the input value is negative. Also, the load response of the
electrolyser is assumed to be instant, meaning the electrolyser is assumed to be in standby when
not producing hydrogen. The rated current density of the electrolyser is assumed to be 2 A/cm?.
The current is assumed to be uniformly distributed on the PEM. The electrolytic cell membrane
area is assumed to be 160 cm?. The rated power of the electrolyser is assumed to be 2.3 MW,
equal to Zefyros. Given these assumptions, the number of cells necessary to reach the assumed

rated power of 2.3 MW can be estimated. This is shown in formula 66.

Pelectrolyser (66)

N =
cell .
Urated * tratea " Acenl

Peiectrolyser 1S the rated power of the electolyser in case 2, U,4.4 is the cell voltage at the rated

current density i,4:.q, and A is the cell membrane area. The input current density i is calculated

using the active power from Zefyros as the input. This is shown in formula 67.
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i = PZefyros [ A ] (67)

. . 2
Urated Ncell Acell cm

It is assumed that the electrolyser operates at a constant temperature. This is done to restrict the
thesis’s scope and to reduce specific electrolyser design choices. The temperature is assumed
to be 60 °C. The rated cell voltage is then the cell voltage at 60 °C. The electrolyser’s energy
efficiency, ny, is estimated as described in subchapter 2.5.2 in formula 48. The hydrogen
production rate can be estimated by dividing the power input to the electrolyser by the lower

heating value, LHV, of hydrogen. This is shown in formula 68.

iy, = P electz(;-l;;/ser 7. 600 [1’(69 T:’lzn ] (68)
Where 600 represents how many seconds there are in the 10 minutes, that is the sampling
interval of the provided dataset. The hydrogen production is then used as input to estimate the
energy required for the compression and desalination. The energy consumption for the
compression and desalination for the model, applying for case 2, is assumed to be as shown in
formulas 69 and 70, respectively. The specific energy consumptions of compression and
desalination are assumed to be the same for case 2 as for case 1 to restrict the scope of the

thesis.
Ecompression,case 2= 3.5 mHz,case 2 [kWh] (69)

Edesalination,case 2 =3.6" My, 0,case 2 [kWh] (70)

My, case 2 1S the mass of hydrogen produced during the 10-minute sampling interval, and
My, 0.case 2 1S the electrolyser’s water consumption during the same 10 minutes, estimated by

formula 71.

kg HZO] (71)

My,0,case 2 = My, ,case 2 * 10.1 [10 min

Here, 10.01 kg H20/kg H: is the assumed specific water consumption of the electrolyser [130].
Formulas 69, 70, and 71 for case 2 are different from formulas 58, 59, and 60 for case 1 in that
for case 2, the large-scale hydrogen production system, the hydrogen production rate is not
constant like in case 1. This means that the energy demand for the electrolyser, compressor,

and desalination unit in case 2 changes depending on the available input power from Zefyros.

The energy consumption of compression and desalination is converted to power and subtracted

from the input from Zefyros to the model. The new power input, now with the energy

55



consumption from compression and desalination subtracted, is used to estimate the hydrogen
production. In this way, the compression and desalination energy consumptions are higher than
they would be in practice due to the input power being reduced and thereby also the hydrogen
production. To reduce the scope of the thesis, it is assumed that the energy consumptions of the
compression and desalination processes are very low compared to the energy consumption of
the electrolyser, which is reasonable to assume. The difference in the resulting hydrogen
production due to the mismatch of the energy consumption of compression and desalination,
and the initial hydrogen production rate with those energy consumption not subtracted, is then

assumed negligible.

In Figure 24, the design of the proposed large-scale hydrogen production system is illustrated.

This figure aims to graphically show the description of the system proposed in this chapter.

kg H2 To storage

4|—> Compressor ——>
Electrolyser :

*«+ +| Desalination

Energy from

Zefyros ... | compressor Energy demand

compresion &
desalination

Electrolyser —'

Y

Assumed energy
available for

electrolysis kg H20

Figure 24: Design of the proposed large-scale hydrogen production system, case 2
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An illustration of how the model works in Simulink is shown in Figure 25.

Production
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Production & desalinaton

Figure 25: Methodology for the large-scale hydrogen production model

The power measurements from the provided dataset are converted to current density. The
current density estimates the cell voltages at the respective input current density. From the cell
voltage, the energy efficiency of the electrolyser is estimated. The energy efficiency is used to
estimate the first hydrogen production which is used to estimate the energy demand for the
compression and desalination processes. These energy demands are subtracted from the energy

available from Zefyros. This yields the final estimated hydrogen production.

In Table 8, the parameters utilized in the model are presented. The parameters are extracted
from PEM electrolysis modelling journal articles [45, 46, 79, 142], and some are assumed.

Through an iterative process where several different parameters are tested, the selected
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parameters are chosen to present a conservative estimation of PEM electrolyser energy

efficiency [62, 143, 144].
Table 8: Parameters utilized in SIMULINK model

Symbol Description Value Unit Source

Pnode Pressure  anode 1 bar Assumed to be
side equal to [65]

Yo, Partial  pressure Formula 37 bar cm? [45] [79]
increase  factor A
oxygen

Yu, Partial  pressure 2.4 bar cm? [45] [79]
increase  factor A
hydrogen

ggisz Diff_usivity 2:10°1 mol [45] [79]
Nafion membrane scm bar
oxygen side

Efck Diffusivity 4.7 .10 mol [45] [79]
Nafion membrane s cm bar
hydrogen side

P .athode Pressure 30 bar Assumed to be
hydrogen side equal to [65]

R Universal gas 8.3144 J
constant K mol

F Faraday’s 96485 C
constant mol

X ynode Anode charge 0.5 - [45, 46]
transfer
coefficient

X athode Cathode charge 0.5 - [45, 46]
transfer
coefficient

loref a Reference 1.3 %1077 A [45, 46]
exchange current cm?2
density anode

forefc Reference 1x1073 A [45, 46]
exchange current cm?
density cathode

Eyctanode Activation energy 30000 o [45, 142]
anode mol

E 4t cathode Activation energy 90000 o [45, 142]
cathode mol

Smem Membrane 127 um [45]
thickness

dmem Membrane 1 - [45]
swelling

LHV Lower  heating 120 Mj
value H, kg

A Cell area 160 cm? [45]
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4. Results

In the method chapter, the two different cases of the thesis are described. The results chapter is
divided into two chapters; chapter 4.1, the in-turbine hydrogen production system, and chapter

4.2, the large-scale hydrogen production system.

In chapter 4.1, the design of the in-turbine electrolyser of case 1 will be analysed. Here, the
hydrodynamic response of Zefyros will be estimated to identify the Zefyros’ response in 1-year
and 10-years seas in pitch, roll, and heave. Required components’ locations and safety measures
are also reviewed. The operation in 2020 of the in-turbine hydrogen production system is
shown. The low rated power of the chosen electrolyser compared to the rated power of
UNITECH Zefyros yields that the electrolyser will operate at rated power if the turbine is in
production. Therefore, the variable load that is induced by intermittent wind power would not

occur.

