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" Roles and responsibilities have to be defined early and clearly, for example who is
operating the grid infrastructure, who is responsible for balancing the power, etc."
- North Sea Wind Power Hub - Industry report, 2020 [1]

" In the North Sea Energy Outlook, no statements are made about the optimal ratio
of hydrogen and electricity production or about the optimal technical integra-
tion solution for energy production in the North Sea. Insufficient knowledge is yet
available on this topic."
- North Sea Energy Outlook, 2020 [2]

" Future discussions within the overall debate on the energy transition should aim for
a detailed power-to-gas implementation strategy, with special consideration of
the implications it will have on the electricity and gas grids. The strategy should in-
clude work on the technical and economic feasibility of power-to-gas facilities."
- Infrastructure outlook 2050, 2019 [3]

" Parties that invest in wind farms must have a timely overview of feasible business
cases. In addition, the social costs must be clearly defined in advance and the question
of who has to pay for what should be discussed transparently. There are currently
no such action plans nor a cross-sectoral roadmap to 2050."
- Het akkoord voor de Noordzee, 2020 [4].

The findings presented in this research can help inform researchers, policymakers,
and the energy industry in the transition towards hybrid wind-hydrogen parks.
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Abstract
Utility companies, grid operators and policy makers in the Netherlands have identified a
lack of knowledge on the topic of offshore wind-hydrogen. To move ahead on offshore wind-
hydrogen, more information needs to become available on the optimal design and operation
of an offshore wind-hydrogen park, the park’s economic feasibility, and the effect that the
park has on the national grids.

The objective of this study is to provide insight into the techno-economically optimal design
and operation of an offshore hybrid wind-hydrogen park from a developer’s perspective, by
examining how various design and operational choices – i.e. the electrolyser technology,
capacity and operational strategy - resound in the economic feasibility of the park.
To this end, a model of an offshore wind-hydrogen park has been developed in MATLAB,
comprising an electrolyser, desalinator, compressor, transformer, platform and additional
cabling. The model optimises between electricity and hydrogen production based on the
conversion losses and wholesale market prices, and assumes an existing export infrastructure.
The model considers the technical and financial parameters of the components involved, and
condenses the performance of any hybrid park design into the park’s Internal Rate of Return.
Examining the IRR and the flows of energy for various park set-ups allows to reflect on the
parks’ economics and effect on the national grids.

First of all, the results point out that adding an electrolyser to a wind park is clearly beneficial
from a flexibility perspective and significantly increases the park’s electricity capture value.
Secondly, the PEM electrolyser appears to be the technology of choice. The results show
that the AE’s slightly higher efficiency and significantly lower CAPEX cannot compensate
for its reduced production flexibility as a result of its minimum load. Moreover, the lower AE
electrolyser output pressure proved to be of limited importance, as it does not affect the park’s
production flexibility. Thirdly, the optimum relative electrolyser capacity highly depends on
the perspective from which the optimum is determined, and on many input conditions such as
the electrolyser CAPEX and energy prices. However, when the conditions are favourable to
the addition of any electrolyser capacity, the results show that from an IRR perspective the
addition of the full electrolyser capacity is optimal due to economies of scale in the electrolyser
CAPEX and the increasing flexibility of the park to respond to market prices upon larger
installed capacities. From an investment risk perspective, installing a moderate electrolyser
capacity could be favourable to balance the exposure to the uncertainty in the electricity
and hydrogen markets. Fourthly, the results show that it is beneficial for the electricity grid
operator to reduce the electric export capacity for hybrid parks, as the electric export capacity
factor significantly reduces upon favourably conditions for hydrogen conversion. Besides,
the results show that reducing the electric grid connection only limitedly affects the park’s
economic feasibility.
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Chapter 1

Introduction

The introductory chapter provides context to and defines the objective and scope of the
research presented in this report. Section 1-1 provides insight into the hopeful rise of renewable
electricity generation and its associated challenges. Moreover, the section introduces power-
to-hydrogen as a potential contribution to solving these challenges and discusses various
offshore conversion configuration alternatives. Subsequently, section 1-2 presents the state-
of-the-knowledge in literature, and provides argument for complementary research on the
topic presented. Next, section 1-3 clearly presents the research question central to this study
and demarcates the scope of the research. The final two sections of this chapter present the
methodology used to address the research question and the outline of the report.

1-1 Hybrid systems in the energy transition

1-1-1 The rise of wind and solar energy

To mitigate global warming, the transition towards sustainable energy systems emerges as
a central challenge to countries and companies worldwide. Over the past decades, a strong
backbone for decarbonisation of the global energy supply has been developed by the emergence
of renewable electricity generation technologies. In particular, wind and solar technologies
have advanced rapidly, with an increase in annual deployment of over 30% year-over-year
since 2010 [8]. The adoption of wind and solar in the global energy mix remains relatively
limited, but with rapidly declining costs and a strong urgency to change our energy systems,
the deployment of wind and solar energy is projected to increase exponentially towards 2050
[8].

The Netherlands is one of the global front runners in offshore wind, and is among the top
five countries worldwide in terms of installed offshore wind capacity and share of electricity
from offshore wind. In 2018, 3% of the country’s electricity demand was met with offshore
wind energy, compared to a global average of 0.3% [8, 25]. In the future, offshore wind is
expected to play an expanding role in the electricity supply of the Netherlands, because of the
North Sea’s vast and readily available resources, onshore space limitations, and high public
resistance in densely populated areas [5]. Figure 1-1 highlights the rise of offshore wind in
the Netherlands.
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2 Introduction

Figure 1-1: Installed offshore wind capacity and share of offshore wind in the national electricity
and energy mix of the Netherlands in 2018, 2030 and 2050. Based on data from [5, 6, 7, 8, 9].

1-1-2 The associated challenges of wind and solar energy

The swift increase in renewable electricity generation is promising, but the transition towards
wind and solar power brings two critical challenges. The first challenge is the intermittent
nature of wind and solar resources on a geographical scale and a multitude of timescales.
In times of low wind and solar resources, this intermittency endangers the reliability of the
energy supply. Meanwhile, in abundant resources, the large quantity of renewable electricity
leads to grid congestion issues and requires curtailment due to grid constraints [26, 27]. More-
over, the supply-demand challenge resulting from the intermittent nature of wind and solar
power increases volatility in electricity market prices, complicating the developer’s business
case and lowering the investors’ confidence [27, 28]. This challenge becomes all the more
significant with increasing installed renewable electricity capacity, if not complemented by
storage, demand side response, and conversion technologies [3, 29].
The second challenge is the decarbonisation of the non-electrical demand. In various indus-
tries, full electrification of demand is unfeasible, inefficient or cost-ineffective, even though the
significant consumption of fossil fuels and feedstock in these sectors too must be mitigated
as a matter of urgency. Exemplary for such industries are the steel, chemical and fertiliser
industries or heavy-duty rail, road and maritime transportation sector [8, 10, 30].
To respond to both these challenges, future energy systems must become more flexible to
fulfil the demand across industries, geographical locations and timescales.

1-1-3 Power-to-hydrogen as part of the solution

Part of the solution to the aforementioned challenges is converting renewable electricity into
green hydrogen through water electrolysis. Power-to-hydrogen can relieve stresses on the grid
in times of oversupply and provide the molecular energy carriers required to carbonise the non-
electric energy demand [17, 31, 32]. When power-to-hydrogen is integrated into a renewable
generation asset, for example an offshore wind park, the renewable electricity can either partly
or entirely be converted into hydrogen. In the former case, the renewable generation asset
can output electricity as well as hydrogen; only in this hybrid configuration the conversion of
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electricity into hydrogen results in the required increased flexibility in the energy system [7].
Moreover, only a hybrid conversion configuration provides the developer with the flexibility
to respond to market price dynamics and potentially improve the asset’s business case [7].

1-1-4 The potential of offshore conversion

In the particular case of offshore wind energy, the conversion of electricity into hydrogen
can either occur onshore or offshore. Advantages of onshore conversion include less costly
installation and easy accessibility for maintenance purposes [33]. Moreover, electricity is on-
shore converted closer to residential areas and hydrogen-demanding industrial clusters, which
reduces the need for a hydrogen transport infrastructure. This allows for the reuse of the
two main byproducts from electrolysis, heat and oxygen, for purposes such as residential-
and agricultural heating, wastewater treatment and medical use [10, 34, 35]. Various onshore
electrolysis projects with capacities ranging up to 1 GW are currently being undertaken in
the United States, France, Paraguay, Germany, and the Netherlands [36]. For example, in
the Netherlands, a coalition of companies have recently performed a feasibility study into a
multi-GW scale electrolysis plant powered by nearby offshore wind capacity in the North of
the country [37]. Because onshore electrolyser projects are gaining traction globally, more and
more knowledge and experience become available on the onshore application of electrolysers.

Many other arguments, however, favour the conversion of electricity into hydrogen offshore.
Firstly, exporting offshore wind energy in the form of electricity requires expensive grid re-
inforcements [3]. Converting electricity into molecules offshore mitigates these grid reinforce-
ments, and allows for notably more efficient and cheaper transport of energy [32, 33]. This
benefit increases in significance for larger energy volumes and longer transport distances, and
offshore wind parks will presumably be located further offshore and be of greater installed
capacities towards the future [8, 9].
Secondly, to solve the intermittency challenge of renewable sources on a seasonal time scale
by using power-to-hydrogen, the hydrogen must be stored. Storing hydrogen offshore instead
of onshore is advantageous from a safety and social acceptance perspective and allows the
re-purposing of empty, offshore salt caverns that have proven to be suitable and cost-effective
for large scale hydrogen storage [12, 17, 38]. In the Netherlands in particular, plentiful off-
shore salt cavern storage capacity is available [38].
Finally, approximately 3500 km of gas pipelines and 150 platforms in the Dutch North Sea
are to be decommissioned in the next decade, which is estimated to cost up to € 7 billion [39].
In the case of offshore hydrogen conversion, the obsolete infrastructure can be re-purposed.
Delayed decommissioning of the old oil and gas infrastructure is favourable from a sustain-
ability perspective and yields a financial bonus. Various studies have confirmed the technical
feasibility of reusing the existing oil and gas infrastructure for offshore electrolysis purposes
[40, 41].
North Sea Energy [20] provides an insightful, interactive map of the North Sea that shows
the spatial planning of the North Sea for the decades to come, the assets currently available,
and the potential synergies between activities. Because of the aforementioned advantages, it
is highly interesting to explore the topic of offshore power-to-hydrogen at the North Sea in
greater detail.
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1-1-5 On-platform conversion

Three alternatives exist for offshore conversion: on an artificially created island, on-platform
or in-turbine.
Conversion on artificially created islands is a much-discussed topic in the Netherlands. Com-
pared to on-platform conversion, the main benefit of energy islands is that the economy of
scale effect for energy islands is significant. In contrast, platform costs scale linearly with
increasing capacity [7, 42]. According to [7], energy islands become economically favourable
compared to platforms from an installed electrolyser capacity of 6 GW onward. However,
this study aims to research the topic of offshore hybrid wind-hydrogen conversion from a de-
veloper’s perspective, and offshore undertakings of the aforementioned capacities are beyond
a single developer’s scope (1-2 GW).
The alternative of in-turbine conversion is a more technically challenging concept, but one re-
ceived with hopeful expectations, amongst others, by the large turbine manufacturer Siemens
[43]. The main benefit of integrating the electrolyser in the turbine or on the gallery around it
is that high weight, cost, and energy savings can be realised when electrical conversion equip-
ment in the turbine becomes no longer necessary [7, 44]. However, in a hybrid wind-hydrogen
park, the electrical conversion equipment is still required, and the concept loses much of its
potential. Meanwhile, offshore wind parks that produce hydrogen only are not expected to
receive a permit, since these parks cannot contribute to the grid flexibility [7]. Finally, fitting
the electrolyser and its auxiliary equipment inside the turbine will be technically challeng-
ing and leave limited space for electrolyser stack replacement [7, 45]. Although this challenge
could be overcome, in-turbine conversion is not assumed to be available for competitive prices
in the short term.
For on-platform conversion, the technology is readily available and the scope suits well to an
individual developer. Therefore, it could be the first offshore alternative to take off commer-
cially. Figure 1-2 is a visual representation of an offshore hybrid wind-hydrogen park where
conversion occurs on-platform. Interestingly, the Netherlands currently accommodates the
world’s first 1 MW offshore electrolysis pilot, where desalinated seawater is used in combi-
nation with an electricity input profile that typifies an offshore wind generation profile [34].
However, knowledge and experience on the feasibility of offshore electrolysis are generally
scarcely available. The following section evaluates what topics of interest are regarding off-
shore on-platform conversion, which information is available and what gaps in the knowledge
base are identified.

Figure 1-2: Graphical representation of an offshore hybrid wind-hydrogen park with on-platform
conversion, the scope of this research. An existing hybrid export infrastructure is assumed.

K.F. IJzermans Master of Science Thesis



1-2 A developer’s perspective on offshore wind-hydrogen 5

1-2 A developer’s perspective on offshore wind-hydrogen

In literature, hydrogen production from offshore wind parks is a much-discussed topic. Var-
ious studies address specific technical details, such as electrolyser specifications and applica-
bility [14, 32, 46, 47, 48, 49], infrastructure requirements for hydrogen transport [3, 50, 51],
availability and refurbishment costs of old offshore platforms [42, 52, 53], hydrogen compres-
sion [16, 54, 55, 56], and electrolysis from (desalinated) seawater and seawater desalination
[15, 44, 57, 58, 59].
Other studies look into the techno-economic feasibility of integrated wind-hydrogen parks by
using the available knowledge from literature about the specific components [7, 12, 33, 42, 52,
60, 61]. According to the author’s knowledge, the selected studies for review are among the
most elaborate techno-economic evaluations on this topic to date.
Generally, the studies agree on the conclusion that the business case for offshore hybrid con-
version improves upon increasing distance to shore, increasing capacities, and the progression
of time [7, 33, 42]. However, whether or not a hybrid park outperforms an all-electric park
and from what exact distance and year this is the case, depends highly on the assumptions
used in each study. Besides, each of the studies uses a different set of assumptions underlying
the feasibility.

For a developer to move ahead on offshore wind-hydrogen, it is of utmost importance to
gain quantified insight into how various assumptions influence the economic feasibility of an
offshore hybrid wind-hydrogen park. Up to date, this essential information on offshore wind-
hydrogen is not available in a compellingly gathered manner; Developers need clarity and
insight into the design and operation of a hybrid wind-hydrogen park and the responsibility
for energy transport to shore [1, 2, 4]. These topics are also the main recurring underlying
assumptions in the aforementioned techno-economic studies, and are therefore valuable to
take a closer look at.

