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Abstract

This study explores the techno-economic potential of Offshore Energy Hubs (OEHSs) in the North Sea,
particularly focusing on integrating offshore wind energy with hydrogen production. Given the urgent
need to reduce COs emissions, offshore wind farms (OWFs) in the Dutch North Sea are assured to play
a vital role in meeting climate targets. However, the variability of wind energy and the challenges of
integrating this energy into the onshore grid demands innovative solutions. The role of green hydrogen,
utilising offshore wind electricity generation is emerging as a viable solution to help overcome these
obstacles.

This research examines how different hydrogen-to-electricity (H/E) ratios impact the cost-effectiveness
of these hubs. For this purpose a comprehensive techno-economic simulation model was constructed. It
assesses configurations that either focus on hydrogen production or prioritize electricity transmission,
comparing centralised island setups to distributed platform designs. Additionally, the study considers
standardised equipment sizes and examines the the effects of under-sizing infrastructure components to
enhance system performance.

Findings indicate that for hydrogen production, a centralised island configuration is most cost-
effective, achieving a Levelised Cost of Hydrogen (LCOH) of €2.81/kg for 6 and 8 GW electrolysis,
which will likely not be competitive with the price of blue hydrogen. For electricity transmission, dis-
tributed platforms are more advantageous, offering the lowest Levelised Cost of Electricity (LCOE) at
€42.72/MWh for 16 GW electrolysis. The study concludes that centralised islands are preferable for
hydrogen production due to their lower investment costs, while distributed platforms are more suitable
for electricity transmission due to the lower cost requirements for electricity feed-in. The greatest oppor-
tunities for cost savings are related to the electricity costs and the CAPEX of the electrolyser, as these
account for the largest portion of the total system costs. Notably, under-sizing the electrolysis capacity
in hybrid systems can further reduce costs, with the optimal LCOH of €2.80/kg achieved. Strategic
under-sizing of infrastructure components enhances the overall cost-effectiveness of these systems. These
insights are crucial for designing future offshore energy systems that balance between hydrogen and
electricity production, contributing to sustainable energy solutions and climate neutrality goals.
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1 Introduction

1.1 Introduction

Reducing carbon dioxide (CO3) emissions has become of great societal importance. Primarily, it serves
as a decisive strategy in mitigating climate change, where CO2 acts as a significant greenhouse gas
intensifying global warming and its detrimental consequences, including extreme weather events, sea-
level rise, and ecosystem disruptions [1]. Furthermore, suppressing the release of particulate matter
(PM) during the combustion of fossil fuels plays a crucial role in safeguarding public health by improving
air quality, thereby mitigating the adverse health effects associated with air pollution [2]. The role of
offshore wind farms (OWEF’s) in the Dutch North Sea will become progressively important to achieve the
intended COgz-emission reduction targets established in the Paris Agreement [3]. It is expected that the
installed capacity must increase up to 72 GW to achieve climate neutrality by 2050 [4]. Offshore wind
energy has the greatest capacity utilisation rate of all Renewable Energy Sources (RES) and high wind
speeds and shallow waters of the North Sea increase this potential [5].

The growing penetration of Variable Renewable Energy (VRE) will potentially pose complex issues for
integrating the generated electricity in the onshore power system. The spatial and temporal variability
of wind energy will lead to a potential mismatch in time and place. The temporal mismatch is caused
by the growing weather dependency. On the one hand, VRE shortages might occur during low wind
periods, endangering a reliable and clean energy supply. This often results in high electricity prices [6].
On the other hand, it is likely that significant VRE surpluses will arise, because the expected electricity
demand will be insufficient to absorb these large capacities of wind energy, without flexibility measures
such as conversion [7, 6]. This is often characterised by low or negative electricity prices. The spatial
issue is related to the transmission of electricity from the OWF to shore. This requires costly offshore
cables, while significant electric losses occur [8]. Moreover, transmission cables must be able to transmit
peak electricity generation, while this only occurs sporadically. Therefore, the maximum cable capacity
is often not fully utilised. In addition, integrating this electricity in the onshore power grid might also
pose difficulties as the reinforcements of the grid might not keep up with the installation of large-scale
planned OWF’s in the upcoming years [7]. When the maximum transmission capacity is exceeded at
any given time, grid congestion occurs [9]. This prevents large-scale renewable energy projects from
proceeding or it could even increase the likelihood of power outages. Accordingly, the curtailment rate
of OWEF’s will likely increase. As a result, the spatial and temporal mismatch negatively affects offshore
wind energy investments, posing risks on achieving the CO2 reduction goals [6].