To show the effect intermittency has on the efficiency of an electrolyser, a second hydrogen
production system, the large-scale hydrogen production system of case 2 is proposed in chapter
4.2. Here, constraints regarding space do not apply. For case 2, the energy aspects of the system

will be reviewed, and the electrolyser energy efficiency is estimated.

For both systems, the in-turbine and large-scale hydrogen production system, it is assumed that
PEM electrolysers are utilized for the electrochemical splitting of water. This is because PEM
electrolysers enable the possibility of dynamic operation, have high market availability, and
utilization of a PEM as an electrolyte eliminates the need for a liquid electrolyte, which would
increase maintenance frequency and expenses [43, 62, 67]. Also, the AE requires a larger area
compared to PEM electrolysis [73]. For both hydrogen production systems, the in-turbine and
large-scale hydrogen production systems, compressed hydrogen is assumed to be the method
of storage. In the in-turbine hydrogen production, the choice of storing as compressed hydrogen
was made due to the small amount of hydrogen produced. It is also the most common method
of hydrogen storage and is a less complicated technology compared to the other means of
storage. The same specific energy consumption of the compression and desalination is assumed
for both hydrogen production systems, case 1 and 2. This assumption is made to reduce the

scope of the thesis.
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4.1. Case 1: Design of the in-turbine hydrogen production
A schematic layout of Zefyros is shown in Figure 26, provided by UNITECH [137].

Figure 26: Schematic of UNITECH Zefyros [137]
Through discussions with UNITECH [129], the maximum dimensions of the in-turbine
electrolyser were identified to be 1 m x 1.5 m x 2 m (W x D x H) inside the turbine, 17 m above

still water level. In Figure 27, a sketch is made to illustrate this location.

17m

Figure 27: Sketch illustrating the specified location by UNITECH for an in-turbine electrolyser. From the left; the height of
the location relative to the waterline, length and height of location restricted by the floor above, width and length restrictions
due to other equipment at the location

Based on the space restrictions stated by UNITECH and illustrated in Figure 27, a suitable PEM

electrolyser has been identified. This is shown in Table 9.
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Table 9: Electrolyser for Zefyros hydrogen production

Name Dimensions (WxDxH) Rated power [KW]  Reference
NEL S40 08mx1Imx1im 6.41 [130]

The NEL S40 was selected due to the size of the electrolyser, the data available for the
electrolyser, and the lack of other catalogue PEM electrolyser options available. Relevant

specifications for the S40 electrolyser presented on the Nel website are presented in Table 10.
Table 10: Nel S40 specifications [130]

Nominal Production rate [Nm%/h, 0 °C 1 bar] 1.05
kg per 24 h 2.27
Power consumption by system [KWh/Nm?] 6.1

Delivery pressure [bar] 13.8

When Zefyros has incoming wind speed at the rated wind speed, the energy generation for one
hour is approximately 2300 kWh. When both the electrolyser and the generator are operated at
their rated power, the electrolyser consumes 0.27 % of the energy generated by Zefyros. This
means that if Zefyros is generating power, the NEL S40 will operate at its rated load, yielding

a constant energy consumption.

The water consumption of the NEL S40 is 0.9 I/Nm?3[145], which translates into 10.1 kg water/
kg Haz. In Greenstat’s report “Optimal utnyttelse av energi fra havvind i Sgrlige Nordsja 11”
[73], an area of 0.02 m3/ton water produced per day is occupied by a 2-step RO desalination
unit. The daily demand water demand is very low, yielding a very low area requirement for the
desalination unit. The area specification stated in [73] is assumed to not apply to such a small
system. However, it is assumed that there is available space inside the turbine tower for the 2-

step RO desalination unit.

No specific hydrogen compressor with available dimensions has been found suitable for this
system. L&W compressors have high-pressure compressors in their line-up, which includes
compression of hydrogen gas from atmospheric pressure to 200 bar and 300 bar [146]; however,
not for 250 bar, and no dimensions are available. Their product range has dimensions for a
similar compressor with dimensions of 1.28 m x 0.51 m x 0.826 m [147], which is assumed
also applies to a hydrogen compressor. Assuming that a hydrogen compressor has the
dimensions stated above, there is no available space inside the turbine tower for the compressor.
This means that the compressor must be placed outside the turbine tower along with the

hydrogen pressure vessels used for storage.
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The hydrogen production rate of 1.05 Nm?h translates to a production rate of 0.0944 kg/h. As
shown in Table 10, the pressure of the produced gaseous hydrogen is 13.8 bar. The energy
consumption of the hydrogen compression from 13.8 bar to 250 bar is assumed to be 3.5
kWh/kg Hz2 [92, 93]. The energy consumption of 2-step RO desalination is 3.3 — 4 kWh/ton
water [73], as stated in subchapter 2.4.6, and is further assumed to be 3.6 kWh/ton water.

4.1.1. In-turbine electrolyser operation
In this subchapter, the operation of the in-turbine hydrogen production system is explained. The
system is assumed to have two operating modes, on or off. The electrolyser will either be in
standby mode or operate at the rated load. The control of this system will monitor the power
generation from Zefyros; when power generation from Zefyros is below the system’s power
consumption, the electrolyser is set to its standby mode, and the other components, desalination
and compression, are switched off. When the power generation from Zefyros exceeds the
system’s power consumption, the hydrogen production system is started. This is shown in

formula 61 in subchapter 3.1.3.

A battery is implemented in the system to cover the energy consumption of the electrolyser in
standby mode to ensure rapid response to load changes. The load response of the electrolyser
is further assumed to be instant. If the battery is not at its full capacity, the battery is charged
by surplus energy generated by Zefyros after powering the hydrogen production system. The
remaining energy after charging the battery is exported to the grid by its export cable. Figure

28 shows the operating modes for the year 2020, where 1 is on and 0 is off.

Hydrogen production system operating mode 2020
1F — ——

09

08

0.7

06

05

0.4

03

0.2

01

0 1
Jan Apr Jul Oct Jan
2020

Figure 28: Alternation of operating mode UNITECH Zefyros 2020, 1 is on, O is off
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As seen in Figure 28, the operating mode of the hydrogen production system alternates very
frequently in 2020. To better illustrate the changes in operating mode, the operating modes for
June are shown in Figure 29. June is chosen due to its high frequency of alternating the

operating mode.

Hydrogen production system operating mode june 2020

1 1 1 1
Jun 02 Jun 09 Jun 16 Jun 23 Jun 30
2020

Figure 29: Alternation of operating mode UNITECH Zefyros June 2020, 1 is on, 0 is off

In Figure 29, the operating mode is shown to switch from on to off often in June, especially
around the 20" of June. This may present a problem due to the start-up time of the electrolyser.

The operating modes during the 20™ of June 2020 are shown in Figure 30 to review this.

Hydrogen production system operating mode 20 june 2020
1 T 3
ﬂ ]

. N A A N 1

Il
00:00 06:00 12:00 18:00 00:00
Jun 20, 2020

Figure 30: Alternation of operating mode UNITECH Zefyros June 20" of 2020, 1 is on, 0 is off
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In Figure 30, between 6 o’clock and 12 o’clock, the hydrogen production system changes
operating modes four times, where three of the operating mode changes are within 40 minutes

of each other.

