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ABSTRACT

The Paris Agreement, adopted during COP21, aims to limit global temperature increases to well below 2°C,
ideally, 1.5°C, necessitating a significant rise in hydrogen production to 614 megatonnes annually by 2050.
Hydrogen is expected to fulfill 12% of energy demand and reduce CO2 emissions by 10% in 2050, and has the
potential for cost-effective production through offshore wind. However, real-time data on offshore hydrogen
production using wind energy is scarce, and existing facilities are limited. The Dutch government’s recent hy-
drogen tender for a 100 MW demonstration offshore hydrogen project followed by a 500 MW tender, reflects
a commitment to large-scale offshore hydrogen production. This further emphasises the need for efficient
design strategies and optimizing the layout.

For electrolysers technology PEM electrolysers promise to be more efficient and operate under a lower min-
imal load compared to AWE electrolysers, the main type of electrolyser currently used. PEM electrolysers
require constant power at all times to prevent accelerated degradation. In previous research, the constant
power requirement has been neglected and the assumption was made that the electrolyser can be turned
off when wind energy is not available. When the PEM electrolyser is placed off-grid this will pose serious
problems and would require frequent replacement of the electrolyser stacks. This highlights the critical need
for implementing effective off-grid strategies to ensure the longevity and efficiency of PEM electrolysers in
offshore applications.

This thesis employs Multidisciplinary Design Optimization (MDO) to enhance off-grid offshore hydrogen
production using wind energy, focusing on reducing the Levelized Cost of Hydrogen (LCOH). The modelled
system consists of an electrolyser, hydrogen compressor, pipeline, offshore platform, cable, fuel cell and wa-
ter treatment subsystems. A novel approach to using a fuel cell for providing power stability to the electrolyser
is proposed. By modelling the system from the electricity cable to the hydrogen pipeline, excluding the wind
farm and distribution network, the research assesses design parameters influencing LCOH and optimizes
system performance. The PEM electrolyser is modelled for performance under different temperatures, pres-
sures, sizes and locations. A compressor subsystem and water desalination and pump are modelled to com-
plement the electrolyser. This thesis integrates operational and capital expenditures, utilizing Python-based
modules to simulate hydrogen production and costs.

The use of MDO has given the option to run the model for a range of variables in a fast matter. This made it
possible to visualise the design space. It was found that the optimization problem contained several discon-
tinuous regions that were infused by the stochastic nature of pipeline design and shortcomings in linearizing
the whole system work required. On the other hand, using power settings proved useful in creating a more
convex design space. The thesis has applied two optimization algorithms to find an optimal value of LCOH. A
gradient-based Powell-Conjugate optimization and sequential differential evolution. Since the design space
of the model used consisted of a non-convex regions especially related to the pipeline and compressor design,
the gradient-based method proved only useful in finding local optima that would still considerably reduce the
LCOH compared to the 15.50 €/kg baseline. The use of a sequential differential evolution optimization algo-
rithm is shown to be effective in finding a global optimum in the non-convex and discontinuous design space.
The readjustment of the mutation size of the design vector proved to overcome the non-convex region of the
design space.

The baseline 15.50 €/kg LCOH was shown to be reduced to 13.83 €/kg at the optimum design vector. This
value is considerably higher than earlier reported LCOH values of 4-8 €/kg. The main reason driving this in-
crease in LCOH was found to be a doubling of LCOE of the wind farm in combination with having to reuse hy-
drogen for supplying the electrolyser with backup power. With the newly found LCOH figures, it will be hard
to compete with grey hydrogen production as the LCOH for that method lies considerably lower at around 4
€/kg. The LCOH proved to be mainly influenced by the LCOE of the wind farm and the Capital Expenditure
(CAPEX) of the PEM electrolyser. Only with significant reductions in LCOE and electrolyser CAPEX can off-
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grid offshore hydrogen compete with other hydrogen sources. Lastly, the analysis also showed that placing
the electrolyser offshore does seem to improve the LCOH compared to onshore hydrogen production. The
reduction in electricity infrastructure expenditure does not outway the extra costs related to installing and
maintaining the system in an offshore location.
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INTRODUCTION

During the UN Climate Change Conference (COP21), 196 parties to the United Nations adopted the Paris
Agreement. The main goal of the agreement was to keep the global temperature increase well below 2 C°
above pre-industrial temperatures. In addition, efforts should be made to limit the increase to 1.5 C° [6]. To
achieve this goal, hydrogen production will need to increase fivefold to 614 megatonnes of hydrogen per year
[7]. Hydrogen is expected to meet 12% of energy demand. It will also reduce 10% of CO, emissions by 2050.
In certain locations, renewable hydrogen production from offshore wind could be the cheapest option [3].
However, only one small green offshore hydrogen production facility is currently in operation [8].

Due to the lack of operational facilities, there is no real-time data on hydrogen production from wind en-
ergy at an offshore site. Instead, the technical and economic performance of offshore electrolysis needs to
be modelled as best as possible in order to report on the effects of different design choices, such as the size
of the electrolyser plant. In the absence of physical projects, the governments of several European countries,
such as the Netherlands, Germany and Denmark, expect to produce significant amounts of offshore hydro-
gen by 2030. Both the fact that the announced plans are looking at electrolyser size ranges that are not yet
commercially available, and the fact that research into electrolysers was limited until three years ago, shows
that more research into this topic is needed [3].

Current research into the topic of offshore hydrogen production has focussed on the choice of producing hy-
drogen at the wind turbine (decentralized) or in a central location (centralized) [9, 10]. The choice of central-
ized offshore hydrogen production proved to be less complex and possibly cheaper. Furthermore, centralized
hydrogen production can also later be installed at a wind farm without a complete overhaul of the wind farm
design. The sizing of the electrolyser unit has also been looked into [11].

Currently, three different types of electrolysers are commercially available. The oldest and most common of
the three, are the Alkaline Water electrolyser, the already commercially ready Proton Exchange Membrane
(PEM) electrolyser and lastly the lesser technologically ready Solid Oxide Electrolyser. The PEM electrolyser
proves to be the best option at this moment for offshore hydrogen production in this research. However, each
electrolyser requires a minimum power when not producing hydrogen to keep gasses from permeating the
membrane that keeps them separated [11].

The research that has worked on modelling and optimizing has not included backup power to prevent the
permeation of gasses [11-14]. This will however be necessary to maintain the electrolyser system. In a current
project off the British coast, called Dolphin, they are planning on using a fuel cell which will supply this
electricity when there is no wind power. The fuel cell will use the hydrogen that was produced before and is
still available in the hydrogen pipeline.

Furthermore, the problem of offshore hydrogen production has a lot of factors that influence the production
or costs. Some of these factors also cross-influence with the other metrics such as the sizing of the elec-
trolyser, when to turn on the electrolyser and where to place the electrolyser. A Monte Carlo simulation in
this case would require a long computation time and the design will not always follow a linear relationship
to the selected values. Therefore the need arises to use Multidisciplinary Design Optimization (MDO). This
method divides the model up in different subsystems with fixed inputs and outputs. One module combines
the different subsystems and calculates the objective function. This creates a framework which can be easily
incorporated into existing optimizer algorithms.

This thesis report aims to show the effectiveness of applying MDO to the design problem of offshore hydrogen
production while satisfying the constraint of minimum power availability at all times over the lifetime of the
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project.

1.1. RESEARCH OBJECTIVE

The objective of this research is to optimize off-grid offshore hydrogen production using wind energy. A good
metric to show the costs and market competitiveness of hydrogen production is the Levelized Cost of Hy-
drogen (LCOH). This metric is basically all costs related to the project divided by the total value of hydrogen
production during the lifetime of the project. Therefore, this research plans on using this metric to evaluate
the design. The focus of the research is to model the offshore off-grid hydrogen production: from the elec-
tricity cable to the hydrogen pipeline. The wind farm is not included in the modelling as well as the hydrogen
network that needs to be constructed to bring the hydrogen to the off-takers.

1.1.1. RESEARCH QUESTION
The research question that is aimed to be answered in this research is the following:

To what extent can Multidisciplinary Design Analysis & Optimization reduce the Levelized-Cost-Of-Hydrogen
of off-grid offshore hydrogen production using wind energy?

The subquestion that aid in answering this research question are:

* How is the off-grid offshore electrolyser system modelled?

* What system parameters drive the LCOH optimum?

* What MDAO method is best suitable for optimizing off-grid offshore hydrogen production?

1.2. METHODOLOGY

The research question is to be answered by creating a model in Python which aims at modelling the hydro-
gen production and cost of the project to find the Levelized-Cost-Of-Hydrogen (LCOH). This model is then
optimized for a minimal LCOH.

To estimate the hydrogen production and costs firstly a literature study is performed on the different compo-
nents and drivers related to efficiency losses. Subsequently, each of the components is modelled in a different
module in Python which can be accessed separately. Each module has fixed inputs that include the design
variables but also variables that are outputted by other modules. The modelled system is presented in an
XDSM model.

The model includes an operational expenditure and capital expenditure estimation for each subsystem. These
figures are then collected in a LCOH calculation model. The different cash flows will be calculated over the
whole lifetime of the project and divided by the total hydrogen production.

After the model was constructed an differential evolution optimization algorithm was selected to optimize
the 7-parameter design vector. A gradient based method is used to validate the use of genetic differential
evolution algorithm. After inspection, this algorithm was altered to function better in the design problem
that was caused due to non-convex design spaces. Since the model was constructed with different packages
several visualisations of the design space were used to aid in finding the optimization limitations.
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1.3. THESIS OUTLINE

The structure of this thesis report is as follows:

Chapter 2 discusses the current state of modelling and optimisation of offshore hydrogen production. This
includes a discussion of the different layouts and the main design options being considered in industry and
research. Finally, a small market survey of the current LCOH for different technologies is presented.

In Chapter 3, the current electrolyser technologies are reviewed and a design matrix is constructed to find
the best electrolyser type for off-grid offshore hydrogen production using wind energy as a source. This type
of electrolyser will form the basis of the model and the system constraints and requirements in the following
chapters.

In Chapter 4 the modelling of the system is discussed in detail. Each of the different subsystem designs
is discussed, including the outputs and inputs of each module corresponding to that subsystem. The last
section of this chapter details the LCOH calculation which is the objective of the optimisation. The methods
used to optimise the design problem are summarised and visualised in an XDSM diagram.

Chapter 5 presents the results of the baseline model scenario and the results of the optimisation. The chapter
starts with an overview of all the different results produced by the model with the baseline scenario inputs.
To aid the optimisation, several heat maps of critical parts of the design space in the optimisation problem
are produced. Finally, the results of the optimisation are presented and compared with the baseline scenario.

In Chapter 6 the results presented in Chapter 4 are discussed and a critical point is made about the limitations
of the model and the optimisation. Based on the limitations and the results, some recommendations for
future research are presented.



2

OFFSHORE HYDROGEN PRODUCTION

2.1. DECENTRALIZED AND CENTRALIZED LAYOUT

The first main choice in modelling offshore wind based hydrogen is the distinction between decentralized
offshore, centralized offshore and onshore hydrogen production. Since this study explores offshore produc-
tion onshore hydrogen production will not be discussed in detail.

2.1.1. DECENTRALIZED HYDROGEN

Decentralized hydrogen is presented in figure Figure 2.1. The basic idea of this layout is that the electrolysers
are placed at the location of the Wind Turbine Generators (WTG) . This requires more electrolysers to be
placed since each WTG will include an electrolyser. However, the main benefit is that there is no need for a
large platform with the accompanied high costs, and the mitigation of electricity lines to be placed between
the substation and the WTG. Furthermore, the use of more electrolysers causes the whole system to be robust
in case of failure. On the other hand, each of the turbines needs to be equipped with a desalination plant, and
depending on the distance to the substation platform compression might be needed at each turbine. Current
electrolysers are low scale and therefore using the decentralized layout could prove useful since MW-scale
electrolysers are already available. Lastly, the brine rest product of desalination is already more spread out
compared to centralized hydrogen production. The main problems, however, are the extra O&M related to
having two different systems at each WTG location [15].

WTG H2

Desalination —_—
Electrolyser Substation

Beg

L

AC Cable
H2 Pipeline

Figure 2.1: Decentralized layout

Decentralized hydrogen production will require platforms at each turbine. This makes the weight carried
by the foundation higher and will increase the cost of the foundation. The farther the distance to shore is
of the wind farm the more economically optimal decentralized hydrogen becomes if you look at LCOH [9].
However, if you look at the North Sea, water depths are rather shallow (<100m). Therefore, especially in the
Netherlands and the North Sea decentralized hydrogen production is not optimal compared to centralized

8
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hydrogen production [9]. This method would not only require more research into floating WTG but also the
required maintenance at each WTG.

2.1.2. CENTRALIZED HYDROGEN

Centralized hydrogen is presented in figure Figure 2.2. The main intention of centralized hydrogen produc-
tion is a central location where all hydrogen production takes place. This only requires a hydrogen pipeline
from the offshore platform to the shore. In the offshore substation, all HVAC cables from several WTG come
together. The power is then transmitted in a larger cable to shore. The choice of HVDC or HVAC for this cable
depends on the length of the cable and the availability of HVDC cables at larger wind farm powers [16]. On
this substation, the full capacity is placed as well as the desalination plant and potentially a hydrogen com-
pressor. The main advantage of this layout is the centring of hydrogen infrastructure in one place. This results
in a less complex method and can potentially be installed in existing offshore wind farms. The maintenance
of the WTG will be less complex compared to centralized hydrogen. Disadvantages of this layout could be the
effects of failure of the plant as well as the need for substations to be staffed permanently [15]. Both [15] and
[9], propose the use of centralized hydrogen in locations with water depth below 100m and less than 100 km
from the shore. In [10], it was estimated that with centralized hydrogen production, the lowest LCOH can be
achieved at 2.4 €/kg. This number is only reached at an installed electrolyser capacity of 12 GW. This is a huge
figure given that only 1 MW is installed offshore in 2023. At lower scales, the LCOH increases to more than 5
€/kg at 0.5 GW. This makes the LCOH of hydrogen offshore considerably less competitive with the LCOH of
grey hydrogen between 2 and 6 €/kg
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Figure 2.2: Centralised Layout

Each of these studies only consisted of building a model and selecting a few scenarios. In these scenarios,
only a handful of parameters such as installed power, distance from shore, scale of operation and sea depth
were varied in the sensitivity analysis. Neither of these studies used any optimization methods to systemati-
cally look for improvements in the design parameters. [9] mentions specifically in the recommendations that
a proper optimization should be carried out for hydrogen storage for example in order to choose between
hydrogen pipelines or transportation via tankers. Another recommendation is to further look into the use of
fuel cells and optimize hydrogen/power production. Since an offshore hydrogen case study shows that fuel
cells and storage systems could be useful in ensuring the minimum load of PEM electrolysers it seems unfit
to not model these system parts into the model and still consider LCOH prices as low as 2.4 €/kg.
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2.2. DESALINATION AND WATER TREATMENT

In order to minimise the degradation of the electrolyser water needs high purity. Offshore, the availability
of fresh water is limited and thus the best option is to desalinate the seawater. Both SOEC and PEM can not
operate with seawater. The use of a desalination plant impacts the production of hydrogen since it requires
energy, adds weight and footprint to the offshore platform and needs a system to diversify the leftover brine.
The important factors to model are the electricity use, water use and footprint of the system.

Research suggests that electrolysers require 9 L of water in order to produce 1 kg of hydrogen [15]. In other
research, this figure reaches up to 15 L per kg of hydrogen [10]. In the electrolyser used in the operational
Lhyfe project the water usage is stated to be 10.23 L per kg of hydrogen [17]. The electrolyser to be used in
the Oyster project reports a tap water usage of 33.4 1/kg of hydrogen. This figure seems quite excessive and
suggests water is also used for cooling at some stage. Since advancements can be made in the next few years,
it is safe to use the lowest reported number of the Lhyfe project of 10.23 L per kg hydrogen.

Desalination can be done using different methods and energy sources. Since the only available energy source
in this case is electrical the focus on choosing the best desalination option focuses on electrical systems. Over
300 million people in 150 depend on water desalination which makes desalination a more mature technology
compared to electrolysers [18]. There are several methods for desalination of water. However, only a few are
effective in using wind energy. This is due to the absence of heat in offshore locations. These two methods are
Reverse Osmosis (RO) and Electro Dialysis (ED) [18] [19] [20]. These two systems make use of a membrane
to filter the water and are both placed in the membrane desalination category. The other category is thermal
desalination. Since this category makes use of heat to split the water from salt using evaporation this is less
effective.

According to [19] RO uses about 3-10 kWh/m? of fresh water produced. However, this figure is taken from a
paper published in 2009 [21]. More recent numbers on wind-based RO are 4.6 kWh/m? [20] and 3-7 kWh/m3
(18], and 2-6 kWh/m? [22]. The 2 kWh/m? is the lowest of the three and is questionable. Especially [20] has
a clear distinction between energy requirements for brackish desalination and seawater desalination where
offshore desalination is dealing with. It is therefore unwise to not use any given energy usage numbers where
no distinction is made between brackish desalination and seawater desalination. Another point to note is that
hydrogen electrolysis typically requires far more energy than the desalination of the water used. For example
with an overall efficiency of 56% [23] and an LHV of hydrogen of 33.3139 kWh/kg the rest of the value chain
requires around 60 kWh/kg hydrogen. For one kilogram of hydrogen, you require at least 10.23 L of water.
With a 4.6 kWh/m?3 the energy required for the water usage of 1 kg of hydrogen is about 0.05 kWh. This is less
than 0.1% of the energy usage.

The cost appreciated with desalination could prove to be more significant. The desalination process requires
more than just the RO plant. Included in recent modelling are for example a pre-desalination seawater treat-
ment. After desalination, the waste product is called brine. This highly salinated water can not simply be
returned to the North Sea for example. For a simulation of an offshore 111 MW electrolyser 1100 m® of is
produced [24]. This requires site-specific discharge equipment in order to diffuse the brine. Little is men-
tioned about this in the research provided in this section. For a comprehensive model, it is therefore clear
that excluding post- and pre-treatment facilities is questionable if costs are involved in the research. How-
ever, the extra energy required for desalination is negligible compared to the electrolyser power and due to
large availability clear linear relations are available.

2.3. HYDROGEN STORAGE

Since the Dolphyn case study uses small hydrogen storage facilities and fuel cell to supply minimum power to
the electrolyser. The question arises to what extent are these systems incorporated and what is the effect on
the overall system efficiency in producing hydrogen and the Levelized Cost of Hydrogen. Hydrogen storage
comes in many forms. It can be stored in high compression as a gas, cryogenic liquid, in liquid hydrogen
carriers such as methanol and ammonia and in solids [25]. A last option is the use of salt caverns to store
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hydrogen [26]. This is only possible in locations where these salt caverns are available.