The main assumptions encountered regarding the design of a hybrid wind-hydrogen park are
about the electrolyser technology and the installed electrolyser capacity relative to the wind
park capacity.
First of all, no consensus on the optimal electrolyser technology exists in literature. One
electrolyser technology, called PEM, is often selected on a qualitative basis for its alleged
technical superiority [33, 52, 61, 62, 63]. However, another electrolyser technology, called AE,
is mentioned to have significantly lower CAPEX and adequate technical capabilities for the
application in wind-hydrogen parks [13, 14, 47, 64, 65].
Secondly, it remains unclear what the optimal relative electrolyser capacity is and how this
parameter resounds in the parks’ feasibility. Earlier studies either simply assume the relative
electrolyser capacity a fixed number, or determine the optimal relative electrolyser capacity
from a national grid-flexibility perspective [7, 33]. A quantified, in-depth understanding of the
effect of the electrolyser selection and capacity on the feasibility of the hybrid wind-hydrogen
park would be valuable from a developer’s perspective.
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Another recurring topic of assumptions is the operation of a hybrid wind-hydrogen park.
Most of the aforementioned techno-economic studies assume either a base load conversion
of electricity into hydrogen, determine the share of electricity that is converted from a grid-
flexibility perspective, or use a fixed electricity price for the park to switch to hydrogen
production [7, 33]. However, it could be economically beneficial for a hybrid park to optimise
between hydrogen and electricity, based on market value [60, 66].
Secondly, the uptake of electricity from the grid is generally not included in earlier studies
[42, 60]. However, this could potentially improve the developer’s business case and is also
important for the grid connection requirements for the TSO. The topics of output optimisa-
tion by using electricity and hydrogen market prices, and the addition of electricity uptake
to improve the developer’s business case are therefore interesting to study in more detail.

A final large uncertainty for developers is the responsibility of hydrogen transport to shore
[1, 4, 7, 42]. However, assumptions on this topic prove to be decisive in the feasibility of
offshore wind-hydrogen in earlier studies.
For the specific situation in the Netherlands, it is valuable to examine the business case
for an individual developer when an existing, socialised infrastructure is assumed, and energy
transport to shore is excluded from its scope. The Netherlands already has a socialised offshore
electricity transmission infrastructure, which has significantly accelerated the deployment of
offshore wind energy by reducing the investment risk for developers. A socialised, offshore
hybrid export infrastructure is therefore considered by the Dutch TSO’s [3].
Removing the responsibility of hydrogen transmission from the business case of the individual
developer in this study allows to reflect on the requirements for a hybrid export infrastructure
from a developer’s perspective in a later stage. Moreover, it can provide insight on the
interaction of offshore wind-hydrogen parks with the gas and electricity grids, as requested
by the Dutch TSO’s Tennet and Gasunie [3].

This study aims to build on the existing knowledge base, and address, in particular, the topics
of interest to a developer to move ahead on offshore wind-hydrogen. To this end, the study
aims to provide quantified insight into how a hybrid wind-hydrogen park can be optimally
designed and operated from a developer’s perspective, including the topics of electrolyser
selection, relative electrolyser capacity, electricity allocation based on market prices and the
uptake of electricity from the grid.
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1-3 Research objective and scope

The objective of this study is to provide insight into how the design and operation of an
offshore hybrid wind-hydrogen park can be optimised for output value by using electricity
and hydrogen market prices. As described before, conversion occurs on-platform, and an ex-
isting, socialised hybrid export infrastructure is assumed that the park can connect into. The
objective of the study is translated into a research question below, and a set of sub questions
is defined to approach the research question methodically.

How can the design and operation of an offshore hybrid wind-hydrogen park be
optimised for output value, by using electricity and hydrogen market prices, and
assuming an existing hybrid export infrastructure?

i. What system components are required, and most suitable, for the design of an offshore
hybrid wind-hydrogen park?

ii. What parameters of the system components are of prime importance to the design and
operation of an offshore hybrid wind-hydrogen park?

iii. What values can be assumed for these key parameters of the system components, and
how do those scale with wind park and conversion equipment capacity?

iv. How can electricity and hydrogen market prices be used to optimise the electricity
allocation- and electrolyser operation strategy?

v. How do the operation and economic feasibility of a hybrid wind-hydrogen park compare
to an all-electric reference case?

vi. How sensitive is the economic feasibility of a hybrid wind-hydrogen park to the different
design and operational choices, parameter value assumptions and alterations in electric-
ity and hydrogen market price profiles?
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1-4 Methodology

To answer the aforementioned research questions systematically, an extensive literature review
was first performed to determine a suitable configuration for an offshore hybrid wind-hydrogen
park, and to obtain an in-depth understanding of the various components it comprises. Ad-
ditional communication with experts from the TU Delft, TNO and the Technical University
of Madrid were helpful to discuss and verify the information obtained.

Subsequently, a MATLAB model was purpose-built to represent the hybrid wind-hydrogen
park. All hardware components between the wind park and the grid interfaces are repre-
sented in the model, and include the electrolyser, desalination unit, compressor, transformer,
platform and additional cabling. The technical and financial specifications of the hardware
components are implemented as input parameters to the model. As a result, the model is
adaptable to changing design choices of the hybrid wind-hydrogen park, and the model can
be easily updated when new information becomes available on any of the components. The
parameters were then assigned indicative values based on literature research and manufac-
turer data. Since the industry develops at a high pace, sources from 2018 onward were used
to obtain realistic indications for parameter values.
The Internal Rate of Return (IRR) is used in the model to quantify, and condense in a single
metric, the out-turn of the hybrid wind-hydrogen park. Thereby, the different park designs
can easily be inter-compared. The IRR calculation predominantly serves the goal of providing
insight into how the design and operation of an offshore hybrid wind-hydrogen park influence
the park’s economics instead of indicating the absolute economic return of the park. Next, a
representative case study was defined to apply the generic model to a particular location and
set of input data. The results obtained from the case study were then compared to an all-
electricity reference configuration and reflected upon. Subsequently, an extensive sensitivity
analysis was performed to observe how the results of the case study alter upon variations in
the presumed parameter values as well as design decisions. As a result, the sensitivity within
the model itself is reflected upon, as well as the sensitivity of the application of the model.

1-5 Report outline

The study is structured as follows. First, chapter 2 describes the model that has been de-
veloped for the purpose of this research; it includes an overview of the real configuration of
the hybrid wind-hydrogen park, an overview of the model equivalent of the configuration, an
elaboration on the individual model components, and the validation of the model’s intended
functioning. Subsequently, chapter 3 presents the results of the all-electric reference case,
the case study, and the sensitivity analysis. Thereafter, chapter 4 reflects on what the afore
presented results essentially mean for the design and operation of a hybrid wind-hydrogen
park, how these findings fit into the existing knowledge base, and what topics of interest are
for future research. Finally, the study is concisely concluded on in chapter 5.
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Chapter 2

Model set-up and modelling

This chapter describes the model developed in pursuit of the research objective articulated
in chapter 1. First, section 2-1 provides an overview of the configuration of a real offshore
hybrid wind-hydrogen park. Subsequently, section 2-2 provides an overview of the model
equivalent of the hybrid wind-hydrogen park. In the section that follows, each of the model’s
components is elaborated upon. In the final section of this chapter, the model’s intended
functioning is validated such that it can be applied to obtain the results presented in chapter
3.

2-1 Configuration of a real offshore hybrid wind-hydrogen park

In addition to the conventional wind park and Offshore High Voltage Station (OHVS), the
system design of an offshore hybrid wind-hydrogen park consists of three main system compo-
nents: the conversion equipment, a transmission system and a platform to host the conversion-
and transmission equipment. Figure 2-1 is a visual representation of the hybrid system’s com-
ponents and their interconnecting flows of physical substance.
To be more specific, the conversion equipment includes an electrolyser unit and a desali-
nation unit. The transmission infrastructure comprises the power cables leading up to the
electrolyser, the power electronic units and the hydrogen compressor for grid injection after
conversion.

Figure 2-1: Configuration of the offshore hybrid wind-hydrogen park under review in this research.
1 the decision algorithm and physical switch that send power to the conversion platform are located
on the low voltage side of the OHVS. 2 A rectifier is included in the electrolyser unit.
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Not all hardware components from the hybrid system’s representation in figure 2-1 are in-
cluded in the model that has been developed for this study. For the scope of this study, only
the hardware components that have to be added to a conventional wind park to make it into
a hybrid wind-hydrogen park are included in the model. Each of the hardware components
included in the model is addressed in more detail in section 2-3. First, an overview of the
model equivalent of the hybrid wind-hydrogen park is presented in the following section.

2-2 Overview of the park’s model equivalent

This section provides an overview of how the park’s configuration is translated into a purpose-
built model, representing the offshore wind-hydrogen park. First, the economic calculation is
introduced that condenses the performance of the wind-hydrogen park’s design and operation
into a single metric. Subsequently, an overview of the complete model logic is presented,
accompanied by a visual representation of the model’s logic in figure 2-2. At the end of this
section, the model’s interfaces with the wind park and hybrid export grid are elaborated on.

2-2-1 Model logic and IRR calculation

IRR calculation - To assess the design and operation of the wind-hydrogen park from an
economic perspective, the model condenses the park’s out-turn in a single economic metric,
being the Internal Rate of Return (IRR). The main argument for using the IRR as economic
metric instead of the Net Present Value (NPV) is that the IRR metric gives priority to
the percentage return of the investment, whereas the NPV merely presents today’s absolute
value of future cash flows and provides no insight into the return per invested capital [67, 68].
Besides being suitable to compare projects of different capital requirements, the IRR is also
intuitively interpretable and can be used to assess a project according to its risk profile, as
conventionally done by developers.
In the IRR calculation, the generated output value from electricity and hydrogen sale as well
as the costs over the full life of the park are included. The economic calculation is represented
rightmost in figure 2-2 and in equation 2-1 [68].

∑n
t=1

[
NOVt−OP EXt

(1+IRR)t

]
− CAPEX0 = 0 (2-1)

where CAPEX : CAPEX in year t = 0
NOVt : Net Output Value in year t

OPEXt : OPEX in year t
n : Economic lifetime in years

(2-2)

For the economic calculation, the CAPEX and OPEX costs of the hardware components of
the hybrid wind-hydrogen park are of importance, as well as the net output value of the park;
the revenue and costs associated with the sale and uptake of electricity and hydrogen. The
following paragraph introduces broadly how the net output value of the wind-hydrogen park
is determined.
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Model logic - To obtain the net output value of the wind-hydrogen park, the model takes
into account the revenue from electricity and hydrogen sale. as well as the costs of electricity
uptake. In figure 2-2, these three values are illustrated by black arrows pointing towards the
IRR calculation.
The revenues and uptake costs result from an optimisation that uses the efficiency of conver-
sion and the electricity and hydrogen market prices. The optimisation is performed for each
distinct hour over the lifespan of the wind-hydrogen park. The hourly optimisation performed
is indicated with a light grey, overarching plane and is explained in depth in section 2-3-6.
The only three design parameters of the model are the wind park capacity, electrolyser ca-
pacity, and electrolyser technology. The model automatically scales the required cable, trans-
former, desalinator, compressor and platform capacities, as indicated in the top of figure
2-2.

Figure 2-2: Overview of the hybrid wind-hydrogen park’s model equivalent. The components
included in the model are indicated in black. The interfaces of the model with the wind park and
energy market are indicated in blue. The hourly output optimisation is indicated with a light-grey,
overarching plane.

2-2-2 Model interfaces

Wind park & OHVS - The connection of the conversion platform with the wind park via
the OHVS is one of the interfaces at the model boundary. Since there is no response from the
wind park to feedback from the conversion, the wind park itself is left out of the modelling
scope, and the data required from the wind park is merely imported into the model. This
data comprises CAPEX and annual OPEX figures, and an hourly power output series for
the economic lifetime of the wind park; The CAPEX and OPEX figures are used in the
aforementioned IRR calculation, and the hourly power output series is used in the hourly
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output value optimisation in section 2-3-6. By leaving the wind park out of the modelling
scope, the model is applicable to any wind park if the three required input values are available,
regardless of wind park specifications such as capacity and layout.
The power cables connecting the low-voltage side of the OHVS to the electrolyser conversion
platform are included in the model since the cables’ losses are a function of the electrical
throughput, which is included in the model’s optimisation. More information on the cabling
and the model implementation thereof can be found in 2-3-4.

Grid interfaces - As mentioned in the introductory chapter, the hybrid export infrastructure
is assumed available to connect into, and not accounted for in the model. The connection to
the export infrastructure results in two model interfaces; one for the power grid and one for
the hydrogen grid.
The interface with the power grid remains unchanged when compared to a conventional wind
park. Power is delivered at the low voltage side of the OHVS and participates in the power
market at the responsibility of the Transmission System Operator (TSO) from that point
onward. The power grid interface is represented by an hourly time series of electrical power
exported to - and imported from - the national grid. Moreover, a cap limits the power that
can be delivered to - or taken from - the grid.
The interface with the existing hydrogen grid brings the operating grid pressure as a novel
technical constraint to the hybrid park. The required grid pressure is included in the model
as an input variable. The interface with the hydrogen grid is represented in the model by an
hourly time series of power sold to the market, with a cap on the maximum export quantity.
Hydrogen purity requirements at the grid inlet are not considered a constraint since elec-
trolysers produce hydrogen of purity higher than the current standard of industrial-grade
hydrogen. When a higher purity is required by the end-user, onshore purification can be
tailored to the specific application of the hydrogen [50].

K.F. IJzermans Master of Science Thesis



2-3 Individual model components and the implementation thereof 13

2-3 Individual model components and the implementation thereof

This section elaborates on the individual hardware components that are represented in the
model, and on the model logic that governs the hourly output value optimisation. First,
the hardware components represented in the model are discussed; the electrolyser, desalina-
tion unit, hydrogen compressor, additional cabling and power electronics, and platform that
hosts the equipment. For every component, relevant theory is presented first, after which the
model implementation is presented. At the end of this section, the hourly output value opti-
misation is extensively explained that considers the technical parameters from the individual
components, and determines the optimal electricity allocation within each hour.

2-3-1 Electrolyser

The electrolyser is the core component of the conversion equipment and has the most signifi-
cant contribution to the conversion equipment costs, losses, weight, and surface requirements.
In the next paragraphs the electrolysis process is briefly explained, after which the two most
common electrolyser types are introduced and evaluated on a qualitative basis on their suit-
ability for conversion in an offshore hybrid wind-hydrogen park.