Hydrogen production system operating mode 20th june 2020 06:30 - 07:30
L — ! —— ! 7

O Il v Il Il \
06:30 06:45 07:00 07:15 07:30

Jun 20, 2020

Figure 31: Alternation of operating mode UNITECH Zefyros 20™ of June 2020 between 06:30 and 07:30, 1 is on, 0 is off

In Figure 31, the hydrogen production system switches from off at 06:50 to on at 07:00. As
mentioned, the start-up time of a PEM electrolyser is approximately 15 minutes [64]. This
shows the need for short-term energy storage to supply the standby load of the electrolyser. The
start-up time in standby mode is significantly shorter, less than 10 seconds [132]. However,
since the sampling interval in the provided dataset is 10 minutes, the start-up time is assumed
to be instant when on standby. The short-term energy storage is assumed to be a battery with a
capacity of 5 kWh and an assumed Depth of Discharge, DoD of 80 %. A 5 kWh battery was
found suitable through an iterative process. The battery’s State of Charge, SoC, during 2020 is
shown in Figure 32.
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Figure 32: Battery State of Charge, SoC 2020 [kWh]

In Figure 32, the battery’s SoC is within approximately 3 kWh most of the year. In the more
extended periods of no production, such as in the month change February to March and in
November, the SoC reaches the DoD. It is assumed that in the periods of downtime, the SoC of
the battery is equal to the last sample before shutdown. The battery would experience self-
discharge [148]; however, this is assumed to be negligible due to the low capacity of the battery.

Hence, it is not included in the estimation of the battery SoC.

The sum of the hydrogen production for every 10-minute sampling interval yields the hydrogen

production in 2020 to be 581 kg hydrogen.

4.1.2. Zefyros’ hydrodynamic response
A model is developed in DNV Sesam to identify the displacement and acceleration in heave,
roll, and pitch the in-turbine electrolyser would experience at Zefyros. No research has been
found on how displacement and acceleration affect the electrolyser and the other components
in a hydrogen production system. The methodology is then to identify the displacement and
acceleration the in-turbine electrolyser from case 1 would experience for a potential electrolyser

supplier to review their component for compatibility.
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Given the symmetry of the spar buoy foundation of Zefryos, pitch and roll motion
characteristics are identical [54]. This is shown in Figure 33, extracted from the results in

Postresp.

SESAN POSTRESP 7. 1-01

Figure 33: Amplitude of pitch and roll responses as a function of wave period

As seen in Figure 33, the amplitude of the pitch response when the incoming wavefield is at 0°
is identical to the amplitude of the roll response when the incoming wavefield is at 90°. Hence,
only the pitch response is presented in the thesis’ results. In the Sesam model, the direction of
the wave field that yields the largest response in pitch and heave is further processed in Postresp.
The short-term statistics of the displacement and the acceleration in heave and pitch are

calculated in DNV Sesam for two different return period seas, described in subchapter 3.1.3.

The most probable maximum displacement and acceleration in heave and pitch in a sea with 1-

year return period are shown in Table 11.

Table 11: Heave and pitch response in a sea with 1 — year return period

Degree of Displacement Std.dev Acceleration Std.dev
freedom displacement acceleration
Heave 1.329 [m] 0.363 0.3109 [m/s?] 0.0840
Pitch 0.5874 [deg°] 0.1587 0.2024 [deg°/s?] 0.0536

The most probable maximum displacement and acceleration in heave and pitch in a sea with

10-year return period are shown in Table 12.
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Table 12: Heave and pitch response in a sea with 10 — year return period

Degree of Displacement Std.dev Acceleration Std.dev
freedom displacement acceleration
Heave 1.7890 [m] 0.4921 0.3684 [m/s?] 0.0098
Pitch 0.7011 [deg°] 0.1903 0.2172 [deg°/s?] 0.0576

4.1.3. Storage
The amount of compressed gaseous hydrogen that can be stored at one time at UNITECH
Zefyros is limited by the space available at the turbine for storage. It is assumed that a volume

is available at the main platform for storing the hydrogen of 2x 2 m x 6 m.

As stated in chapter 2.6, the hydrogen gas is assumed to be stored at 250 bar. The density of the
hydrogen gas is then approximately 23 kg/m? [149]. This means 25.6 m2is the necessary storage
volume for the annual hydrogen production from the in-turbine electrolyser. This required
storage volume is only the volume of hydrogen produced; the volume of the tanks and other
components must be added. Hexagon Type 4 pressure vessels, Hexagon Purus [101], are
assumed to be utilized for storing the hydrogen at 250 bar. Type | pressure vessels could be
used to cut costs. However, due to the lack of specifications available on such pressure vessels
at the assumed storage pressure and the fact that economics is not in the scope of this thesis,
the Hexagon Purus is assumed to be used. The capacity of a Purus pressure vessel is 27.8 kg.
The shape of the pressure vessel is cylindrical, and it has a length of 5689 mm and a diameter
of 653 mm [101]. The use of Hexagon Purus pressure vessels results yields a 3 x 3 matrix to
store the compressed hydrogen, considering the assumed available space for storage. The
capacity of the storage is 250.2 kg hydrogen. This means that the hydrogen tanks must be
emptied three times within 2020, given that the estimated hydrogen yield in 2020 is 581 kg
hydrogen. It is assumed that the storage tanks and the hydrogen compressor are placed in an
area protected from environmental factors, such as waves, sea spray, and rain. The area must

be closed off from the atmosphere to achieve this.

4.1.4. Components, materials, and safety
In this subchapter, the auxiliary systems, materials, and safety measures for the in-turbine
hydrogen production are reviewed. Materials’ and components’ compatibilities in an offshore

environment are assessed.

The Nel S series electrolyser is in essence a plug-and-play system. This means that the

electrolyser can be installed easily in a few hours, although this is meant for land-based
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installations [130]. The NEL S series electrolyser has integrated several integrated components
including a heat exchanger, hydrogen gas dryer, hydrogen phase separator, oxygen phase
separator, de-ionized water polishing bed, water pump, and hydrogen gas detector [130]. In
“Evaluation of materials and components degradation of a PEM electrolyzer for marine
applications” A. Di Blasi et al. [150], an experiment was performed to investigate the
degradation of the components in a PEM electrolyser in marine applications. Desalinated and
de-ionized seawater was used as the water feedstock for the electrolyser. Corrosion tests were
also performed in a corrosive environment to simulate the offshore environment. The results
stated that no significant reduction in performance was shown using desalinated water as the
feedstock, and no evidence of poisoning, sodium and chlorine, was caused by the marine
environment. No notable degradation of materials in the PEM electrolyser due to corrosion was
shown. [150]

The desalination unit is assumed to require a water pump and a water tank. A water tank can be
used as a storage of purified water for the electrolyser. The water consumption of the
electrolyser is 10.1 kg water/ kg Hz. Since the hourly hydrogen production from the electrolyser
is approximately 0.1 kg H2/h, the hourly water consumption is 1.01 kg water/h. Considering
this low water consumption, the energy requirement of the pump that shall lift the seawater to

the desalination unit is assumed negligible.