Within research that models hybrid hydrogen production, the main storage method is a high-pressure stor-
age tank [12] [27] [28]. The main reason for using steel tanks is their wide use in the industry making it a
cost-effective method. The specific utilisation strategy for the tanks varies. From supplying the fuel cell in an
offshore setting [12], or storing hydrogen for energy islands [27] to storing hydrogen without pipeline infras-
tructure [28].

From a modelling perspective, the hydrogen storage is kept simple. The storage system is modelled with a
cost model with a CAPEX per kg storage and a percentage of OPEX cost on yearly basis. This was mostly done
if the LCOH was the outcome of the research [12]. Other research that models in a time domain and focuses
on the technical and economical aspects use a minimum and maximum storage tank without any efficiency
losses [27] or with an efficiency factor to account for losses [29] [30]. Lastly, it should be noted that hydrogen
tanks require a minimum capacity at all times. When optimizing the system the research constrained this
quite varied from 5% to 30%.

In the case of using vessels to transport hydrogen to shore. The use of storage trailers was proposed in size
optimization [28]. Many of the constraints used in this model were to guarantee storage space was always
available as to not halt hydrogen production. Nothing is mentioned about any losses during storage in this
paper. Since there is a loss of energy during storage this has an effect on the total amount of hydrogen pro-
duced or the amount of electricity required. Not modelling this, even in the case of a purely economical
output, should be justified in some way.

2.4. BACKUP POWER

Both an AWE and PEM electrolyser require power input at all times to account for gas permeation. This short-
coming should be accounted for in modelling the system. Currently, PEM electrolysers require a minimum
of 5% of maximum power to prevent rapid degradation [31]. Mentioned in the research is that by 2025 PEM
electrolysers could reach a minimum load range of 0% [12] [32]. Both these statements can be backtracked
to an NWO report from 2011 where no direct source is given, except for a small statement that experts were
interviewed for the results [33].

In the Dolphyn case study, backup hydrogen storage in combination with a fuel cell is used to supply the PEM
electrolyser with minimum power at all times. An offshore electrolyser would require constant monitoring
and at this stage, it is unknown if the large electrolysers can be monitored remotely. This would require a
constant supply of electricity as well. The question therefore is: can you neglect the constant power supply?
This has all to do with what the goal is of the research. However, currently, the research seems to neglect
the minimum load problem or finds a source that says in the future the minimum load constraint can be
neglected.

Since there is hydrogen available in the pipeline at all times. This hydrogen could be used to power a fuel
cell if reversed when there is no power available from the wind farm. In this thesis, a fuel cell will be used to
supply backup power. The fuel cell was chosen as it can be made quite small and can continuously supply
power with the hydrogen available. The other option would be a battery. However, the battery will have to be
scaled to the maximum possible duration of no wind during the project’s lifetime. It will therefore be larger
and heavier than a fuel cell, while not having full certainty of power availability.

2.5. OFFSHORE HYDROGEN PIPELINE

The hydrogen produced offshore will require a means of transportation to the onshore grid. Several options
exist including the use of vessels to transport the hydrogen in tanks to shore. The most commonly mentioned
method is to use hydrogen pipelines to transport hydrogen to shore. Furthermore, Gasunie has announced
to provide a hydrogen pipeline infrastructure in the North Sea by 2030 as shown in Figure 2.3 [1]. This would
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create a backbone for hydrogen exportation to shore.

Another aspect to note is that in the Netherlands the exporting infrastructure is mostly operated by governing
organisations such as TenneT. The operating company pays a fee to the network operator or the exporting is
already included in the tender prices. In current case studies in the offshore hydrogen production in the
Netherlands the research on possible pipeline corridors is done by TenneT for example [34].
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Figure 2.3: Proposed Gasunie hydrogen pipeline infrastructure [1]

None of the scientific studies on modelling offshore hydrogen electrolysis has included the hydrogen pipeline
specifically in the modelling. However, in an international consortium, called North2, the costs of the pipeline
have been modelled [35]. The technical background for modelling the pipeline can be taken from [36]. This
book is used for the majority of modelling of the different aspects included in laying offshore pipelines.

2.6. OPTIMIZATION

In prior sections, several aspects of offshore hydrogen electrolysis were discussed. In this section, the re-
search on the optimization of offshore hydrogen modelling is discussed. From a commercial point of view
optimizing the LCOH, Net Present Value (NPV) or the Internal Rate of Return (IRR) can be beneficial. From an
engineering perspective optimizing the hydrogen production, value chain efficiency or possibly greenhouse
gas emissions are possible design objectives or even frequency response [30]. Several studies have been pub-
lished outlining optimization research on the topic. These are listed in Table 2.1. The list is, however, limited.
This already shows that there could be potential for a more nuanced optimization.

Most papers have conducted a size optimization with the goal of finding a competitive LCOH or maximising
the net present value of the project. As seen in earlier sections of this chapter the research has not been mod-
elling all systems of the offshore electrolysis to a detailed level. Optimization for offshore hydrogen produc-
tion has been focused on sizing without including backup power [12] [13] [11] [14]. These choices have been
justified but the justification was questionable. Other research focused on wind-hydrogen hybrid energy is-
lands [27] [37]. Since these islands are similar to the layout of an offshore substation it can be interesting to
see if the research performed on energy islands could be applied in offshore hydrogen production. The re-
search performed in the mentioned paper focused on optimizing the electrolyser and storage for a minimum
price. The system again did not include a backup power supply to the electrolyser.

From an optimization perspective the papers focused on finding algorithms that would perform better in
supplying energy in remote locations [28] [29] [37]. The optimization algorithms included particle swarm op-
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timization, seagull, fertile farmland and lastly a hybrid genetic-simulated annealing algorithm. The inclusion
of not only particle swarm algorithms but also genetic algorithms was shown to be effective in order to reach
better sizing. For these algorithms to perform well a linearised design space was constructed in most of the
research mentioned above. This created a more continuous design space. Factors such as the degradation of
the electrolyser show nonlinear relationships but research has been performed on making linear approaches
to the real degradation of the electrolyser.

Lastly, it should be noted that optimization would either optimize for a control strategy or sizing in order to
reach a higher value to the project. In one case first the optimal sizing was established before optimizing the
control operation of the electrolyser. It could be interesting to see what the effect is of optimizing the control
operation of the electrolyser system at different sizes compared to rated wind power of the wind farm.

2.7. WIND BASED HYDROGEN CASE STUDIES

In the previous chapters, the green hydrogen production capabilities of electrolysers were discussed as well
as the system components and optimization for offshore hydrogen production using electrolysis. In this
chapter, the different case studies regarding wind-based hydrogen production are reviewed. Lastly, a small
section is directed towards announced government projects for wind-based hydrogen production.

2.7.1. OFFSHORE HYDROGEN PROJECTS

In Table 2.2 an overview is given of currently announced or in development projects for offshore hydrogen
production [15]. Most projects are in the phase of announcing the ’first offshore hydrogen electrolysis’. Since
several of these projects mention this it is important to note that neither of these projects have gathered the
technical and financial means to actually build and start operating the electrolyser. The only exception is the
Lhyfe project with the Sealhyfe electrolyser unit. This electrolyser has been deployed in June 2023 [38]. The
main takeaway of these projects is that an initial investment has been announced. On the other hand several
of these projects have secured this backing and have a clear project pipeline with intended power and start
of operation date. The Dolphyn project actually includes public information on decisions and the modelling
approach. The second project that will be discussed in more detail is the AquaVentus project. This project
has also included the design of the pipeline and the overall offshore platform into the project. The last project
to be further investigated is the Lhyfe project as it is already producing hydrogen.
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Table 2.2: List of offshore hydrogen production projects

Project Title Reference

Generating Ca- Expected Com- Description of Project
pacity [MW] pletion Year

Dolphyn [39] 100 2032 ERM project for the production of large-
scale green hydrogen from the offshore
floating wind. The aim is to increase pro-
duction scale step by step to GW-Scale in
the early 2030s

AquaVentus [40] 300 2031 The AquaVentus project has a goal of plac-
ing a 300 MW electrolyser to produce 20000
tons of hydrogen annually. The project
is divided into production development,
pipeline construction and decentralized
hydrogen production.

Oyster [41] >1 2024 Project by consortium to develop and val-
idate a marine electrolyser and prepare for
large-scale development of marine electrol-
yser and export capabilities.

Salamander [42] 5000 2030 A 100 MW floating wind energy project that
has the plan to include the Dolphyn desali-
nation module that is being developed.

Crosswind [43] 2.5 2024 Joint venture between Shell and Eneco with
759 MW offshore wind park has ordered a
2.5 MW PEM. The project is planned to pro-
duce hydrogen when energy production is
high

H2-Wind [44] 5 2025 Sub-project of the H2-Mare project by the
Fraunhofer Institute. It aims to develop a
scientific and technological basis for off-
shore hydrogen production. At the end of
the project, the aim is to have a 5 MW up
and running.

PosHYdon [45] 1 2025 Dutch project to place 1 MW of to produce
400 kg hydrogen per day. It includes a de-
salination plant and will be placed 13 km off
the Dutch shore.

H2Res [46] 2 2022 Danish energy company Qrsted plans to
build an onshore 2 MW in Denmark by late
2022. Production should yield 1000 kg hy-
drogen per day and is funded with 4.6 mil-
lion Euro by the Danish government.

Lhyfe [8] 1 2023 First operational offshore hydrogen pro-
duction of the French coast in June 2023.
The 1 MW will produce up to 400 kg of hy-
drogen per day. The Sealhyfe platform has
a 200 m? footprint.

2.7.2. DOLPHYN

The Dolphyn project is a well-documented project of designing and up-scaling offshore hydrogen platforms.
The project started with 2 MW and will scale to 10 MW and 100 MW subsequently. From a technical point
of view, the project is interesting since there is intensive documentation on the choices in the modelling and
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some technical specifications. In Figure 2.4 [2] the schematic of the system is proposed. Imported takeaways
from this figure are the inclusion of desalination equipment, the use of a PEM and a fuel cell. In order to run
the on stand-by mode when the floating wind turbine is not in operation the fuel cell and a hydrogen storage
tank are available to supply the electrolyser with enough electricity to reach the lowest operating range. In the
report, nothing is mentioned about how long the fuel cell and hydrogen storage can keep the running. For
example, if the wind turbine needs maintenance. There is a backup battery available for emergencies. This
will be further researched and does not answer one of the more imminent design problems faced in offshore
electrolysis.

The produced hydrogen is stored at around 30 bar and ambient temperature. The storage is meant to be used
in standby mode for the fuel cell to supply the standby power. The hydrogen is transported to shore via a 16
km pipeline with a 3-inch inner diameter. For the 10 MW scale, the optimal pipeline diameter will need to
be refined. With a lot of the design decisions, the report mentions that the sizing is not based on a detailed
optimization and they highly recommend this to be performed in the future.

The aim of the project is to produce hydrogen at a maximum LCOH of 6.15£/kg. This number is set to be the
target price of green hydrogen in the Aberdeen area. The plan is to bring this figure down to 1.50£/kg by 2040.
It should be reached by scaling the plant and removing bespoke parts with industry standards. However, no
data are given to back up the 2040 price in the documentation. The last remark that can be made on the
project is the choice of location for the 10 MW. Since WTG’s are already surpassing 10 MW only one WTG
is needed for this scale-up. Furthermore, several factors including the soil material, place for the hydrogen
pipeline, and proximity to shore are factors in the selection of the location [2].
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Figure 2.4: Dolphyn process schematic [2]

2.7.3. AQUAVENTUS

The AquaVentus project consists of three sub-projects. AquaDuctus is studying the infrastructure to trans-
port hydrogen to shore. Secondly, AquaPrimus is working on decentralized hydrogen production. Lastly, the
AquaSector project is aiming to build a large-scale offshore hydrogen production facility called AquaVentus.
With these sub-projects the consortium of RWE, Gasunie and other partners wants to install 10 GW of hydro-
gen production by 2035. This is the aim of the German government. [40] However current production is zero
and all the sub-projects are still in the feasibility stage. This shows again that projects are announced with the
help of governments to reach green hydrogen production goals in the 2030s. However, any scientific backing
is not provided.

The only information available about this project consists of studies performed by consultancy agencies
about potential costs. [47] [48] These documents can be interesting for the modeling of offshore hydrogen.
They outline quite a few essential costs of hydrogen production and compare the LCOH of hydrogen with
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onshore production and PV electricity. In Figure 2.7 the assumed LCOH for the different production infras-
tructures is shown. These numbers are for a wind farm 100 km offshore. It is estimated that from 100 km
onward it is favourable to use offshore electrolysis over onshore electrolysis.

Further useful conclusions from the document include that the cost of a hydrogen pipeline scales linearly
with the diameter whereas the capacity increases more significantly with increasing diameter. This is one of
the main drivers for relative LCOH with offshore electrolysis the further the wind farm is from shore. Esti-
mates for the export via hydrogen pipelines are hard to come by. However, this project expects the pipelines
to be cheaper. The cost of a methane or natural gas pipeline is 11 €/kW/100 km. The cost of electricity cables
is 230 €/kW/100 km. Lastly the total value chain efficiency is estimated to be 63.18% [48]. This value is higher
than what the literature suggests. In literature estimates for the chain efficiency for a cryogenic hydrogen at
100 km transport distance are 58% and 41% for liquid hydrogen. [49].

2.7.4. LHIYFE

The Lhyfe project is the first offshore hydrogen project operational in the world. The unit that produces hy-
drogen is called SeaLhyfe. The SeaLhyfe unit has a power consumption of 1 MW and is coupled to a 2 MW
floating wind turbine. Little technical information is published about the electrolyser and the systems that are
used [8]. The only information that can be found is that the system makes use of a modified Plug EX-4250D
electrolyser [17]. The electrolyser fact sheet states several important parameters such as the water require-
ments, output pressure but also the startup time of the electrolyser. With only 60 seconds from minimum to
maximum, this is an important factor in reacting to varying electricity supply by the turbine. The electrolyser
is stated to be able to produce 400 kg of hydrogen per day. For now, the electrolyser will be undergoing a
series of tests. It is not intended to be supplied to the grid regularly.

2.8. ANNOUNCED OFFSHORE HYDROGEN TENDERS

2.8.1. NETHERLANDS

In the Netherlands, the minister of Climate announced a plan for DEMO I and DEMO II [34]. It was an-
nounced that for DEMO I a 100 MW electrolyser was to be coupled to an existing commissioned wind farm in
the Hollandse Kust area as early as 2027. This would be a tryout for a bigger 500 MW electrolyser to be placed
in the area Ten Noorden van de Waddeneileanden. The idea is that the first demonstration project will supply
the industry with highly needed data and information on offshore hydrogen production. The exact location
is still unknown and looked into. The hydrogen pipeline corridor is to be researched by the hydrogen network
provider Gasunie.

For the second demonstration project an existing planned location for a wind farm was chosen. This loca-
tion coincided with the proposed international hydrogen infrastructure. Alternatively, an existing natural gas
pipeline could be used for hydrogen transportation.

2.8.2. GERMANY

The German government announced in their plan for 2030 that 1 GW of offshore hydrogen. The SEN 1 zone
would exclusively produce hydrogen from wind energy. The produced hydrogen will be exported using hy-
drogen pipelines. The project for this pipeline is called AquaVentus. Already two companies have applied for
funding for constructing the 400 km hydrogen pipeline to sea. By 2035 the hydrogen pipeline would need to
be coupled to the international pipeline infrastructure for the hydrogen market [50].
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2.8.3. DENMARK

The Danish government announced a hydrogen tender in April 2023 for an offshore electrolyser. No infor-
mation is given on the size of the proposed electrolyser. Five companies have won the tender. The tender
consisted of a budget for the development and construction of the facilities and then a budget for ensuring a
market-competitive hydrogen price [51] [52]. The total electrolyser capacity for the 5 projects is 280 MW. This
is to be constructed in the upcoming 4 years. The biggest electrolyser project consists of 150 MW [53].

2.9. Low-EMISSION HYDROGEN MARKET

The demand for hydrogen is rising since it could be a sustainable alternative to fossil fuels in the industry and
transportation, chemical feedstock for fertilizer or other CO, emission-free processes. In 2022 the demand
for hydrogen was 95 Mt. This was 3% higher than in 2021. By 2030 this could increase to 115 Mt. All current
government plans combined, the production of low-emission hydrogen should be 27-35 Mt in 2030. However,
current efforts to increase demand for low-emission hydrogen only include 14 Mt of production in 2030.
If all the announced projects for 2030 are realised the production of hydrogen could reach 38 Mt in 2030
worldwide. The demand for low-emission hydrogen is low since it is more expensive than hydrogen from
fossil fuels with and without carbon capture methods [3].