Consequently, a growing need for flexibility is occurring in the Dutch power system to integrate the
planned offshore wind capacity into the onshore power system [10, 11]. Power-to-X (P2X) conversion is a
possible solution to provide flexibility by means of sector-coupling. Sijm et al. [6] identify four potential
P2X conversion routes. Namely, Power-to-Hydrogen (P2H2), Power-to-Heat in industry (P2H-i), Power-
to-Heat in households (P2H-h), and Power-to-Mobility (P2M). Especially, hydrogen is expected to play
a crucial role in the future energy system for hard to decarbonise sectors, such as aviation, shipping,
road transport and heavy industry [12]. Producing hydrogen from renewable electricity by means of
electrolysis provides green hydrogen with zero emissions. Potentially declining electricity prices during
VRE surpluses and declining cost of dedicated renewable electricity generation can offer cost-effective
hydrogen production routes [12]. Using the electricity produced from OWZF’s has potential to fulfill
the green hydrogen demand, while increasing the potential of OWF’s and reducing system costs [13,
14]. A distinction can be made between offshore and onshore electrolysis [5]. Offshore placement has
a few advantages compared to onshore. First, for far OWF’s, it is determined that (High Voltage
Direct Current) HVDC export cables lead to fewer transmission losses, but require higher capital costs
compared to (High Voltage Alternating Current) HVAC transmission systems, which is currently the
leading technology [15]. If the electrolyser placement is closer to the source, the levelised cost of hydrogen
( LCOH) is potentially lower due to lower investment need in HVDC transmission systems and reduced
energy losses. Second, the impact on the onshore electricity grid is diminished as only part of the
produced electricity is landed to shore, leading to less need to reinforce the onshore grid. Third, the
utilisation rate of the offshore infrastructure is likely higher as less curtailment is necessary. Fourth,
offshore electrolysis involves limited spatial restrictions and finally, hydrogen can be employed as efficient
and low-cost offshore energy storage due to its high energetic density [16, 5]. On the other hand, the
extreme conditions at sea might result in higher investment costs and risks.

Offshore Energy Hubs (OEH’s) offer a cost-effective solution to integrate offshore wind energy by
coupling different sectors through conversion and countries through inter-connectors [17]. According
to Frontiers [18] an energy hub can be defined as: "a multi-generation system in which many energy
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carriers are converted, stored, and supplied for several energy types." It is foreseen that offshore elec-
trolysis will play a role in OEH’s. Multiple explorative studies on OEH’s in the North Sea have been
performed [8, 19, 16, 20, 21|. From these studies becomes clear that an OEH is a feasible solution to
enhance system integration of offshore wind, while generating multiple energy carriers. North Sea Wind
Power Hub (NSWPH), a consortium of TenneT, Energinet, Gasunie and the Port of Rotterdam, aim to
facilitate large-scale roll-out and integration of wind energy in the North Sea [8]. They identify that the
"hub-and-spoke’ concept is most cost-effective for far OWF’s due to increased integration and economies
of scale [15]. This concept implies centralised or distributed hubs that collect electricity from multiple
surrounding OWEF’s, enable HVDC conversion and potentially hydrogen production, and connect multi-
ple countries via interconnectors (spokes), transporting either electricity or hydrogen through pipelines.
The optimal design of an OEH is related to the relationship between hydrogen production and electric-
ity transmission, or the hydrogen-to-electricity (H/E) ratio. This is defined as the electrolyser capacity
divided by the electricity transmission capacity for a fixed offshore wind farm capacity. Installing elec-
trolysis at sea might reduce electric transmission losses, but is expensive and it may be preferable to
transmit the energy to shore as electricity instead of investing in additional electrolyser capacity. There-
fore, it it is crucial to determine the most cost-effective H/E ratio. Moreover, it might even be more
effective to under-size the downstream infrastructure and instead curtail wind energy rather than trans-
mitting the energy to shore. If the system is undersized, capital costs are reduced and excess electricity is
available for the ancillary electricity consumption of the hydrogen production process, e.g. desalination
and compression. This will increase the amount of electricity supplied to the electrolyser. However, the
remaining excess electricity production will have to be curtailed, which comes at a cost. Likely, there will
be a tipping point where the cost of curtailment will cancel out the reduction in CAPEX. As it becomes
more likely that future OWF’s in the North Sea will become part of a highly integrated system with an
important role for offshore hydrogen production, the most cost-effective design of OEH’s is still under
debate [22, 23, 24].

1.2 Previous Research

Numerous studies have been performed to understand the techno-economic performance of hydrogen
production using offshore wind energy. In general, these type of analyses aim to compare different
scenarios based on the Levelised Cost of Hydrogen (LCOH), Levelised Cost of Electricity (LCOE), Net
Present Value (NPV) or total system costs. These studies can be subdivided into four categories, namely
1) comparisons of various production and transportation pathways, considering conversion into various
Hy-carriers, 2) techno-economic analysis of different offshore wind-to-electrolyser configurations, and 3)
optimization-based assessments.

First, the pathway studies [25, 26, 22, 27| assess the costs of various routes to produce and transport
hydrogen or hydrogen carriers from offshore to shore. All studies consider offshore wind energy produc-
tion, conversion, transportation and storage. Gonzales-Arceo et al. [26] determine the Levelised Cost of
Energy Vector, while Giampieri et al. [22] estimate the LCOH, including re-conversion. Furthermore,
the study of Franco et al. [25] determines the LCOH and NPV, which incorporates the revenues of selling
oxygen. Finally, Thommessen et al. [27] determine the total system costs and efficiency. Most of these
studies assume dedicated OWF’s for the production of hydrogen or hydrogen carriers, matching the elec-
trolyser capacity to the wind farm capacity [25, 26, 27]. In these cases, there is no electricity delivered
to shore and the assessment of the H/E ratio was not considered. However, Giampieri et al. [22] assume
hybrid production of both electricity and hydrogen (carriers) and therefore analyse the impact on the
LCOH of increasing proportions of electricity utilisation in producing hydrogen or hydrogen carriers.