Low output hydrogen compressors may be air-cooled [151], which eliminates any potential
extra water consumption for cooling. The energy requirement for cooling is assumed to be
included in the assumed energy consumption of the compression from 13.8 bar to 250 bar at
3.5 kWh/kg [92].

To account for the successful use of materials for the storage and components in the in-turbine
hydrogen production system, hydrogen embrittlement, hydrogen attack, and hydrogen
permeation must be considered [91]. The selection of materials for the system is based on the
industry standard for hydrogen handling. These materials are further reviewed for compatibility

with an offshore environment.

Oxygen-free copper is normally used for hydrogen piping at lower pressures for hydrogen
distribution, and copper alloys for equipment for hydrogen storage such as a braze material and
for equipment such as valves [91]. The permeability of hydrogen through copper is very low,

lower than austenitic stainless steel [152]. Copper shows less resistance to electrochemical
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corrosion from seawater than its alloys [153]; however, the inside of the turbine tower is
separated from the marine environment, and it is assumed that no notable elevated salt-rich
atmosphere occurs. For sealing and lining of components, typically, non-metallic materials are
used. These materials could be in direct contact with hydrogen gas and must withstand
mechanical and thermal loads. Filling and emptying the storage tanks results in temperature
changes in the stored hydrogen: - 40 °C during emptying and 90 °C during filling [91], and are
challenging conditions for the sealing material to withstand [91]. For storage of the hydrogen,
Hexagon Purus is assumed to be used. The Purus pressure vessel is a glass-fiber/carbon-fiber
composite with a plastic inner lining [154]. In the journal article “Evaluation of mechanical
properties and morphology of seawater aged carbon and glass fiber reinforced polymer hybrid
composites” D. K. Jesthi and R. K. Nayak [155], an experiment is performed to review the
mechanical properties of seawater aged glass fiber/carbon fiber composites. The materials were
immersed in seawater at room temperature for 90 days. Seawater immersion may be relevant
to consider for the storage onboard Zefyros. The highest registered wave at the site is 19 m,
submerging the main platform at Zefyros. The article [155] concluded that glass fiber/carbon

fiber composite materials are applicable in an offshore environment.

Regarding safety, an in-turbine electrolyser is not a tested method. In the Lhyfe hydrogen
project, DNV will perform a study to identify the main risk of offshore hydrogen production
[128]; however, this is for an electrolyser placed on an offshore platform, not inside the turbine
tower [156]. The paragraphs below present what are deemed as safety risks introduced by an

in-turbine electrolyser.

Hydrogen gas is lighter than air. In case of a potential leak, the hydrogen gas would rise inside
the turbine tower to escape through the nacelle or accumulate inside the tower and nacelle
structure. Hydrogen has, as mentioned, low ignition energy and a wide flammability range [90].
In the nacelle, electrical equipment or heat released from components may ignite the hydrogen.
In addition to the grounding of the system to avoid sparks, it is suggested that the electrolyser
is located close to a hydrogen exhaust ventilation fan, which is a product available on the market
[157]. This also applies to the area where hydrogen storage and compressor are placed. In case
of a leak, it must be possible to vent the room to avoid the accumulation of hydrogen. The in-
turbine electrolyser will experience the same displacements and acceleration as the turbine, as
described in subchapter 4.1.2. This may cause a problem by the mixing of the product gasses,

hydrogen and oxygen. This is relevant both for the phase separator and inside the electrolyser
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itself. No research has been found that proves this, but it is deemed as likely that an electrolyser
that experiences accelerations would have an increased risk of product gas mixing. The
flammability range of hydrogen, 4.1 — 74.8 vol% [90], would mean that the mixing of product
gasses increases the risk of explosions. Gas mixing also decreases the energy efficiency of the

electrolyser [66].

Hydrogen gas detectors should be placed near areas more likely to experience leaks, such as
valve stems and connections or couplers. Gas detectors should also be placed in the nacelle of
the turbine since hydrogen gas is lighter than air and would rise inside the turbine. Catalytic
bead detectors are recommended as gas detectors for hydrogen [126]. Hydrogen flame detection
is necessary to identify and locate a potential hydrogen flame. Flame detectors should be placed
close to the electrolyser, hydrogen-containing pipes, and connections. Flame detectors should
also be placed in the nacelle due to the risk of hydrogen accumulation in the nacelle. Multiple
IR flame detectors are best suited for hydrogen application [126]. All components in the in-
turbine hydrogen production system must be Ex-certified and marked according to the
regulation “Forskrift om utstyr og sikkerhetssystem til bruk i et eksplosjonsfarlig omrade”
[125].

4.1.5. Utilization of produced hydrogen and transportation

The small amount of hydrogen produced from the in-turbine hydrogen production limits the
potential end-users of the produced hydrogen. 250 kg hydrogen, the proposed storage capacity
at Zefyros, is 8.33 MWh. Marine Gasoil, MGO, is a commonly used fuel in the maritime sector.
8.33 MWh translates to approximately 0.833 m3 MGO [158]. A general purpose vessel, a tanker
transporting refined fossil products, typically carries 12 000 — 30 000 m® MGO in its fuel
storage [159]. This means that for the in-turbine hydrogen production from Zefyros, it is not
feasible for use as a bunkering station or fuel supply for potential future hydrogen-powered
vessels in the North Sea. A potential end-user of the hydrogen produced at Zefyros would be
research and test centres nearby. At Stord, there is a test facility for hydrogen-powered maritime
engines and fuel cells 90 km from Skudeneshavn, where Zefyros is located [10]. UNITECH’s
R&D centre at Bemlo, 100 km from Zefyros, may also be a potential end-user of the hydrogen
[160].

For the bunkering solution, two methods are seen as feasible; compressing the gas from storage

at Zefyros onto a vessel or container swapping. Pressure balancing is not deemed feasible due
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to the required extra storage volume onboard the turbine. The choice of the bunkering
technology must be seen in context with the potential consumers and the amount of hydrogen
produced. It would be possible to transport the hydrogen from Zefyros to Bamlo using a ship.
A Crew Transport Vessel, CTV, is used when UNITECH is performing service or installations
at Zefyros. This same CTV could be used to transport the hydrogen to Bemlo.

Performing container swapping, the hydrogen storage at Zefyros would have to be lifted from
the main platform, 17 m above the still water level. The height and the fact that both the CTV
and Zefyros would move in the six degrees of freedom would make the container swapping
process difficult. For compressing the stored hydrogen from Zefyros onboard a ship, a
compressor, a hose, and hydrogen storage at the ship are necessary. The expected heave and
pitch responses of Zefyros are identified in subchapter 4.1.2. The heave motions of the CTV
would follow the wave height. Considering this, the location of the CTV during pressure

balancing could be determined along with the length of the hose required for the process.