The production of hydrogen is currently mostly composed of natural gas and coal-based technologies as can
be seen in Figure 2.5 [3]. Only 0.1% of hydrogen is produced using electrolysis. Production using fossil fuels
in combination with carbon capture, utilisation and storage consists (CCUS) of 0.6%. This means less than
1% of hydrogen production is low-emission. If the Net Zero Emission (NZE) scenario is to be satisfied in 2030
electrolysis production will need to increase to 28 Mt per year.
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Figure 2.5: Hydrogen production per technology 2020-2022 [3]

In 2022, the ‘global installed water electrolyser capacity is at 700 MW. In 2023 the expected production capac-
ity will reach over 2 GW. This shows a big increase in electrolyser capacity installed. Most of this capacity is
installed in China as can be seen in Figure 2.6 [3]. This figure also shows the target for installed electrolyser
capacity in the NZE by 2030. If all the announced projects continue, 155 GW of electrolyser capacity will be
installed each year by 2030.
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Figure 2.6: Electrolyser manufacturing capacity by region and technology according to announced projects and in the NZE by 2050
scenario [3]

An important factor in the feasibility of low-emission hydrogen production is the production cost or Levelized
Cost of Hydrogen (LCOH). An overview of the LCOH for different technologies is shown in Figure 2.7 [3]. The
current LCOH of wind-based hydrogen production is not competing with the LCOH of natural gas and coal
technologies. Even with the reduction of cost in 2030 due to lower CAPEX and improvement of technologies
by 2030, the price range is still higher than fossil fuel-based hydrogen. Without subsidies for low-emission
hydrogen or higher taxes on fossil fuels the feasibility of wind-based hydrogen will stay low. The target for off-
shore hydrogen-based LCOH is between 2 and 7 USD/kg hydrogen. The current reached price is still lower.
It will be an important factor in modelling and optimization to bring down the LCOH in order to be com-
patible with the market and make wind-based hydrogen production feasible before bigger projects can be
made profitable. On the other hand, the hydrogen outlook shows that governments are willing to invest in
low-emission hydrogen and the possibilities are increasing each year. This is also shown in the increase in
announced electrolyser capacity.
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Table 2.1: List of offshore electrolysis optimization research

Publication title

Optimizing hybrid offshore wind farms for
cost-competitive hydrogen production in
Germany

Correlations between component size
green hydrogen demand and breakeven
price for energy islands

Electrolysis plant size optimization and
benefit analysis of a far offshore wind-
hydrogen system based on information gap
decision theory and chance constraints
programming

Power generation cost minimization of the
grid-connected hybrid renewable energy
system through optimal sizing using the
modified seagull optimization technique

Wind-farm and hydrogen-storage co-
location system optimization for dynamic
frequency response in the UK

Simulation of the optimal plant size to pro-
duce renewable hydrogen based on the
available electricity

Stand-Alone Offshore Wind Energy and
Water Electrolysis: A Study on Optimal
Electrolyser Sizing

Optimal sizing of a grid-assisted wind-
hydrogen system

Modeling and optimization of an energy
generation island based on renewable tech-
nologies and hydrogen storage systems

Reference

(12]

[27]

(28]

(29]

(30]

(13]

(11]

(14]

(37]

Publication Year

2022

2023

2022

2020

2023

2023

2023

2018

2012

Design
A
Electrolyser size for
optimal LCOH

Objective

Hydrogen tank sizing
and WTG for optimal
LCOH at zero NPV
Size optimization for
maximum NPV

Optimizing for min-
imum power con-
sumption of Onshore
hydrid  wind-solar-
hydrogen production
Optimizing dynamic
freqeuncy response
with component
sizing for maximizing
profit

Size optimization for
optimal LCOH

Optimal electrolyser
size for net zero an-
nual power supply by
the grid

Optimizing an wind-
hydrogen energy is-
land for energy prizes
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ELECTROLYSER

3.1. HYDROGEN PRODUCTION USING ELECTROLYSIS

Low-emission hydrogen is hydrogen produced via natural gas with carbon capture or electrolysis. Since wind-
based hydrogen is produced using electricity the focus is diverted to electrolysis. Electrolysis is the process of
producing hydrogen by splitting water into oxygen and hydrogen as shown in Equation 3.1[54]. In order for
the splitting to occur a certain amount of energy, AH(T), needs to be supplied. This energy consists of the
change in electrical Gibbs free energy, AG(T), and heat TAS(T) as shown in Equation 3.2 [54]

1
HZO—> 502+H2[54] 3.1

AH(T)=AG(T)+ TAS(T)[54] (3.2)

In order for water to start splitting and create the reaction in Equation 3.1 a cell potential is needed. The mini-
mum cell potential is called the reversible voltage V;., which is calculated using the Gibbs free energy change
0f237.22 KJ/mol , the number of electrons n and Faraday’s constant F of 96387 C/mo], as in Equation 3.3. The
reversible voltage for water splitting turns out to be 1.23 V [54].

AG
Viev = — = 1.23V[54] (3.3)
nF

The reversible voltage is the physical limit at which water splitting will happen. However, to overcome the
entropy increase of splitting the water heat is taken from the environment. This process is irreversible. If
one includes the entropy change in the applied voltage the thermo-neutral voltage Vy;, is found using Equa-
tion 3.4.

AH AG TAS
Vip = — = — + —— = 1.48 V[54] (3.4)
nF nF nF
The operating voltage therefore has an effect on the thermodynamic behaviour of the electrolysis. At higher
voltages than V}, the cell will start producing heat and has to be cooled for example. If the operating voltage
E .11 is equal to Vyy, the heat consumption of the endothermic reaction is equalled by the heat input. Next
to Vi, and V;., the operating voltage is defined by three losses that occur in the electrolyser cell. Firstly
the ohmic resistances are overcome by the V,,, overpotential. V,p,, is linearly dependent on the current
density and has the potential of being the dominant factor at higher current densities. Secondly the V,; is the
overpotential related to the losses at the anode and cathode due to limited electrode kinetics. This overvoltage
has a logarithmic dependence on the current density and will be almost constant at higher current densities.
The last loss is compensated by V.. It is defined by concentration losses in the cell. The local concentration
changes in the cell are caused by the transport issues with gaseous products. Combining the reversible voltage
with all the overpotentials listed above in Equation 3.5 [54] the operating cell voltage is calculated.

Veeil = Viev + Vact + Vohm + Veonc (3.5)
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The efficiency of the electrolyser can be defined by Equation 3.6. Where H HVp, is the higher heating value in
the case of liquid water being supplied to the electrolyser. mpy, is the mass of hydrogen produced and lastly
E.1 in is the electrical energy used for making that amount of hydrogen.

HH Vi, g,

(3.6)
Eel,in

Nsys =

Another way of presenting the efficiency is by looking at a more detailed level where the electrical efficiency
can be defined. This efficiency is close to the voltage efficiency. This efficiency is shown in Equation 3.7 [54].
Where the V), is the applied voltage. This equation shows that increasing the overpotential decreases the
efficiency of the electrolyser. Since the overpotentials discussed earlier depend on factors such as operating
temperature the control regime of the electrolyser has an important effect on the efficiency.

Vin

Nel=MNv = 3.7

Vapp

There are several important characteristics of electrolysers that have an effect on the availability, costs and
feasibility of using the technology for converting wind energy. Firstly, the current density has several effects on
the process. A higher current density increases hydrogen production per cell area. This leads to a reduction
in capital expenditure (CAPEX) per hydrogen production. The disadvantage of higher current density is a
decrease in performance leading to an increase in operating expenditure (OPEX). The operating temperature
of the electrolyser has an effect on the efficiency of the electrolyser. A higher temperature increases efficiency.
However, at the same time, it is limited by the material properties of the electrolyser as well as the degradation
issues of the cell [31]. Next to the temperature, each electrolyser has to operate above a low partial load in
order to prevent drastic permeation of gasses. Diffusion of oxygen and hydrogen reforming water reduces the
efficiency. Once this process is greater than the creation of hydrogen water will start to accumulate. Lastly,
there is a large difference between electrolysers in minimum partial load and thus partial load range. [32].

In order to evaluate the effectiveness of possible electrolyser types several criteria are identified as well as their
weights for a decision matrix. In Table 3.1 a list of the prior mentioned criteria is stated. Together the weights
add up to 100. The weighted system is chosen since some factors are more influential on the performance
of the electrolyser in a wind-based setting than others. The score of each category is calculated by taking the
maximum of several review papers for each electrolyser type. Then using Equation 3.8 the score is calculated
relative to the maximum in that category.

Maximum — Method jpjaxi
Score ; = 10 IMaximum (3.8)

Since the energy supply of wind energy is not consistent. Having a low minimum load factor is among the
most important factors in choosing the type of electrolyser for wind-based hydrogen production. The other
most important factor is the CAPEX of the electrolyser. Since wind-based hydrogen production needs to
compete with low-priced blue and black hydrogen CAPEX is an important factor in the decision-making of
the electrolyser type. [55] Therefore these two factors have been given the highest weight of 20. Next in
line are the durability and efficiency of the electrolyser. Since an offshore wind farm will run for several
decades the durability in running hours is a good indicator of the frequency at which the electrolyser needs
to be replaced. The efficiency of the electrolyser will have an effect on the hydrogen price. Using less energy
for production increases the hydrogen output at constant power. Both of these criteria have been given a
weight of 15. This is slightly lower than the first two since they will greatly influence the pricing but are
less important for the feasibility of the project. The last three categories, output pressure, current density
and maturity of technology are given a weight of 10. Output pressure and current density will define the
operating conditions and footprint of the whole installation. These will have a minor effect on the costs.
Output pressure will dictate the amount of compression still needed for hydrogen after production. Lastly,
the maturity of technology has been given a lower score. Since the use of electrolysers at the scale of offshore
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wind parks is large and has not been used extensively the maturity of technology will be mostly influenced by
how much the technologies can scale in the upcoming years until 2030.

In section 2.9 emphasis was placed on the LCOH to reach a feasible project and create demand for low-
emission hydrogen. In the decision matrix, it was chosen to not simply incorporate the LCOH of hydrogen
mentioned in the literature as one of the criteria. The reason for this is that the LCOH is dependent on the
location at which it is produced as well as the hydrogen prices. For example, in one paper the numbers of 2 to
7 USD/kg hydrogen are given [56]. However, the lower limit is based on an electricity price of 0.03 USD/kWh.
Current electricity prices in the USA are well above 0.10 USD/kWh. The uncertainty of electricity prices right
now is too large to make a correct assumption on the scoring in the future. On the other hand, it could be
important to look at the effect electricity pricing has on the scoring of the electrolysers in the future. A factor
that is more important in an offshore location is the footprint and weight of the electrolyser equipment. Since
it is hard to find any information on these variables this factor is not included as a weight in the decision
matrix. The current density gives a small indication of the sizing of the system so it will be taken into account
in that category.

Table 3.1: Weights per category of electrolyser

Criteria Weight

Capital Expenditure (CAPEX) 20

Minimum Load Factor 20
Durability 15
Efficiency 15
Output Pressure 10
Current Density 10
maturity of technology 10
Total 100

3.2. ELECTROLYSER TYPES

There are three types of commercially available water electrolysers currently being researched and/or in use.
The alkaline water electrolyser (AWE), the polymer electrolyte membrane electrolysis cell (PEMEC or PEM)
and the solid oxide electrolysis cell (SOEC or SOE). The three named technologies have differentiating stages
of development [31] [57]. The PEM and AWE have been commercially available for some time. Whereas the
SOEC is still in development.

Alkaline Water Electrolyser (AWE) The AWE has been used in industrial applications since 1920 [58]. The
main advantages of this electrolyser type are the low CAPEX and more mature components. The low CAPEX
of this type of electrolyser is a result of not having to use noble expensive metals in the cathodes. The disad-
vantages of the AWE are the long start-up time and low performance at dynamic operation. High life cycles
could result in a less efficient system and gas purity [54] [58]. Currently, the AWE is used industry-wide in
producing hydrogen. It can operate for long times without a maintenance overhaul [54]. However, using this
type of electrolyser in power-to-gas systems (P2G) proves to be problematic. With a fluctuating power output
of wind and solar, it proves that the AWE produces lower hydrogen qualities, lower efficiency and reduced
durability of the system. [54] [32]
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Figure 3.1: Alkaline Water Electrolyser

Proton Exchange Membrane (PEM) The PEM or proton exchange membrane is a newer technology than
the AWE. It was introduced in the 1960s by General Electric [31]. A schematic layout of the PEM is shown in
Figure 3.2. The anode and cathode are separated by a membrane that allows protons to move through. The
membrane has a low gas crossover and can thus operate at higher pressures. Another advantage of the low
gas crossover is that the cell can operate at a lower minimum power without having too much gas perme-
ation. The main disadvantage is the high costs of the membrane, anode and cathode materials. The anode is
constructed from noble catalysts like iridium and for the cathode platinum is used. The membrane is in most
cases a Nafion®. Since this is a trademarked product it also has high costs related to it [32].

Anode
Membrane
Cathode

H,0 4

Figure 3.2: PEM electrolyser

Solid Oxide Electrolysis Cell (SOEC)

The third type of electrolyser discussed in this section is the Solid oxide electrolysis cell or SOEC in short.
This type of electrolyser is still in a more early stage of development compared to the PEM and even more
so the AWE electrolyser. Development of the SOEC started in the 1970’s [59]. Nowadays the technology is
in the demonstration phase and only a small amount of companies offer the technology [60] [61] [62]. A
schematic of a SOEC electrolyser is shown in Figure 3.3. In an SOEC the membrane is gas-tight and is ion-
conducting. Steam is entered at the anode side and oxygen ions are transported through the membrane to
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the anode side. The main advantages of SOEC are high operating temperatures of 700-900 °C. This possibly
results in higher efficiencies from improved kinetics, and thermodynamics favouring heat utilisation as well
as dealing with the conversion of steam. Lastly, a SOEC is able to construct hydrogen from a combination of
steam and CO;. The use of CO; could result in better carbon neutral projects [31] [63]. In an offshore setting,
CO, will not be available so this characteristic can not be taken advantage of. The main disadvantages of the
SOEC technology are also related to the high operating temperatures. The material degradation in a SOEC is
relatively high resulting in a lower lifetime. Furthermore, the high operating temperatures require steam to
be supplied at around 1000 C° [64].
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Figure 3.3: SOEC electrolyser

3.3. CHOICE OF ELECTROLYSER

In this section, the data from several publications on AWE, PEM and SOEC electrolysers was gathered. These
data are shown in Table 3.2. Several of the publications mentioned in the table are slightly outdated. There-
fore, the data were checked by comparing them with commercially viable systems listed in [31]. Since large
infrastructure in the wind-based hydrogen production is planned for the future close to 2030 it could for
future research be important to look for expected improvements in the parameters mentioned in the table.
Several studies made use of experts giving their opinion on the improvements that can be made before 2030
[55] [65]. An important takeaway from the table is that there really is not a lot of data available about the
SOEC electrolyser. In several categories, the parameter is not given as a range but more as a maximum or
minimum. However, the studies mostly chose this way of presenting when only one data point was available.
Another point to note is that experts expect the CAPEX of the PEM electrolyser to drop well below 1000 €/kW
[55] in 2030. This shows that both the PEM and SOEC electrolyser could see some large improvements in
overall performance and cost in the upcoming years.
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Table 3.2: Summary of electrolyser parameters

Specifications

Cathodic Reaction H,O+2¢~ —Hy,+0°" 2H'+2e” —H, 2H,0+2e~ — Hy, +20H™
Anodic Reaction 0%~ —1/20,+2e” H,O —2H" +1/205,4+2¢~ 20H™ — Hy0+1/205 +2e~
Operating Temperature [C°] 60-90 50-90 700-1000

Operating Pressure [bar] 2-30 15-50 <25

Cell Voltage [V] 1.8-2.4 1.8-2.2 0.7-1.5

Current Density [A/cm?] 0.2-0.4 1.0-2.0 0.3-1

Voltage Efficiency 62-82 60-68 76-86

Load Range [%] 40-100 0-100 -100-100

CAPEX [€/kW] 800-1500 1400-2320 >2000

Technology Status Mature Commercial Demonstration

Lifetime of Stack 60000 - 90000 30000-60000 <10000

Energy Consumption [KWh/Nm?] 4.5-6.6 4.4-5.5 >3.7

Source: [31] [55] [58] [66] [31] [55] [58] [65] [66] [31] [55] [58] [65] [66]

Using Equation 3.8 for each category and the type of electrolyser, the score is calculated and presented in Ta-
ble 4.8. The maximum score in each category is 10 points. This is awarded to the best commercially available
scoring electrolyser in this category. Each electrolyser then is than granted a score between 1 to 10 accord-
ing to the average from Table 3.2. The method of taking the average is chosen since the maximum of each
category is not a correct representation. Maximizing one category will not mean the other categories can be
maximised. By taking the average of each electrolyser this co-dependence should be reduced.

The first takeaway from Table 4.8 is that the highest scoring electrolyser type is the PEM. It is closely followed
by the AWE electrolyser. The gap of 25 points could be quite insignificant. The SOEC electrolyser scores more
than 100 points lower. Although quite a lot of literature points it out as a potential new technology, it is not
nearly scoring as high as the two more established technologies. Looking further into the category scores
the PEM electrolyser scores decent in most categories. The drawbacks of more CAPEX and lower durability
are compensated by a better minimum load factor, output pressure, current density and a decent maturity
of technology. The AWE electrolyser scores high in maturity and technology, CAPEX and durability. However
the minimum load factor is lower and the output pressure is also low compared to the PEM. The SOEC elec-
trolyser scores very diverse. It has a high operating range due its reversible ability and also could reach higher
efficiencies. However is scores low in all the other categories giving it a low score for the production of wind
based hydrogen. It can be concluded that it can be wise to continue modeling with both the AWE and PEM in
the future. Both electrolysers have their pros and cons and it is hard to distinguish both without any further
calculations.

Table 3.3: Decision Matrix for three electrolyser types

Criteria Weight AWE PEM SOEC
Capital Expenditure (CAPEX) 20 7 4 3
Minimum Load Factor 20 6 9 10
Durability 15 6 4 2
Efficiency 15 7 6 8
Output Pressure 10 3 6 2
Current Density 10 2 8 4
Maturity of technology 10 10 8 4
Total 100 605 630 510

A last remark should be made on the decision matrix regarding future improvements. The matrix is build up
using current numbers. However investment in electrolyser technologies is increasing rapidly as can be seen
in figure Figure 3.4[3]. This rapid increase in development could lead to an improvement of the technologies.
Especially the investment cost of the electrolysers is expected to decrease. For SOEC numbers of 200 USD/kW
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are given [67] for estimates in 2050. This is considerably lower than the 750 USD/kW for PEM electrolyser. In
research it could be interesting to look specifically at the sensitivity of the investment prices within models
that are constructed. This also shows that ruling out the SOEC right away is not an option. Neither of the
three electrolysers are already outperforming if you take into account the possible improvements that can be
made.

Early stage Growth stage
o~ 08 - 5 35 -
(2] o™
g 07 - & 3.0
0
% 06 225
2 05 - 2
c c 20
2 04 2
= m 15 -
@ 03
0.2 1.0
01 - 0.5
O «~ N < 1D O M~ h O « o O ~ N O < W O~ o — N —
Scooooocooooco8809 Soocooooooooogd
& &
o Electrolysis B Non-electrolysis H, production OH,-based fuels
B Project development OFuel cells 0 Automotive
m Other mobility @ Other

Figure 3.4: Venture capital investment in energy start-ups in hydrogen-related areas, for early-stage and growth-stage deals [3]
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SYSTEM MODELLING

The previous chapter provided a comprehensive overview of the overall layout of offshore hydrogen produc-
tion and electrolyser technology. From the outset, it was clear that a decentralised layout would be the best
option, given the technical limitations of electrolyser technology. The research question will require that
an offshore off-grid wind-based hydrogen production facility is modelled. It will have a strict selection of
variables that will allow it to be optimised for the LCOH. This chapter will explain the model that has been
constructed to answer the sub-questions and main research question. The chapter will begin with a clear
visualisation of the system overview and an explanation of the requirements. The methods used to model the
essential subsystems will be discussed in separate sections. In the final sections, the chosen methods to opti-
mise the system will be explained. By the end of this chapter, you will understand how the research question
will be answered.

4.1. REQUIREMENTS

The off-grid offshore wind-based hydrogen system has several requirements. The requirements are listed as
technical requirement (TR) and model requirement (MR) . The TR’s are related to industry standards, limita-
tions of the technology or safety standards. The MR’s are needed to apply MDO to the model.

TR1: The electrolyser will be placed offshore on an offshore platform.

e TR2: The hydrogen is supplied at a minimum pressure of 67 Bar at a fixed connection point.
* TR3: The system shall not have an electricity cable connection to the shore.

* TR4: The PEM electrolyser will be supplied with at least 2% of its nominal power at all times.
* TR5: The lifetime of the project is fixed at 25 years.

e TR6: The hydrogen temperature shall not exceed 100 °C.

* MR?7: The model should output an LCOH of the total lifetime of the project in €/kg.

* MR8: The model should be computable for each selected variable over the full range from the lower
bound to the upper bound of this variable.