Second, the studies [24, 28, 23, 29, 30, 31] perform a techno-economic assessment of hydrogen pro-
duction from offshore wind by analysing the LCOH or NPV. Most of these studies compare different
electrolyser configurations, including onshore, centralised offshore and in-turbine placements [24, 28, 23,
29]. Groenemans et al. [29] determine the LCOH of onshore and offshore electrolysis and compare
this to hydrogen produced from Steam Methane Reforming (SMR). Singlitico et al. [24] and Rogeau
et al. [23] both determine the LCOH, while Jang et al. [28] determine the NPV, including revenues
from hydrogen sales. The studies [24, 28, 29] all assess a reference case, while Rogeau et al. [23] take a
wider approach and combine the developed cost model with a geo-spatial analysis to perform resource
assessment at European scale. Dedicated OWEF’s for hydrogen production are assumed by [28, 23, 29|,
whereas in reality it might be preferred to sell the produced electricity directly to the grid. Therefore,
[24] designed an integrated techno-economic model for an OEH, including co-generation of electricity
and hydrogen with different operation modes of the electrolyser, while assessing the impact of a varying
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Hydrogen-to-Electricity (H/E) ratio between 0% and 100%. The hub is assumed to be a sand island,
while [28] assume offshore platforms and [23] consider three types of offshore foundations including a
sand island, jacket platforms and floating platforms. Moreover, Lucas et al. [30] and Komorowska et al.
[31] also assess hydrogen production from offshore wind, but without comparing specific configurations.
The first study performs a techno-economic assessment to determine the LCOH and NPV of hydrogen
production integrated in current and long-term wind farm capacities. Komorowska et al. [31] assess the
competitiveness of offshore wind-to-hydrogen production based on the LCOH by analysing 23 planned
OWF’s in Poland.

Third, a variety of studies applied an optimization-based approach. This allows to include energy
market dynamics and develop an optimal bidding strategy or system design. This approach was taken
by [32, 33, 34, 35, 36, 37]. Often, optimization is used to determine the optimal size of the technical
components, such as [35, 33, 34]. Song et al. [32] explore the least-cost hydrogen delivery measured as
the LCOH of various supply chain schemes. Baldi et al. [33] implement linear programming to assess the
energy and cost efficiency of optimized hydrogen and ammonia-based pathways using excess electricity
from an OWF. Scolaro et al. [34] investigate the cost-competitiveness of participating in ancillary service
markets for hydrogen production from offshore wind. The studies [36, 37] both perform energy system
modelling to identify the role of offshore hydrogen production in the North Sea.

1.3 Literature Gap and Aim of Study

By analysing the previous studies listed in Section 1.2, a literature gap was identified. First, the full
supply chain from hybrid production to delivery of electricity, hydrogen and/or hydrogen carriers has not
been fully taken into account regarding electric transmission, conversion and curtailment. Second, it was
noticed that if dedicated hydrogen production was assessed, the cost of electricity supply is represented
by the investments required to construct a wind farm. Nevertheless, in the case of combined electricity
and hydrogen production, the cost of electricity is often ignored, because it is assumed that hydrogen
is produced from excess electricity production. Third, assessing the viability of a hybrid system has
actually been limited. Fourth, studies that assess co-generation of both electricity and hydrogen, fail to
address different electrolyser operation modes and H/E ratios. Furthermore, system design often does not
take into account standardised equipment sizes or potential for undersized transmission infrastructure.
The operation mode and ratio between electrolyser and HVDC capacity are critical to consider when
determining the most cost-effective configuration, as it effects capital costs, utilisation levels, curtail-
ment, losses and the levelised costs of energy. Last, when comparing different offshore-wind-to-hydrogen
configurations, often it is concluded that centralised offshore electrolysis potentially leads to the most
cost-effective solution [24, 23|. However, rarely a distinction is made between platforms or an island as
potential hub foundations. NSWPH indicates that further analysis is necessary to identify the preferred
hub foundation type [38]. Therefore, the aim of this study is to construct a techno-economic simulation
model to compare two types of hub foundations by assessing the LCOH and LCOE of the hydrogen and
electricity delivered to shore for various operation modes and H/E ratios, considering standardisation
and under-sizing of the infrastructure.

The method by Singlitico et al. [24] is fitting the purpose of this study as it determines the LCOE and
LCOH of different configurations of an OEH for varying H/E ratios, including onshore, centralised off-
shore and in-turbine electrolysis, while assessing various types of electrolyser technologies and operation
modes. This is done for a specific case study of a 12 GW hub in the Danish North Sea as indicated by
the NSWPH consortium. The hub is considered to be an artificial energy island, 380 km from Esbjerg.
However, the approach by [24] does not assess distributed platforms as potential foundations and fails
to consider under-dimensioning of the downstream infrastructure compared to the OWF. In addition,
the standardized sizes of the required equipment or undersized scenarios are not taken into account.
Consequently, the most cost-effective designs may be ignored or overestimated.

1.4 Research Questions

Based on the aim of this research the following research question is answered:

"What is the techno-economic performance of different configurations and operation modes for an
offshore energy hub in the North Sea by 2040 as the hydrogen-to-electricity (H/E) capacity ratio changes,
including standardisation and under-sizing of the infrastructure?”

To answer this research question, the following sub-questions were answered:
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1. "What standardised equipment sizes are foreseen by 2040 that might influence practicable hydrogen-
to-electricity (H/E) ratios in each of the configurations?"

2. "What is the techno-economic performance of each configuration if no under-sizing was consid-
ered?"

3. "What is the effect of under-sizing the downstream infrastructure on the techno-economic perfor-
mance of each configuration?"

4. "What is the effect of uncertainty in key input parameters on the LCOH and LCOE?"