A product not mentioned prior to this is the oxygen also produced from water electrolysis.
Oxygen is a product used in several industries such as the steel industry, chemical processing,
and health services [161]. A potential consumer of oxygen that may become relevant in the case
of offshore hydrogen production is fish farms. To reduce the scope of the thesis, oxygen

production and identifying potential end users are not further considered.

71



4.2. Case 2: Large-scale hydrogen production
In this chapter of the thesis, the results of the model developed for case 2 are presented. The
large-scale hydrogen production system of case 2 is dimensioned to facilitate for all the power
generated from Zefyros being used for hydrogen production, thereby not considering the space
constraints stated by UNITECH [129].

The large-scale hydrogen production is designed to illustrate the wind energy and electrolysis
interaction. In chapter 4.1, the in-turbine hydrogen production system, case 1, has two operating
modes, on or off. The rated power of the electrolyser in case 1 is small compared to the Zefyros’
rated power. As long as the turbine generates power, the electrolyser will operate at its rated
load. In the large-scale hydrogen production system, case 2, an electrolyser with a much larger
rated power is proposed. The rated power of the electrolyser is assumed to be 2.3 MW to be
able to use all energy converted from Zefyros for hydrogen production. Since UNITECH
Zefyros’ rated power also is 2.3 MW, the load profile of the electrolyser would be dynamic. By
dynamic, it is meant that the load percentage of the electrolyser changes over time depending

on the power output from the turbine.

A PEM electrolyser has higher energy efficiency when operated below its rated load [72]. This
is illustrated in Figure 34, where data is extracted from “Current status of water electrolysis for
energy storage, grid balancing and sector coupling via power-to-gas and power-to-liquids: A
review”, Buttler and H. Spliethoff [162].
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Figure 34: Hydrogen production [Nm3h] and system efficiency as a function of power consumption [kW], Siemens PEM
electrolysis system Energiepark Mainz [162]
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Figure 34 shows that the maximum energy efficiency of the PEM electrolyser occurs at around
15-20 % of the rated load. In [162], it is stated that the efficiency curve of the PEM electrolyser
includes losses from all energy consumers. That includes compression, cooling, purification,
and control of the PEM electrolysis system at Energiepark Mainz [162]. The system’s
efficiency is calculated based on electrical energy consumption and the higher heating value of
hydrogen [162]. Also shown in Figure 34 is that while the PEM electrolyser has higher energy
efficiency in part-load, the hydrogen production increases approximately linearly with the load.
[162].

4.2.1. Model results and validation
In this subchapter, the results from the developed model for case 2 are presented and compared

with results in a relevant research article to validate the developed model.

The polarization curve of the modelled electrolyser in case 2 is shown in Figure 35. The cell
voltage is divided into its contributors; activation overpotential, concentration overpotential,
open circuit voltage, and ohmic overpotential. The figures in this subchapter start with a current
density of 0.015 A/cm? due to occurring problems in the model when using values below this

threshold and stop at the electrolyser’s assumed rated current density of 2 A/cm?.

14 Contributors to cell voltage
8 T T T

12 — R

o
[e¢]
T —
1

Activation overpotential
Concentration overpotential
Open circuit voltage

Ohmic overpotential

Voltage [V]

o
)
T
|

0.4 b

0.2 i

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Current density [A/cm 2]

Figure 35: Cell voltage contributors [V] as a function of current density, [A/cm?]. Temperature assumed constant at 60 °C.
Activation overpotential (blue), Concentration overpotential (red), Open Circuit voltage (yellow) and Ohmic overpotential

(purple).
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In “Modelling and simulation of a proton exchange membrane (PEM) electrolyser cell”, Z.
Abdin, C. J. Webb, and E. M. Gray, [44], the cell voltage contributors are presented as a
function of current density with a rated current density of 1.2 A/cm?, an operating temperature
of 55 °C, and a cathode pressure of 10 bar. The thesis” model assumes an operating temperature
of 60 °C, a rated current density of 2 A/lcm?, and a cathode pressure of 30 bar. The parameters
used in [44] are not necessarily the same as used in the model of this thesis. In the paragraphs
below, results from [44] are compared to the results from Figure 35. When mentioning the
article, it is referred to the journal article “Modelling and simulation of a proton exchange
membrane (PEM) electrolyser cell” [44]. The voltages used to compare the article’s and the

thesis’ results are the mentioned voltages values at a current density of 1.2 A/cm?.

The Open Circuit Voltage, OCV, in the article is around 1.2 V. In Figure 35, the OCV is also
around 1.2 V. The same formula is used for estimating the OCV in the thesis and the article,
seen in formula 32. The activation overpotential in the thesis is higher compared to the article,
1.3V and approximately 0.8 V, respectively. The same formula is used for both the thesis and
the article, seen in formulas 39 and 40. However, the parameters used to calculate the activation

overpotential in the thesis and the article are different. This is shown in Table 13. [44]

Table 13: Comparing parameters used for estimating activation overpotential of thesis and article [44]

Parameter Thesis Avrticle [44]
AXanode 0,5 0,8

X cathode 015 0’25
i0.anode 1,3% 1077 1%1077
iO,cathode 1+ 10_3 1+ 10_3

The concentration overpotential has a small contribution to the cell voltage, approximately 0.01
V in both the thesis and the article. The same formula is used in both the thesis and the article,
seen in formula 45. However, in the thesis, a simplification is made. It is assumed that the
concentration of the product gas is equal to the partial pressure of the product gas, divided by
the pressure at the respective electrode subtracted by the water saturation pressure at this

electrode.

The ohmic overpotential is in the article divided into ohmic overpotential from the electrodes,
the flow field plates, and the PEM, where the PEM has the highest contribution to the ohmic
overpotential [44]. The contribution of the ohmic overpotential to the cell voltage is small,

around 0.15 V in the thesis and around 0.2 V in the article. In the thesis, only the ohmic
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overpotential from the PEM is included. Therefore, the ohmic overpotential is higher in the
article than in the thesis. The same formula is used to estimate the ohmic overpotential in the
thesis and the article, seen in formula 42. The water content in the membrane, A,,,¢.,, iS the same
in the thesis and the article. The membrane thickness is higher in the article than in the thesis;
0.0254 cm and 0.0127 cm respectively, explaining why the ohmic overpotential is higher in the

article.

To reduce the scope of the thesis, the operating temperature of the electrolyser in case 2 is
assumed to be constant at 60 °C. It is important to know how the operating temperature
influences the cell voltage and, therefore, the energy efficiency of the electrolyser. In Figure
36, the electrolyser polarization curve is shown for two different operating temperatures; 60 °C
and 80 °C.
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Figure 36: Cell voltage [V] with temperature of 60 °C (blue) and 80 °C (red) as a function of current density, [A/cm?]

In Figure 36, it is shown that the cell voltage decreases with increasing temperature. This can
be related to Figure 10, where the electrical energy required for electrolysis decreases with

temperature.

In Figure 37 below, the energy efficiency of the electrolyser is shown as a function of current
density. The energy efficiency is estimated by the cell voltage, shown in formula 48. The
hydrogen production rate is also shown as a function of current density to illustrate that the

production rate increases with the current density even though the energy efficiency decreases.
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Figure 37: Electrolyser energy efficiency and hydrogen production rate [kg/h] as a function of current density [A/cm?]