2-3-1-1 Electrolyser theory

Introduction - The electrolysis reaction of water into hydrogen and oxygen is the sum of two
electrochemical half-cell reactions that occur at two separate electrodes under the application
of an electrical current. Oxygen is formed at the anode side, and hydrogen at the cathode
side. An electrolyte and a membrane separate the anode and cathode. The electrolyte facili-
tates the transport of ions but not electrons and closes the electrical circuit between the two
half-cells. The membrane keeps the produced gasses separated at the respective electrodes.
Three main technologies are available for water electrolysis: Alkaline Electrolysis (AE),
Polymer Electrolyte Membrane electrolysis (PEM) and Solid Oxide Electrolyser Cell elec-
trolysis (SOEC) [49]. SOEC is the least advanced technology, and is not yet available at
commercial scale [69]. One of the promising advantages of SOEC is that it operates at higher
efficiencies than AE and PEM as a result of improved kinetics and thermodynamics at high
operating temperatures of up to 900 °C [49]. Even though SOEC is a promising technology,
the early stage of development and high operating temperature make the technology unsuit-
able for offshore conversion in the near future, and SOEC is therefore not considered in the
electrolyser selection of this study.
Regarding AE and PEM electrolysis, various elaborate reviews are readily available in liter-
ature [8, 49, 64, 65]. Therefore, this study only concisely introduces the basics of AE and
PEM technology in the following paragraphs, and then addresses the suitability of the two
technologies for application in a hybrid offshore wind-hydrogen park in 2030.

Two remarks apply to both electrolyser types and are therefore addressed centrally.
First, both electrolyser types require a Direct Current (DC) power supply to the electrolyser
stacks whilst the power received from the wind park is AC. However, the rectifier is generally
included in the scope of the electrolyser manufacturer for power security reasons, and, there-
fore, Alternating Current (AC)-power can be fed to the electrolyser unit [13, 14, 47].
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Secondly, the water purity level that goes into the electrolyser stack for both AE and PEM
is <1 mg/L Total Dissolved Solids (TDS). Such purity levels are obtained with techniques
as continuous electro-deionisation, ion exchange polishing, or mechanical vapour compres-
sion [44, 52]. However, electrolyser manufacturers often take responsibility for the advanced
purification steps to safeguard the electrolyser stacks and oversee the water feed. For most
electrolysers commercially available, a feed-in of tap water-quality suffices, which corresponds
to approximately 300-500 mg/L TDS.
For the scope of this research, the final water purification step and the power conversion
from AD to DC are included in the scope of the electrolyser and not separately addressed;
the losses and costs associated with these activities are assumed included in the electrolyser
values, as in accordance with [13, 14, 47].

AE - Alkaline electrolysis is a mature technology that has already been used on a MW-scale
in industrial applications since the 1920s [49, 70]. Figure 2-3 provides a visual representation
of an alkaline electrolyser cell and the equations that govern the reactions in the cell. The
process operates at a relatively low temperature and is characterised by the use of a liquid,
alkaline electrolyte solution that allows the transport of the hydroxide (OH−) charge carriers.
A separator permeable to OH− ions keeps the product gasses from electrolysis separated.

Figure 2-3: Left: schematic representation of an AE electrolyser cell. Right: the electrochemical
half-cell and overall equations of an AE electrolyser cell [10].

Due to the use of common materials and the advanced maturity level, AE electrolysers have
relatively low capital costs compared to PEM electrolysers [48, 70]. However, the use of a
liquid electrolyte and a porous membrane brings various challenges and disadvantages. For
example, at low partial loads, the accidental diffusion of product gasses across the separator
becomes significant, with potentially flammable gas mixtures as a result. AE electrolysers
must therefore always maintain a minimum operational load [71? ]. Besides that, alkaline
electrolysers show inferior dynamic behaviour with respect to cold start-up-, warm start-
up- and ramp-up times due to the inertia of the liquid electrolyte [49, 63, 65, 71, 72, 73].
Also, ohmic losses across the electrolyte and separator limit the current density of alkaline
electrolysers, which negatively impacts the physical dimensions of the system [71]. Finally,
AE electrolysers operate at lower operating pressures than PEM electrolysers because of
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their more feeble membrane, resulting in the need for external compression for transport and
storage purposes [70]. Development of the AE technology is particularly focused on solving
the challenges that the electrolyte and membrane bring, and as the technology is even more
widely applied in the future, increased economies of scale are expected to lead to significant
cost reductions [70].

PEM - PEM technology was introduced in the 1960s as an alternative to alkaline technology
and is to a lesser extent applied on a large scale due to its low maturity [49, 70]. Figure 2-4
provides a visual representation of a PEM electrolyser cell and the equations that govern the
reactions in the cell. A fundamentally different property of PEM technology compared to
alkaline is the solid polymer electrolyte membrane that separates the electrodes and serves
simultaneously as electrolyte and membrane. The solid nature and membrane properties
provide superior structural strength and lower gas permeability. The increased structural
strength allows for pressurised operation up to 350 bar, and the lower permeability of the
membrane implies lower gas crossover between the electrodes and allows for a larger opera-
tional range and higher purity hydrogen output [49].

Figure 2-4: Left: schematic representation of a PEM electrolyser cell. Right: the electrochemical
half-cell and overall equations of a PEM electrolyser cell [10].

On the downside, PEM technology comes at higher capital costs [48, 70]. Not only is the
membrane more expensive, but it also requires higher purity input water, and the corrosive
acidic composition of the PEM cell requires the use of expensive noble metals for the electrodes
[49, 70]. Therefore, the development of the technology is focused on the use of alternative
materials for the electrodes and membrane, which is expected to result in significant cost
reductions [70].

Electrolyser efficiency - As mentioned in the introductory chapter, electrolysers are increas-
ingly often connected to renewable, fluctuating supplies instead of continuous supplies. This
increases the importance of electrolyser characteristics such as the part-load efficiency.
The electrolyser efficiency can be either expressed in terms of Lower Heating Value (LHV) or
Higher Heating Value (HHV). The LHV is the energy quantity released at the combustion
of a mol of hydrogen when the product water is in the vaporised state. The HHV refers to
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the energy content of the produced hydrogen, including the heat of evaporation of water,
assuming that the output product water is recovered to the liquid state. The HHV efficiency
is used as standard in this research.
For both the AE and PEM electrolyser, the DC-efficiency of the electrochemical reaction that
takes place in the electrolyser stack increases at part-load operation [11, 49]. Meanwhile,
the efficiency of the auxiliary equipment of the electrolyser unit, amongst others the rectifier
and cooling equipment, decreases at part-load operation. Figure 2-5 shows how these two
opposite efficiency courses lead to a point of optimal system efficiency [11]. The figure is not
to scale and serves an illustrative purpose only. A commercial electrolyser of which this part-
load efficiency has been studied in detail is the 6 MW PEM electrolyser from Siemens in the
Energiepark in Mainz, Germany [74]. For this particular electrolyser, the maximum system
efficiency is obtained at operation at 27% of nominal load [74]. Section 2-3-1-2 elaborates on
the implementation of the part-load efficiency in the model.

Figure 2-5: Rough sketch explaining the concept of electrolyser part-load efficiency. The efficient
curves implemented in the model are presented in appendix A-2 [11].

Technology comparison - In this paragraph, the two electrolyser technologies are assessed
on various essential criteria that apply for operation in a commercial offshore hybrid wind-
hydrogen park.
CAPEX, OPEX, and electrolyser efficiency are the most straightforward parameters of im-
portance. Various authoritative and recent sources, such as the International Energy Agency
(IEA), Bloomberg New Energy Finance (BNEF), Fuel cell and Hydrogen Joint Undertak-
ing (FCH JU) and International Renewable Energy Agency (IRENA) favour the AE electrol-
yser significantly with regards to the CAPEX and moderately with regards to the OPEX and
efficiency [13, 14, 46, 47].
Other important electrolyser selection criteria are the electrolyser weight and surface require-
ments, translating into platform CAPEX later on. Indicative values for surface and weight
point out that the AE electrolyser requires more surface than the PEM, but weighs less
[34, 52, 75, 76]. Assuming that weight contributes more significantly to platform costs than
the surface requirement allows to cross off these criteria against each other in the comparison.
Dynamic behaviour finally remains as important category of selection criteria, and comprises
the operational range, cold start-up, warm start-up and ramp-up times. As mentioned earlier
in this section, PEM shows indisputable superiority with regards to dynamic behaviour on
all aspects [49, 63, 65, 71, 72, 73, 77]. However, for the particular application in a hybrid
wind-hydrogen park, outstanding dynamic behaviour is not a requirement by itself. In a hy-
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brid wind-hydrogen park, fluctuations in electricity generation can be fed into the grid when
the dynamic behaviour of the electrolyser does not suffice at times, as opposed to an elec-
trolyser facility that is not connected to the grid. Moreover, variations in wind park output
occur mainly on timescales longer than a second- or minute basis, amongst others due to
the spread of the turbine placement and rotor inertia [78, 79]. For the aforementioned ar-
guments, AE electrolysers are also assumed to have sufficient dynamic behaviour to operate
in an offshore hybrid wind-hydrogen park. However, the superior dynamic behaviour of the
PEM electrolyser does allow the electrolyser to respond more astutely to market dynamics,
resulting in increased revenues. Whether or not this superiority in dynamic operation makes
up for the significantly higher CAPEX cannot be determined on a qualitative basis, and must
be indicated by the model.

2-3-1-2 Model implementation

Since the electrolyser technology selection cannot be confidently made on a qualitative basis
only, the model is made compatible with both electrolyser types to observe their performances
in the hybrid park quantitatively as well. The two types of electrolyser can be implemented
in the same parametric model by differing the parameter values.
The electrolyser capacity and technology are the only two electrolyser design parameters
in the model, and are manually assigned a value. From a predefined specification sheet
for AE as well as PEM, the electrolyser nominal efficiency, water consumption rate, output
pressure and minimum load are then automatically loaded into the model, corresponding to
the selected technology. When less than the rated capacity is sent into the electrolyser, the
model determines the electrolyser part-load, Ppart−load, by equation 2-3, where Pin represents
the power sent into the electrolyser.

Ppart-load =
(

Pin
Electrolysercapacity

)
(2-3)

The efficiency that corresponds to the part-load is then obtained from a look-up table in the
model, which is derived from the part-load efficiency curve of the Siemens electrolyser in [74].
A visual representation of the part-load efficiency look-up table can be found in appendix
A-2. Pin is also used in the model to determine the electrolyser’s water consumption. The
water consumption of the electrolyser, Electrolyserwc, scales linearly with the power sent into
the electrolyser, and is implemented in the model as presented in equation 2-4. The specific
water consumption of the electrolyser, Electrolyserswc, is further described in section 2-3-2.

Electrolyserwc = Pin ∗ Electrolyserswc (2-4)

Electrolyser CAPEX - The electrolyser contributes most significantly to the overall CAPEX
of the equipment required for conversion, and a realistic representation of the CAPEX in the
model is therefore of utmost importance. Scaling effects lower the investment cost per MW
when the installed capacity increases, and a formula capturing the shape if this effect is
presented in [12]. This formula is implemented in the model and presented in equation 2-5.
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Electrolysercapex = Referencecapex ∗
(

Referencecapacity
Electrolysercapacity

)0.1

∗ Electrolysercapacity (2-5)

Figure 2-6 shows the curve obtained from source [12] when fitted to the 2030 electrolyser
CAPEX projections of FCH JU and IRENA [13, 14]. From the various authoritative sources
used in this study, these particular two have been used to construct the CAPEX curves because
these provide a singular CAPEX estimate associated with a disclosed capacity, instead of a
CAPEX range. For reference, the singular values from the sources are presented in the figure
as well. The specific CAPEX of the AE electrolyser is approximately 30% lower than that of
the PEM electrolyser, as in correspondence with the average difference in CAPEX from FCH
JU, IRENA, BNEF and IEA [8, 13, 14, 46]. The electrolyser OPEX are proportional to the
electrolyser CAPEX and described by equation 2-6.

Electrolyseropex = Electrolyserspecific opex ∗ Electrolysercapex (2-6)

Figure 2-6: Electrolyser CAPEX scaling: The formula that governs the shape of the curve is
obtained from [12] and the curve is calibrated with CAPEX estimations from [13, 14]. The
rectifier, gas conditioning equipment, and electrolyser balance op plant components are included
in the scope of the electrolyser CAPEX.

Electrolyser operational strategy - The electrolysers are chosen to operate on or above
their minimum load at all times. For the PEM electrolyser with no minimum load this makes
little difference, but for the AE electrolyser this requires a significant amount of electricity
to be allocated to the electrolyser at all times. In reality, the AE electrolyser operation can
potentially be optimised by day-ahead wind and price forecasts. The AE electrolyser could
be selectively switched on if hydrogen production is desired for long periods, albeit with a lag
in hydrogen production due to the start-up time. The potential of increased performance by
astute on/off switching is examined in the sensitivity analyses in chapter 3-3, but the model
conservatively uses the minimum load operational strategy by default.
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2-3-2 Desalinator

2-3-2-1 Desalinator theory

Although direct electrolysis from seawater is a topic being researched, it comes with many
technical challenges and will presumably not be available on a commercial scale in the near
future [57]. Therefore, a unit is required to provide the electrolyser with desalinated water.
Two topics are discussed more elaborately in this section, being the desalination technology
selection and its energy consumption.

Technology selection - As mentioned in the electrolyser introduction, feed-in water of tap
water quality suffices for the electrolyser unit and has a TDS level of approximately 300-500
mg/L. For comparison, North Sea water has a TDS level of approximately 35.000 mg/L [15].

The most suitable desalination process that is commercially available, scalable, and can attain
the required purity level is Reverse Osmosis (RO) [15, 59]. The first step in reverse osmosis
is to pre-treat the seawater to remove any large particles that could damage the equipment.
Seawater is then pressed through a semi-permeable membrane that allows the water to proceed
but holds back the solid particles. High pressure must be applied to the seawater in this
process to overcome the osmotic pressure. Before the concentrate is discharged, the pressure
that remains in the concentrate is recovered to improve the energy efficiency of the process
[15]. A purity level of 300-500mg/L can be obtained with a single pass through the membrane,
and the water purity can be further increased up to 15-130mg/L when the permeate is passed
through a second stage of reverse osmosis [15].

Energy consumption - In [15], over 70 large scale Sea Water Reverse Osmosis (SWRO)
plants have been studied, and the study concludes that the specific energy consumption of
SWRO plants increases with increasing salinity of the feed water due to the higher pressure
required to overcome the sea water’s osmotic pressure. On the other hand, the specific energy
consumption of the studied SWRO plants shows no correlation with seawater temperature.
Figure 2-7 is obtained from [15] en visualises both correlations well.