1.5 Theory

This section provides the main theoretical concepts that will be used in this study. The main theoretic
concept in this study entails techno-economic modelling. Next both technical and economic evaluation
concepts of renewable energy projects are delineated.

1.5.1 Techno-Economic Modelling

The main theoretical concept used in this research is techno-economic modelling (TEM). This concept is
well established in the scientific literature and has been used extensively to analyse energy systems [26, 22,
27, 29, 28, 23, 24]. By combining process parameters with financial metrics it connects engineering with
business [39]. Insights from techno-economic analyses support relevant parties to assess the economic
feasibility and profitability of energy production systems [40, 41]. The general structure of TEM consists
of four process, which are a process design model, equipment sizing, process economics, and sensitivity
analysis [39]. It starts with delineation of system boundaries, encompassing various components from
energy sources to distribution infrastructure. From this, a process flow diagram can be constructed,
which will serve as a basis for developing the process model. The mass and energy balance at each
step in the process model will determine capacity parameters in a process called equipment sizing. The
determined sizes will function as input for estimating the equipment and utility costs. Cost modelling
integrates factors such as equipment costs, labor expenses, and maintenance requirements, drawing on
empirical data and expert insights. Economic analysis explores metrics like net present value (NPV),
Payback Period (PBP) and internal rate of return (IRR), allowing for the evaluation of the profitability
of the project [25]. Sensitivity analysis enrich the model with insights into uncertainty and alternative
futures. This approach allows for analysing a wide range of different sizes of a certain component, without
the need for optimisation. This is especially applicable when the aim is to assess the cost-competitiveness
of a system and not to optimise the total value.

The advantages of techno-economic modelling is the multidisciplinary character, assessing technical as
well as economic parameters. This helps to identify potential economic and technical challenges. These
type of parameters with a quantitative nature often provide useful insights for the decision-making of
relevant stakeholders. Besides, it allows for valid comparison between multiple projects as a standardised
set of parameters are addressed. Besides, it allows to analyse different scenarios and perform sensitivity
analyses as the impact of changing parameters can be easily assessed. Furthermore, it allows for a
detailed assessment of renewable energy technologies and allow to simulate a high level of complexity
[22, 23, 24, 25]. The disadvantages concern the level of data requirements and the outcomes are highly
dependent on the assumptions made and the reliability of the input data. Moreover, designing the model
is sensitive to potential biases as certain design choices have to be made [22, 23, 24, 25]..

1.5.2 Technical Evaluation of Renewable Energy Projects

The evaluating the technical performance of renewable energy projects is an important aspect to de-
termine the feasibility and value or impact of the project. An important technical criteria to assess is
the energy yield, which determines the total amount of energy the project can deliver over its lifetime.
This is a good representation of the impact the project can make in the broader energy system. If high
investments are required for a limited amount of renewable energy generation, the investment might not
be worth it. Also this allows to compare multiple projects on the impact they can make if economic
performances are similar or not important. Second, the capacity factor or utilisation rate of renewable
energy technologies are often assessed [24, 28, 25, 26]. This expresses the amount of hours per year at
which the asset produces at maximum load and is a good way to represent the utilisation of the infras-
tructure. Low capacity factors might indicate that the maximum installed capacity is not often utilised
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and it might be preferred to downsize the infrastructure. In the case of an offshore wind-to-hydrogen
system, the capacity factor of either the offshore wind farm, the electrolyer or the HVDC transmission
system can be assessed. REP’s concerning electricity generation from wind energy are typically also
assessed on the share of curtailed wind energy [22, 7]. Curtailing wind energy entails the deliberate shut
down of wind turbines. This happens for several reasons, such as unavailable transmission capacity, or
wind speeds that are too weak or too strong, or because of environmental circumstances [22]. Offshore
wind farms are often oversized compared to the transmission infrastructure as the peak load is not often
reached while installing additional transmission capacity is expensive. Under-sizing the infrastructure
increases the utilisation rate and might increase the overall cost-effectiveness. The disadvantage of cur-
tailing energy is that the electricity cannot be sold, which comes at a cost, increasing the LCOE of the
wind farm.

1.5.3 Economic Evaluation of Renewable Energy Projects

When analysing renewable energy projects (REP), the evaluation of economic metrics is relevant to
make an advised decision, including direct costs, indirect costs and overhead costs, taxes, and returns on
investment [42]. Shortcuts for calculations are often used to reduce complexity. Important fundamentals
relevant for this study are cash flows, inflation rates, time points and periods, discount rates, present
value. Cash flows form the basis of economic measures and are related to costs and revenues regarding
three activities: operating, investing, and financing [42]. Inflation rates represent the change in price of
goods and services over time [42]. time points and periods entail concepts as base year, investment year,
analysis period, and depreciation period. The discount rate represents the time value of money and is
necessary to calculate the present value or today’s worth of future revenues and costs [42]. It considers
the fact that a euro received today is worth more than a euro received tomorrow.