As seen in Figure 37, the electrolyser’s energy efficiency increases rapidly up to 0.15 A/cm?
followed by a steady decrease with increased current density, while the hydrogen production
rate increases with increased current density. This result correlates with the PEM electrolyser
from Energiepark Mainz shown in Figure 34 [162]. To illustrate how the efficiency affects the
hydrogen production rate, the modelled hydrogen production rate with the estimated efficiency
from Figure 37 is shown in Figure 38 as a function of current density along with the hydrogen
production rate with 100 % efficiency.
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Figure 38: Hydrogen production rate [kg/h] with estimated energy efficiency (blue) and 100 % efficiency (red) as a function
of current density, [A/cm?]
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4.2.2. Electrolyser efficiency and hydrogen production
In this subchapter, the dataset provided by UNITECH [53] is used to estimate the hydrogen
production from the assumed 2.3 MW PEM electrolyser in case 2, using the developed model

presented in subchapter 3.1.4.

The input of the model is the power delivered by Zefyros, Pzeryros- Pzefyros iS Used to estimate
the input current density, shown in formula 67 in subchapter 3.1.4. In the SCADA dataset from
Zefyros [53], the power is negative during periods of no production. This is because of various
components’ power demand while the turbine is not in production. Negative values are not
applicable in the model hence, negative values are set to zero. The input current density in 2020

is shown in Figure 39.
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Figure 39: Input current density in 2020, [A/cm?]

The gaps in measurements in Figure 39, such as between February and March, are due to no
available data in the provided dataset. This also applies to the remaining figures in this
subchapter. From the current density, the cell voltage is estimated by the sum of the open-
circuit voltage and the three overpotentials, shown in formula 31. Using the cell voltage, the
energy efficiency of the electrolyser throughout 2020 can be estimated. This is shown in Figure
40.
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Figure 40: Electrolyser energy efficiency throughout 2020
The electrolyser’s energy efficiency in June is shown in Figure 41 to illustrate the variability

of the energy efficiency more clearly. The figure also shows the input current density in June
2020 to display how the current density, or the load, affects the electrolyser energy efficiency.
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Figure 41: Electrolyser energy efficiency (blue) and input current density (red) [A/cm?] in June 2020
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When the current density is at its rated value, the energy efficiency of the electrolyser is at its

lowest. This is more clearly shown in the period between the 7t to the 9™ of June, in Figure 42

below.
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Figure 42: Electrolyser energy efficiency (blue) and input current density (red) [A/cm?] 7" to 9" of June 2020

Using the electrolyser energy efficiency, the hydrogen production rate can be estimated by

formula 68. This is shown in Figure 43.
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Figure 43: Hydrogen production rate 2020 [kg/10 min]
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The cumulative sum of the hydrogen production rates for every 10-minute sample yields the

accumulated hydrogen in 2020. This is shown in Figure 44,
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Figure 44: Accumulated hydrogen 2020 [kg]
By the end of the year 2020, the accumulated hydrogen is 110830 kg hydrogen. To compare,
the hydrogen yield from the large-scale hydrogen production system powered by a constant
power source at 2.3 MW, such that it would operate at its rated load throughout 2020, would
be 318780 kg. The average energy efficiency of the electrolyser modelled in case 2 is 44.5 %
in 2020. The maximum energy efficiency of the electrolyser, occurring at 0.15 A/cm?, is 60.5
%.
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5. Discussion

In this chapter, the methodology and results of the thesis, along with any assumptions and
simplifications, are discussed. The value of the results to UNITECH is discussed, and the

research questions raised in the introduction chapter are discussed.

5.1. SCADA dataset
The provided dataset [53] has a sample rate of 10 minutes or 1.67 x 10-2 Hz. The values of the
measured variables in between the 10-minute samples are unknown. In the thesis, the values of
the variables are treated as constant for the 10-minute duration until new measurements are
available. A more representative method would be to use linear interpolation between the
sampled values, thus, manipulating a higher sampling frequency of the dataset. Figure 45 is

made to illustrate the different methodologies.
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Figure 45: Methodologies of treating the provided dataset. To the left; As used in the thesis, treating a value as constant
during the sampling interval. To the right; linear interpolation between the measured parameters in the dataset.

Linear interpolation would better represent the variability of the power generation from a wind
turbine compared to the methodology used in this thesis; if the sampling frequency of the data
was manipulated. By having a data value of the used parameters every second instead of every
10 minutes, the estimation of hydrogen yield and efficiency would better represent what could
be expected in a real-life implementation. Due to the additional data that had to be included in
the model, hardware limitations, and time restrictions, the sampling frequency is not
manipulated. The data is then treated as shown in Figure 45 to the left; the value of a sample is
treated as constant for the 10-duration. For the in-turbine electrolyser this means that for the
state of the operation mode at a given time, it is assumed that it stays in the same operation
mode for the 10-minute duration until a new data sample is available. By doing this, the time

required to run the simulations is minimized.
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For the large-scale hydrogen production system, case 2, the load of the electrolyser estimated
from the dataset varies less than it would in a real-life integration due to the sampling interval
of the dataset. Thus, the estimated energy efficiency of the electrolyser also varies less. For
cases 1 and 2, the load response time of the electrolyser when in standby, less than 10 seconds,
cannot be included in the calculation due to the sampling frequency of the dataset. With a higher
sampling frequency, the loss in hydrogen production due to the load response time from standby
to operating mode could be included. New SCADA systems in wind turbines typically have a
sampling frequency of 1 Hz [163]. This sampling frequency would show the variability of the
measurement variables, such as the power generation, more accurately, thus, better representing
the real-life case of the variables. With a higher sampling frequency, the data could be used for

more detailed modelling, such as for the degradation of the electrolyser.

5.2.Case 1, in-turbine hydrogen production system
In this chapter, the method of estimating the hydrogen production of the in-turbine hydrogen
production system, case 1, and the hydrodynamic response of the turbine is discussed, along

with the result of these analyses.

5.2.1. In-turbine hydrogen production
For the in-turbine electrolyser, the space constraints stated by UNITECH have resulted in an
electrolyser with a very low hydrogen production rate. The annual yield of the in-turbine
electrolyser is 581 kg. This amount of hydrogen translates to approximately 19.4 MWh, which
is the same amount of energy as eight and a half hours of production from Zefyros at its rated
wind speed. When UNITECH had ambitions to perform hydrogen production at Zefyros, the
annual hydrogen yield and the economics of such as concept were not their focus area. The in-
turbine electrolyser was suspected to be used as a testing infrastructure available for third
parties and to prove that in-turbine offshore hydrogen production was feasible; that the
technology required to achieve this is readily available on the market. This thesis points to
components that can be used in such a system, proving the technological feasibility of in-turbine

electrolysis.