Figure 2-7: Specific energy consumption of large-scale reverse osmosis plants plotted against the
feed-in conditions salinity and temperature. [15]
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The specific energy consumption for desalination by means of reverse osmosis is low compared
to the electrolyser losses; an electrolyser typically consumes water at a rate of 300 L/(MWel ∗
hour) [52], and at a specific energy consumption of the desalination unit of 4 kWh/m3, this
corresponds to an energy loss of approximately 0.12% of electrical input of the electrolyser at
full load [15]. For comparison, electrolyser losses are approximately two orders of magnitude
larger. However, the desalination losses are considered non-negligible and included in the
model as described in the following section.

2-3-2-2 Model implementation

Sufficient desalination capacity is included in the model to supply the installed electrolyser
capacity at full load. This is a conservative modelling approach and in practise, an optimisa-
tion can be performed for the installed desalination and reservoir capacity.
The energy consumption of the desalinator is determined by equation 2-7 in the model, which
uses the electrolyser water consumption from the previous section, Electrolyserwc, and the
specific energy consumption of the desalinator, Desalinatorsec, as input. As introduced in the
previous paragraph, the Desalinatorsec is taken to be 4 kWh/m3 in the model.

dPDesalinator = Electrolyserwc ∗Desalinatorsec (2-7)

Moreover, the desalinator CAPEX scale linearly with the installed electrolyser capacity, and
the desalinator OPEX, in turn, scale linearly with the desalinator CAPEX, as described by
equation 2-7 and 2-9, respectively. The specific CAPEX and OPEX are assigned a value in
the case study in chapter 3.

Desalinatorcapex = Desalinatorspecific capex ∗ Electrolysercapacity (2-8)

Desalinatoropex = Desalinatorspecific opex ∗Desalinatorcapex (2-9)

K.F. IJzermans Master of Science Thesis



2-3 Individual model components and the implementation thereof 21

2-3-3 Compressor

2-3-3-1 Compressor theory

Depending on the electrolyser output pressure and the required hydrogen grid pressure, a
compressor is required to alter the hydrogen pressure level before grid injection [34]. The
parameters of importance to the model are the energy consumption, CAPEX, and OPEX of
the compressor. The CAPEX and OPEX functions are relatively straightforward, but the
compressor’s energy consumption deserves an elaboration in the following paragraph.

Energy consumption - The energy consumption of a hydrogen compressor stems from the
required work for compression and the electromechanical efficiency of the compressor unit to
deliver that work. Figure 2-8 shows the minimum theoretical work required for compression
of hydrogen, plotted as a function of output pressure for isothermal compression as well as
adiabatic- and practical compression of hydrogen. The work required for isothermal com-
pression is the theoretical absolute minimum work required. However, in practice, heat losses
occur and the work required for practical hydrogen compression falls approximately at the
average of isothermal and adiabatic compression [16].

Figure 2-8: Hydrogen compression work as a function of output pressure. Three cases: isother-
mal, adiabatic and practical compression [16].

It can be observed from the figure that the compression work scales favourably at higher pres-
sures; the work required for compression from 1 to 10 bar is approximately equal to the amount
required for compression from 100 to 1000 bar [16]. On top of the theoretical compression
work requirement, the compressor also has an electromechanical efficiency of approximately
65% [80]. As a result, compression of hydrogen from 30 to 100 bar takes approximately 0.72
kWh/kg, which corresponds to 1.8% of the hydrogen HHV and 1.5% of electrical electrolyser
input. However, for compression from 50 to 100 bar only 0.38 kWh/kg is required, which
corresponds to 1.00% of the hydrogen HHV and 0.8% of electrical electrolyser input.
This becomes important when comparing the PEM and AE electrolyser; PEM electrolysers
can compress the hydrogen electrochemically to a higher output pressure than AE electrol-
ysers. This reduces, or eliminates, the need for an additional mechanical compressor, which
brings the advantages of less moving parts and a more efficient compression [81]. In the case
of AE electrolysers, achieving a higher output pressure is one of the leading research topics
since this could significantly reduce the energy required for mechanical compression.
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2-3-3-2 Model implementation

As mentioned at the beginning of this section, the compressor is only required to alter the
hydrogen pressure when the grid operates at a higher pressure than the electrolyser output
pressure. Since the future operating pressure of electrolysers and the grid remain uncertain,
these parameters are modelled as input variables, and a presumption of their value is used to
run the model.
The compression losses per kg of hydrogen are accounted for in the model as a function of
the input-output pressure ratio, PR, and the electrical efficiency of the compressor, ηelectrical,
as described in equation 2-10. The total compression loss is subsequently determined by
multiplication of the energy loss per kg of hydrogen with the throughput quantity in equation
2-11.

dPkwh/kg =
(

SF

SF − 1

)
∗ nRT ∗ (PR)(

SF −1
SF )−1 ∗

( 500
3600

)
∗
( 1
ηelectrical

)
(2-10)

dPCompressor =
(
Pin
HHV

)
∗ dPkwh/kg (2-11)

Similar to the case for the desalinator, the compressor CAPEX and OPEX scale with the
electrolyser capacity and are described by equation 2-12 and 2-13, respectively. Again, the
specific CAPEX and OPEX are assigned values in the case study in chapter 3.

Compressorcapex = Compressorspecific capex ∗ Electrolysercapacity (2-12)

Compressoropex = Compressorspecific opex ∗ Compressorcapex (2-13)

2-3-4 Electrical system

2-3-4-1 Transformer and model implementation

Electrolysers operate at DC, which requires conversion of the AC power supply through a
rectifier. As mentioned in section 2-1, the rectifier is included in the scope of the electrolyser
unit, and, therefore, AC-power is simply fed into the electrolyser. The voltage level that
must be supplied to the electrolyser differs per manufacturer, but a conservative value of 400
kV is assumed in the model, as in accordance with manufacturer information [82, 83]. A
transformer of the same electrical capacity as the electrolyser is implemented in the model,
as described by equation 2-14, to step down the voltage from 66kV to 400V .

Trafocapacity = Electrolysercapacity (2-14)

The transformer losses comprise a no-load loss and a load loss, that scale with the transformer
capacity. The no-load loss, dPnoload is taken to be 0.65 kW per MW installed transformer
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capacity. The the load loss, dPload, is 10 kW per MW installed transformer capacity at nominal
load, but scales with the load on the electrolyser. The no-load loss and a load loss values are
based on internal data from Eneco. Equation 2-15 presents the model implementation of the
transformer loss.

dPtrafo = Trafocapacity ∗ (dPnoload +
(

Pin
Pnom

)2
dPload ) (2-15)

Similar to the desalinator and compressor, the transformer CAPEX scale linearly with the
installed capacity, and the OPEX scale linearly with the transformer CAPEX, as described
by equation 2-16 and 2-17, respectively. Power compensation equipment and switchgears are
also required for the electrical system, but for the scope of this study these are included in
the specific CAPEX and OPEX of the transformer and the losses are considered negligible
[84]. Again, the specific CAPEX and OPEX are assigned values in the case study.

Trafocapex = Trafospecific capex ∗ Trafocapacity (2-16)

Trafoopex = Trafospecific opex ∗ Trafocapex (2-17)

2-3-4-2 Cabling and model implementation

The power is transmitted from the OHVS to the conversion platform via multiple 66 kV AC
power cables. The number of cables required to keep the energy loss in the cable within
reasonable bounds is calculated by dividing the installed electrolyser capacity by the rated
power of the cables, as presented in 2-18.

Cablenr. = bTrafocapacity/Cablerated powerc (2-18)

To obtain the power transmitted through a single cable, the available power at any point in
time is divided by the number of cables. The losses per cable are subsequently determined and
multiplied again by the number of cables to obtain the aggregated energy loss, as presented
in 2-19. The cable voltage (U) is taken to be 66 kV, the resistance (R) 0.05 Ω/km, the sheet
loss factor of the cable (λ1) 0.05 and the armour loss factor (λ2) 0.33, as in accordance with
Eneco’s manufacturer data.

dPcables = 3 R
(

Pper cable cable
U
√

3

)2
(1 + λ1 + λ2) ∗ Cablenr. ∗ Cablelength (2-19)

Finally, the cables’ CAPEX is proportional to the cable length and the number of cables, and
the OPEX is, in turn, proportional to the cable CAPEX. Again, the specific CAPEX and
OPEX are assigned values in the case study in chapter 3.

Cablecapex = Cablespecific capex ∗ Cablelength ∗ Cablenr. (2-20)

Cableopex = Cablespecific opex ∗ Cablecapex (2-21)
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2-3-5 Platform

2-3-5-1 Platform theory

The platform hosts the electrolyser, desalinator, compressor, transformer and necessary oper-
ational facilities such as a helideck. As mentioned in the introductory chapter, a newly built
platform can be used, or an existing platform can be refurbished. Plentiful existing platforms
are to become available in the North Sea in the upcoming decade, and reusing an old plat-
form brings the benefit of delayed decommissioning and potential sustainability benefits [33].
However, reusing an old platform also makes the project dependent on the timing of the avail-
ability of a suitable platform and adds the constraint of a single electrolyser capacity that can
be placed on the platform [7, 52]. According to [52], an average production platform in the
North Sea can host approximately 250 MW of electrolyser capacity and a satellite platform
around 60 MW. Even when multiple platforms are used in combination, the design will still
be limited to a discrete set of options, which would complicate the design process. Above
all, various studies indicate that the refurbishment and reuse of existing platforms could be
more expensive than the use of newly built platforms [33, 42, 52]. For the scope of this study,
newly built platforms are therefore selected for the design of the hybrid wind-hydrogen park.

CAPEX - The platform is a significant contributor to the overall CAPEX of the conversion
components, and the main differentiator in costs between an onshore and offshore hybrid
wind-hydrogen park [33, 42]. The platform costs are broadly determined by the topside
weight that the platform must support and the topside surface area required, since these
parameters determine the quantity of primary steel, gratings, cladding and coatings required
[42]. An extensive study into the CAPEX of conversion platforms has been performed in [42].
The study compares newly built power-to-hydrogen platforms to existing OHVS stations,
and it considers topside mass requirements as well as surface area requirements. The study
concludes that the CAPEX of a newly built platform scale linearly in the range of 100 to 2000
MW electrolyser capacity, at a rate of approximately 165 k€/MWel. The water depth selected
in the study is 30 m, the electrolyser surface requirement is assumed to be approximately 20
m2/MWel and the weight of the electrolyser is assumed to be 26 tonnes/MWel, including
balance of plant components. Even though the surface requirement assumption deviates from
the one in this study, the weight assumption corresponds well to the findings in section 2-3-1,
and the platform CAPEX from [42] are used in this study.

2-3-5-2 Model implementation

The platform is represented in the model by two formula’s that scale the CAPEX and OPEX
of the platform with the installed electrolyser capacity, as presented by equation 2-22 and 2-
23. The specific CAPEX and OPEX values are assigned values in the case study in chapter 3.
As in accordance with [42], the CAPEX values used are applicable to platform sizes ranging
from 100 to 2000 MW installed electrolyser capacity and a water depth of 30 m.

Platformcapex = Platformspecific capex ∗ Electrolysercapacity (2-22)

Platformopex = Platformspecific opex ∗ Platformcapex (2-23)
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2-3-6 Output value optimisation

As mentioned briefly in section 2-2, an output value optimisation is performed for each hour
over the lifespan of the wind-hydrogen park. To this end, available electricity must be allo-
cated to the grid and the conversion platform on an hourly basis. This section explains the
electricity allocation options that the model disposes of and the hourly output value optimi-
sation in more detail. First, all possible operations that the model can execute are described:
selling electricity, taking up electricity, converting electricity and selling the produced hydro-
gen and curtailing the wind park output. Thereafter, the model logic is explained that decides
what operation, or combination of operations, the model ought to execute for optimal output
value in each respective hour.

2-3-6-1 Electricity allocation options

The operations at the control’s disposal are:

i. Sale of electricity - The most straightforward action that the model can carry out
is to sell available power from the wind park as electricity at the corresponding hourly
electricity price. Hereto, it is assumed that the quantity of the output of the hybrid
park under review does not affect the electricity market price. The maximum power
that can be exported through the grid connection is included in the model as an input
variable. Additionally, the model is limited in the power it can sell as electricity by the
available wind park output power in each respective hour.

ii. Conversion of electricity and sale of hydrogen - Another operation that the model
disposes of is to convert the electricity and to sell the hydrogen at the corresponding
hourly hydrogen price. Again, it is assumed that the quantity of the output of the hybrid
park under review does not affect the hydrogen market price. As described in section
2-3-1, the electrolyser minimum load must be met at all times. Above that minimum
load, whether electricity is converted into hydrogen depends on the market prices and
conversion losses. Converting the electricity into hydrogen results in losses at each of
the hardware components described in chapter 2. In sequential order, losses occur in
the cables, the transformer, the electrolyser, and the compressor. In this series, the
losses of the electrolyser dominate the aggregate conversion efficiency. As described in
section 2-3-1, the conversion losses of the electrolyser depend on the electrical load sent
through the electrolyser. The electrolyser efficiency increases at lower load factors but
then rapidly decreases from a turning point onward at a load factor of approximately
25%. Figure A-3 presents the exemplary aggregate conversion losses for the range of
electrolyser loads for a 500 MW AE electrolyser. The overall efficiency of the conversion
steps as a function of electrolyser part-load is presented in the figure too. For the
remainder of this work, the power that must be sent into the conversion track to allow
the electrolyser to run at minimum load after subtraction of the cable, transformer and
desalination losses is referred to as conversionmin. Similarly, the power that must be
sent into the conversion track for the electrolyser to operate at its maximum load is
conversionmax.
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Figure 2-9: Individual and aggregate conversion losses of the hardware components over the load
range of the AE electrolyser. The figure is exemplary for an installed electrolyser capacity of 500
MW and the x-axis is limited from conversionmin to conversionmax.

iii. Uptake of electricity - The use of available power from the wind park is primarily
desired, but additional power can be taken up from the grid for conversion purposes
in two cases; either when too little power is available from the wind park to meet the
electrolyser minimum load constraint or when the uptake of electricity in a particular
hour generates additional value. An example of the latter case is a scenario in which
it is economically beneficial to produce hydrogen, but too little wind power is available
to run the electrolyser at rated capacity. Another example is when just enough wind
power is available to run the electrolyser at minimum load, but it is desirable to run
the electrolyser at a slightly higher part-load to obtain a higher part-load conversion
efficiency. The model is limited in the power it can take up from the grid as electricity
by the capacity of the electric connection to the grid, which is an input variable to the
model.

iv. Curtailment of available wind power - The final operation that the model can
choose to execute is the curtailment of wind power. In this case, a part of the avail-
able wind power is not sold as electricity nor converted into hydrogen. In this model,
curtailment is desirable in two particular cases; when the electricity price is below the
curtailment threshold, for example a negative electricity price, and more wind power
is available than the electrolyser capacity, or when the wind park delivers more power
than the combined capacity of the electric connection to the grid and the electrolyser.
In reality, other criteria might apply that make curtailment (un)desirable in various
situations, such as turbine wear. However, these criteria have been excluded from the
scope of this research.
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2-3-6-2 Hourly output optimisation

Now that the operations at the disposal of the model have been elaborated upon, this section
explains the model logic that decides what operation, or combination of operations, the model
ought to execute for optimal output value in each respective hour. Within each hour, the
model calculates the net output value from the sale of electricity and hydrogen, uptake of
electricity and curtailment of wind power for all possible electrolyser loads that satisfy the
minimum and maximum electrolyser load constraint. For each respective electrolyser load, the
wind power that remains after subtracting the electrolyser load, if any, is sold as electricity.
The additional power that is required to supply the respective electrolyser loads, if any, is
taken up from the grid. For each hour, the model selects the electrolyser load that results in
the optimal hourly output value when summing the revenues from electricity and hydrogen
sale, as well as the costs of electricity uptake. Equation 2-25 represents the model logic that
determines the optimal hourly electricity allocation.

max f(a,b,c,d) (2-24)

f(a,b,c,d) = (a− b) ∗ Eprice + c ∗ ηconversion ∗H2price + d ∗ 0 (2-25)

s.t. a+ b+ d− c = windoutput

0 ≤ a ≤ electriccapacitymax

0 ≤ b ≤ electriccapacitymax

0 ≤ d ≤ windoutput
conversionmin ≤ c ≤ conversionmax

(2-26)
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2-4 Model validation

In this section, the model’s intended functioning is validated. Only when the model is properly
validated, it can be employed for the objective of this research; to obtain insight into the design
and operation of an offshore hybrid wind-hydrogen park. To validate the power allocation
algorithm described in section 2-3-6, the operation of the model is illustrated and elaborated
upon for various telling scenarios. First, a single ‘hour’ is discussed from which the model
logic can be observed in detail. Next, a time series of multiple hours is presented in which
various telling scenarios are illustrated in sequence.