A relevant economic parameter assessed in techno-economic assessment of renewable energy tech-
nologies is the Levelised Cost of Energy (LCOE) [42]. If another energy carrier, such as hydrogen is the
end-product, the Levelised Cost of Hydrogen (LCOH) is measured instead [25, 26, 22, 24, 23, 29, 32]. The
calculation levels the total discounted life-cycle costs over the total energy or hydrogen output or saved
over the entire analysis period. This unit of measurement is especially useful to compare alternative
technologies that have different scales of operation, different investment and operating time periods, or
both [42]. Tt provides an appropriate ranking of the alternatives. The total system costs (TSC) over the
lifetime of the project includes the present value of all the capital expenditures (CAPEX), operation and
maintenance (O&M) expenditures (OPEX), replacement costs, and energy costs over the analysis period
[42]. Assessing the TSC apart from the LCOE or LCOH provides additional insights if the difference in
investment size is of relevance as this is not considered in the levelised cost.
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2 Methodology

To answer the research question, a techno-economic model was designed in Python, consisting of a
process design model, equipment sizing and a system cost model. This follows the approach of [24], but
was adapted to fit the aim of this study. This study’s methodology essentially compares the techno-
economic performance of two different foundations for an OEH and consists of nine parts, which will
be elaborated upon in the following subsections. 1) The case study is delineated, elaborating upon
important specifications of the considered OEH. 2) The dedicated infrastructure of each configuration
is described. 3) The operation modes are explained that will decide the distribution of electricity to
the hydrogen or electricity system. 4) The specification of the standardised equipment sizes and the
creation of practical H/E ratios is given. 5) A process design model was constructed to simulate the
mass and energy balances in each conversion and transmission process. Based on the mass and energy
flows, the required equipment sizes are determined, which will serve as input to calculate the total system
costs. 6) The economic input parameters and equations are provided for the system cost model. 7) The
calculations for the LCOH and LCOE are presented together with the description of other relevant Key
Performance Indicators (KPI’s) that were assessed. 8) The sensitivity analysis on the LCOH and LCOE
is outlined to account for uncertainty in the input data. A flowchart of the methodology is provided in
Figure 1.
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! i ]

Technical analysis (5)

* Determine parameters (including mass and energy flows), sizes, lifetime and requirements for technical components

HVDC transmission
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* Cable lengths, conversion and
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Economic analysis (6-7)

* Estimate CAPEX, OPEX, replacement and electricity costs
* Determine LCOE and LCOH

Sensitivity analysis (8)
* Determine uncertain parameters that would affect the
LCOH and LCOH significantly

Figure 1: Flowchart of methodologies
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2.1 Case Study

North Sea Energy [20] designate wind search areas 6 and 7 (see Figure 2) as a potential location for
an OEH in the Dutch North Sea due to their close proximity to other North Sea countries and great
potential for interconnection. Therefore, this location was considered as a case study. It is foreseen that
area 6 will accommodate 10 GW offshore wind capacity and for area 7 this is 8 GW, consisting of 5
and 4 wind farms respectively of 2 GW each [43]. The combined wind potential is therefore equal to 18
GW and will be installed after 2030 and before 2040. For this reason, the target year of this analysis is
2040. The NSWPH consortium also indicates this area as a potential location for an OEH [44]. They
determine the hub location to be at a distance of 190 km from the Dutch coast (Eemshaven) and a water
depth around 40 meters [45]. The total area is around 4160 km? [46]. Within this hub a role is foreseen
for offshore hydrogen production due to the significant capacities of wind energy, large distance to shore,
and existing gas platforms can potentially be reused [20, 8]. Moreover search areas 6 and 7 will likely
be connected to the Dutch offshore hydrogen backbone as planned by Gasunie [47]. However, it is not
yet determined what the most cost-effective design of such an energy hub would look like, making this
research of added value.
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Figure 2: Map of current and planned offshore wind areas in the Dutch North Sea and case study of
offshore energy hub outlined in a red solid line (search area 6 and 7) [4, 20].
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2.2 Hub Configurations

For designing the alternative configurations, two realistic offshore infrastructure concepts were considered
as indicated by [16], namely network concentration and the type of connection. Within the dimensions
of each design concept, the two extreme design choices were assessed. First, this study distinguishes
between the level of network concentration, involving two likely hub foundations and infrastructure
requirements [16]. Second, a distinction can be made between dedicated hydrogen production (Figure
3a) and combined electricity and hydrogen production (Figure 3b) [16]. In order to compare multiple
operation modes, only the hybrid connection has been considered, as this allows to choose between
the transmission of both energy carriers at each time step. Since the demand side is not modelled,
the operation modes are limited to capacity constraints of either the electrolyser or HVDC substation.
However, a combined connection allows to supply the excess electricity to the opposing system. This
results in the following two configurations to be assessed:

1. Centralised offshore co-production: Electricity produced by offshore wind farm is collected at
a central artificial energy island (see Figure 4), which is capable to house large-scale electrolysis
and HVDC conversion and both electricity and hydrogen can be transported to shore by HVDC
cables and a rigid pipeline respectively (depicted left in Figure 5).

2. Distributed offshore co-production: Electricity produced by the offshore wind farm is col-
lected at multiple distributed and interconnected platforms (see Figure 4), which houses HVDC
substations and smaller scale electrolysers. The hydrogen is collected by smaller flexible pipelines
and centrally compressed to be transported to shore in a large rigid pipeline. Whereas, electricity
is transmitted through HVDC export cables (depicted right in Figure 5).

Figure 5 presents the topology of each assessed configuration. The distribution of the OWF’s across
the hub is based on the yellow areas within the red outlined area of the case study presented in Figure
2. Furthermore, the location of the island was assumed to be situated in the middle of search area 6
and 7 as indicated in the North Sea Energy Atlas, an online interactive map developed by [46]. The
consultancy and engineering office Witteveen-+Bos confirms that the preferred location of an island is
in the middle of the connected OWF’s to achieve the lowest IA cable costs [15]. It can be noted that
the major differences between the two configurations are related to the foundation type, the sizes of
individual electrolyser units, lengths of inter-array cables and DC export cables, the need for a HVAC
transmission system, inter-array pipelines, and DC cables to connect the electrolyser platforms to the
HVDC substations (DC P2X cables).