The proposed in-turbine hydrogen production system consists of three main components; the
electrolyser, the compressor, and the desalination unit. These components must be powered

according to their specifications regarding voltage and current. The power electronics required
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for such a system are not considered in the thesis. Zefyros has a 230 VV DC power supply inside
the turbine, and it is assumed that it can supply power to the components included in the in-
turbine hydrogen production system. The energy consumption of the electrolyser, compressor,
and desalination unit is assumed to be constant per mass of product. This assumption is
acceptable since the in-turbine electrolyser operates at a constant load when Zefyros converts
enough power to cover the energy demand for the in-turbine hydrogen production system.
When the electrolyser produces hydrogen, the compressor and the desalination unit will also

operate at a constant load.

Zefyros was built in 2009 and is not designed for in-turbine hydrogen production. The limited
space for an electrolyser inside the turbine tower shows this. In the thesis, challenges regarding
the safety of an in-turbine electrolyser have been identified. Standards and regulations for in-
turbine electrolysis do not exist, so a potential pilot project would have to go through an
extensive process to ensure acceptable safety measures applied for such a system. DNV will
perform a safety study of the main safety implications regarding offshore hydrogen production
for the Lhyfe hydrogen project [128]. This project is planning for hydrogen production at an
offshore platform. The DNV study most probably will identify several safety implications for
hydrogen production at an offshore platform that also applies to in-turbine hydrogen
production. Extensive modifications and the addition of new components would have to be
performed at Zefyros. Another potential issue is for the existing and potential future inter-
connected FOWT’s at the MENCENTRE. They would have to receive guarantees that no
increased risk of failure of their grid connection would occur by the addition of an in-turbine
electrolyser at Zefyros. Insurance of the turbine would also prove a challenge in the case of in-
turbine hydrogen production. These factors are potential project-stoppers and show that in-

turbine hydrogen production at UNITECH Zefyros is deemed unlikely.

Hydrogen storage for the produced hydrogen from the in-turbine electrolyser is assumed to be
compressed gaseous storage at 250 bar, stored in pressure vessels onboard the turbine. This
assumption is made due to the low amount of hydrogen to be stored. For large-scale production
of hydrogen from offshore wind farms, this would not be feasible due to the volume of the
produced hydrogen. There are several alternatives for hydrogen storage in such a case. The
Deep Purple concept by Technip FMC is planning to store compressed hydrogen at the seabed,
with the water pressure adding to the storage pressure [17]. The hydrogen is stored at the site

to be able to convert the hydrogen back to electrical energy, using fuel cells, in periods of no
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production from the wind turbines. In this way, hydrogen can be produced when the electricity
prices are low. Later the electrical energy can be sold when prices are high, improving the
economic feasibility of offshore hydrogen production. Another storage method receiving
increased attention is the storage of compressed hydrogen in salt caverns or depleted oil fields.

Here, large volumes of compressed hydrogen can be stored without requiring pressure vessels.

The hydrogen produced by the in-turbine electrolyser at Zefyros is assumed to be sold. Another
possibility would be to convert the hydrogen to electricity using fuel cells. In this way, the
turbine can produce and sell electrical energy even if the wind turbine is not converting any
energy. This is deemed infeasible in the thesis due to the low volume of hydrogen produced by
the in-turbine electrolyser and the space constraints inside the turbine tower. The Lhyfe offshore
hydrogen project [42] is planning to sell the hydrogen produced offshore, where the hydrogen
shall be transported by pipelines onshore. In the thesis, the hydrogen produced by the in-turbine
electrolyser is assumed to be compressed from its storage at Zefyros onboard a vessel. If the
hydrogen produced at Zefyros was to be transported by hydrogen pipelines, a new subsea
pipeline would have to be built and installed. Due to the low amount of hydrogen produced by

the in-turbine electrolyser, this is seemed as infeasible.

5.2.2. Hydrodynamic model
Regarding special considerations of the offshore location at UNITECH Zefyros, the response
of the turbine is studied. This thesis identifies Zefyros’ response in heave, roll, and pitch.
Zefyros would experience responses in all six degrees of freedom. Environmental factors,
including waves, wind, and current, would all influence this response. In the thesis, only the
heave, roll, and pitch responses of the turbine caused by the incoming wavefield are considered.
Wind and current would further increase these responses. The response in yaw, surge, and sway
is suspected to be relatively similar to the response in heave, pitch, and roll due to the symmetry
of the turbine. The response of the turbine is estimated to identify the response the in-turbine
electrolyser, case 1, would experience. No studies have been found on how displacement and
acceleration would affect the electrolyser. Cross-correlation of the turbine’s response to waves,
wind, and current with potential hydrogen leaks, gas mixing, and the decrease of electrolyser
efficiency would be an important area to better understand for future commercialization of an
in-turbine electrolyser solution. Since the PEM electrolyser has a solid electrolyte, compared
to the liquid electrolyte of the AE, it is deemed possible that movements affect the PEM

electrolyser less than for AE. This is one of the reasons why PEM electrolysis is assumed to be
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used in cases 1 and 2 of the thesis. The displacement and acceleration are deemed as possible
to influence an in-turbine electrolyser in terms of mixing of the product gasses; oxygen and
hydrogen. This would increase the risk of gas explosion and decrease the energy efficiency of
the electrolyser [66]. Other considerations identified in the thesis are the increased possibility
of corrosion of the materials and the electrical equipment that could ignite accumulated

hydrogen.

5.3. Case 2, large-scale hydrogen production system
This chapter will discuss the modelling approach and the model’s limitations for the large-scale
hydrogen production system. Simplifications and assumptions mentioned in this chapter are
made to reduce the number of electrolyser-specific design choices and narrow the thesis’s

scope.

Important to mention is the assumption that the operating temperature of the electrolyser in case
2 is constant. This is not accurate for a real-life application. Factors such as the operating load
and ambient temperature would contribute to changes in the operating temperature. The change
in electrolyser efficiency due to operating temperature is illustrated in Figure 36. For the
electrolyser to maintain its optimal operating temperature, a cooling system must be
implemented. This is not considered in the thesis. The cooling would increase the energy
demand of the hydrogen production system, decreasing the amount of hydrogen produced. The
electrolyser modelled in case 2 is not considering the start-up time from a non-operational state.
It is thereby assumed that when in a non-operational state, the electrolyser is in standby mode.
The pressure difference across the cells is assumed to be constant. This is done to reduce the
number of variables in the model and a lack of relevant literature on PEM electrolysis modelling
with variable cell pressure. The assumption of pressure in the cell, 1 bar at the anode and 30
bar at the cathode, was made because this is found to be a reoccurring operating pressure found
in the relevant literature [45]. The end pressure of the hydrogen would change depending on
the load of the electrolyser, increasing the energy demand for further compression if lower than
30 bar.