One hour validation - In the scenario discussed here, the functioning of the model’s power
allocation is presented for a single hour. In this particular example, a 1000 MW wind park
operates at nominal capacity, and is equipped with a 500 MW AE electrolyser. Conse-
quently, the minimum and maximum power that can be sent into the conversion track are
conversionmin and conversionmax as described in 2-3-6-1, and can be observed in the figure
around 51 and 520 MW. The electric export capacity poses no limit, meaning that up to 1000
MW of electricity can be exported. Moreover, as presented on the right axis of figure 2-10,
the hydrogen price is slightly higher than the electricity price, but when the conversion losses
are taken into account, the output value from electricity sale and hydrogen sale are about
evenly matched. Figure 2-10 illustrates the revenues induced from electricity sale and hydro-
gen sale, as a function of the different electrolyser loads that can be chosen by the model. The
figure illustrates that the principle of equation 2-25 and 2-26 is implemented in the model
as a stepwise increase in power sent into conversion, combined with a rigorous search for the
electricity distribution that yields the optimum combined output value.

Figure 2-10: Model validation scenario for a 500 MW AE electrolyser at 1000 MW wind power.
The model determines the electrolyser part-load that results in the optimal output value from
electricity and hydrogen sale. Energy prices are indicated on the right axis.

As observed from the figure, the revenue from electricity sale declines linearly upon an in-
creasing power into conversion. Since electricity is exported to the grid without any additional
losses from the OHVS onward, the hourly electricity revenue is simply the available power for
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export, multiplied by the electricity price.
Meanwhile, the revenue from hydrogen sale follows from the power sent into conversion, minus
the conversion losses that depend on the electrolyser part-load, multiplied by the hydrogen
price. Therefore, the revenue from hydrogen sale increases more steeply for lower electrolyser
loads, where the part-load efficiency steeply increases. As described in section 2-3-1, from ap-
proximately 25% part-load (i.e. 125 MW), the part-load efficiency decreases again, resulting
in a less steep increase in hydrogen revenue upon increasing power converted.
The addition of the two curves, presented in grey in the figure, yields an optimum. The
optimum is selected on an hourly basis and the electricity is allocated accordingly. The op-
timum power allocation to conversion in this particular hour is 240 MW, corresponding to
a part-load of the electrolyser of 48% of nominal load and a remaining power of 760 MW
available for electricity export. The revenue curves illustrate that it is preferable to send less
than the nominal electrolyser capacity through the electrolyser to obtain a higher part-load
efficiency and sell the remainder of the power as electricity, even when the hydrogen price is
slightly higher than the electricity price.

Time series validation - A time series of approximately 50 hours of park operation is pre-
sented in figure 2-11 for two hybrid cases: one with an AE electrolyser on the left, and one
with a PEM electrolyser on the right. In both cases, a 1000 MW wind park is selected in
combination with a 500 MW electrolyser. Essentially, the optimisation as described in the
previous paragraph is performed, but this time for a series of hours. Exemplary time series
for the wind park output and energy prices that provoke all possible park operations, are
selected as input for the model. The figure can be complex to grasp at first sight, so the
figure is explained systematically; first it is explained what the lines in the figure represent,
followed by an evaluation of the model operation for three distinct moments in time.

Figure 2-11: Model validation time series for a hybrid wind-hydrogen park with 1000MW installed
wind capacity and 500 MW installed electrolyser capacity. Left: AE electrolyser technology, right:
PEM electrolyser technology.

The dashed lines in the top of the figures represent the electricity and hydrogen market prices
over time, and the black line represents the fluctuating available wind park output. The
energy prices and wind park output are equal between the two sub figures.
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The yellow, blue, red, and green lines represent the power allocated to electricity export, elec-
tricity conversion, electricity uptake, and wind power curtailment, respectively, as optimised
by the model. Finally, the grey area represents the electrolyser load range, and indicates a
non-zero minimum load for the AE electrolyser in the left sub figure. Three moments in time
are interesting to elaborate on.

First, at the 0th hour, plentiful wind power is available, and the electricity price is slightly
negative. It is observed from the figure that the model consequently sends maximum power
into conversion as indicated by the blue line, and curtails the remaining wind park output as
indicated by the green line, to avoid paying the negative electricity price.
Secondly, at the 10th hour, plentiful wind power is still available, and the electricity price is
now higher than the hydrogen price. For the PEM electrolyser in the right sub figure, no
minimum load has to be considered, and all available electricity is exported. However, for the
AE electrolyser in the left sub figure, the model must serve its minimum load. The remaining
power is exported as electricity.
Finally, between the 40th and 50th hour, the wind park output is extremely low, and the
price of electricity is equal to - or above - the hydrogen price. As a result, the park with the
PEM electrolyser chooses to export the little available electricity and convert none. However,
in the left-most figure, the model has to serve the AE electrolyser’s minimum load. In this
case, power is sent into conversion, and electricity is also taken up from the grid to serve the
AE electrolyser. The delicacy of the optimisation can be observed in the final hours, where
the AE park chooses to import electricity to operate the AE electrolyser on a slightly higher
part-load than the minimum load to obtain a higher output value.
The figure shows that, for both the AE and PEM electrolyser, the model selects the eco-
nomically favourable electricity allocation that satisfies the technical electrolyser constraints.
Moreover, it can already be observed from these figures that the minimum load plays a dif-
ferentiating role in the operation of the AE and PEM electrolysers. An in-depth reflection on
the model operation follows in the following chapter.
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Chapter 3

Results

In this chapter, the validated model is employed to obtain insight into the design and operation
of an offshore hybrid wind-hydrogen park. First, section 3-1 presents the set-up and input
parameters of the hybrid wind-hydrogen case study. Moreover, the results for an all-electric
reference park are presented to set a benchmark to compare later results with. Subsequently,
section 3-2 presents the results of the case study; The operation of a hybrid wind-hydrogen
park is showcased in detail, and it is evaluated whether it is economically beneficial to add an
electrolyser to the all-electric wind park, and if so, which electrolyser technology and capacity
yields the best results. In the final section of this chapter, a sensitivity analysis is performed
on the most defining and critical input parameters of the model.

3-1 Set-up of the case study

3-1-1 Introduction to the hybrid wind-hydrogen case study

In the case study, the model is applied to a set of input data that is representative for the
scope of this study; A hybrid-wind-hydrogen park from a developer’s perspective, located
in the North Sea, operating on the Dutch power market, and starting operation in 2030.
The location selected for the case study is to the north-west of the Netherlands, and is
approximately 150 km from shore. According to [20], this location fits well into the North
Sea’s spatial wind park planning beyond 2030, and an existing offshore pipeline infrastructure
could potentially be retrofitted to a hydrogen export infrastructure. A visualisation of the
spatial wind park planning, pipeline infrastructure, and the selected location can be found
in appendix A-3. The wind park capacity remains constant throughout the case study and
is selected to be 1000 MW. The electrolyser technology and capacity are varied in the case
study to obtain insight into how the parks’ operations and economics alter upon the various
designs.
Moreover, the technical and financial parameters of the model components have been assigned
a value for the purpose of the case study and are presented in table 3-1 and 3-2. All values
used in the case study serve an indicative purpose and result from literature and manufacturer
data. An analysis of the sensitivity of the case study results to alterations in the parameter
values is performed in section 3-3.
Finally, a time series of hourly values for the wind park power output and electricity and
hydrogen prices have been inserted in the model. In the following section, these time series
are discussed in detail.
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Table 3-1: Indicative values from literature for the relevant parameters of the AE and PEM
electrolyser. 1 efficiency as %HHV and scaled to the part-load efficiency curve presented in

appendix A-2. 2 electrolyser capex reference values for a 20 MW electrolyser, scaled according
to equation 2-5 presented in section 2-3-1

Input parameter AE PEM Unit Source

Nominal efficiency1 82 80 % of HHV [8, 13, 14]
Load range 10-100 0-100 % of nominal load [8, 12]
Output pressure 30 80 bar [8, 46]
Electrolyser CAPEX2 475 650 k€/MWelectrolyser [13, 14]
Electrolyser OPEX 2 2 %/y/cpx [13, 14, 46]

Table 3-2: Indicative values from literature for the relevant parameters of the desalinator, com-
pressor, platform, transformer and cabling. 1 distance from OHVS to electrolyser platform

Input parameter Value Unit Source

Wind park capacity 1000 MW [-]
Wind park CAPEX 2.0 M€/MW [24]
Wind park OPEX 3.0 %/y/cpx [24]

Desalinator SEC 4.0 KWh/m3 [15, 85]
Desalinator CAPEX 9.5 k€/MWelectrolyser [31, 59]
Desalinator OPEX 2.5 %/y/cpx [31]

Compressor SEC 0.72 KWh/kg [16, 56]
Compressor CAPEX 20 k€/MWelectrolyser [33, 52]
Compressor OPEX 3.0 %/y/cpx [33, 52]
Grid pressure 100 bar [33]

Platform CAPEX 165 k€/MWelectrolyser [40]
Platform OPEX 1.0 %/y/cpx [86]

Transformer CAPEX 70 k€/MWelectrolyser [84]
Transformer OPEX 1.0 %/y/cpx [84, 86]

Cable distance1 20 km [-]
Cable CAPEX 220 k€/km [86]
Cable OPEX 1.0 %/y/cpx [86]
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3-1-2 Wind park and power market input data

Wind park - The wind park power output series used in this study are generated by Eneco’s
wind park model, which uses the IEA 15 MW reference turbine, and includes wake-losses and
inter-array losses up to the OHVS. The wind data used in Eneco’s model is taken from the
Dutch Offshore Wind Atlas (55 ◦N , 4 ◦W), and the representative wind year of 2012 has
been selected and repeated for the full lifetime of the park [87]. Figure 3-1 presents the load
duration curve of the representative wind year used in the model.

Figure 3-1: Wind park output characteristics for wind year 2012. Sourced by Eneco.

Power market - The price series used in this study are generated by Eneco’s power market
model and provide the hourly wholesale price for electricity as well as hydrogen. The Eneco
power market model considers a large quantity of input parameters, such as the nationally
installed renewable capacity and electrification of demand. Moreover, the hydrogen price re-
sults from the natural gas and carbon price in the model, with as underlying assumption that
Steam Methane Reforming (SMR) and the corresponding costs of carbon emission determine
the hydrogen market price.
Several price scenarios have been generated for the purpose of this study, including a target
transition scenario, slow-going transition scenario and a swift transition scenario. In the tar-
get transition scenario, the energy transition unfolds in accordance with the existing Dutch
climate targets for 2030 and 2050. In the slow-going transition scenario, little renewable ca-
pacity is added to the energy system and the electrification of demand, and the CO2 price
remain low; As a result, the climate targets are not met. Oppositely, in the swift transition
scenario significant renewable capacity is installed, and the electrification of demand and the
CO2 price take off swiftly. The target scenario is presented in figure A-7. The electricity
price of the target scenario falls well in line with publicly available price scenarios that pro-
vide guidance on annual average electricity prices towards 2050 [33, 88, 89]. The slow-going
and swift transition scenarios are presented in appendix A-4.

For the remainder of this chapter, only the target transition scenario is elaborated on, since
the conclusion on the other scenarios is straightforward; in the slow-going energy transition
scenario, the carbon price remains low, and hydrogen is not sufficiently valued to provide a
solid return on the hybrid park under any conditions. On the contrary, in the swift energy
transition scenario, the hydrogen price significantly overtakes the electricity price, and the
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Figure 3-2: Target transition price scenario. The prices presented are annual averages. The
hydrogen price is indicated in [€/MWh] on the left axis and in [€/kg] on the right axis; The
hydrogen price in [€/kg] is determined on the basis of the Higher Heating Value (HHV), as in
accordance with Eneco standards and [17, 18, 19].

addition of an electrolyser becomes favourable under virtually all conditions. The scenario in
between is the most likely scenario to come to realisation and the most interesting to apply
the model to.
For the objective of this study, it is interesting to provide insight into which factors determine
the performance of the hybrid wind-hydrogen park on a gradual scale instead of in discrete
scenarios, and how these findings can be related to the design and operation of the hybrid
wind-hydrogen park. A systematic variation in the electricity and hydrogen prices will there-
fore be applied in section 3-3. To ensure a correlation between the wind data and power
prices, the aforementioned representative wind year of 2012 has also been used as input to
the power market model. A figure displaying the correlation between wind and power price
data can be found in appendix A-5.