Offshore Onshore Offshare Onshore
HVDC converter HVDC converter HVDC converter HVDC convertar

Array cables -
AC/DC HvDC AC/DC
cable pair

HVAC interlink
and switchgear
on the hub

Offshore Offshore
pipeline pipeline
Gas Offfshere (') AC/DC Hz2 Gas
grid wind farm production grid
Step-down Step-down

HVAC Offshore Offshare HVAC Offshore Offshore

transformer rectifier electrolyser transformer rectifier electrolyser

Offshare
wind farm

(a) Dedicated hydrogen connection (b) Combined electricity and hydrogen connection

Figure 3: Possible type of connections from the offshore energy hub to shore [3§]
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Platform Caisson Island Sand Island

Figure 4: Possible foundation types for offshore energy hubs [48]

Island

Platforms

D)

Figure 5: Topology of assessed configurations

2.3 Operation Modes

As co-generation of electricity and hydrogen was addressed, two electrolyser operation modes were con-
sidered. A combined system allows to choose between the production of energy carriers and can therefore
have multiple operation modes. In reality, the decision to route the generated electricity to hydrogen
production depends on e.g. grid congestion and market dynamics. For this research, a simplified method
was taken based on [24] as future electricity market prices depend on numerous factors and are difficult
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to estimate. They define two operation modes referred to as "hydrogen-driven" and "electricity-driven"
as explained below. Figure 6 visualises both operation modes in a reference duration curve. Both modes
represent the extreme cases and will provide the bandwidth of the resulting LCOH and LCOE. Combin-
ing the two configurations as depicted in Figure 5 with two operation modes results in the assessment of
four scenarios.

e Hydrogen-driven: priority is given to hydrogen production. This entails that hydrogen is pro-
duced from baseload electricity production to first utilise the full nominal capacity of the electrol-
yser. The production pattern will follow the wind profile until it reaches the maximum electrolyser
capacity. The remaining electricity is fed into the HVDC electricity system, following the wind
profile.

e Electricity-driven: priority is given to utilise the maximum capacity of the HVDC transmission
system. This entails that hydrogen is produced from excess electricity production that would have
been curtailed otherwise, following the wind profile.

2 GW electricity-driven
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Figure 6: Reference duration curve of the hydrogen-driven and electricity-driven operation mode in a 12
GW hub. The electricity input of a 2 GW electrolyser operating in both modes are depicted in green.
The electricity transmitted to shore by the HVDC system is depicted in yellow. The dashed line depicts
the reference case of a 4 GW electrolyser [24].

2.4 Standardised Equipment Sizes

Before the process design model was constructed a literature review was performed to determine the
standardised equipment sizes in MW of a HVDC substation and electrolyser system for both configura-
tions that will likely be available in the market by 2040. In this way, practical and realistic scenarios
of an OEH are developed and assessed. Documentations by TenneT, the offshore Transmission System
Operator (TSO), Institute for Sustainable Process Technology (ISPT) and NSWPH were consulted for
this purpose [49, 38, 50].

2.5 H/E Ratio

The amount of hydrogen and electricity delivered to shore depends on the relation between the installed
capacity of the electrolyser and the HVDC converter station, or the H/E ratio. For each of the scenarios
and configurations it is assumed that the offshore wind capacity is constant and equal to 18 GW. Never-
theless, the H/E ratio was varied from 0% hydrogen production (or 18 GW HVDC capacity installed) to
100% hydrogen production (or no HVDC capacity installed). Several practical intermediate H/E ratios
were identified based on the standardised equipment sizes of the electrolyser and HVDC system (see
Section 2.4). Initially, various base case scenarios were developed, where the combined electrolyser and
HVDC capacity is equal to the total installed OWF capacity. In addition, the assessed H/E ratios include
under-sized scenarios, where the combined capacity of the hydrogen and electricity system are less than
the total installed OWF capacity. The H/E ratio is presented as either the installed electrolyser capac-
ity or HVDC capacity, because the installed capacity of the opposing system can be derived from this,
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given the combined capacity of both systems. This allows to better distinguish the base and undersized
scenarios. Subsequently, the equipment sizes of the downstream hydrogen and electricity infrastructure
are calculated based on the the mass and energy requirements as simulated by the process design model
(see Section 2.6). According to time series data of electricity production from offshore wind energy, the
operation mode, and the H/E ratio, the share of electricity distributed to the hydrogen or electricity
system in each time step was determined. The intersection where the generated electricity is divided
between both systems is called S.