* MR9: The model should be constructed such that it can compute the LCOH with only the input vector
costing of the variables that will be optimized.

TR1 and TR3 follow from the research objective and scope discussed in the introduction. TR2 is a requirement
based on the maximum pressure that Gasunie allows. TR4 is a direct constraint from the technology readiness
at the moment. TR5 will be fixed in the current scope of the research. It is based on the lifetime of an offshore
wind farm as in the future the hydrogen production facility and wind farm could be realised simultaneously.
TR6 is a safety requirement.

The MR7 requirement is needed as the LCOH is the objective that will be optimized with MDO. The unit of
€/kg is an industry-standard unit used to measure the competitiveness of the hydrogen energy source. In
order for the model to not give an error during optimization MR8 is required. It ensures that, although the
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model is discontinuous it will output a LCOH for each combination. Furthermore, MR9 follows from the fact
that the model will have more input variables but these are fixed within the modules to give the optimizer
the chance to only give the optimization design vector as an input to the model. Several software packages
require this way of formatting and this requirement makes sure that these packages can be implemented.

4.2. SYSTEM OVERVIEW

The aim of the system modelling is to output the LCOH of offshore hydrogen production using offshore wind
energy. Meanwhile, the system will not have a grid connection. The list of the different system components
that will be part of the scope of this thesis is listed below.

* Electrolyser

* Compressor

* Hydrogen pipeline
* Fuel cell

* Desalination unit
 Offshore platform

* High voltage cable

The electrolyser system component is a strict requirement to produce hydrogen. It will be modelled to give
an efficiency of the function of operating pressure and operating temperature. The type of electrolyser used
is a PEM electrolyser. As stated in TR4, it will need to be supplied with 2% of its nominal power at all times.
Furthermore, the electrolyser power will drive the hydrogen mass flow that is processed by the compressor
and the pipeline. The desalination module will take care of this task. The electrolyser will have a limited range
of pressure at which it can output the hydrogen. The hydrogen will need to be compressed by the hydrogen
compressor in order to reach the minimum pressure of 67 bar as stated in TR2.

The seawater required for the electrolysis needs to be desalinated and treated before being used in the elec-
trolyser. The desalination and deionization module is be modelled such that it outputs the power require-
ments. The desalination module will supply the water with a specific quality required for the electrolyser.
The fuel cell module is required since the system will not have a grid connection to shore. The electrolyser
needs power at all times. Since there is the availability of hydrogen in the pipeline a fuel cell is proposed in
this thesis to supply the electrolyser with power. The fuel cell will use hydrogen and convert it to electrical
power. This in turn will be delivered to the electrolyser. The four subsystems, electrolyser, compressor, de-
salination and fuel cell, are placed on an offshore platform. The platform will be modelled for cost. A detailed
design of the offshore platform is outside the scope of this research. However, offshore platforms are widely
used in the industry and accurate costs for the technology are available.

Lastly, the hydrogen pipeline is the only modelled subsystem not placed on the offshore platform. This sub-
system transports the hydrogen to the fixed location. This location could be the location of the hydrogen
network. Another option could be a fixed hydrogen offtaker located close to shore. The hydrogen pipeline
module includes a calculation for the pressure drop and speed of hydrogen flow. The overview of the system
as well as the system boundary guarded by the scope of the research is shown in Figure 4.1.

The subsystems for desalination, electrolysis and compression require considerate amounts of power. These
systems are modelled to have a power output. Since finding a polynomial for each power curve at different
power settings is complicated, the systems will output a list of power settings from 1% to 100% with incre-
ments of 1%. 100% is the maximum or nominal power of the electrolyser system. Each of the subsystems
supplies a CAPEX and OPEX to the LCOH calculation module. This module calculates the overall hydrogen
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production and computes the costs of the project over the whole lifetime. Once both the hydrogen produc-
tion and cost are known the LCOH is calculated.
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Figure 4.1: Overview of the modelled system

The system boundary is chosen to start at the electricity cable and end before the hydrogen network that was
proposed by Gasunie. Since the electrolyser will be placed off-grid it will use all the electricity of the wind
farm it is connected to. To simplify the calculation of energy allocation and the cost of energy it is assumed
that the costs of the wind farm installation and maintenance is safeguarded by the LCOE of offshore wind. In
this research, the LCOE of offshore wind was fixed at 80€/MWh. In the last few years, the LCOE of offshore
wind has increased significantly due to inflation and increasing steel prices. Steel is one the main drivers of
WTG costs [68].

4.3. ELECTROLYSER MODELLING

The selection of the electrolyser has been made in the previous section. The required inputs and outputs of
the electrolyser module are shown in Table 4.1. Research has shown that the pressure and temperature of
the electrolyser influence the operating voltage and efficiency of the electrolyser [69, 70]. The electrolyser
module will output a list of hydrogen mass flows at each power setting. From the hydrogen mass flow the
water requirement for the water desalination is calculated. The hydrogen mass flow will be a function of the
power of the electrolyser, the operating temperature and the operating pressure of the electrolyser.

Table 4.1: Electrolyser module inputs and outputs

Inputs Symbol = Outpouts

Electrolyser power Welec Hydrogen mass flow at 100 power settings 71y,

Electrolyser operating pressure Pelec Water requirement at 100 power settings Mpyo

Electrolyser operating pemperature Ty, CAPEX electrolyser CAPEX,jec
OPEX electrolyser OPEX,jec

The efficiency of the electrolyser is governed by the efficiency of the stack and the efficiency of the other
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equipment around the stack. The efficiency of the electrolyser stack is calculated using Equation 4.1 [71].

Vin Vin
Vcell Vth + Vact + Vohrn + Vconc

Nstack = 4.1)

The cell voltage can be calculated as shown in Equation 3.5. Therefore the overpotentials, Vyct, Vohm and
Veonc Will need to be defined as a function of the operating temperature and pressure of the electrolyser
in order to calculate the hydrogen mass flow output. The thermoneutral voltage as earlier explained is a
function of pressure and temperature. The lookup table for the thermoneutral voltage is shown in Table 4.2. It
shows that the thermoneutral voltage increases with pressure. This would potentially increase the efficiency
since the cell voltage does not linearly scale with the thermoneutral voltage. On the other hand, a higher
temperature reduces the thermoneutral voltage, which has a negative effect on the stack efficiency

Table 4.2: Electolyser thermoneutral cell voltage [V] at various pressures and temperatures [4]

Temperature Pressure
lbar 25bar 50bar 75bar 100bar 200bar 300bar 400bar 500bar
25°C 1.229  1.299 1.312 1.32 1.325 1.339 1.347 1.352 1.356
75°C 1.19 1.268 1.283 1.292 1.299 1.315 1.324 1.33 1.335
100°C 1.153 1.252 1.269 1.279 1.286 1.303 1.313 1.32 1.325

The activation overpotential is a function of the operating temperature and current density in the model and
is calculated using Equation 4.2 [4]. Where R is the universal gas constant, T is the operating temperature of
the cell, F is Faraday’s constant, I is the current density, @ 4,04 and @ ¢qthode are the charge transfer coefficient
of the anode and cathode respectively and lastly the i cqrhode, i0,anode are the exchange current density for
anode. The activation overpotential is not affected by the pressure of the cell. However, it is governed by
the temperature and current density. The activation overpotential is the biggest of the three overpotentials.
An increase in temperature linearly increases the activation potential and thus reduces the efficiency of the
stack. An increase in the current density is a cause of higher power supplied to the same electrolyser. This will
increase the activation overpotential. This means that at higher power settings the electrolyser is less efficient
than at the lowest possible power of 10%.

RT RT
Vact = In|- + In| - (4.2)
Qanode F 1o, anode Qcathode F 10, cathode

Up next, is the Ohmic overpotential. The Ohmic overpotential is related to the Ohmic losses in the cell. The
Ohmic overpotential is calculated using Equation 4.3 [4]. It is governed by the current and the resistance
in the cell. Rjita is the Ohmic resistance at a 0 °C. This includes the resistance of the anode and cathode
material as well as the gas separators and membranes. The Ohmic resistance is decreased with temperature.
Therefore, a higher temperature results in lower ohmic losses in the cell.

Vonm = (Rinitial — [4 x 107%In(T - 273.15) +4x 10 ®In T?]) x i (4.3)

Lastly, the electrolyser stack losses are finalized by finding the concentration losses. These are governed by
bubbles forming close by the anode and cathode. These create changes in the concentration of the sub-
stances required in the reactions in the anode and cathode. These losses change depending on the length
the electrolyser has been on. However, this model will not incorporate the time-dependent control in the
electrolyser. Therefore the concentration losses are assumed to be constant and are taken from the steady
state concentration losses from Roy et al.[4]. Furthermore, the concentration losses are increasing with the
current density. Which means the concentration losses are higher at higher power settings. This follows from
a higher hydrogen production around the electrodes.
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Veon =0.00001 x i —4x 1079 x 1% +107% x i (4.4)

SYSTEM EFFICIENCY & TEMPERATURE CONTROL

The electrolyser stack has an efficiency following the pressure and temperature in the previous section. How-
ever, the operating temperature of the stack defines for a large part the cooling power required to keep the
stack at the defined operating temperature. Pressure has a small effect on temperature control, this is there-
fore neglected since the temperature has a much greater influence on the cooling regime [5]. In [5] a model
is presented which calculates the temperature control power requirement for three current densities (0.5, 1
and 1.5 A/cm?) and three operating temperatures of 45, 65 and 75 °C for a 100 kW electrolyser. These values
have been used as reference values to calculate the temperature control power in the electrolyser module.
On top of the stack efficiency, the other systems required in the electrolyser will require power as well. These
systems require around 14% of the total power in the electrolyser system according to [4]. Therefore, the stack
efficiency is multiplied by 0.86 to find the system efficiency.

ELECTROLYSER MODULE OUTPUTS

The electrolyser module is required to output the hydrogen mass flow at the 100 power settings ranging from
1 to 100% of maximum power. Therefore for each power setting it calculates the efficiency of the cell with
the overvoltages explained earlier in the section. The power setting is linearly converted in a current density.
A power setting of 1% is given a current density of 0.05 A/cm? and the maximum power setting of 100% is
converted to a density of 0.5 A/cm?. In the earlier sections, several articles referenced a maximum current
density of 2% A/cm?. After evaluating the efficiency in the module at 2% A/cm? it became clear that the
cooling power required to operate at that current density would make the efficiency close to 0. Since [4] uses
amaximum current density of 0.5 A/ cm? this value was taken as the maximum current density in the module.
From the efficiency, Equation 3.6 is used to calculate the hydrogen production rate at each current density.
Lastly, the water mass flow required to produce the hydrogen is calculated using Equation 4.5

g0 = 107, (4.5)

The final outputs of the module also contain the CAPEX,;,. and OPEX,j,. of the electrolyser. These fig-
ures scale linearly with the electrolyser power. In Table 3.2 the cost of electrolysers was estimated to be
1400-2300€/kW. However, this does not include the extra costs associated with placing the electrolyser on
an offshore platform. In this model, it is therefore important to include these supplementary costs. Private
communication within Eneco estimates the electrolyser costs to be 2700€/kW. The OPE X,,.. is estimated by
Eneco to be 4.5% of the electrolyser. Furthermore, the stacks of the electrolyser have a maximum operating
lifetime of 60000 hours. Therefore these need to be replaced if the operating time of the electrolyser over the
lifetime of the project is higher than 60000 hours. This will be calculated later on in the performance module
and an extra CAPEX figure is added for each stack replacement.

Table 4.3: Look-up table temperature control power needed [kW] per 100 kW electrolyser [5]

Temperature °C | Current Density A/cm

0 0.5 1 1.5

50 8.6 12 16.8 23.1
65 0.4 6 12.8 20.8
75 -7 0 8 17

90 -21.2  -121  -1.7 9.4
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4.4, FUEL CELL

For the electrolyser to be placed offshore one major hurdle needs to be taken. The electrolyser will require
a minimum power when it is not producing hydrogen. Estimates for the percentage of the minimum power
range from 5% (72, 73] to 0% [32]. Currently, no PEM electrolyser can be completely shut down over and
over again without sever degradation. Experts at Eneco estimate it to be around 2%. Therefore the fuel cell
is modelled to supply the electrolyser with 2% of P,;... The inputs and outputs of the fuel cell module are
shown in Table 4.4

Table 4.4: Fuel Cell Module inputs and outputs

Outpouts
Electrolyser Power Welec Hydrogen mass flow into fuel cell ~ rity,
Electrolyser Operating Pressure Phy Fuel cell CAPEX CAPEXg,
Electrolyser Operating Temperature T}, Fuel cell OPEX OPEX¢,

There are many types of hydrogen fuel cells. For this module, a Proton Exchange Membrane Fuel cell was
chosen since this type of fuel cell has been used in thousands of applications in the USA [74]. Furthermore,
the system will have similarities to a PEM fuel cell which could be a cost reduction in operating costs once
placed on the offshore platform. In [75] a model has been proposed which incorporates the pressure and
temperature and calculates the operating specifications for a PEM Fuel cell. This model will be used in the
fuel cell module.

The efficiency of the fuel cell has to be calculated from the temperature and pressure input of the hydrogen.
The efficiency of the fuel cell is calculated using Equation 4.6 [75]. Where V}, is the thermoneutral voltage.
Vacr, Vonm and Vo5 are the activation, ohmic and concentration overvoltage. These are essentially the losses
in the fuel cell stack.

Nfe= Vo (4.6)
Vin = Vact = Vonm — Veone

The activation overpotential is calculated using Equation 4.7 [76]. The constants ¢; until {4 are given in Ta-
ble 4.5.

AVaer =&+ & Tre+E3TrcIn(Co,) + &4 Ty In() 4.7)

The concentration of dissolved oxygen, Co,, is calculated using Henry’s law shown in Equation 4.8 [77]. I is
the current in the cell which is set at 30 A. An optimisation could be made on the optimal operating voltage,
current and the number of cells placed in a series. This is however, outside of the scope of the research and
would have limited effect on the outcome since the fuel cell is only operational for a small fraction of the time
and is only 2% of the electrolyser size.

po,

Co, = (4.8)

)
5.08 x 106¢\ 'fe

Next to the activation overpotential, there is a second loss of the fuel cell due to ohmic losses. This overpoten-
tial is calculated using Equation 4.9. Where R;,, is the resistance the ions have to the flow and is a function

of the membrane thickness, conductivity of the membrane and the cell area A..j;, R is the electronic resis-
tance, and R.., is the contact resistance of the electrodes [75].

AVohm = Rion I+ (Rele + Reon ) Text (4.9
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Lastly, the concentration overpotential, V.., is calculated using Equation 4.10. The concentration overpo-
tential is caused by losses due to concentration reduction of the gasses close to the electrode surface. In
Equation 4.10 R is the universal gas constant, I the limit current at which the partial pressures of the reac-
tants fall to zero, I the operating current and n is the number of molecules involved in the reaction and F is
the Faradays constant.

(4.10)

I)RT I
—1In
a

AVeon =1+ —
con ( nF I -1

Table 4.5: PEM fuel cell parameters

Parameter Value Parameter Value Parameter Value
F(C) 96485 ¢ 1.00 T, (um) 25
po,(atm) =021 & -34x107% A, 7
pu,0(atm) 1 & -7.80x107° R(kJ(kmolK)™!) 8314
Irc(A) 47 & 1.85x107%  naux 0.8

After calculating the overpotential and the efficiency of the stack using Equation 4.6 the hydrogen mass flow
required to produce enough energy is calculated using Equation 4.11 [75]. The extra efficiency loss related to
the system components of the fuel cell is taken to be 0.8.

. _ 0.02W,jec 111
Mhe,fe = LHV, (@10
NstackMaux ho

Fuel cells will run at only one power setting during the lifetime of the system. This is the 2% of the electrol-
yser maximum power. In the Bosch fuel cell system, the maximum efficiency of 55% is reached at 35% of
maximum power [78]. The fuel cell in this system is run at maximum power since the CAPEX of the fuel cell
is relatively high compared to the running time of the fuel cell over the 25-year lifetime of the project. Since
an optimization of the fuel cell size is outside of the scope of this thesis it is hard to say if over-sizing the
electrolyser is an improvement on the LCOH.

The fuel cell has an estimated CAPE X, of 1500 €/kW [79]. Since fuel cells are already used in vehicles as
well as marine environments compared to electrolysers the OPE X, is estimated to be 2% of the CAPE X,
[80].

4.5. WATER TREATMENT SYSTEM

The electrolyser will require non-salty water to supply the necessary hydrogen atoms. This water require-
ment can be in the tens of kg per second. The purity of the water is important to keep the degradation of
the electrolyser at a minimum. The PEM electrolyser is expected to require ASTM Type II water to operate
properly without considerable loss of efficiency and degradation of the stack [81]. This type of water will
require the desalination of salty seawater and further de-ionisation to comply with the ASTM Type II water
content. Furthermore, the pressure of the water supplied will need to be higher than atmospheric pressure if
the electrolyser operates at elevated pressures.

Table 4.6: Water Treatment Module inputs and outputs

Inputs Symbol \ Outpouts
Electrolyser Power Mpyo Water treatment power at 100 power settings Wy gzer
Electrolyser pressure Pelec CAPEX water treatment CAPEXater

Electrolyser temperature  Tyjqc OPEX water treatment OPEXyater
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The specific energy required in kW h/m? to desalinate seawater using reverse osmosis (RO) is dependent on
the salinity of the water and is calculated by Equation 4.12 [82] The average salinity of the North Sea water is
35000 mg/L [83].

9
50000 (salinity—30000) (4.12)

SECro =3.708 +
In the module, electrodeionization (EDI) is modelled to deionize the water. This method has been proven to
work well in combination with RO to produce water with a low enough quantity of minerals [84]. The specific
energy in kW h/m3 is calculated using Equation 4.13. It is a function of the electric conductivity required of
the water in the permeate.

SECedi =—0.39503,, — 14040 per +2.684 (4.13)

Not only does the water need to be desalinated it also has to be pumped up to the electrolyser and compressed
to the electrolyser operating pressure. Since the offshore platform has a height of 45 meters the pump power
can be calculated using Equation 4.14. Where A# is the height difference, g is the gravitational acceleration
0f9.81 m/s and ri1g, o is the water mass flow in kg/s.

Not only does the water need to be desalinated, it also has to be pumped up to the electrolyser and com-
pressed to the electrolyser operating pressure. Desalination ensures the removal of salts and other impurities,
making the water suitable for the electrolysis process and preventing damage to the electrolyser components.
The challenge does not end with desalination; the water must then be transported to the electrolyser situated
on an offshore platform. Given the platform’s height of 45 meters above sea level, this requires substantial
pumping power. The pump power can be calculated using Equation 4.14, where Ah represents the height dif-
ference, g is the gravitational acceleration of 9.81 m/s?, and riry, o is the water mass flow in kg/s. Additionally,
the water must be compressed to match the operating pressure of the electrolyser, which typically operates
at high pressures to ensure optimal hydrogen production efficiency. This compression step is crucial as it
ensures the water enters the electrolyser at the correct pressure, thereby maintaining the integrity and per-
formance of the electrolysis process. Each of these steps—desalination, elevation, and compression—adds
to the overall energy requirements and operational complexity, emphasizing the importance of optimizing
these processes to minimize energy consumption and maximize efficiency in offshore hydrogen production.