3-1-3 All-electric reference case

The all-electric reference case is used to compare the performance of the model to a real-world
wind park, and to set a benchmark to compare the results of the hybrid wind-hydrogen park
to in the following section. For the all-electric reference case, the model is applied to a 1000
MW wind park with no electrolyser capacity. Moreover, the electric export capacity equals
the park’s rated power and thus poses no limit.
Four metrics are used to perform an objective comparison of the reference park with a real-
world wind park: the Levelised Costs Of Electricity (LCOE), Internal Rate of Return (IRR),
Capacity Factor (CF), and Capture Value (CV).
The capture value metric expresses the ratio of the average price obtained by the wind park
over the average price in the power market as a whole in the same time period. In other words,
it presents the share of the average power price that the wind park captures. As presented
in appendix A-5, the wind park output and electricity price are negatively correlated, which
means the average electricity price decreases at increasing wind availability. Wind parks
therefore generally generate much power when electricity prices are low and little power when
electricity prices spike. This puts wind parks in a disadvantageous position compared to
energy assets that can respond more astutely to market dynamics, such as potentially a
hybrid wind-hydrogen park. Figure 3-3 presents the CV of the all-electric reference case and
shows its significant decline over time, due to the introduction of more renewable capacity.
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Figure 3-3: Capture value of the all-electric reference wind park. The capture value is calculated
for each year from 2030 to 2060, by taking the average electricity price obtained in a particular
year by the reference wind park and dividing it by the average electricity price in the same year.

The values of the comparison metrics for the all-electric reference case are presented in table
3-3. The LCOE and CF values correspond well to the recent projection from IRENA for
offshore wind in 2030 of 30-50 €/MWh and 36-58%, respectively [90]. Moreover, the IRR of
the all-electric wind park is in line with what can be expected from a real-world wind park,
albeit slightly on the low end since only merchant revenues are considered. These results
presented below will be used as a reference for comparison against the hybrid wind-hydrogen
case in the following section.

Table 3-3: Input parameters of the reference case and resulting performance metrics. The
LCOE is on the basis of produced electricity and a real interest rate of 4.8 % [21, 22, 23].

Input parameter Value Source Performance

Wind park capacity 1000 MW [-] LCOE 39.5 [€/MWh]
Export capacity 1000 MW [-] IRR 5.5%
Wind park CAPEX 2 M€/MW [24] CV 74.0%
Wind park OPEX 3%/y/cpx [24] Cf 53.0%
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3-2 Results of the case study

The objective of the case study is two-fold. First of all, it aims to provide inside into the
operations of a hybrid wind-hydrogen park for the AE as well as PEM electrolyser under the
default parameter settings of the case study. Secondly, the case study aims to present how
the park operations are reflected in the economics of the parks. Hereafter, it can be concluded
whether it is economically beneficial to add an electrolyser to the all-electric wind park under
the default parameter settings, and if so, which electrolyser technology and capacity.
To this end, the park is studied from two angles. First, a detailed review of the operations of
a single park configuration over time is presented, for which a 1000 MW wind park with a 500
MW AE or PEM electrolyser is selected. Once it is understandable how a single park config-
uration operates, the review is zoomed out to higher level and it is presented how the parks
operate over a range of installed electrolyser capacities. Where possible, the benchmark of the
all-electric reference park is presented along with the results of the hybrid wind-hydrogen park.

3-2-1 Electricity export

As described in section 2-3-6, the model disposes of four possible operations: the sale of elec-
tricity, the conversion of electricity and subsequent sale of hydrogen, the import of electricity
and the curtailment of wind power. For each of these operations, the model outcomes are
presented over the course of a year to provide insight into how the parks operate individually,
and to inter compare the operations of the different parks. An interpretation and contextu-
alisation of the results follows in the discussion chapter.
Figure 3-4 presents the sale of electricity over the year 2030 for the all-electric reference park
and two distinct hybrid wind-hydrogen parks. The hybrid parks are accommodated with
500 MW of electrolyser capacity, equating a relative electrolyser capacity of 0.5 compared to
the wind park capacity. Moreover, the figure presents the electricity and hydrogen prices to
observe how the parks operate under various price conditions.

Figure 3-4: Exported electricity over a year of operation for three park designs. Black repre-
sents the all-electric reference case, grey represents a hybrid wind-hydrogen park with 500 MW
AE electrolyser and brown a hybrid wind-hydrogen park with 500 MW PEM electrolyser. The
electricity and hydrogen prices are indicated in yellow and blue, respectively.
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First of all, it can be observed from the figure, for example on the outer right or outer left
side, that the hybrid parks export less electricity than the all-electric reference park when
the electricity price is below the hydrogen price. At these times, conversion of electricity into
hydrogen is favourable from an economic perspective and the operations of the AE and PEM
electrolyser parks are practically identical.
Secondly, it can be observed from the figure that the hybrid PEM park exports more electricity
than the hybrid AE park when the electricity price is above the hydrogen price, i.e. when
electricity export is economically favourable. This is because the alkaline electrolyser has to
serve its minimum load at all times, which is 50 MW in this particular example. A clear
occurrence of such can be observed just ahead of August.

3-2-2 Electricity conversion

Figure 3-5 presents the electricity converted into hydrogen over the year 2030 for the hybrid
AE park as well as the hybrid PEM park. In this figure, no all-electric reference can be
presented since the conversion of electricity into hydrogen does not occur in the all-electric
park.
It can be observed from the figure that for both electrolyser types, conversion spikes occur
when the electricity price falls below the hydrogen price. At these times, it favourable to
convert electricity into hydrogen from an economic perspective.
Secondly, as is clearly observed just ahead of February and December, the hybrid Alkaline
Electrolysis (AE) park converts a base load of electricity into hydrogen over the full time
period that corresponds to the minimum load of the AE electrolyser, being 50 MW in this
particular example. As a result, the AE electrolyser oftentimes converts more electricity into
hydrogen than the PEM electrolyser, at times it is economically unfavourable.

Figure 3-5: Converted electricity over a year of operation. Grey represents a hybrid wind-hydrogen
park with a 500 MW AE electrolyser and brown represents a hybrid park with a 500 MW PEM
electrolyser. The electricity and hydrogen prices are indicated in yellow and blue, respectively.

3-2-3 Hydrogen production

Figure 3-6 presents the hydrogen produced over the year 2030 for the two hybrid parks, and
confirms the observation from the previous paragraph, i.e. the hybrid AE park produces more
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hydrogen than the hybrid PEM park at times the hydrogen price is below the electricity price.
The main distinction between the two figures is that the exported hydrogen is approximately
20% lower than the converted electricity at all times, due to the electrolyser conversion ef-
ficiency. The two figures together clearly show the effect that sustaining the AE minimum
load has on the operations of the hybrid parks. How this in turn resounds in the economics
of the parks is discussed in later results.

Figure 3-6: Produced hydrogen over a year of operation. Grey represents a hybrid wind-hydrogen
park with a 500 MW AE electrolyser and brown represents a hybrid park with a 500 MW PEM
electrolyser. The electricity and hydrogen prices are indicated in yellow and blue, respectively.

3-2-4 Electricity import

In figure 3-7, the electricity imported over the year 2030 by the hybrid AE and PEM park
is presented. Two observations follow. First, relatively little electricity is imported for both
electrolyser types compared to the export of electricity and conversion of electricity into
hydrogen. Moreover, it can be observed that the hybrid AE park imports equal or more
electricity than the hybrid PEM park at all times. It is also observed that at times that only
the AE park imports electricity, the price of electricity is generally higher than the hydrogen
price. At these times, electricity import and subsequent conversion into hydrogen is therefore
unfavourable from an economic perspective.

Figure 3-7: Imported electricity over a year of operation. Grey represents a hybrid wind-hydrogen
park with a 500 MW AE electrolyser and brown represents a hybrid park with a 500 MW PEM
electrolyser. The electricity and hydrogen prices are indicated in yellow and blue, respectively.
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3-2-5 Capture value and capture cost rate

A central theme that occurs in the observations is the timing of the various park operations
in regard to the electricity and hydrogen market prices. To recall, the goal of complementing
the all-electric wind park with an electrolyser of any type is for the park to be able to respond
astutely to, and take advantage of, fluctuating market prices. A first metric that expresses the
ability of an energy asset to act on market dynamics, being the capture value, was introduced
in section 3-1-3. In short, the capture value reflects the average price obtained for the sale of
electricity relative to the average market price in the same period of time. A second metric
to assess the flexibility of hybrid wind-hydrogen is the Capture Cost Rate (CCR). The CCR
can be considered the reverse capture value for electricity import, and reflects the average
price paid for the import of electricity relative to the average market price in the same period
of time. Therefore, the CCR is only applicable to hybrid wind-hydrogen parks. Figure 3-8
presents the capture value and capture cost rate for the all-electric, hybrid AE and hybrid
PEM park.

Figure 3-8: Capture value and capture cost rate over the parks’ lifetime for three park designs.
Black represents the all-electric reference case, grey represents a hybrid wind-hydrogen park with
500 MW AE electrolyser and brown a hybrid wind-hydrogen park with 500 MW PEM electrolyser.
The electricity and hydrogen prices are indicated in yellow and blue, respectively.

The general trends that can be observed from the figure are a gradually declining capture
value, and a gradually increasing capture cost rate. In both cases, this is explained by the
increasing correlation between the wind park output and electricity price over time, which
follows from an increase in renewable capacity participating in the power market.
The hybrid parks in this particular example contain 500 MW of electrolyser capacity, which
means that if at a particular moment 1000 MW of power is available, plentiful electricity
remains after serving the electrolyser’s maximum load. This remaining share of electricity is
sold for a lower electricity price over time, relative to the average electricity market price,
which decreases the CV of the hybrid parks over time.
However, from the left-most figure, it can be observed that the addition of an electrolyser
to the all-electric reference park increases the capture value of the park, due to its increased
flexibility. In other words, the hybrid wind-hydrogen parks export electricity for a higher
average electricity price than the all-electric park. This finding is in line with the observations
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that followed from figure 3-4 and 3-5. Moreover, it can be observed from the left-most figure
that the PEM electrolyser increases the capture value more than the AE electrolyser, which is
also in correspondence with earlier observations; a hybrid AE park has to serve its minimum
load, which lowers the available electricity for export when the electricity price is high.

The CCR in the right-most figure gradually increases, again, due to the increasing wind-price
correlation over time. The moments that an electrolyser takes up electricity is when insuf-
ficient power is available to serve the electrolyser by the wind park output alone. Due to
the increased correlation, the average price for this uptake increases over time. As can be
observed, the difference between the AE and PEM is significantly larger for the CCR than
for the CV, which can be explained by the timing of electricity import of both electrolysers
and the correlation between the wind park output and electricity price.
For the PEM electrolyser, the electricity import case is simple; the park only imports elec-
tricity when it is economically beneficial, and it also has remaining capacity for electricity
uptake. For the AE electrolyser, the electricity import case is more complex. The AE electrol-
yser takes up electricity for two reasons; to generate extra profit, like the Polymer Electrolyte
Membrane electrolysis (PEM), and to serve its minimum load in case of too low wind power
availability.
The electricity price of the electricity that both electrolysers import to generate profit is gen-
erally significantly lower than the average electricity market price. However, the electricity
that the AE electrolyser park imports to serve the minimum load in times of too little avail-
able wind power is generally more expensive than average, due to the negative correlation
between wind power availability and the electricity price. As a result, the CCR of the AE
park is significantly higher than that of the PEM park.

Figure 3-9 presents the CV and CCR for the all-electric park and the hybrid AE and PEM
park again, but this time expressed as a function of relative installed electrolyser capacity.

Figure 3-9: Capture value and capture cost rate for all relative installed electrolyser capacities
for three park designs: the all-electric reference, hybrid AE and hybrid PEM.

The left-most figure shows that the CV for exported electricity increases rapidly upon increas-
ing relative electrolyser capacity, due to the improved flexibility to switch between electricity
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and hydrogen production. The figure also presents the CV for exported hydrogen. Since the
hydrogen price is only slightly correlated to the wind park output, as presented in appendix
A-5, this CV is approximately 100%. Moreover, the CV for hydrogen is independent of the
relative installed electrolyser capacity, since the model only opts to produce electricity when
it is economically beneficial, regardless of the electrolyser capacity. The difference between
the CV lines for AE and PEM is again explained by the AE minimum load, which results in a
base load of hydrogen production regardless of the hydrogen price, and reduces the electricity
available for export when the electricity prices are high.
The most striking observation is that, in the right-most figure, the CCR increases steeply for
lower relative installed AE electrolyser capacities. The reason for this is two-fold; Upon a
decreasing relative installed electrolyser capacity, less often too little wind power is available
to serve the minimum electrolyser load. However, when this occurs, extremely little wind
power is available, and the electricity price is consequently very high due to the correlation
between the wind park output and electricity price. As a result, the AE electrolyser occasion-
ally imports very pricey electricity, which increases the CCR at lower relative AE electrolyser
capacities. Secondly, at lower relative installed electrolyser capacities, the AE electrolyser also
less often has remaining capacity available to take up additional electricity, decreasing the
relative share of cheap electricity in the total electricity taken up by the AE, and increasing
the CCR.

3-2-6 Grid exchange

This study is centred around the developer’s perspective. It is optimised what the optimal
output value is that a developer can obtain by allocating electricity astutely, while assuming
an existing infrastructure. However, the results can also be consulted to reflect on the re-
quirements of a future hybrid offshore infrastructure. Figure 3-10 presents the electricity and
hydrogen grid exchange for the all-electric park as well as the hybrid parks. The left-most
figure shows the effects of seasonality on the grid export, and the right-most figure presents
the annual averages of the left-most figure, presented over the lifetime of the park.

Figure 3-10: Grid exchange over time for the all-electric, hybrid AE, and hybrid PEM park.

Master of Science Thesis K.F. IJzermans



42 Results

The figure shows that the electric grid utilisation declines for the hybrid parks upon an in-
crease in hydrogen price relative to the electricity price. Besides, it shows that electricity
import occurs only little over time, and predominantly in summer months. For this reason, it
is interesting to study how limiting the electricity uptake affects the economics of the parks
in the sensitivity analysis later on. The grid utilisation is extensively discussed in section 3-3.
Moreover, it is observed from both figures that the AE electrolyser park exports less electric-
ity and more hydrogen than the PEM electrolyser park, across the seasons and years. The
difference is consistently around 50 MW, which can largely be explained by the AE electrol-
yser minimum load. In addition, the AE efficiency is 2pp higher at nominal load than the
PEM efficiency in the default case study parameters, which also results in a slightly increased
hydrogen production for the AE electrolyser.