2.6 Process Design Model

The following section describes the construction of the process design model for both configurations. It
characterises the main technical parameters of each technical component based on the mass and energy
balance of each conversion or transmission step in the process as is explained in the following subsections.
By varying the H/E ratio and following a specific operation mode, the process design model determines
the mass and energy flows at each step in the process. The process flowcharts for both configurations are
presented in Figure 7. As can be seen in the figure, each configuration can be divided into three systems,
the offshore wind system, electricity system and the hydrogen system. The components associated with
each of the systems are shown in the corresponding color. Consequently, the required equipment sizes
of the electricity and hydrogen infrastructure were determined. The configurations concern a combined
connection, but with a H/E ratio of either 0 or 100% a dedicated connection is in place for either the
electricity or hydrogen system respectively.
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Figure 7: Process flowchart of assessed configurations

2.6.1 Offshore Wind Production

The hub is assumed to consist of 9 OWE’s, Nowr, of 2 GW each. These are distributed across the hub
as shown in Figure 5. There are four OWF’s situated on the left and five on the right. The hourly wind
energy profile was composed from historical wind speed data at 150 meters above the earth’s surface,
retrieved from Windatlas.xyz [51], an online tool that uses bias corrected ERA5 reanalysis data [52].
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2017 was used as a reference wind year for the entire lifetime of the OEH as Global Wind Atlas indicates
this as an average wind year at the hub location over a 10-year time frame [45]. Wind speed data at
two distinct locations within the hub (54.06N, 3.54E and 54.61N, 4.97E), 125 km apart, were combined
to account for the spatial variability in wind speeds. Figure 9 provides the hourly fluctuations of wind
speeds at both hub locations.

The power output of a single turbine at each time step was calculated based on the power curve of
a reference 15 MW wind turbine (WT) as determined by IEA [53]. The key parameters are presented
in Table 1 and the reference power curve is presented in Figure 8. For the non-linear part of the power
output, a look-up table combined with interpolation were applied. The resulting hourly capacity factor
at each location is depicted in Figure 10. Each 50% of the installed hub capacity was assigned one of
the wind speed profiles. The annual electricity production of the entire hub, Ep.p, is the sum of the
electrical energy produced by a single turbine times the total number of WT’s in the hub Ny . The hub
comprises 1,206 wind turbines in total, collectively generating a power output of 103.7 TWh of electricity
annually.

’ Parameter \ Value \ Units ‘
Rated power 15 MW
Rated wind speed 10.6 | m/s
Cut-in wind speed | 3 m/s
Cut-out wind speed | 25 m/s
Rotor diameter 240 m
Hub height 150 m
Number of blades 3 -

Power density rotor | 330 W /m?

Table 1: Key parameters of reference 15 MW turbine [53]
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Figure 8: Power curve of 15 MW reference wind turbine as determined by IEA [53]
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Figure 9: Annual wind speed fluctuations at two distinct hub locations.
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Figure 10: Annual capacity factor fluctuation of a single 15 MW offshore wind turbine at two distinct
hub locations.

2.6.2 Inter-Array Grid

The individual WT’s are connected to the hub in groups of 6 through an inter-array (IA) cable of 66
kV [20]. The nominal power of each string is therefore equal to 90 MW. The number of strings in the
inter-array grid, N;g, depends on the total number of WT’s connected to the hub, Ny 7.

The determination of the length of the IA grid differs per configuration. In the distributed config-
uration, the electrolyser and HVDC platforms are assumed to be situated in the middle of the OWF
(see Figure 11). Therefore, the total TA cable length (km), L;q, is equal to the total infield cable length
within each OWF. This was determined by the distance between each turbine and the average distance
of each string-end to the middle of the OWEF. The optimal distance between each turbine is 7.16 times
the rotor diameter [54]. This results in a wind turbine power density of 5.06 MW /km? and wind farm
dimensions of 20 x 20 km. Consequently, the average infield cable length per string is equal to 15 km. In
the island configuration, L;s depends on Nyg and the sum of the average infield cable length per string
and the distance between each OWF to the island. The island is assumed to be located in the middle of
the hub as depicted in Figure 5. The distances from each OWF to the hub centre, Loy, are presented
in Table 2. The respective OWF locations within the hub can be seen in Figure 5. Adding the average
inter-array cable length of 15 km, gives the average distance of each WT to the hub centre, Ly g, also
presented in Table 2. It should be considered that the maximum length of the 66 kV TA cabling is 30 km.
OWE’s at a larger distance from the hub, require an HVAC substation and 220 kV AC cables connected
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to the hub to minimise transmission losses [15, 7]. This only accounts for the island configuration (see
Section 2.6.3.

The nominal losses occurring in the inter-array grid depend on the total electricity transmitted
through each string and the coefficient of electric loss. In the platform configuration, this is equal to
0.6% of the electricity transmitted through the cable [43|. As the average inter-array cable in the island
configuration is twice as long the coefficient of electric loss is equal to 1.2%. The total inter-array losses
are independent of the variations in the H/E ratio.

# OWF | Distance OWF’s to | Average distance WT’s
hub centre to hub centre
LOH [km] LWH [km]

1 45 60

2 30 45

3 10 25

4 25 40

5 45 60

6 15 30

7 20 35

8 30 45

9 45 60

Table 2: Respective distances for each OWF in search area 6 (1-5) and 7 (6-9) (see Figure 5).

1A cable string with 6 WTG (15MW each), 66kV (max 0MW/cable)

|A Cable for outage compensation / flexibility, 66kV (max 90MW/cable)

500MW offshore P2G system

Onshore P2G

Bridge link between P2G systems (66kV busbar + LP H2 connection)

4 Bridge linked 2000MW (4x500)MW P2G systems

2GW HVDC converter station (optionally with international interconnectors)

525KV HVDC connection to shore, (or hub) (2 GW capacity per line)

380kV AC onshore connection to onshore P2G and/or grid (2 GW capacity per line)

H2 Pipeline offshore: DP=120 barg OP=30-120barg, onshore NL: DP=60 barg OP=20-60 barg, DK MAOP: 78 barg.