The energy consumption of the compressor and desalination unit is assumed to be constant per
mass of product. This is not accurate for a real-life application. The compressor would have to
follow the electrolysers load curve, in that the amount of hydrogen to be compressed changes

depending on the input of hydrogen. Compressors have their own efficiency curves [164],
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where the energy efficiency changes depending on the amount of gas to compress and to what
pressure. This efficiency curve would influence the hydrogen production from the large-scale
hydrogen production system in case 2. Assuming a specific energy demand per mass unit is
feasible for the desalination process. Seawater can be desalinated at the rate that gives the
optimal energy efficiency of the desalination unit, and the freshwater product can be stored for
use at a later time. In the thesis, the estimated hydrogen production from the electrolyser is used
as the input for estimating the energy consumption from the compressor and desalination unit.
These energy consumptions are subtracted from the energy generated from Zefyros and are
used to calculate a new input for estimating the hydrogen production from the electrolyser. This
will result in higher energy consumption from the compressor and desalination unit because
their energy consumption is based on the hydrogen production without their energy
consumption subtracted. This mismatch in energy is assumed to be negligible due to the energy
consumption of the compressor and desalination unit being much lower compared to the

electrolyser.

For research question two, a model has been developed to study the energy efficiency of the
electrolyser when directly coupled to the variable power supply from Zefyros. The model’s
results show that during the year 2020, the average energy efficiency of the electrolyser is 44.5
%. The optimal efficiency is 60.5 % and occurs at a current density of 0.15 A/lcm?. What is
deemed more critical is the degradation effects that the intermittency of wind could cause.
Degradation will eventually decrease electrolyser efficiency and an increased risk of failure by
relevant components in the electrolyser [77]. In the thesis, no degradation effects are included
to narrow the scope of the thesis. The degradation of the electrolyser components is deemed a
critical area to study further to prove the feasibility of offshore hydrogen production and is

suggested in the future research chapter.

5.4.Value of results to UNITECH
This thesis is written in cooperation with UNITECH Energy Group. One of UNITECH’s
potential future directions within the company is hydrogen as energy storage. In 2021,
UNITECH received funding from Innovation Norway’s Green Platform funding scheme to
perform a pre-study of the concept of in-turbine hydrogen production at UNITECH Zefyros

[165]. The project did not receive funding for a pilot project. The results of this thesis may
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shorten the process of performing a new pre-study in case of new ambitions regarding offshore

hydrogen production from UNITECH.

UNITECH’s expertise is in designing and assembling pressurized subsea equipment that does
not leak [166]. A natural branching of their product line-up is to include hydrogen-compatible
equipment. This thesis identifies the safety considerations hydrogen production introduces and
reviews how to address these. Testing potential new products in an in-turbine hydrogen

production system would also prove its compatibility in an offshore environment.
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6. Conclusions

For an in-turbine electrolyser at UNITECH Zefyros, the available space inside the turbine tower
largely constrains the rated power of the electrolyser. A Nel S-series PEM electrolyser is
assumed to be used for in-turbine hydrogen production. The low rated power of the electrolyser
results in that if Zefyros is generating power, the electrolyser is producing hydrogen at its rated
load. Seawater is desalinated and deionized and used as a feedstock for the electrolyser. A
compressor increases the pressure of the produced hydrogen from 13.8 bar to 250 bar. A 5 kWh
battery was found suitable to provide the electrolyser with energy for standby mode in case of
no energy generation from Zefyros. The hydrogen yield from the in-turbine hydrogen

production system in 2020 would be 581 kg.

The heave and pitch response of Zefyros for short-term statistics are simulated. The most
probable maximum displacement and acceleration in 1-year and 10-year return period seas have
been identified. The largest response is from the 10-year response level; 1.7890 m, 0.7011 °,
and 0.3684 m/s? and 0.2172 °/s?> for displacement and acceleration in heave and pitch,
respectively. Considerations regarding storage, safety, transport, and utilization of the produced
hydrogen by the in-turbine electrolyser have been made. The technological feasibility of the
system is proved by implementing existing market-available components, compatible with an
offshore environment. UNITECH’s ambition for in-turbine offshore hydrogen production is

thus proved to be technically feasible.

The effect of wind power intermittency on the electrolyser is studied without considering the
location of the large-scale hydrogen production system. Hence, without space restrictions it was
possible to consider a larger electrolyser compared with the in-turbine case. The system is
assumed to have the same rated power as Zefyros (2.3 MW) to ensure that the hydrogen
production covers the whole load range of the turbine. A model to estimate the energy efficiency
of the electrolyser from the cell voltage is proposed, where a difference in the electrolyser’s
energy efficiency of approximately 10 % throughout the load range occurs. The maximum
energy efficiency (60.5 %) occurs at approximately 10 % of the rated current density, and the
minimum energy efficiency occurs at the rated current density. The electrolyser’s average
energy efficiency in 2020 is 44.5 %. The hydrogen yield of the large-scale hydrogen production
system in 2020 would be 110.8 ton hydrogen, approximately a third of the yield if operated at

its rated load throughout the year.
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7. Further research

In this chapter, areas not included in the thesis but are seen as important areas for further study

for the concept that is offshore hydrogen production and in-turbine electrolysis are identified.

Further study of the possibility of an in-turbine electrolyser. UNITECH Zefyros was
constructed in 2009 and is now used as a test infrastructure for new technologies. This
results in a lack of available space for an electrolyser with any meaningful hydrogen
output. In 2023, the Flagship wind turbine, a 10 MW FOWT, will be installed at the
METCENTRE next to Zefyros [160]. Using this turbine as the design basis for an in-
turbine electrolyser would more accurately predict how this technology may be

implemented in the future.

To reduce the scope of this thesis and due to the lack of publicly available data, the
economics of the proposed systems are not included. For an isolated turbine already
grid connected, it is deemed as infeasible that on-site in-turbine hydrogen production
would yield a positive economic result. In the case of an offshore wind farm connected
to an onshore grid, curtailment may happen. This would make the financial case of
offshore hydrogen production stronger. A suggested area for future study is a review of
the economic feasibility of large-scale hydrogen production from an offshore wind

farm.

UNITECH Zefyros has a land-based grid connection, facilitating not only for the
potential sale of hydrogen, but also for the sale of electrical energy. In the case of
electricity generation from hydrogen by fuel cells at an offshore wind turbine, a
methodology of when to produce hydrogen and when to sell and to study the financial

gain this would yield is a suggested area for further study.

The intermittency of the wind speed yields a variable power supply from the generator
in the turbine. The variable load profile the electrolyser would experience may lead to
accelerated degradation of the components in the electrolyser, which in turn decreases
the energy efficiency of the electrolyser. Constructing a model that predicts the
degradation and the consequences of degradation due to the variable load would answer
an important question for the methodology directly coupling an electrolyser to wind

power.
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In this thesis, the large-scale hydrogen production system is assumed to have an
electrolyser with the same rated power as Zefyros. From the energy efficiency curve,
the maximum energy efficiency occurs at approximately 10 % of the rated current
density while the hydrogen production rate increases with the current density.
Optimizing the electrolyser’s rated power with respect to energy efficiency and cost

would be an important field to study.

The displacement and acceleration the electrolyser would experience in heave, roll, and
pitch are identified in this thesis. By implementing the anchor system, the yaw, surge,
and sway may also be identified. In the thesis, only the response of the turbine due to
waves is included. No research has been found about the implications of these
movements to the electrolyser. An interesting field of study is how and if the response
of the turbine, in all degrees of freedom, from on-site waves, wind, and current affects

the electrolyser.
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