Wyump = mpg,0Ahg (4.14)

The compressor power is modelled with the pressure that needs to be supplied pejec, the water mass flow
and the compressor efficiency 7compr in Equation 4.15. The compressor efficiency is estimated to be 75%
[4]. In contrast to the ideal gas hydrogen, the water compression formula follows a more generic pattern and
linearly scales with the pressure required and water mass flow required. The systems for pressurizing water
have been used for along time and the technology readiness can be assumed as high. Even a generic espresso
machine is already capable of pressurizing water to 12 bar [85].

Pelec * MH,0
Wcompr,HZO = 2 (4.15)

Ncompr
If we multiply the specific energy consumption from the Reverse Osmosis (RO) and Electrodeionization (EDI)

processes with the water mass flow, and then add the power required for the pump and compressor, we can
calculate the total power consumption of the water treatment system using Equation 4.16.

Wyater = (SECro + SECEgp]) mHgO + Wpump + Wcompr,HZO (4.16)
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The power of the water treatment is now known so the last parameters calculated by the module are the
CAPEXyqter and OPEX ,4ter- In Wenten et al. the costs of the RO and EDI were estimated and these were
used to calculate the costs of the water treatment system. The specific CAPEX are 9400 €/ (m3/h) and since
the EDI is a high-maintenance system it will require more OPEX than the other subsystems. The OPEX is
estimated to be 16.5% of the CAPEX yater-

4.6. HYDROGEN COMPRESSION

The hydrogen produced in the electrolyser will leave at a certain pressure, temperature and purity. To com-
ply with the standard hydrogen pressure in the hydrogen infrastructure especially the pressure and purity
will need to be increased to reach the expected quality. In this model, the compression and purifying are
performed in the module Hydrogen Compression and Treatment. This module includes the modelling of a
hydrogen compressor.

Table 4.7: Hydrogen Compressor Module inputs and outputs

Symbol ~Outpouts

Electrolyser Power Mpyo Water treatment power at 100 power settings Wwater
Electrolyser pressure Pelec CAPEX water treatment CAPEXyater
Electrolyser temperature  T,jeoc OPEX water treatment OPEXyater

There are different types of hydrogen compressors available for the compression of hydrogen. This includes
reciprocating or piston compressors, diaphragm compressors and linear compressors. Of these three me-
chanical compressor types linear compressors are not yet available for the scale of hydrogen flow required in
this project. [86] For higher flow rates diaphragm compressors have low power consumption and low cooling
requirement. However, the maximum pressure that can be achieved with this type of compressor is below
30 Bar [87] Therefore in this project, a reciprocating compressor will be modelled for efficiency and costs.
The reciprocating compressor can compress high pressure up to 1000 bar. The reciprocating compressor is
visualised in Figure 4.2 [88]. The main limitation of this type of compressor is that it needs to work without
lubricating oil. Lubrication oil can contaminate the hydrogen. Therefore maintenance work is higher on this
COMPIessor.

VALVE IEMPLRATURE (1) VALVE TEMPERATURE (2)
RTD/THERMOCOUPLE  RTD/THERMOCOUPLE

——

Figure 4.2: Reciprocating Compressor

The modelled reciprocating compressor can have a maximum compression ratio of 2 per compression stage.
Therefore, if the compressor has a higher compression ratio than 2 more than one stage is required. The
compressor power required for one stage is calculated using Equation 4.17. Where z is the compressibility
factor, k is the ratio of specific heat and is 1.41 for hydrogen, T is the input temperature and R is the universal
gas constant. The isentropic efficiency, n;;e5, is estimated to be 0.70.
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(@)(k?) _1] 4.17)
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The losses compared to isentropic compression will increase the hydrogen temperature. The increase in
hydrogen is calculated using Equation 4.18. Where II is the compression ratio and 74ge is the number of
stages.

Tour = Tin (H (4.18)

k=1\MNstage

)
For safety reasons, the hydrogen may not exceed a temperature of 100°C. Therefore, with several compressor
stages, the hydrogen will need to be intercooled in between stages to less than ° C. This inter-cooling power
is not incorporated in the model since this will be much less power than the reciprocating compressor needs.
The CAPEX of the compressor is estimated to be 2800 €/kW with the compressor needing about 6% of OPEX
each year. This figure is slightly higher than the other systems since the compressor is lubricant-free and the
materials inside the compressor will need more frequent replacement.

4.7. HYDROGEN PIPELINE

A hydrogen pipeline is required to transfer the hydrogen produced by the electrolyser to the hydrogen infras-
tructure. The pipeline could vary in length depending on the Offshore Platform’s locations and the hydrogen
network’s connecting point. Furthermore, the pipeline design influences the hydrogen mass flow, velocity in
the pipeline and the pressure drop due to friction losses. Especially the pressure drop is important to calcu-
late at what pressure the hydrogen is delivered to the hydrogen grid. In this section, an explanation of the
modelling and calculation of the hydrogen pipeline module is given.

Table 4.8: Hydrogen Pipeline Module inputs and outputs

Inputs Symbol \ Outpouts

Input Pressure Pcompr Minimum Hydrogen pressure pipeline output  pp;pe,out
Input Temperature ~ Teompr Maximum hydrogen velocity Ulimit

Start Location Locationpors | Maximum allowable hydrogen velocity Uerosional
End Location Locationgns | CAPEX electrolyser CAPEXpipe
Diameter pipeline  Dp;pe OPEX electrolyser OPEXpipe

Hydrogen pipelines are, in contrast to electrolysis widely used in the world for hydrogen transmission for the
petroleum industry. There are currently over 1000 km of hydrogen pipelines operated by refinery facilities in
Belgium and Germany alone [58]. Therefore, information about hydrogen pipeline’s technical and financial
parameters is more readily available compared to large-scale PEM electrolysers.

The hydrogen pipeline model will aid in transporting the pressurised hydrogen from the compressor on the
offshore platform to the selected connection point on the hydrogen grid. The hydrogen from the compressor
will have a certain mass flow (ri1p2 ), gas pressure (pcompr ) and temperature (T¢ompr ). On top of that the
module will be given two sets of coordinates. One set for the location of the electrolyser offshore platform and
another set for the location of the connection point. From this information, the module calculates the length
of the hydrogen pipeline between the two sets of coordinates according to the Haversine formula shown in
Equation 4.19.

- A=A
Lpipe=2r arcsin(\/sin2 (%) +cos (1) cos (¢p2) sin? (%)) (4.19)
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Where r is the radius of the earth taken as 6371 km, ¢; and ¢, are the lateral coordinates of the start and end
point respectively and 1; and A, are the longitudinal coordinates of the start and end point. The length of
the pipeline is required to calculate the pressure drop in the pipeline. The pressure drop in the pipeline is an
important factor to calculate to evaluate the output pressure at the connection point of the pipeline to the
hydrogen network. The pressure drop is caused by the friction losses with the pipeline wall. Since there is a
required minimum pressure at which the power is supplied to the hydrogen network from the pressure drop
a minimum pressure will follow. The output pressure is calculated using equation Equation 4.20 [89].

PpQ 2

4.20
5.747 x 1074 f T;, D25 (4.20

P3 =P}~ GT;iLZ

Where P; is the output pressure of the pipeline, P; is the input pressure; Q is the hydrogen mass flow rate; Tr
is the average gas flowing temperature, L is the length of pipe in km and Z is the compressibility factor. Py,
and Tj, are the reference pressure and temperature respectively. G is the specific gas gravity which is around
0.07 as the density of hydrogen gas is around 7% that of air. D is the diameter of the pipeline and this is an
input to the module.

The compressibility factor, Z, is a function of temperature and pressure and is calculated by linearly interpo-
lating Table 4.9[90]

Table 4.9: Hydrogen compressibility factor look-up table

Temperature Pressure (MPa)
°C) 0,1 1 5 10 30 50 100
0 1,0006 11,0062 11,0313 11,0637 1,2022 1,3462 1,7032
25 1,0006 11,0059 11,0297 11,0601 11,1879 1,3197 1,6454
50 1,0006 11,0056 11,0281 11,0567 11,1755 1,2969 1,5964
75 1,0005 11,0053 11,0266 1,0536 11,1644 1,2770 1,5542
100 1,0005 11,0050 11,0252 1,0507 1,1546 1,2596 1,5175

Lastly, fis the dimensionless friction factor of the pipeline. This factor is influenced by the pipeline material
and diameter of the pipeline as well as the Reynolds number (Re) of the hydrogen flow. The Colebrook-
White equation in Equation 4.21 [89] can be used to calculate the friction factor. It is challenging to get an
exact solution to the equation. Therefore, the solution is numerically approximated in the model. Since the
module will calculate the output pressure and velocities at all 100 mass flow rates given by the electrolyser
module this numerical approximation is performed 100 times.

e 251 )
4.21)

1
— = —2log;p| =+
810 (3.71) Rey/T
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The dimensionless Reynolds number is calculated using Equation 4.22[89]. Where V is the average velocity
of the pipeline in m/s, D is the diameter of the pipe in m and v is the kinematic viscosity of hydrogen. The
kinematic viscosity is calculated using Equation 4.23[89]. This equation numerically approximates the kine-
matic viscosity given by the NIST table [91] with a maximum error of 0.1% within the model temperature and
pressure boundaries.

Re=VDl/v (4.22)

V= Vyer +(0.0368(P — 1) +0.000047(P — 1)? —0.00011(T — 248) +0.96(P/1)) * 10° (4.23)



38 4. SYSTEM MODELLING

The factor e, the roughness of the pipeline is required to calculate the relative roughness to the inner di-
ameter of the pipeline. This requires a selection of the pipeline material in order to calculate the relative
roughness. Hydrogen pipelines are mostly made of carbon steel and this material is widely used in pipelines
[92] The main problem regarding this material is hydrogen embrittlement. This fatigue mechanism is the
most important fatigue factor at higher hydrogen concentrations in the pipeline. This fatigue mechanism is
further used in the model and it is assumed the pipeline will be able to function for the 25-year lifetime of
the project. The roughness of the carbon steel pipeline is estimated at 0.1 mm [89] The hydrogen gas veloc-
ity in the pipeline is calculated usingEquation 4.24 [89]. With V and u defined the Reynolds number can be
calculated with Equation 4.22.

V= 14.7349(%) (ﬁ) (2) (4.24)
p2J\1,J\' P

With all prior calculations finished the friction factor is now known. Using the friction factor, the pressure
drop is finally outputted so it can be analysed in the optimization if it follows the constraints set. Another
constraint that should be considered regarding the pipeline, is the maximum allowable hydrogen velocity in
the pipeline. The erosional velocity uerosional, is calculated using Equation 4.25. Where Z is the compress-
ibility factor. The maximum velocity may not exceed 50% of the erosional velocity. Therefore, the velocity in
the pipeline will be bound by this velocity in the model. For the optimizer, this will add a necessary constraint
regarding the velocity in the pipe.

=100/ —— (4.25)
Uerosi .
erosional 29GP

Hydrogen pipelines have certain industry-standard inner diameters. These diameters are listed, with their
costs per km, in Table 4.10. Since the diameter will probably be mass-produced, one of the selected diameters
from Table 4.10 will have to be chosen. The model will therefore use the diameter that is given to the model
and select the next bigger diameter from the list. The CAPEX); . is then selected from Table 4.10. The
OPEXpipe is then taken to be 5% of the CAPEXp;pe.

Table 4.10: Different industry standard inner pipeline diameters and specific cost

Pipeline Inner Diameter [inch] ¥ 4 6 8 10 12 16 20 24 28 30 32 34 36
Pipeline Cost [M€/km] 0.3 033 038 041 049 0.771 0.872 1.169 1352 1.529 1.662 1.804 1.874 2.209

4.8. ELECTRICITY CABLE

Since the electricity cable is also part of the system it needs to be modelled for cost according to the wind
farm rated power and length of the cable. The length of the cable is adjustable since the electrolyser location
will be varied in the optimization. This makes the cost estimation of the electricity cable a critical component
of the offshore hydrogen production system. The key factors that influence the cost of the cable are shown in
Table 4.11.

Table 4.11: Electricity Cable Module inputs and outputs

Outpouts
Wind Farm nominal Power Wy, ¢ Electricity cable length  L.gp1e
Start Location Location, s | Electricity Cable CAPEX apie
End Location Location,rs | OPEX Electricity Cable  OPEX;qpje

This involves several key factors including the length of the cable, the type and capacity of the cable, instal-
lation complexities, and maintenance requirements. The length of the cable is determined by the distance



4.9. OFFSHORE PLATFORM 39

from the offshore wind farm to the electrolyser platform and further to the onshore grid connection point.
There are typically two types of high-voltage cables, a high-voltage direct current (HVDC) or high-voltage al-
ternating current (HVAC) cable. The selection is generally made with the total length the cable has to transfer.
Below 100 km typically HVAC cables are utilized [16]. In this study, the electrolyser distance stays below 100
km and therefore the HVAC cable is used to assume the cost of the cable. The length of the cable is calculated
using the same formula for the hydrogen pipeline length as shown in Equation 4.26

Lecapie = 2r arcsin (\/sin2 (@) +cos (1) cos (¢p2) sin? (;Lz ; s )) (4.26)

The cable’s capacity is exactly the same as the wind farm’s nominal power to ensure all wind farm power can
be transported to the electrolyser. The CAPEX of the cable includes the installation of the cable. The installa-
tion involves trenching and the cable material is generally constructed using copper. Copper is expensive and
this drives the cost of the electricity cable. Furthermore, the cable needs to be insulated well since seawater
is particularly conductible. The cost of the electricity cable can be estimated from the wind farm power only.
This assumes that the cost of placing the cable is constant. Normally the selection and length of cable will
cause distinct selection of the size of the vessel. These nonlinearities are not incorporated in the model. The
cable CAPEX per km is estimated using Equation 4.27[93].

CAPEX apiem = (1.36 % Wy, p +206.13) Leapie (4.27)

Lastly, the OPE X, 4p;. is estimated to be 5% of the cable capex from Eneco’s internal cost estimation.

4.9. OFFSHORE PLATFORM

For the electrolysers to function in an offshore location an offshore platform is required. A detailed design of
this platform is outside the scope of this research. Therefore, this module requires only the maximum power
of the electrolyser and calculates the CAPEX and the yearly OPEX of the platform The inputs and outputs are
shown in Table 4.12.

Table 4.12: Offshore Platform Module inputs and outputs

Symbol ~ Outpouts

Electrolyser Power W, CAPEX Offshore Platform  CAPEX, ¢
OPEX offshore platform OPEX,¢s

The platform type chosen for the model is jacket foundation. This type of foundation is used in 90% cases and
can be utilized in varying sea depths up to 500m [94, 95]. Since the North Sea is of relatively low depth and
never exceeding 500 m close to the Dutch shore the jacket foundation can be used in almost any location.
This module does not vary any parameters with sea depth. A sea depth of 45 meters has been chosen to
estimate the cost figures. This depth is a good average of the plots in which offshore hydrogen is analyzed.
The capital expenditure linearly scales with the electrolyser at 550000 € per kW electrolyser [35]. This figure
includes a 10% increase, due to recent inflation and rise in material costs such as steel.

The jacket foundation platforms are only usable for up to 600 MW of electrolysers due to the weight of the
electrolyser systems and the maximum platform size that sea vessels can carry to the location. Therefore the
CAPEX costs will have extra installation costs per platform installed. The installation costs that are added are
20% of the CAPEX of a 600 MW platform. Lastly, the OPEX costs are estimated to be 3% of the CAPEX cost on
ayearly basis.
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4.10. PERFORMANCE CALCULATION

The performance calculation module finally calculates the LCOH of the system. This module requires all
the CAPEX and OPEX of each subsystem, the different energy requirements at the 100 power settings, the
hydrogen mass flow of the electrolyser at each power setting and lastly the hourly wind farm power output
for 1 year. The different inputs and outputs of this module are shown in Table 4.13

Table 4.13: Performance Calculation Module inputs and outputs

Inputs Symbol ~ Outpouts Symbol
Electrolyser Power Welec Levelized-Cost-of-Hydrogen LCOH
Compressor power Weompr Total CAPEX CAPEXotal
Water treatment power Wuwater Total OPEX OPEX,otal
Hydrogen mass flow Ty, Total Hydrogen production totaly,
Hydrogen mass flow fuel cell  rirp, . Total runtime hours runtime
Length HV cable Leavie Number of stack replacements  7yepiace
CAPEX electrolyser CAPEX,jec Total LCOE expenditure totalicon
OPEX electrolyser OPEX,jec

CAPEX compressor CAPEXcompr

OPEX compressor OPEXcompr

CAPEX pipeline CAPEXpipe

OPEX pipeline OPEXpipe

CAPEX water treatment CAPEXater

OPEX water treatment OPEXyater

CAPEX fuel cell CAPEXy,

OPEX fuel cell OPEXy,

CAPEX offshore platform CAPEXyry

OPEX offshore platform OPEXyfy

CAPEX offshore cable CAPEX_ apie

OPEX offshore cable OPEX_ apie

The general formula for LCOH used in this model is shown in Equation 4.28 [12]. Where CAPEX is the
total CAPEX at year 0. OPEX; is the OPEX in each year t. r is the discount rate to compensate for inflation.
H; ; is the yearly hydrogen production. i is the yearly estimated inflation. This formula assumes all CAPEX
cashflows are dated at the start of the project. Furthermore, most OPEX contributors will be constant over
each year. However, the effect of the OPEX in the last year is much smaller than the first year. This is due
to the discount rate applied to the project. The discount rate relates to the cost of capital. Investing money
in a project requires lending it from a third party and paying interest or the company invests its own money
which it could otherwise invest in other projects. The OPEX that is required to be paid in the last year of the
project is discounted by several decades of interest rates. The discount rate will have a positive effect on the
cost of OPEX. In contrast, will the production of hydrogen also be discounted by the discount rate. Hydrogen
produced in the last year of the project will be of less value to the project at the start. The CAPEX that is
invested in the first year will only see the profits of the last year’s hydrogen production 25 years in the future
in the 25-year lifetime of the project. The formula does not take into account any Development Expenditure.
This expenditure relates to the development costs that are made to design the project. These costs are not
known for offshore hydrogen projects as it has not been done before. Therefore these costs have not been
included.

CAPEX, + ZIT=1 OPEX,(1+)!

(1+n)?

T Hy(1+0)°
i1 @y

LCOH =

(4.28)

The total CAPEX is calculated using Equation 4.29. Where each of the CAPEX from the different subsystems
is added up. The CAPEX sum is only added in the first year of the system. In a project normally the CAPEX
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is spread out over a few years before production starts and revenue can be made. It is hard to predict when
these costs are incorporated. Since, the main cost will be the electrolyser which is one of the last subsystems
to be placed. It is therefore assumed all CAPEX is spend at the start of the project.