Figure 3-11 shows the lifetime average export and import capacity factors over the range
of relative electrolyser capacities for AE as well as PEM. The capacity factors are defined
differently for the different lines in the figure, as described below.
The hydrogen export capacity factor is defined as the percentage of nominal electrolyser out-
put, and equals approximately 44% and 53% for the PEM and AE electrolyser, respectively.
The lines remain relatively horizontal, since the electrolyser efficiency curve is independent of
the electrolyser capacity, and the capacity factor is expressed in proportion to the installed
electrolyser capacity. The higher capacity factor for the AE electrolyser is partly explained by
the minimum load constraint; The AE park has to serve its 10% minimum load at all times,
but often opts to operate the electrolyser at a higher part-load to obtain a higher efficiency,
as can be observed from appendix A-2. Besides, the slightly higher AE efficiency at nominal
load also contributes to the higher hydrogen export capacity factor.
The electric export capacity factor is expressed as percentage of the electric grid connection,
which equals the wind park capacity in this case study. It can be observed that the utilisation
of the electric export capacity decreases steeply upon increased electrolyser capacity.
Finally, the electric import capacity factor is defined as the percentage of the rated electrol-
yser capacity, and increases upon increasing electrolyser capacity. This is simply because at
smaller relative electrolyser capacities, more often sufficient wind power is available to feed
the electrolyser, resulting in less electricity uptake.

Figure 3-11: Grid exchange capacity factors for the range of relative electrolyser capacities
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3-2-7 Internal rate of return

Figure 3-12 finally shows how the park operations are reflected in the economics of the hybrid
parks under review in this case study. The IRRs of the two hybrid wind-hydrogen parks are
presented alongside the reference IRR of the all-electric wind park. For the particular example
of this case study, it can be observed from the figure that whether to add an electrolyser to
the all-electric park depends on the electrolyser technology as well as installed capacity.
The addition of an AE electrolyser is not beneficial from an economic standpoint for the park
under review, and the business case only worsens upon larger relative installed electrolyser
capacities. The specific reason for this is revealed in section 3-3-3 of the sensitivity analysis.
However, the addition of a PEM electrolyser does yield an improved IRR compared to the
all-electric reference, from a relative electrolyser capacity of 0.4 onward. Interestingly, in the
default parameter settings for this case study, the PEM electrolyser is approximately 30%
more expensive per installed MW when compared directly to the AE electrolyser. However,
even though the PEM electrolyser is significantly more expensive than the AE electrolyser,
the difference in total CAPEX of the hybrid wind park per installed wind park capacity is
much more moderate. For illustration purposes, the figure provides the total CAPEX per
installed wind park capacity at a relative electrolyser capacity of 0.8.
In the next section, it is researched how the IRRs of the hybrid wind-hydrogen parks are
affected by the uncertainty in the most significant and important input parameters.

Figure 3-12: IRR over the range of relative electrolyser capacities for the all-electric reference,
hybrid AE, and hybrid PEM park.
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3-3 Results of the sensitivity analysis

In this section, it is researched how variations in the most significant and critical input
parameters resound in the operations and economics of the parks. To this end, a gradual
variation is applied over the input parameters one by one, and the results are presented for
the hybrid AE and PEM parks. In case the variation in the input parameter also affects the
all-electric wind park, the all-electric wind park is re-evaluated, and the updated result is
present alongside the hybrid parks. The sensitivities under review are the CAPEX values of
the wind park, electrolyser and platform, the prices for electricity and hydrogen, the minimum
load and output pressure of the alkaline electrolyser, and finally a reduction in electric import
and export capacity.

3-3-1 CAPEX sensitivity

Figure 3-13 presents the resulting IRRs under the application of a ±10% wind park CAPEX
variation. An IRR spread for the all-electric wind park is presented in the background of
the figure, since a change in the wind park CAPEX also affects the IRR of the all-electric
park. The figure also presents the LCOE of the new all-electric parks, which remain within
the LCOE range mentioned in section 3-1-3. The first observation from the figure is that
a variation in wind park CAPEX results in a very significant variation in IRR, for the all-
electric park as well as for the hybrid AE and PEM park.
A second observation is that the addition of an electrolyser to the wind park, for AE as well
as PEM, becomes less favourable at lower wind park CAPEX, and more favourable at higher
wind park CAPEX. This can be noticed when comparing the upper lines of the all-electric
and hybrid areas for the former case and the lower lines for the latter. Finally, the more
electrolyser capacity is installed, the lower the sensitivity becomes to wind park CAPEX
variations. This follows logically from the fact that at large electrolyser capacities, the wind
park CAPEX contribute relatively less to the overall CAPEX.

Figure 3-13: Sensitivity of the parks’ IRR to a change in wind park CAPEX for three park
designs: the all-electric reference, hybrid AE and hybrid PEM.
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Other interesting CAPEX sensitivities to review are the electrolyser CAPEX and platform
CAPEX, since these components contribute most significantly to the overall CAPEX of the
conversion equipment of the hybrid parks. Figure 3-14 presents the electrolyser and platform
CAPEX sensitivity for the AE and PEM parks.

Figure 3-14: Sensitivity of the parks’ IRR to a change in electrolyser CAPEX and platform
CAPEX for three park designs: the all-electric reference, hybrid AE and hybrid PEM.

The darker areas in the figure represents the ±30% platform CAPEX range. It can be observed
that the effect of the platform CAPEX variation remains fairly limited. More interesting is
to reflect on the electrolyser CAPEX variation of ±30%, represented by the lighter area in
the figure. For the PEM electrolyser, the CAPEX spread determines whether or not the ad-
dition of the electrolyser to the all-electric park is favourable from an economic perspective,
when keeping the remaining parameters unchanged. Moreover, it is observed that the PEM
electrolyser park shows a larger sensitivity to the electrolyser CAPEX variations, as can be
expected from its larger CAPEX in the first place. Finally, it is interesting to observe that
the PEM electrolyser that is increased 30% in CAPEX follows approximately a similar IRR
line as the AE electrolyser at its base case line.
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3-3-2 Energy price sensitivity

Figure 3-15 presents the sensitivity of the parks’ IRR to a ±30% variation in the electricity
and hydrogen prices. To this end, each of the values from the hourly electricity and hydrogen
price series have been multiplied by a factor of 0.7 and 1.3. Moreover, in the background
of the figure, a spread for the variation in electricity prices for the all-electric park’s IRR is
presented.
The foremost observation from the figure is that the addition of any electrolyser to an all-
electric wind park decreases the park’s sensitivity to alternative realisations of the electricity
price scenarios, but increases the sensitivity to alternative realisations of the hydrogen price
scenarios.
Secondly, the figure shows that the hybrid wind-hydrogen parks are less sensitive to a decline
in prices than to an increase in prices, especially in the higher relative installed electrolyser
capacity range. This effect can be attributed to the flexibility that the electrolyser provides;
the parks can capitalise on a price increase by simply exporting the electricity and fend off a
price decrease by converting a larger share of the available electricity into hydrogen.

Figure 3-15: Sensitivity of the parks’ IRR to a change in energy prices for three park designs:
the all-electric reference, hybrid AE and hybrid PEM. A price range of ±30% is indicated in the
figure. The case study prices for electricity and hydrogen are 58.7 €/MWh and 2.04 €/kg.

Effect on grid exchange - A variation in the electricity and hydrogen market prices not
only affects the economics of the park configuration, but also the operations. In the end, it is
the market prices that determine whether the park exports the available electricity, converts
it, takes up electricity, or curtails the available wind power. In turn, this resounds in the
grid exchange of the hybrid parks. Table 3-4 presents how the capacity factors for electricity
export, hydrogen export and electricity import change upon the variation in the aforemen-
tioned electricity and hydrogen market prices.
The first observation from the table is that the capacity factor of electric grid export is highly
sensitive to the hydrogen price. In case the hydrogen price increases significantly, and a large
relative electrolyser is installed, the capacity factor for electric grid export decreases to ap-
proximately 12%, compared to 53% in the all-electric reference case.
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Table 3-4: Sensitivity of the grid exchange capacity factors to a ±30% change in the electricity
and hydrogen prices, compared to the target transition scenario.

AE PEM
Hydrogen price range (-30%) (+30%) (-30%) (+30%)

Cf electricity export 50% 9% 53% 12%
Cf hydrogen export 36% 67% 28% 62%
Cf electricity import 2% 20% 1% 19%

AE PEM
Electricity price range (-30%) (+30%) (-30%) (+30%)

Cf electricity export 25% 40% 30% 40%
Cf hydrogen export 72% 38% 67% 30%
Cf electricity import 7% 5% 5% 4%

3-3-3 AE technical sensitivity

In the results presented up till here, the economics of hybrid park with the AE electrolyser
fell short to the economics of the hybrid park with PEM electrolyser in all cases. Therefore,
it is interesting to look in more detail at the technical parameters of the AE electrolyser that
determine its economic performance. In section 2-3-1, two technical challenges of the AE
electrolyser were mentioned that research and development efforts specifically focus on: the
minimum electrolyser load and the hydrogen output pressure. The minimum electrolyser load
also was a recurring topic in the observations on the electrolyser operations in the case study
results. Figure 3-16 presents the sensitivity of the IRR of the hybrid AE park to a variation
in the minimum load and the output pressure.

Figure 3-16: Sensitivity of the AE park’s IRR to a change in AE min. load and output pressure.
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The foremost observation from the figure is that a variation in the minimum electrolyser load
has a significant impact on the park’s IRR. A minimum load of 10%, the default value in
the case study, is presented as lower boundary of the range. At a minimum load of 5%, the
hybrid AE park’s IRR approaches the all-electric reference IRR. Even more, at a minimum
load of 0% the hybrid AE park outperforms the hybrid PEM park in terms of IRR. What
this result means is interpreted in the discussion chapter.
Secondly, it can be observed from the figure that the electrolyser output pressure affects the
IRR of the park as well, but to a much lesser extent than the minimum load variation. Even in
case the output pressure is increased to 80 bar, the IRR of the park with the AE electrolyser
will still come out lower than the IRR of the all-electric and hybrid PEM park.

3-3-4 Electric import and export reduction sensitivity

A final interesting result to present is the sensitivity of the IRRs to a limitation in the electric
import and export capacity.

Export reduction - Reducing the electric export capacity of the hybrid parks corresponds
to overplanting the wind park in reality, i.e. installing a larger wind park capacity than the
export grid connection capacity. Due to overplanting of the wind park relative to the electric
export capacity, more curtailment occurs in an all-electric park, and not all power can be
exported at the rated capacity of the wind park. Since the wind park CAPEX cost remain
equal and the cost savings for the smaller export infrastructure are outside the scope of the
developer, the IRR of the all-electric park worsens upon reducing the export capacity.
Figure 3-17 presents the sensitivity of the IRR to a 10% reduction in electric export capacity.
It can be observed from the figure that the IRR ranges for the hybrid parks are significantly
smaller when compared to the all-electric park; The electricity that is to be curtailed at rated
power in the overplanted all-electric park can be converted in hybrid parks, and additional
revenue can be generated by the sale of the produced hydrogen.

Figure 3-17: Sensitivity of the parks’ IRR to a reduction in electric export capacity for three park
designs: the all-electric reference, hybrid AE and hybrid PEM.
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Import reduction - As observed from figure 3-10 and table 3-4 in the previous sections,
oftentimes relatively little electricity is imported by the hybrid parks, even in the case that
the electricity price is low and the hydrogen price is high. To research to what extent the
electricity uptake affects the economics of the hybrid parks, a sensitivity was performed
on the electric import capacity; The electric import capacity was reduced to 0.1 times the
electrolyser capacity for the AE as well as PEM hybrid park, to allow the hybrid AE to serve
the electrolyser minimum load, and to compare the two parks fairly. Limiting the electric
import capacity to only 0.1 times the electrolyser capacity for the AE as well as PEM hybrid
park only resulted in a decrease in IRR of 0.3pp, which is of similar magnitude as a 5%
variation in the hydrogen market price.
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Chapter 4

Discussion

The research objective of this study is to provide high-level insight into the techno-economic
optimisation of the design and operation of an offshore hybrid wind-hydrogen park. To this
end, it is studied how various design and operational choices resound in the economics of the
park for a particular case study. Moreover, it is studied how the economic out-turn of the
park changes when the conditions of the case study are altered. In the previous chapter, the
plain results from the case study and sensitivity analysis are presented.
This chapter reflects on what the afore presented results essentially mean for the design and
operation of a hybrid wind-hydrogen park, how these findings fit into the existing knowledge
base, and what topics of interest are for future research. To this end, the chapter reviews
four key design topics best comprised in a single question; Should an electrolyser be added
to an offshore wind-hydrogen park, and if so, which electrolyser technology and capacity, and
how does the individual park fit into the transmission infrastructure and the larger energy
system?

4-1 Hybrid wind-hydrogen parks

The results of the study point out that the addition of an electrolyser to a wind park is clearly
beneficial from a flexibility perspective, which is in line with the general belief in literature.
To be more specific, the results from the study quantify to what extent the addition of an
electrolyser increases the average price obtained for the sale of electricity, as expressed by the
capture value. The hybrid wind-hydrogen park hereby addresses one of the key challenges
that a conventional wind park faces at the introduction of more renewable capacity to the
energy system.
A few high-level factors are important drivers for the economic feasibility of a hybrid wind-
hydrogen park. As can be logically expected, a decrease in average electricity price or increase
in average hydrogen price positively affect the hybrid park’s economic feasibility relative to
an all-electric wind park. Moreover, a reduction in electrolyser CAPEX relative to wind park
CAPEX favours the addition of electrolyser capacity to a wind park. However, this effect
can be counteracted by a much smaller wind park CAPEX reduction relative to electrolyser
CAPEX, since the wind park CAPEX is more than four times higher per installed capac-
ity than the electrolyser CAPEX. In other words, the predominant external conditions that
determine the economic feasibility of a hybrid wind park are the prices for electricity and
hydrogen and the CAPEX of the electrolyser relative to the wind park. The results of this
study show that the addition of an electrolyser already seems economically beneficial at the
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average hydrogen price of 2.04 €/kg in the target transition scenario, assuming an existing
hybrid export infrastructure.
According to the recent North Sea Energy (NSE) study, offshore hybrid wind-hydrogen parks
could be profitable from a hydrogen price of 1.75 - 2.25 €/kg onward, in case the electrol-
yser CAPEX is 600 k€/MW, the costs of hydrogen transport is for the developer, and the
developer is compensated for savings on the public electricity grid by 1.5 €/kg H2 when no
more electric grid is required. To compare the NSE study to the findings in this study, the
compensation for the public grid saving must be subtracted from the price range of 1.75 -
2.25 €/kg, and the savings on hydrogen transport must be added.
Since the majority of the electric infrastructure remains required for a hybrid wind hydrogen
park, a hypothetical grid saving of 0.5 €/kg H2 is assumed for the hybrid park under review,
and added to the price range from the NSE study. Moreover, the costs of hydrogen trans-
mission, which DNVGL estimates to be 0.25 €/kg H2, are covered by a centralised public
infrastructure in this study, and therefore subtracted from the range [17]. Considering these
adaptations in export infrastructure costs, the break-even green hydrogen range from North
Sea Energy range would amount to 2.0-2.5 €/kg, which corresponds well to the results of this
study of 2.04 €/kg.