CAPEXsum = CAPEXjec + CAPEXpipe + CAPEXcaple + CAPEX oft + CAPEX compr + CAPEXyyater + CAPEXg:  (4.29)

The OPEX of each system is outputted as a yearly figure from each of the subsystem modules. The total
OPEX of the system is calculated using Equation 4.30. The OPEX of each subsystem was a percentage of the
CAPEX that would be required on a yearly basis over the whole lifetime of the project. The lifetime of the
project can be varied in the performance calculation. In the future, this variable can be used as an input
variable to the optimization. As the lifetime of the project increases hydrogen production could be increased
significantly. The lifetime variable is currently not used in the optimization design vector. However, since
there is a discount rate applied to the hydrogen production and the OPEX the larger the lifetime the less
effect on the LCOH this will have.

OPEXsum = OPEXejec + OPEXpipe + OPEXcapie + OPEXft + OPEXcompr + OPEXyater + OPEXe (4.30)

The only OPEX that is varied is the replacement of electrolyser stacks after 80000 runtime hours. The perfor-
mance module will calculate the total amount of hours that the electrolyser will be running. Every time the
80000-hour mark is passed the performance model adds a percentage of the CAPEX to the OPEX in that year.
This should estimate the cost of replacing only the stacks in the electrolyser. The cost of replacing the stacks is
estimated to be 166000 €/MW electrolyser [35]. This figure is higher than ENECO estimates on land. A higher
figure is expected since replacing the stacks on the offshore platform is a lot more costly. It will involve the
need for stable weather and the personnel will need to be trained to work offshore.

4.10.1. HYDROGEN PRODUCTION CALCULATION

The calculation of the CAPEX and OPEX in the prior section was kept relatively simple. The other side of
the formula for LCOH involves the total hydrogen production each year. The total hydrogen production is
generally calculated with the use of work required by the subsystems and the power available from a wind
farm. The three subsystems that require power during the production of hydrogen are the electrolyser, water
treatment and compressor. Each of the modules for those subsystems outputs their required work as a list of
the 100 power settings from 1% to 100%. The total work required at each power setting k is calculated using
Equation 4.31

wk —wk wk  Lwk

total — "Velec compr water

(4.31)

The list of total work at each power setting k is now used to select the highest power setting that can be used
to produce hydrogen at each moment with the given wind energy power outputted. Eneco has given access
to the hourly production data of an offshore wind farm with a rated power of 760 MW. This data runs from
the year 1980, based on older wind data to the year 2023. The data gives the power that is available at the end
of the cable when it reaches shore in average MW at each hour. The wind energy data is variable since the
weather changes. At higher wind speeds the wind farm creates more power. The data spans more than 40
years and is plenty to use for the analysis of a 25-year lifetime hydrogen production project. An option was
to use the full 25-year span to calculate the LCOH. However, to decrease computation time the model only
calculates the hydrogen production for one year. Subsequently, it uses this reference hydrogen production
for each year in the calculation. This will reduce the access of a list from 25*24*365=219000 computations to
just 8760 computations.

Before using the wind farm power data the data is slightly increased to account for the fact that there are nor-
mally cable losses over large distances which are now reduced as the hydrogen production facility is situated
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offshore and reduces the length of the cable. Therefore, the performance calculation module increases the
power that is produced from the wind farm and metered at the shore slightly. In Apostolaki-Iosifidou et al.
the losses in HVAC and HVDC cables are estimated. The losses for the transmission, substation and conver-
sion are mentioned. The losses in the cable were fitted with an exponential function. The losses in the cable
range from 0.4% at 1 km cable length to 4.57% at 117 km. In order to estimate the decrease in cable losses the
retrofitted curve is used to remove the losses. After that, the losses related to the reduced cable length to the
electrolyser offshore platform are added. The formulas for calculation is shown in Equation 4.32 [16]

Pyy

4.32
1-0.8088 (60'0144Lt0ml + e*0~0144Lcahle) ( )

ow,nom =

The power of the wind energy farm will fall into three categories with off-grid electrolysis. It is lower than
the work required to run the electrolyser at 10%, higher than what the electrolyser will require at 100% rated
power or in between those two figures. If the first option applies the highest power setting is chosen. If the
wind farm power falls into the third category the wind farm will choose the highest Wt’; 1 that is still lower
than the wind farm power for that hour. The model will then select the appropriate hydrogen production
from the hydrogen production list provided by the electrolyser module calculate the amount of hydrogen
produced in an hour and add that to the yearly hydrogen production rate.

If the wind farm power falls below the 10% power setting the electrolyser will not produce any hydrogen
and nothing is added to the power production. Contrarily, if the power falls below the 2% power setting
the electrolyser will need to be supplied with the extra energy. Earlier in this report it was established that
this will be supplied by a fuel cell using the remaining hydrogen in the pipeline to produce electric power.
The hydrogen required by the fuel cell is then subtracted from the yearly total hydrogen production. The
algorithm will then continue with the next hour and start again by selecting the power setting. The general
flow chart of the hydrogen production decision matrix is shown in Figure 4.3

After this entire loop, the hydrogen production that can be generated in a single year is deducted from the
hydrogen that the fuel cell will require for a constant power supply. The hydrogen is then added to the total
hydrogen production of the year, discounted by the discount rate to the power of the year of production, in
order to trace it back to the first year of production. With the discounted hydrogen production known the
LCOH can be calculated with the OPEX and CAPEX calculated earlier using Equation 4.28. This figure will
then be used as the objective of the optimization to minimize.

The CAPEX and OPEX of each system related to electrolyser power are summarized in table Table 4.14. Some
figures are not directly related to the electrolyser power. In this case, a baseline scenario is chosen and the
CAPEX of the subsystem is normalised to 100 MW electrolyser to visualise the amount of investments required
per 100 MW of electrolyser. The 100 MW electrolyser mark is an interesting marker as the first demonstration
tender for offshore hydrogen in the Dutch North Sea will be 100 MW.

Table 4.14: List of CAPEX and relative OPEX per year of the different subsystems that are used in the performance calculation

Subsystem CAPEX OPEX [% CAPEX]
Electrolyser 4.5%
Compressor 3.0%

Pipeline 5.0%
Desalination 16.6%
Offshore Platform 3.0%
HV Cable 5.0%
Fuel Cell 2.0%
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Figure 4.3: Flow chart hydrogen production calculation

4.,11. OPTIMIZATION

The optimization problem that is dealt with in this report is summarized in Equation 4.33. The optimization
aims to minimize the objective function of LCOH of offshore hydrogen production utilizing offshore wind
energy. Where the constraints that arose from the modelling include a minimum output pressure of 67 Bar at
the end of the pipeline. The end of the pipeline is located at a fixed connection point to a hydrogen network.
Furthermore, the output pressure of the hydrogen compressor should be higher than the operating pressure
of the electrolyser. The optimizer is given this constraint to keep it from producing negative values in the
hydrogen compressor module. Lastly, the third constraint governs the maximum speed in the pipeline such
that it will not exceed the erosional velocity in the pipeline.

min LCOH (x)

min  Ppipeout = 67Bar (4.33)
s.t. Pcompr > Pelec
Ulimit > Upipe
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The design vector required to compute the LCOH includes 7 variables. These variables are shown in Ta-
ble 4.15. The table includes the upper and lower bounds of the model. The electrolyser power, W,;,., could
possibly be lower than 600 MW and higher than 800 MW. However, this variable is not expected to deviate
too far from the wind farm power of 760 MW. If the optimizer is restricted by these bounds, the bounds can
be adjusted accordingly. Ty, is restricted by the cooling or heating requirements of the electrolyser. It is not
expected that the optimizer will exceed these values. If the temperature is below 323.15K, or 50 °C, the cooling
power required is substantial. On the upper bound the heating required to be added is considerable. The x
and y locations were given 1° of freedom on both sides. It is expected that these will not be exceeded as all
the locations directly between the start and end locations are within these bounds. The compressor output
pressure is on the lower end bounded by the minimum pressure of 67 bar required by the hydrogen network.
The upper bound is decided by the module not being able to calculate the compression factor above 100 Bar.
Lastly, the pipeline minimum diameter is constrained by the industry standard pipeline sizes.

Table 4.15: Starting value, upper and lower bounds of the design vector

Run# Unit lowerbounrd initial design vector upper bound

Welee MW 600 700 800
Teiec K 323.15 333.15 363.15
Pelec Bar 1 30 50
Xloc ° 51.2 52.2 53.2
Yioc ° 3.5 4.5 5.5
Dpipe mm 50.8 609.6 914.4
Peompr  Bar 40 100 100

Combining all the previously explained modules inputs and outputs with the LCOH function and the con-
straints an eXtended Design Structure Matrix (XDSM) can be constructed. The XDSM of the design problem
is shown in Figure 4.4 . The XDSM summarized the inputs and outputs of the different subsystems in one flow
governed by the optimizer. The optimizer module is shown with a blue circular block in the top left corner.
The starting design vector is annotated with © and inputted from the top in the optimizer module. The differ-
ent variables of the design vector are then used when calling the different subsystem modules. For example,
the electrolyser module is called first by the optimizer. It requires the power of the electrolyser, W,;,., the
pressure of the electrolyser, p,;.c, and temperature, T, as inputs. The module then outputs the electrolyser
hydrogen mass flow at each power setting k to the LCOH calculation, compressor and desalination unit and
gives a required water mass flow to the desalination unit.

4.11.1. OPTIMIZATION ALGORITHM

The model to be optimised is subject to a number of complications, the most significant of which is the
presence of several discontinuous calculations. The most prominent of these is the selection of pipeline di-
ameter. Other discontinuities include the number of compressor stages, the power setting of the electrolysers
and the potential for electrolyser stack replacements. Additionally, it is challenging to decide whether the de-
sign space is convex or non-convex. Furthermore, if the design space is non-convex, it is unclear how this
non-convexity takes shape. Will there be a multitude of local optima? Are these optima shallow and are there
saddle points? Given the discontinuity of the design space, it is challenging to predict. For the optimization,
however, it is crucial to identify a global optimum. The discontinuities will create smaller local optima.

The primary objective of this research is to identify an algorithm that is well-suited to the optimization prob-
lem and can efficiently identify the global optimum without undue computational expense. Developing a
bespoke optimization algorithm would necessitate a significant investment of time and is therefore beyond
the scope of this research. There are numerous open-source Python packages available for the optimization
of complex problems, as referenced in [96]. The selected algorithm must be capable of identifying the global
optimum in order to identify the optimal design. Furthermore, the algorithm must be able to cope with the
complex constraints. Most open-source optimization packages in Python require the constraints to be lin-
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ear and computable from the design vector alone. In this model, the constraint for pipeline velocity and
the constraint for the 67 bar minimum output pressure are outputs of the LCOH calculation. Therefore, the
Mystic Python package was chosen to optimize the system [97]. The package has the ability to define con-
straints that are calculated with the use of more variables than the design vector. For example, the pressure
at the output of the pipeline will not only be varied with the design vector but also be related to the length
of the cable, input pressure and temperature. Therefore, it is crucial that the constraints can be selected and
adjusted customarily. Additionally, it contains a selection of peer-reviewed optimisation algorithms which
include gradient-based search methods, differentiable gradient-based methods and a genetic algorithm

From the Mystic package, a differential evolution algorithm is chosen to have a good probability to be a good
fit to the optimization problem. This algorithm was published by Storn and Price in 1997 [98]. The algorithm
is a population-based, stochastic optimization method that can solve complex optimization problems. It can
in theory cope with nonlinear design spaces but requires a continuous design space. For the off-grid offshore
hydrogen production model this could be problematic due to the discontinuous nature of the optimization
problem. However, there is not a simple one-method-fits-all solution to a discontinuous optimization prob-
lem. The reason the differential evolution algorithm might be able to cope with the discontinuous design
space is that is a stochastic algorithm. The algorithm uses an iterative process of choosing the best candi-
date solutions while decreasing it stepsize as the number of iterations increases. The algorithm performs its
iteration in four phases: initialization, mutation, crossover and selection.

The initialization phase consists of the following two steps:

* A population of candidate solutions is chosen at random. This population consists of an n-by-d matrix.
Where n is the size of the population and d is the number of parameters in the design vector that is
optimized.

¢ The size of the population will not vary over the optimization.

The mutation phase will mutate the population as follows:

* A mutant vector is generated for each vector in the population. Three distinct individuals are randomly
are chosen from the population

* The mutant vector is then chosen using Equation 4.34. where X;;, X;» and X,3 are chosen from the
population and F is the mutation factor.

Vi=Xn1+F- (X2 — Xp3) (4.34)

The crossover phase follows the following pattern:

* In order to see if the mutant vector will have any result. A trial vector U; is constructed by mixing the
mutant vector V; with the target vector X;. The amount of influence that the mutant vector has can be
adjusted with the crossover probability variable. This variable is an input to the differential evolution
algorithm.

* For each variable d in the vector a random number is generated. If it is higher than the crossover prob-
ability it replaces the target vector in the population. If not, the value takes the target vector.

The selection phase follows the following pattern:

* The trial vector U; is used to compute the LCOH. It is compared to the LCOH reached by the target
vector X;.
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o If the trial vector U; has a better or equal LCOH it will replace the target vector. The population is then
after this iteration and the algorithm starts again with the mutation phase until the algorithm runs into
atermination due to for example a maximum number of iterations or the improvement on the objective
function falling below the predefined tolerance.

The main advantages of this algorithm are that it does not require a differentiable objective function and
it uses a heuristic approach to solve nonlinear design problems. The algorithm is genetic and is stated to
find a global optimum. The main drawback could be that it requires continuous design spaces. In short, the
algorithm mutates a target vector with randomly generated mutations. In the first round, the target vector is
the initial design vector shown in Table 4.15. The best results from computing the objective function with the
mutated vector are crossed over such that a new target vector is found for the next round.

This differential evolution algorithm may prove to be a promising solution to the optimization algorithm.
In order to test its effectiveness, a Monte-Carlo simulation could be a suitable approach. However, a Monte
Carlo simulation is associated with a significant computational cost. For instance, varying each of the seven
variables over a range of 10 different increments would necessitate the evaluation of approximately 10 million
functions. This would necessitate a significant investment of time, and the evidence thus far suggests that this
method is not a viable option for finding the optimal solution at a reduced cost.

To best compare the algorithm in convergence speed and overall minimum LCOH a gradient-based optimiza-
tion algorithm was selected from the Mystic Python software. In this case, the Powell-Conjugate or simply
Powell’s method was chosen. This method is derivative-free. The whole model is not differentiable and that
mitigates the number of gradient-based algorithms that can be used.

The algorithm starts with an initial design vector for the solution and a list of directions. In each iteration, the
algorithm performs a series of line searches along each of the directions, with the aim of identifying the mini-
mum value of the function in those directions. Once the line searches have been completed for all directions,
the algorithm updates the directions based on the results of the line searches. The direction update process
involves the adjustment of one of the previous directions with a new direction that is a linear combination of
the preceding directions. The new direction is selected to be conjugate to the remaining directions, thereby
ensuring efficient progress towards the minimum. The algorithm iterates through the set of directions, op-
timising each direction in turn. Periodically, the set of directions is reset in order to ensure that they remain
conjugate and effective in reducing the function value.

The algorithm terminates when the change in the function value between iterations falls below a certain
threshold, indicating that the algorithm has converged to a local or global optimum. Alternatively, the algo-
rithm will terminate if a certain number of function evaluations or iterations is reached. These numbers can
be adjusted within the Mystic package.
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RESULTS

In this chapter, the results of the model and optimization are visualized and discussed. Firstly, the electrol-
yser is analysed for performance regarding the pressure and temperature. This will be followed by a summary
of the baseline scenario result. This included a financial and technical view of the baseline scenario and the
expected outcome of the optimizer. In the latter section the optimizer design space is analysed and the opti-
mizer results are shown. The optimized design is compared to the baseline design and a sensitivity analysis
is performed.

5.1. ELECTROLYSER PERFORMANCE

The electrolyser module accurately modelled the performance of the electrolyser as a function of the oper-
ating pressure and temperature. Figure 5.1 shows the effect of pressure on the efficiency of the electrolyser
module. The effect of pressure is minimal. Therefore, a close-up of Figure 5.1 is shown in Figure 5.2. The
pressure effect on the electrolyser between 18 and 80 bar is less than 1
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Figure 5.1: Electrolyser efficiency at current density range with different operating pressures and T=60°C
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Figure 5.2: Close-up of Figure 5.1
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As we have seen in the modelling of the system the operating temperature of the electrolyser has an effect
on all three over-voltages as well as the temperature control power required. In Figure 5.3 the efficiency of
the electrolyser module at various stack operating temperatures is shown for the range of current densities
applied. The temperature effect on the efficiency is larger than the pressure effect. Furthermore, the highest
efficiency is reached by running at 65°C and low power setting. At a higher power setting and thus higher
current density the highest efficiency is reached when the temperature is 75°C. There is therefore not a clear
optimal temperature. If the electrolyser is run at a high load the optimal temperature is a little higher.
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Figure 5.3: Temperature effect on the electrolyser efficiency curve over the whole range of the electrolyser current density

5.2. PRESSURE ANALYSIS

In the previous section, it was shown, that the operating pressure of the electrolyser has a limited effect on the
efficiency of the electrolyser stack. However, the pressure has a more profound effect on the power required
for the water desalination and pump as well. Since the model gives the required compressor output pressure
to the compressor module a lower input pressure also has an effect on the pressure ratio in the compres-
sor. Therefore, a better way of viewing the effect of electrolyser pressure is by analysing how the water pump
power relates to the post-compression of hydrogen. To compare the two, the pressure of the electrolyser can
be varied while keeping the pressure of the compressor output stable. In Figure 5.4 the power requirements
for the water treatment and hydrogen compressor are plotted as a function of the electrolyser operating pres-
sure while the output pressure of the compressor is kept constant at 70 bar. Furthermore, the electrolyser has
a maximum power of 740 MW and is running at 30% maximum power for all data points.
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Figure 5.4: Water Treatment and Compressor power at varying electrolyser
pressure with a 700 MW electrolyser and Pcompr =70 bar at 30% power setting

From Figure 5.4, it is clear that the total work of the water treatment, shown with the blue line for the full
range of electrolyser pressure, is lower than the work of the hydrogen compressor. Furthermore, the work of
the water treatment varies linearly with the electrolyser pressure. It must also be noted that the power of the
water treatment is less than 5 MW. Compared to the electrolyser using 220 MW this is a small fraction. This
was to be expected from the earlier calculations showing the relatively low power needed for desalination.

On the other hand, the compressor power required shows a more exponential growth as the pressure of the
electrolyser decreases. Especially, when running the electrolyser at 1 bar of pressure, the pressure ratio will
reach 70. This requires more than 8 compressor stages with a maximum compression ratio of 2. The com-
pressor stage jump is clearly visible in the yellow line at around 18 bar and 35 bar. Decreasing the compressor
stages slightly increases the power required for compression. This shows the need for more compression
stages at higher compression ratios in order to reduce the power.

If we add both the water treatment work and compressor work together, shown with the black line, there is a
steep decline at higher electrolyser pressure. This means that it is more efficient to operate the electrolyser at
higher pressure. The electrolyser pressure has a limited effect on the efficiency of the electrolyser itself as we
have seen in the previous sections. On the other hand, is compressing hydrogen much more energy-intensive
than compressing the water prior to the hydrogen production. If we are to optimize the system it should be
expected that the optimizer prefers higher electrolyser pressures.

From the above analysis, it can be expected that a higher electrolyser pressure is favourable for a lower LCOH
outputted by a full computation of the model including the performance module. In order to visualise the
effect of electrolyser pressure a heatmap is shown in Figure 5.5 for the LCOH in €/kg. On the x-axis, the
power of the electrolyser is varied from 600 MW to 800 MW. Keep in mind the wind farm will produce a
maximum of 760 MW. On the y-axis, the pressure of the electrolyser is varied from a minimum of 1 Bar to
the maximum allowable pressure of 50 bar. Especially, at lower pressures the LCOH increases steeply to more
than 17 Euro/Kg. The optimal W, changes with the pressure.

As the pressure of the electrolyser increases the work required by the hydrogen compressor and water treat-
ment systems decreases. This allows for more power usage by the electrolyser. Therefore at an electrolyser
pressure of 10 bar the optimal LCOH is achieved at 725 MW since the hydrogen compressor and water treat-
ment require around 35 MW of work at maximum power of the electrolyser. At 50 bar the optimal W, is
close to 750 MW. If you keep the electrolyser at the same pressure and increase the electrolyser’s maximum
power, the total CAPEX and OPEX increase. However, there is not enough power from the wind farm to run
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the electrolyser at full power and have enough power for the compressor and water treatment. Therefore, the
maximum power setting of 100% is not possible and there is a jump increase in LCOH shown by a lighter blue
colour in Figure 5.5. On the other hand, if you increase the pressure there is more power available for the
electrolyser and therefore the optimal W,;,. increases if you keep the other values constant.
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Figure 5.5: LCOH heatmap with varying electrolyser power and operating pressure around the baseline scenario

5.3. BASELINE SCENARIO

For a better interpretation of the optimization results a baseline scenario or design is chosen to compare
the optimisation results. This baseline scenario is also the initial design vector in the optimization results
discussed later in this chapter. It will be used to analyse the effectiveness of optimizing the system for LCOH.
The baseline design is constructed with the use of the initial design vector shown in Table 4.15. The wind farm
used in the baseline scenario is a 760 MW wind farm with a location that is 56 km away from the proposed
connection point. Furthermore, the project is assumed to be producing hydrogen for 25 years.

5.3.1. WIND FARM POWER AVAILABILITY

To understand the results of the model, it is first necessary to analyse the wind power data to understand the
process of how the LCOH is calculated. The distribution of the available power of the wind farm is shown in
Figure 5.6. The positive powers are shown in the blue shades. The bar which shows the availability of power
below 0 MW is shown in red. The distribution follows a fairly constant flow, almost always below 5%, except
for the maximum or nominal power of 760 MW. The availability of the wind farm at maximum power is almost
35 %. The reason for this increase in availability is that all wind turbines have the maximum power that they
can produce. This maximum power is called the rated power and is reached at lower wind speeds than the
maximum wind speeds at which the wind turbine generator can produce power. Therefore, the availability of
760 MW represents all the times when the wind speed exceeds the speed required to make the rated power in
the wind turbine generator.



52 5. RESULTS

354

304

254

204

15 4

Wind Farm Power Distribution [%]

10 4

T T T
o] 100 200 300 400 500 600 700
Wind Farm Power [MW]

Figure 5.6: Wind Farm power data distribution in 5% intervals for a 760 MW wind farm in the North Sea (Hollandse Kust West)

Atfirst, it might look like the size of the electrolyser would be a trade-off between extra cost for the electrolyser
and producing more hydrogen. However, since the nominal wind power is available at almost 35% it can be
expected that the optimization will try to optimize for the maximum use of the energy that is available.

On the other side of the graph, there is also a relatively large amount of time that the wind farm will not
produce any power. In fact, if the wind farm is not producing any power it requires 3.6 MW for the balance of
the plant. This power would then have to be supplied by the fuel cell. In the performance calculation, it was
assumed that this power was not supplied by the fuel cell. To check whether this would be a good assumption
a zoom-in of the distribution graph is shown in Figure 5.7. Again the positive availability is shown in blue and
negative power needed for balance of plant is shown in red. Clearly visible is the 4% availability at the -3.6 MW
mark corresponding to the percentage of time that there is no wind energy being produced. If we compare
this with the 2% mark of 14 MW in the baseline scenario this is actually quite considerable. This would add
around 25% to the power that the fuel cell would have to produce in an off-grid setting.
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Figure 5.7: Wind farm power data distribution around the 0 MW mark for a 760 MW wind farm in the North Sea (Hollandse Kust West)
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5.3.2. TECHNICAL ANALYSIS

The baseline scenario was chosen such that it would give a feasible design to start the optimization with. The
baseline input vector and resulting LCOH are shown in Table 5.1. The baseline input vector was chosen such
that the model would be in a feasible design space regarding the constraints in the pipeline. The resulting
LCOH of hydrogen is 15.50 €/kg. However, this figure can be decreased considerably if the power of the
electrolyser is better optimised.

Table 5.1: Baseline input vector and LCOH

Run # Welec Telec Pelec Yioc Xloc Dpipe Pcompr LCOH
MW K Bar ° ° mm Bar €/kg

Baseline 700  333.15 30 52.2 45 609.8 100 15.50

To better understand the reason for the high LCOH compared to earlier research presented in chapter 2, it is
useful to look into the production of hydrogen and the energy usage of the different systems. The baseline
electrolyser has a maximum power of 700 MW. In the electrolyser module the hydrogen production rate is
calculated. For the 700 MW baseline electrolyser, the hydrogen production rate is shown from 0 to 700 MW
power in Figure 5.8. The hydrogen production is 0 until 70 MW, which is the 10% mark that the electrolyser
will require to produce hydrogen. Furthermore, the graph is slightly exponentially decreasing due to the lower
efficiency of the electrolyser at higher power and thus higher current density.
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Figure 5.8: Electrolyser hydrogen production rate for a 700 MW electrolyser with p,j,. = 30 bar and T;,. = 60C°

The amount of hydrogen produced in one year is dependent on the hydrogen production rate and how often
the electrolyser can be turned on. By combining the wind farm availability distribution and the electrolyser
relative operating power the distribution of power settings of the electrolyser over one year can be constructed
and is shown in Figure 5.9. It must be noted that the total work required at 100 % power setting is 727 MW.
There is therefore more power available in a large part of the time than can be used by the system. Visible in
Figure 5.9 is the large amount of time that the electrolyser is running at maximum power. The electrolyser
availability largely follows the wind farm power availability in Figure 5.6. The only difference is that the elec-
trolyser is turned of more often since the electrolyser is not producing any hydrogen at lower power settings.



54 5. RESULTS

354

254

204

15 4

10 4

Electrolyser Operating Power Distribution [%]

T T T T
0 20 40 60 80 100
Electrolyser Relative Operating Power [%)]

Figure 5.9: Electrolyser availability distribution in 5% Intervals for a 760 MW wind farm in the North Sea (Hollandse Kust West), with a
700 MW electrolyser and accompanied compressor and water desalination power

The total work required over the whole range of the 700 MW electrolyser is shown in Figure 5.10. This shows
that most power is distributed to the electrolyser, and only a small portion is required for the water treatment
and hydrogen compressor.
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Figure 5.10: Work required for the whole system at each power setting for a 700 MW electrolyser

The total hydrogen production in one year, the hydrogen requirement for the fuel cell and the resulting hy-
drogen that can be delivered to the grid in one year are shown in Table 5.2. Over 55 million kg of hydrogen is
produced each year. On the other hand, is around 1% of this hydrogen subtracted from the delivered hydro-
gen to power the fuel cell. Earlier this section it was established that assuming the power for the wind farm
in standby mode would not be significant but turned out to be about 25% of the electrolyser standby power.
This, on the other hand, would subtract only 0.25% of the total hydrogen produced. Adding the balance of
plant requirements to the model could be a minor improvement on the accuracy of the model. It would in
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turn reduce the net amount of hydrogen produced and increase the LCOH.

Table 5.2: Hydrogen production totals per year

Quantity kg/year

Total hydrogen production 55,039,242
Fuel Cell hydrogen consumption 540,721
Netto Hydrogen production 54,498,521

With the total hydrogen production the total LHV energy efficiency of the whole system is calculated and
shown in Table 5.11. The efficiency of the whole system is 48% at the baseline scenario. Later in this chapter,
an analysis will be made of the efficiency after the optimization. This figure is comparable to the estimation
made by other studies discussed in chapter 2 of 58% and 41% for a system 100 km from shore.

Table 5.3: Off-grid wind-based hydrogen production system efficiency per year for 760 MW wind farm and 700 MW electrolyser

Netto Hydrogen production 54,498,521 kg

Total wind energy 3,780,227 MWh
Lower heating Value hydrogen | 33.3 kWh/kg
Total system efficiency 48.0 %

Lastly, it is useful to look at the transmission and pipeline results from the baseline to get a better under-
standing of the drivers later in the optimization. The pipeline length, HVAC cable length, pressure drop and
efficiency loss in the cable are shown in Table 5.12. Transmission losses are higher at 1.78% for just 32 km
of electricity cable. This was one of the reasons why offshore hydrogen was proposed as a good option to
produce hydrogen. With the large pipeline diameter chosen in the baseline, the pressure drop in the pipeline
is minimal. This shows that less energy is lost in the transportation of hydrogen than what would be lost in
the transmission of electricity to shore.

Table 5.4: Off-grid wind-based hydrogen production electricity transmission and hydrogen pipeline results for the baseline scenario

HVAC cable length 32.9km
HVAC transmission loss 1.78 %
Hydrogen pipeline length | 24.2 km
Pressure loss pipeline 0.07 Bar

5.3.3. FINANCIAL ANALYSIS

To understand what drives the LCOH in the model it is necessary to analyse the financial results of the base-
line scenario. There are three major factors contributing to the total cost of the project. These are the CAPEX,
OPEX and LCOE from the offshore wind farm. The LCOE and the power available are not adjusted in the
model. The wind farm is fixed at 760 MW and since the choice was made to model a fuel cell for backup
power there is no cable to land available.

The CAPEX and yearly OPEX of the modelled subsystems are listed in Table 5.5. As expected is the electrolyser
cost the major cost factor for the whole system. The second biggest cost factor is the offshore platform. Since
the offshore platform cost would not be needed if the electrolyser is placed on land these CAPEX and OPEX
figures are considerably high with almost 20% of the total CAPEX. The fuel cell on the other hand does not
contribute significantly to the total CAPEX and OPEX. With 21 million Euros of CAPEX, this is in the order of
1% of the CAPEX of the electrolyser.
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Table 5.5: CAPEX and OPEX of different subsystems in baseline design for a 700 MW off-grid electrolyser placed on an offshore platform

CAPEX [M€] CAPEX [%] | OPEX [M€] OPEX [%]

Electrolyser 1733 74.0% 78 80.1%
Pipeline 37 1.8% 2 2.1%
Platform 454 19.4% 11 11.3%

Compressor 57 2.4% 2 2.1%
Fuel Cell 21 0.9% 0.4 0.4%

Electric Cable 41 1.7% 2 2.2%
Water Treatment 10 0.4% 2 1.9%
Total 2343 100% 97.4 100%

After calculating the hydrogen production and the CAPEX and OPEX the cost of the three main categories
contributing to the LCOH can be calculated per kilogram of hydrogen produced. The highest contributor to
the LCOH is the LCOE of 80 €/MWh. This contributes to about 60% of the total cost of the system. On the
other hand, the CAPEX and OPEX together are close to 40% of the cost. This means that a 5% increase in
electrolyser CAPEX to produce more hydrogen if power is available will result in a 2.1% increase in hydrogen
production. Since the CAPEX and OPEX only contribute to about 40% of capex this will improve the LCOH
significantly.

Table 5.6: LCOH breakdown for the baseline scenario

CAPEX/kg H, [€/kg] OPEX/kg H; [€/kg] LCOE/kg Hy [€/kg]
15.50 3.38 2.56 9.49

5.4. PIPELINE VS COMPRESSION

There is a trade-off between the hydrogen pipeline diameter and the input pressure of the pipeline. To reach
a minimum hydrogen pressure of 67 bar at the connection point with the hydrogen network, the hydrogen
compressor should supply the pipeline with hydrogen at a significantly large pressure above 67 bar. On the
other hand, the pipeline diameter will influence the pressure losses due to friction.

In Figure 5.11 the LCOH is visualised for the full range of pipe diameter on the x-axis and compressor output
pressure on the y-axis. Clearly visible are the jumps in LCOH, although small, at the different industry stan-
dard pipeline diameters. The lowest LCOH of hydrogen is achieved when the pipeline diameter is the smallest
and the compressor output power is the lowest. Another jump in LCOH is seen around 79 bar of compressor
output pressure. This jump is caused by the compressor using so much power that the electrolyser cannot
run at full power without overshooting the total of 760 MW of power that is available from the wind farm. The
maximum power setting is therefore reduced to 99%.
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Figure 5.11: LCOH heatmap with varying pipeline diameter and compressor output power, the electrolyser output pressure is 30 Bar

5.5. LOCATION

In this section an analysis of the effect of x;,, and y;,. is made. In Figure 5.12 the lateral and longitudinal
locations of the electrolyser are varied. A heatmap of the computed LCOH in that location is shown. Fur-
thermore, a blue dot shows the location of where the network is to be connected to land. A red dot shows
the location where the wind farm is. The distance between these two points is 65 km. The lowest LCOH is
reached directly between the line of these two points. Furthermore, the closer the electrolyser is to the red-
dotted wind farm connection point the lower the LCOH becomes. The reason for this is the lower cost of
the pipeline per km than the electricity cable. Furthermore, the cable loses more energy due to transmission
losses than the energy lost in the hydrogen pipeline as shown in Table 5.12.
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Figure 5.12: LCOH heatmap with varying longitudinal and lateral location of the offshore platform

5.6. OPTIMIZATION

Earlier in this chapter it has been shown that the design space is posing several possible problems for optimiz-
ing the system. Firstly, there are several aspects in the model which do not follow a continuous calculation.
The discontinuous design space is most prominent in the selection of pipeline diameter. Furthermore, it was
also visible in the selection of power settings for each hour and the number of stages in the compressor. The



58 5. RESULTS

design space is in large parts convex, but the discontinuous pipeline diameter and the power setting create
local minima.

In chapter 4, a differential evolution algorithm was chosen using the Mythic python package to find an op-
timal design for LCOH using 7 variables. Furthermore, the constraints that were used had no tolerance and
could not be exceeded for the optimal result. The results of using this optimization algorithm are shown in
Table 5.7. The algorithm selected seems to find different optimum each time. For run number 3 it took 260
iterations with a total number of 2610 function evaluations. It took the algorithm 175 seconds to come to this

local optimum. The termination reason was that the objective function did not improve more than 0.005 €/kg
after the last iteration.

Table 5.7: Results of first 3 runs with differential evolution optimization

Run # Weiec Tejec Pelec Yioc Xloc Pcompr
MW K Bar ° ° mm Bar €/kg
Baseline 700 333.15 30 52.2 4.5 609.8 100 15.50
1 750.32 348.03 50.00 52.28 4.75 59432  67.56 13.88
2 751.30 347.84 50.00 52.35 4.85 405.78 71.72 13.83
3 749.89 346.86 50 52.37 4.88 508.00 68.77 13.93

In order to analyse what causes the algorithm to find different results in each three runs, it is useful to visualise
the largest differences in the optimized design vectors. From Table 5.7 the largest difference occurs in the
diameter of the pipe and the compressor power. Therefore, the heatmap in Figure 5.11 is adjusted such that
the three runs are visible in Figure 5.13. Furthermore, the two constraints regarding the minimum pressure
and erosional velocity are shown. The feasible design space is shown on the right side of the dotted line. All
three runs have closed in on the dotted line. This means that the minimum pressure constraint is active. This

is as expected since having an extra high-pressure output would require more power without increasing the
hydrogen production.

From Figure 5.13 there is a clear point that should yield a lower LCOH when the pipeline diameter is between
300 and 400 and a compressor output pressure of 75 bar. This point would still comply with the constraints.
The optimizer algorithm selects random points to mutate the design vector. Therefore, the optimizer is not
reaching the same point while running the exact code. Furthermore, the figure only shows two design vari-
ables. The code will have to vary all seven variables at the start. On top of that, in order to find a lower LCOH
it has to find a vary both the pipeline diameter and the compressor output pressure simultaneously. As the
iterations start to accumulate, the algorithm decreases the size of the mutations and it will run into the local
optima. In this case, three different local optima are reached in the three runs.
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Figure 5.13: LCOH heatmap with varying pipeline diameter and compressor output power
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A good option to look at is to rerun the optimization algorithm and change the initial design vector to the
optimal design vector found in the previous run. This will give it the freedom to have bigger mutations again
while already being really close to the optimal value. The results for rerunning the algorithm two more times
are shown in Table 5.8. Including the first run the total time to run the optimizer was 475 seconds with 9060
function evaluations. The LCOH has been reduced by a further 0.06 €/kg. The diameter of the pipeline is
decreased further and the hydrogen compressor compresses the hydrogen to a higher pressure compared to
the earlier local optimum. The LCOH reduced by 1.68 €/kg.

Table 5.8: Design vector and resulting LCOH after rerunning the differential evolution algorithm three times for a 760 MW offshore wind
farm

Run # Welec Tejec Pelec Yioc Xloc D/)ipe Pcompr
MW K Bar ° ° mm Bar €/kg
Baseline 700 333.15 30 52.2 4.5 609.8 100 15.50
1 750.32 348.03 50.00 52.28 4.75 59432 67.56 13.88
Final 7519  347.824 50.00 5237 4.89 360.6 72.06 13.82

To analyse the effectiveness of the differential evolution algorithm a gradient-based algorithm was chosen
to optimize the system. The results of several runs are shown in the Table 5.9. The function evaluations re-
quired to produce the following outputs are 8310, 8730 and 8220, respectively. This means Powell’s conjugate
gradient-based algorithm was slightly faster in converging. However, the results are comparable to the dif-
ferential evolution algorithm. The LCOH of the three runs is between 13.93 and 13.83. This is comparable
to the differential evolution results in Table 5.7. The main difference between the local optima found in the
Powell’s conjugate algorithm is the slight change in pipeline diameter and the compressor outlet pressure.
Compared to the sequential differential evolution algorithm it performs slightly worse. On the other hand,
it needs fewer computations of the model while the LCOH is only slightly higher. This could therefore be a
good option to use as a starting point. Especially, if in earlier stages of a similar project several design options
need to be analysed after optimisation. In later stages of the design it could be more useful to utilize the more
computation expensive sequential differential evolution algorithm.