4-2 Electrolyser technology selection

Considering the input conditions underlying the results, PEM appears to be the electrolyser
technology of choice for a hybrid wind-hydrogen park with dynamic operations, even though
the AE electrolyser has a slightly higher efficiency and significantly lower CAPEX. The min-
imum load of the AE reduces the electricity available for export in times of high electricity
prices, as expressed by the Capture Value, and results every so often in the undesired, expen-
sive uptake of electricity in times of little wind availability, as reflected in the Capture Cost
Rate.
Although on qualitative basis only, various studies have selected the PEM electrolyser for
its superior dynamics [33, 52, 62, 63]. Moreover, plentiful studies mention the significantly
lower CAPEX cost for the AE electrolyser, without addressing if this could compensate for
the negative effects of its minimum load in dynamic operation. The results of this study
add a quantified insight into the extent to which the minimum load constraint resounds in
the economics of the hybrid park, and show that the lower CAPEX cannot compensate for
the hybrid AE park’s minimum load effect. The minimum load constraint must either be
reduced by means of research and development, as also suggested by [61, 65, 70], or the solu-
tion must be looked for in the operational strategy of the electrolyser, for example by using
forecasting to switch off the electrolyser entirely for longer periods of time. For the latter,
additional research should be performed on the ability of the AE electrolyser to switch on
and off frequently. For example, a wide range of 20 to 120 minutes was found in literature for
the start-up time of the AE electrolyser [49, 62, 63, 75, 77]. Finally, the AE output pressure
proved to be of lesser relevance compared to the technical minimum load constraint, as the
output pressure does not limit the park’s production flexibility.
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4-3 Electrolyser capacity

The optimum relative electrolyser capacity is more complex to reflect on than the electrolyser
technology selection. No single relative electrolyser capacity can be appointed as optimal,
since it highly depends on the realisation of many input conditions, such as the electrolyser
CAPEX and hydrogen price and the perspective from which the optimum is determined. In
case the conditions are favourable to the addition of an electrolyser, it can be interpreted from
the results that from an IRR perspective, the full electrolyser capacity should be added. Two
effects make that the IRR increases upon increasing relative electrolyser capacity; the elec-
trolyser CAPEX scale favourably and increasing the relative electrolyser capacity increases
the park’s production flexibility, and therewith increases the capture value.
Other perspectives can be considered as well in determining the optimal electrolyser capacity.
For example, the results show that a large relative installed electrolyser capacity increases
the parks’ sensitivity to alternative realisations of hydrogen price scenarios but decrease the
sensitivity to alternative realisations of electricity scenarios. From a developer’s risk perspec-
tive, opting for a moderate installed capacity can balance these price risks.

4-4 Export and import infrastructure

According to [33], offshore wind parks should be equipped with 78% relative electrolyser
capacity from a national grid flexibility perspective. In the case study, a relative installed
electrolyser capacity of 78% resulted in an improved IRR for the hybrid PEM park compared
to the all-electric park. Consequentially, however, the results show that the electric export
capacity factor could be reduced to 12%. From a grid operator perspective, such a low elec-
tric grid utilisation rate is undesired, so it would be beneficial to reduce the electric export
capacity for hybrid wind-hydrogen parks. The results show that the IRR of a hybrid park is
only moderately affected upon a reduction in electric export capacity, while the effect proved
significant for the all-electric park. This means that the addition of electrolyser capacity to
wind parks allows for a reduction in electric export capacity, without significantly impairing
the business case for the developer. A reduction in electric export capacity reduces the net
obtained electricity from the wind park, but increases the electric grid utilisation rate.
The results also show that upon the increase of the average hydrogen price over time, the
electric grid utilisation is consequently reduced since more often electricity is converted. To
respond to this, the grid operator could provide the developer with an electric export con-
nection capacity that declines over time. The capacity that is then released over time could
potentially be dedicated to new offshore wind parks.
Regarding electricity uptake, the study showed that in most scenario realisations relatively
little electricity is imported from the grid due to the correlation between the wind park output
and electricity price. Leaving out the opportunity of electricity import had a minor effect
compared to the other sensitivities.
Finally, a socialised hybrid export infrastructure is assumed in this study. However, it is inter-
esting to reflect on whether a developer could potentially cover the cost of hydrogen transport
by its merchant revenues. The results show that if hydrogen transport is assumed to cost
0.25 €/kg [17], which corresponds to a 12% reduction of the hydrogen price in the sensitivity
analysis, the addition of any electrolyser becomes economically unfavourable, which implies
that the developer cannot cover the cost for hydrogen transport by its merchant revenues.
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4-5 Shortcomings and recommendation

The main assumption in this study is the existing, socialised hybrid export infrastructure.
Little conclusive information was available on the future availability of an export infrastruc-
ture, so leaving the infrastructure out of scope and reflect on it with the results of the study
appeared the best feasible option. Moreover, a centralised export infrastructure could not be
incorporated in the optimisation from a developers perspective.
Following the results of this study, a social cost-benefit analysis should be initiated on a
centralised, hybrid offshore export infrastructure, supported by a detailed techno-economic
analysis of the infrastructure.

Regarding the design of the park, a comment has to be made on the scope of this study,
that consequently proposes a topic for future research. Since electrolysers have only been
applied onshore up to date, where weight and space constraints are often absent, little in-
formation is available on the electrolyser space and weight specifications. This resulted in a
substantial assumption on the platform requirements for offshore conversion. The two plat-
form sources referenced in this study provided different platform requirements and a large
CAPEX range, even though the platform has the second most significant CAPEX contri-
bution to the conversion equipment. Additional research into the component requirements,
weight, and dimensions of offshore conversion systems, followed by a techno-economic study
that re-evaluates the requirements and suitability of new platforms as well as refurbished
platforms, will undoubtedly be useful to advance in the field of offshore conversion.

Regarding the control of the park, two comments have to be made on the scope of this study,
that consequently propose two topics for future research.
First, the results show that the electricity allocation algorithm often opts to operate the
electrolyser at part-load, due to the associated increased efficiency. In this research, the part-
load efficiency curve of the electrolysers is based on limitedly available information about
the Siemens 6 MW electrolyser, as mentioned in section 2-3-1. To the authors knowledge,
this is the most elaborate information available on the practical part-load efficiency curve of
electrolysers to date. However, continued research into the part-load efficiency of the AE as
well as PEM electrolyser is recommended, due to the limited online knowledge base on the
topic.
Secondly, the alkaline electrolyser was assumed to remain operating on minimum load at all
times. As mentioned in the discussion, more research into lowering the minimum load from
a technical perspective or optimising the electrolyser operation from a control perspective is
desired. Reducing the effect of the minimum load is the foremost specification of the alkaline
electrolyser that can increase its competitive position with respect to PEM.

Finally, in the case study various defining parameters have been assigned a value for 2030,
which have been obtained from literature research. The sensitivity of the results proved to
be large to in particular the hydrogen and electricity price, wind park CAPEX, electrolyser
CAPEX, and electrolyser minimum load. Continuous research into these topics is advised;
The more precise the estimations on these parameters become, the more precise the results
of any future techno-economic system optimisation will be.
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Conclusion

The research question central to this study is the following: How can the design and operation
of an offshore hybrid wind-hydrogen park be optimised for output value by using electricity
and hydrogen market prices, assuming an existing hybrid export infrastructure?

The results of the study point out that the addition of an electrolyser to a wind park is
clearly beneficial from a flexibility perspective. The addition of an electrolyser to a wind park
significantly increases the average price obtained for the sale of electricity, as supported by
the increase in capture value from 74% to 125% in the case study at the addition of a large
relative electrolyser capacity.
Moreover, the PEM appears to be the electrolyser technology of choice for a hybrid wind-
hydrogen park with dynamic operations, even though the AE electrolyser has a slightly higher
efficiency and significantly lower CAPEX. The results of this study add a quantified insight
into the extent to which the minimum load constraint resounds in the economics of the hybrid
park and show that the lower CAPEX cannot compensate for the hybrid AE park’s minimum
load constraint. Moreover, the electrolyser output pressure of the AE proved to be of lesser
relevance compared to the technical minimum load constraint, as the output pressure does
not affect the park’s production flexibility.
The results show a less conclusive result for the optimum relative electrolyser capacity, since
the optimum highly depends on the realisation of many input conditions, such as the electrol-
yser CAPEX and hydrogen price and the perspective from which the optimum is determined.
However, when the conditions are favourable to the addition of any electrolyser capacity, the
results show that from an IRR perspective the addition of the full electrolyser capacity is
optimal. This is due to economies of scale in the electrolyser CAPEX and the increasing
flexibility of the park to respond to market prices upon larger installed capacities, in turn
increasing the capture value.
From an investment risk perspective, installing a moderate electrolyser capacity could be
favourable, since a hybrid park with a large relative installed capacity shows a larger sensitiv-
ity to hydrogen price, while a park with little installed electrolyser capacity is more sensitive
to the electricity price. Opting for a moderate installed capacity can balance these price
risks.
From a grid operator perspective, the relative installed electrolyser capacity is in fact im-
portant. Under favourable conditions for hybrid parks, a large relative installed electrolyser
capacity is optimal, and the electric grid export capacity factor could be reduced down to 12%.
A reduced grid utilisation is unfavourable for the grid operator, since the grid investment is
not used to its full potential in that case. For the grid operator, it is therefore beneficial to
reduce the electric export capacity for hybrid wind-hydrogen parks. The results show that
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under conditions favourable for hybrid parks, reducing the electric export capacity only has
a moderate effect on the business case for the developer. Regarding electricity uptake, the
study showed that in most scenario realisations, relatively little electricity is imported from
the grid due to the correlation between wind availability and electricity price. Limiting the
capacity of electricity import to the technically feasible minimum due to the AE minimum
load, had a minor effect compared to the other sensitivities.

The results of this study provided insight into the operation and economics of a hybrid wind-
hydrogen park that optimises for output value by astute electricity allocation based on market
price dynamics. Moreover, the results led to a quantified insight into the suitability of the AE
and PEM electrolyser for application in the hybrid park. Finally, the requirements for - and
effect on - a centralised export infrastructure from a developer’s perspective were reflected
on. The study is aspired to help inform researchers, policymakers, and the energy industry
in the transition towards hybrid wind-hydrogen parks.

Recommendations - Following the results of this study, a social cost-benefit analysis should
be initiated on a centralised, hybrid offshore export infrastructure, supported by a detailed
techno-economic analysis of the infrastructure, since this was the largest underlying assump-
tion in this study. Other topics of interest for future research are the conversion components’
weight and dimension specifications and the subsequent platform optimisation, the part-load
efficiency behaviour of electrolysers, and the optimisation of the operational strategy for an
AE electrolyser with minimum load constraint. Finally, the results proved to be sensitive
to in particular the hydrogen and electricity price, wind park CAPEX, electrolyser CAPEX,
and electrolyser minimum load. Continuous research into these topics is advised; The more
precise the estimations on these parameters become, the more precise the results of any future
techno-economic hybrid system optimisation will be.
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A-1 Electrolyser part-load efficiency

Figure A-1: Part-load efficiency curves used in this study for the PEM and AE electrolyser. The
black line indicated the AE part-load efficiency curve used in the sensitivity analysis.
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A-2 Aggregate conversion losses

Figure A-2: Individual and aggregate conversion losses of the hardware components over the
load range of the AE electrolyser. The figure is exemplary for an installed electrolyser capacity of
500 MW and the x-axis is limited from conversionmin to conversionmax.

Figure A-3: Individual and aggregate conversion losses of the hardware components over the
load range of the PEM electrolyser. The figure is exemplary for an installed electrolyser capacity
of 500 MW and the x-axis is limited from conversionmin to conversionmax.
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A-3 Location of the case study park

Figure A-4: A map of the North Sea with a marker on the location of the offshore hybrid
wind-hydrogen park from the case study. Left: wind park deployment expected until 2050 under
various transition paces. Right: offshore platform and pipeline infrastructure potentially suitable
for conversion into an offshore hydrogen infrastructure. Maps obtained from the North Sea Energy
Atlas [20].

Master of Science Thesis K.F. IJzermans



60 Appendix

A-4 Price scenarios

Figure A-5: Three energy price scenario’s. Top: swift transition price scenario, middle: target
transition price scenario, bottom: slow-going transition scenario. The prices presented are annual
averages. The hydrogen price is indicated in [€/MWh] on the left axis and in [€/kg] on the right
axis; The hydrogen price in [€/kg] is determined on the basis of the Higher Heating Value (HHV),
as in accordance with Eneco standards and [17, 18, 19].

K.F. IJzermans Master of Science Thesis



A-5 Wind park output - electricity price correlation 61

A-5 Wind park output - electricity price correlation

Figure A-6: Correlation between wind park output power and electricity price for the case study
input series. Based on Eneco’s wind park output and electricity price series.

A-6 Wind park output - hydrogen price correlation

Figure A-7: Correlation between wind park output power and hydrogen price for the case study
input series. Based on Eneco’s wind park output and electricity price series.
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A-7 Wind park capex and opex breakdown

Table A-1: Wind park CAPEX and OPEX assumptions: values are based on
Catapult’s guide to an offshore wind farm [24].

Type of expense Costs k€/MW ]

Development and project management 50
Development and consenting services 42
Geological and hydrological surveys 4
Engineering and consultancy 4

Turbine 1.000
Nacelle 400
Rotor 190
Tower 70
Other (assembly, warranty, etc.) 340

Balance of plant 455
Cables 170
Turbine foundation 280
Operations base 5

Installation and commissioning 365
Foundation installation 100
Turbine installation 50
Offshore logistics 3
Other (insurance, contingency, etc.) 212

Decommissioning 120
Turbine decommissioning 45
Foundation decommissioning 75

Type of expense Costs k€/(MW ∗ annum)]

Operation, maintenance and service 55 k
Operations 14
Maintenance and service 41
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List of Acronyms

AE Alkaline Electrolysis
PEM Polymer Electrolyte Membrane electrolysis
SOEC Solid Oxide Electrolyser Cell electrolysis
OHVS Offshore High Voltage Station
TSO Transmission System Operator
TDS Total Dissolved Solids
RO Reverse Osmosis
SWRO Sea Water Reverse Osmosis
HHV Higher Heating Value
NPV Net Present Value
AC Alternating Current
DC Direct Current
IEA International Energy Agency
BNEF Bloomberg New Energy Finance
FCH JU Fuel cell and Hydrogen Joint Undertaking
IRENA International Renewable Energy Agency
IRR Internal Rate of Return
LHV Lower Heating Value
LCOE Levelised Costs Of Electricity
CV Capture Value
CCR Capture Cost Rate
SEC Specific Energy Consumption
SMR Steam Methane Reforming
CF Capacity Factor
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