Table 5.9: Design vector and LCOH after running the Powells conjugate algorithm three times for a 760 MW offshore wind farm

Run # i Pcompr LCOH
MW K Bar ° ° mm Bar €/kg

Baseline 700 333.15 30 522 45  609.8 100 15.50
1 74426  347.82 50.00 5234 4.84 247.44 100 13.92

2 75292  347.62 50.00 5237 4.89 495.16 68.79 13.85

3 748.325 347.62 50.00 52.37 4.89 255.83 84.55 13.88

5.7. FINANCIAL ANALYSIS OPTIMIZED DESIGN

In Table 5.10 the optimized results for the hydrogen production are shown. The hydrogen needed for the
fuel cell stays more or less the same. On the other hand, hydrogen production is increased by 5000 tonnes or
almost 10%. This could be explained by the fact that the electrolyser power is increased and all the energy is
used more optimally.

Table 5.10: Hydrogen production totals per year for optimized design

Results

Quantity kg/year

Quantity kg/year Baseline

Total hydrogen production 60,095,683 55,039,242
Fuel Cell hydrogen consumption 549,922 540,721
Netto Hydrogen production 59,545,760 54,498,521
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Table 5.11: Off-grid wind-based hydrogen production system efficiency per year for 760 MW wind farm and 751 MW electrolyser in the
optimized design

Opiimized —— Baseline

Netto hydrogen production 60,095,683 kg 54,498,521 kg

Total wind energy 3,780,227 MWh 3,780,227 MWh
Lower heating value hydrogen 33.3 kWh/kg 33.3 kWh/kg
Total system efficiency 52.9% 48.0 %

Lastly, it is useful to look at the transmission and pipeline results from the baseline to get a better understand-
ing of the drivers in the optimisation. The pipeline length, HVAC cable length, pressure drop and efficiency
loss in the cable are shown in Table 5.12 for the optimized and baseline results. The cable length decreased
due to the high cost of the HVAC cable, and the relatively lower cable losses for a shorter cable. On the other
hand, the pipeline got longer and the pressure loss increased. The main reason is that a decrease in pipeline
diameter is cheaper than an increase in compressor work required over the whole LCOH calculation. It does
however not reduce the HV cable length to 0. One reason for this is that the gradient of LCOH for the location
becomes very shallow and there is no real benefit for the optimizer to move even closer to the wind farm.

Table 5.12: Off-grid wind-based hydrogen production transmission and transportation losses per year for 760 MW wind farm and 751
MW electrolyser after optimization

Variable Optimized Baseline Change
HVAC cable length 6.2 km 329km  -81.0%
HVAC transmission loss 0.4% 1.78 % -77.5%
Hydrogen pipeline length 48.8 km 242km  +101.7%
Pressure loss pipeline 4.48Bar  0.07 Bar -

The breakdown of the LCOH and the three contributors is shown in Table 5.13. The largest contributor to the
costs is the LCOE of offshore wind electricity. This contributes 8.69 €/kg at an LCOE price of 80 €/kWh. The
CAPEX and OPEX of the system are contributing much smaller amounts. The LCOH has decreased by 1.68
compared to the baseline scenario. The most important decrease comes with the fact that hydrogen produc-
tion has increased by almost 10%. The CAPEX and OPEX have slightly increased compared to the baseline.
But the hydrogen production has increased even more. This creates a lower LCOH due to the CAPEX, OPEX
and stable LCOE being divided over more hydrogen mass.

Table 5.13: LCOH breakdown of optimized design

Total LCOH CAPEX/kg H, [€/kg]  OPEX/kg H; [€/kg] LCOE/kg H, [€/kg]
Baseline 15.50 3.38 (21.8%) 2.56 (16.5%) 9.49 (61.2%)
Optimized 13.82 2.92 (21.1%) 2.22 (16.1%) 8.69 (62.9%)
Relative Change -10.8 % -13.6 % -13.3% -8.4 %

5.8. SENSITIVITY ANALYSIS

Lastly, this chapter concludes with the results from varying several inputs to the model. From the cost elec-
trolyser to the efficiency of the electrolyser as well as the Internal Rate of Return (IRR) . The different measures
all have one thing in common. The LCOH is prone to large increases in all categories. Especially, the IRR rate
is high since the electrolyser will only earn back the investment over a 25-year lifespan. As we have seen in
chapter 2 the PEM electrolyser technology is not fully developed yet. CAPEX is assumed to be decreasing
until 2030. However, a 10% decrease in CAPEX will only decrease the LCOH by 0.38 €/kg. This will never re-
duce the whole system’s LCOH to a point where it can be competitive with grey hydrogen. On the other hand,
can bigger improvements be made when the system is 10% efficient. This leads to an decreas of 1.25 €/kg
in LCOH. This is an almost 10% decrease. Another important factor is the LCOE. The biggest improvements
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could be made when the IRR will decrease by 2%. This is however, never a possibility since companies can
not suddenly reduce their internal IRR ratings. It shows that with a long lifetime of the project, the IRR has a
big effect on the LCOH.

Table 5.14: LCOH breakdown

Parameter Offset | LCOH

Optimized Design - 13.82
CAPEX,/ec +10% | 14.20
-10% | 13.44
OPEX,/ec +10% | 13.99
-10% | 13.64
Nelec +10% 12.57
-10% 15.29
LCOE +10% | 14.69
-10% 12.95
IRR +2% 16.05
-2% 11.79

With all the possible sensitivities that are shown above the LCOH is affected at different levels. However, it
can not be concluded that with different financial and technical improvements, the LCOH is suddenly com-
petitive. Even returning to the lower LCOE from a few years ago will not make up the gap between offshore
wind-based hydrogen production and grey hydrogen.
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CONCLUSIONS

In this chapter, the results from modelling and optimizing an off-grid offshore hydrogen production plant us-
ing wind energy are discussed. The model used in this research contained an electrolyser, water desalination,
pump and compressor, hydrogen compressor, offshore platform, a fuel cell and hydrogen pipeline. The main
research question to be answered in this thesis was the following:

To what extent can Multidisciplinary Design Analysis & Optimization reduce the Levelized-Cost-Of-Hydrogen
of off-grid offshore hydrogen production using wind energy?

The three sub-questions that aided in answering this research question were the following:

* How is the off-grid offshore electrolyser system modelled?
* What system parameters drive the LCOH optimum?

* What MDAO method is best suitable for optimizing off-grid offshore hydrogen production?

SUMMARY

Firstly, this chapter will start with the conclusions gathered from the research. It will follow up on the limita-
tions of the model and the research. Lastly recommendations for further research are listed.

6.1. DISCUSSION

In this report, the electrolyser system was modelled with the use of water treatment, an offshore platform, a
PEM electrolyser, hydrogen compression and a hydrogen pipeline. In particular, modelling the electrolyser
efficiency according to the pressure and temperature at which it operates proves to be effective in finding an
optimal design. Almost all the systems modelled around the electrolyser depend heavily on the pressure and
temperature of the hydrogen. As seen in chapter 2, the water treatment system is important to model. Itis a
hard requirement for the electrolyser to have desalinated and highly purified water to prevent degradation.
This system uses low amounts of energy compared to the electrolyser. The water treatment system is linearly
dependent on the electrolyser operating pressure. On the other hand, the hydrogen compressor requires
more work than the water treatment system. The work required for the compressor scales exponentially with
the pressure difference between the electrolyser pressure and the compressor output pressure. The hydrogen
pipeline is governed by the length of the pipeline, the diameter chosen and the output of the compressor. This
relationship between pipeline diameter, length and compressor output pressure is hard to optimize since
they have to be varied simultaneously to see their effect.

In the model, the design vector contains seven design variables. The design variables have a huge variation
in their effect on the LCOH. The most important variable is the W,;,.. This variable has a large effect on
both the hydrogen production and the costs on the other hand. The effect of pressure on the electrolyser
efficiency was shown to be limited. In contrast, the auxiliary systems used less power at higher pressures.
This shows that varying the electrolyser operating pressure is having an effect on the LCOH. The temperature
of the electrolyser mainly has an effect on the electrolyser’s efficiency. This effect is considerable as it can
gain or lose more than 10% of efficiency in the electrolyser module. Outside the electrolyser, the temperature
effects are not modelled as well. They are considered to be quite low and heat exchangers are more efficient

62
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than the cooling of electrolyser stacks. The longitudinal and lateral location of the electrolyser could be cou-
pled together in a factor of how far the electrolyser is between the wind farm and the connection point. The
coordinates were modelled such that the model could incorporate sea depth overlays in the cost of the off-
shore substation. Furthermore, the pipeline and electricity cable might not be able to be laid in a straight line
between the two points. The selection of compressor output pressure and diameter of the pipeline have a
large effect on each other. If chosen together they can make sure constraints are met along the pipeline, and
areduction of LCOH is possible.

The question that was to be answered in this research was if the modelled problem could be optimized by
using an MDO setup. The model can go through several thousand function evaluations within a minute.
There is always a payoff between the computation time and the detail of the model. Modelling the system
with clearly separated modules which can be called separately to validate proved to be an efficient method.
Having a low computation time aided in visualising the design space. The visualisation aided in finding the
problem with the optimization problem. The model contains several discontinuities that are a result of the
different hydrogen pipeline diameters, the power settings, the compression stages required and the number
of offshore platforms. These discontinuities proved to cause problems in the optimization. The power set-
ting of the electrolyser was used to reduce the computation time of the system. Also, any linear model on
offshore electrolysis with water desalination and compression is not yet available. This would have been a
good addition to the model. The conclusions drawn from the pressure analysis are however very useful for
future selection of the electrolysers in the future.

A differential evolution algorithm is a good option for non-differentiable, continuous design spaces. Although
the design space is not completely continuous and contains smaller non-convex regions the algorithm was
chosen since it was open-source and readily available. Furthermore, it was interesting to see how far the
optimizer could come. The optimizer was considerably effective in finding local optima close to the global
optimum. In fact, only the combination of compressor output pressure and pipeline diameter proved to
be problematic. The solution to this problem was to rerun the differential evolution algorithm a few times
starting each new run with the optimal vector from the last run. This gave the algorithm more freedom to find
global optimum which it got cut off from because the step sizes were decreasing as the number of iterations
increased. The final LCOH of hydrogen was decreased by about 1.6 €/kg from the baseline design vector.
The largest contribution to this decrease was the increase in maximum electrolyser power as the pressure
of the electrolyser increased. On the other hand, does the location of the electrolyser have a small effect on
the LCOH as the hydrogen pipeline is cheaper than the high voltage electricity cable. Furthermore, it seems
to be preferable to decrease the pipeline diameter and increase the hydrogen compressor work and output
pressure. This effect is small but a few cents decrease in LCOH is still preferred with the total amounts of
hydrogen produced.

The LCOH of the baseline design was 15.50 €/kg. This is much higher than the reported possible LCOH of 5
€/kg in several reports. The main reason for this is that the LCOE of offshore wind has increased drastically
in the last few years. Therefore only the cost of the electricity already drives the LCOH significantly above 5
€/kg. Another factor in this much higher figure is the price of the electrolysers and the added cost of placing
the electrolyser offshore. The 13-15 €/kg estimate from the model and optimization is not far off from the
expectations within ENECO. Hydrogen produced on land will probably be cheaper. The cost reduction in the
electricity cable does not add up to the extra costs related to the offshore substation, placing the electrolyser
offshore and the operational expenditure at sea. The Dutch government will have to subsidise the gap be-
tween offshore green LCOH to make offshore electrolysis compatible with the LCOH of grey or blue hydrogen
and a feasible investment option for Eneco. Most assumptions and limitations in the model had a decreasing
effect on the costs. On the production side leakage and hydrogen quality control in the pipeline could reduce
the possible reduction even more. Both these facts only strengthen the conclusion that offshore hydrogen
production is far from economically feasible.

In conclusion, can Multidisciplinary Design Analysis & Optimization reduce the Levelized-Cost-Of-Hydrogen
of off-grid offshore hydrogen production using wind energy? The simple answer is, that it is possible to reduce
the LCOH considerably by optimizing the size of the electrolyser in parallel with the operating pressure and
temperature. Smaller improvements can be made by simultaneously choosing the hydrogen compressor



64 6. CONCLUSIONS

output pressure and diameter of the hydrogen pipeline. Lastly, the design space is discontinuous. This leads
to the fact that the genetic sequential differential evolution algorithm showed the best results in optimizing
for LCOH.

6.2. LIMITATIONS

The model is effective in exposing some major drivers in the LCOH of offshore hydrogen production utilizing
wind energy. However, the model has some limitations which are listed below.

 The electrolyser is mainly modelled for the thermodynamic and electrical performance of the cell and
the following temperature control. In practice, the membrane of the PEM fuel cell has limitations on
the thickness and the pressure that can be applied. The model has not made an attempt to model the
physics of the membrane and the added cost of possible thicker membranes.

* The suppliers of electrolysers will supply electrolysers at fixed pressure outputs. It is not possible to
simply run the electrolyser supplied at a different pressure. However, the model is currently set up
to be more freely in adjusting the pressure to see the overall effect on the system cost and hydrogen
production.

* The intercooler in the hydrogen compression is not accounted for in the power division. Although this
is a smaller contributor to the power requirement it will reduce the hydrogen production in the future.

 The offshore platform that is modelled only uses the electrolyser power to estimate the costs. Further-
more, the offshore substation will require power to run. Also, personnel is needed to run and service
the equipment. All these costs are not incorporated in the model and would increase the LCOH. Fur-
thermore, the offshore platform will have different costs depending on the sea depth. The model does
have the ability to adjust the longitudinal and lateral location separately. This would give it the ability
to incorporate sea depth in the cost calculation in the future.

* The model assumes one year of wind energy and uses this year to calculate the hydrogen output for
each year of the lifetime of the system. This method was chosen to reduce the computation time con-
siderably. The model calculates the hydrogen production for each hour. This also means that the effects
of climate change over the years are not incorporated into the calculation. If the availability of the wind
farm is higher or lower, the hydrogen production could be affected directly.

* In real life electrolysers have a start-up time from standby. This could take several minutes. Further-
more, the temperature will take time to settle into a constant. Both these effects are not incorporated
in the model.

* There is currently not a lot of information available on the degradation of PEM electrolysers. Values of
overvoltage increase have been mentioned but PEM electrolysers of this size are not operational yet.
The model does replace the stacks after a certain amount of hours but does not incorporate losses
related to degradation during this time.

6.3. RECOMMENDATIONS

For future research, there is a lot of improvement to be made on the details of the modelling. This model has
mainly focused on the thermodynamic effects on the LCOH. Within the electrolyser, the temperature effects
on efficiency are high. However, all the different effects have been taken from research that was done in iso-
lated testing facilities [4, 5]. Using data from larger operational electrolysers on land to predict the efficiency
will increase the accuracy of the model. Furthermore, the electrolyser module will have more than just the
temperature and pressure as input parameters. The membrane materials, as well as the cathode and an-
ode materials, are the major contributors to the electrolyser price. By varying the electrolyser pressure these
materials are also changing, or the volume of raw material changes. These factors can be added for better



6.3. RECOMMENDATIONS 65

representation. On the other hand, can the model also be adjusted to take pre-calculated electrolyser system
outputs. Then several industry suppliers can submit their data and the model runs through all electrolyser
options and finds the best match.

The modelling of the substation is currently limited to a simple cost calculation. However, the substation is
prone to a few factors that influence the cost. The weight and area of the electrolyser system have an effect
on the amount of steel used, and therefore the cost [99]. The biggest contribution that can be made is adding
the factor of sea depth to the module. The cost of the offshore substation is related to the depth of the seabed.
In the case of the North Sea, the sea depth varies only small amounts at shorter distances. Incorporating sea
depth will also significantly increase the location effect on the LCOH.

In the model, the location of the electrolyser can be altered longitudinally and laterally. However, from the
results, it was concluded that moving the electrolyser is only effective along a straight line between the end
and the start point. This was a result of not including any geological locations in the model. In the future,
it would be a good addition to add specified pipeline corridors as well as sea depth and seabed material in
the model. This would improve the cost estimation and could lengthen the hydrogen pipeline even further
to better estimate the cost of placing the platform. This would also justify the use of two variables instead of
just one variable for the location of the subsystem.

The model also does not take into account when the electrolyser is on land. It is for now too complicated to
include costs of land area, and even finding a plot to build the electrolyser on land. However, comparing the
LCOH of electrolysis when placing the electrolyser on the coastline would improve the understanding of the
costs related to the project. Furthermore, optimizing the layout of the wind farm simultaneously with this
hydrogen model would also be a great addition in the future. Maybe the electrolyser could be placed in the
middle of the wind farm.

For the optimization, the sequential differential evolution algorithm proved to be successful in improving the
LCOH compared to a gradient-based Powell’s conjugate method. However, the differential evolution algo-
rithm can also be adjusted by the amount of cross-variation and mutations that are computed each round.
This could be fruitful in finding a more optimal LCOH while decreasing the number of computations. An-
other option could be, to combine the more efficient gradient-based algorithm with genetic algorithms. By
starting with the genetic algorithm and when it converges to a local optimum, start with the differential evolu-
tion algorithms. Lastly in this research, the model was optimized for the seven variables. For future research,
can the x and y location variables be joined together in a factor of how far the electrolyser is on the line from
the connection point to the wind farm. The electrolyser maximum power has the most significant effect on
the LCOH but this effect is influenced by the operating temperature and pressure. For future optimization,
it is useful to better understand the cross-variable sensitivity. This is a challenge since the design space is
discontinuous and most methods for sensitivity analysis, such as Sobol, require a continuous design space.

In order to successfully install an offshore hydrogen production facility, a number of factors must be solved
first. The government will have to start with a tender on a smaller scale. The uncertainties regarding large-
scale electrolysis are high. Mainly since there are no operating facilities on land of the 500 MW scale. It is a
huge step to think it is possible to install 500 MW offshore electrolysers by 2030. This pathway will have to be
adjusted and a start should be made on technology demonstrations as soon as possible. Otherwise, the path
to more offshore hydrogen production will take a lot more time and might eventually never happen. The gap
between LCOH of offshore electrolysis en grey hydrogen is 200%. This will not simply be reduced by better
and cheaper technologies. Therefore, subsidies will always be needed in the near future.

Lastly in order to quantitatively assess the difference between offshore hydrogen production and producing
the hydrogen at the connection point of the wind farm on shore, it would be a good addition to also build a
similar model for the second option. Comparing both models and their resulting LCOH will give a better view
on the advantages and disadvantages of both systems.
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