Onshore H2 metering and gas treatment station

Offshore

| I

Onshore

Figure 11: Foreseen configuration of the grid connection system of 2 GW offshore wind farms [38].

2.6.3 HVAC Transmission System

The grid connection system in the island configuration requires HVAC substations to connect far OWF’s
to the island as depicted in Figure 5 (left). From the average distances between each WT and the hub
centre, presented in Table 2, can be concluded that 7 OWF’s require HVAC transmission. Therefore, the
required HVAC capacity, Pgv ac, is equal to 14 GW. The maximum capacity of a HVAC transmission
system, including an offshore substation and transmission cable, is 1 GW [7]. Therefore, 14 HVAC
substations and AC transmission cables are required, Ngy 4¢. The total length of the HVAC transmission
cables (km), Lgv AcC, trans, is equal to the number of HVAC cables, Ngv ac, per OWF times the average
distance from each WT to the hub centre, Ly g, minus the average IA cable length for each OWF
respectively.
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In the case of an intermediate HVAC substation, additional conversion losses were considered to
increase the voltage level, equal to 0.5% of the converted electricity [27]. The transmission losses in a
HVAC cables are equal to 0.0075%/km for a 1 GW AC cable at full load [15].

2.6.4 HVDC Transmission System

The HVDC transmission system consists of an offshore converter substations, converting the power from
AC to DC, HVDC transmission cables and onshore substations, converting the power back to AC to
feed into the onshore grid. In the base case scenarios, the rated power of the total HVDC transmission
system (MW), Pyvpc, is equal to the difference between the total installed electrolyser capacity (MW),
P.jec, and the total OWF capacity. In the under-sized scenarios, (Pyypc is equal to the difference
between P,... and the OWF capacity minus the capacity at which the hydrogen and electricity systems
are undersized. The energy delivered to shore (MWh), Exv pc, was calculated by Equation 1 [24].

_ T'HV DC trans

Envpc(t) = Epae(t) -2 (1 —nuvDC.conv) - (1 - Luvpc,trans)) (1)

Prvpe

where Epop is the amount of electricity fed into the HVDC system (MWh), ngvpc cony is the
conversion loss in the offshore and onshore HVDC substations, assumed as 1.25% of the converted
electricity [27]. The energy losses of HVDC transmission, ngy pc,trans Were assumed as 0.0025%/km for
a 2 GW DC cable at full load [15]. The export cable length (km), Lyv pc trans, is the distance from
either the island or platform to the landfall location Eemshaven [7, 46]. For the island configuration,
this is equal to 230 km [20]. For the platform this is equal to the average distance from each OWF to
the centre of the hub (see Table 2) and the additional 230 km to shore.

In the platform scenario, DC cables are implemented to connect each electrolyser platform to the
nearest HVDC converter station as indicated in Section 3.1. This is because electrolysers require direct
current and it allows to distribute the generated electricity to both systems. Therefore, the total length
of these cables, Lyvpc, p2x, is equal to the length of a single offshore wind farm (20 km) times the
number of electrolyser platform, N, .

2.6.5 Electrolyser System

In literature, three suitable types of electrolysers are mentioned for hydrogen production from offshore
wind, which will be most cost-competitive by 2040, namely the Alkaline Electrolyser Cell (AEC), Proton
Exchange Membrane Electrolyser Cell (PEMEC), and the Solid Oxide Electrolyser Cell (SOEC). For
this study a PEMEC was assumed as this has the least weight and has the flexibility to quickly ramp
up and down due to the short cold start time. The flexibility is favored for hydrogen production that
follows a wind profile characterised by intermittent operation. The light weight is beneficial because
the substructure is limited by the weight of the equipment it can support. The chemical energy of the
produced hydrogen (MWh), Fy,, was calculated by the total electricity fed into the electrolyser (MWh),
Epsx, according to Equation 2 [24].

Epax (t) - Netee(t) - (1 — % . 21: 1—B2£f—’i)> ’

Pelec -At- QSMIN S EPQX(t) < Pelec - At
0, Epox(t) < Peec- At - drin

In this equation, P.j.. is the nominal electrolyser capacity and B is a Boolean parameter, which
indicates if the electrolyser is on (1) or off (0). The other relevant parameter values of the PEMEC
technology can be found in Table 3. The CS is the cold start time, which is assumed necessary if
the electrolyser was not operational during the previous 24 hours [24]; 7ee. degrades over time if the
electrolyser is operating. This was determined according to Equation 3 [24]. It was considered that
after a certain amount of operating hours the electrolyser stack needs to be replaced, represented by the
frequency stack replacement, after which the efficiency is recovered to its initial value. The amount of
operating hours was determined by the sum of B at each time step. Accordingly, the hydrogen mass flow
rate in (kg/h), py,, was calculated by the LHV of hydrogen according to Equation 4.

In the distributed configuration, the electrolysers are situated on multiple platforms. The number
of electrolyser platforms, Nejec pi, Was determined by the total installed electrolyser capacity, Pejc. and
the capacity limit per platform based on standardised platform designs as was determined according to
Section 2.4.

EH2 (t) = (2)
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nelec(t + 1) - nelec(t) : <1 - M N B(t)> (3)

1,000
. FExg (t) 103
t) = —H W 4

’ Parameter \ Symbol \ Value \ Unit \ Reference ‘

Initial electrolyser efficiency | 7ejec 69.2 %(LHV) [55, 22]

(stack level)

Efficiency degradation Ndeg 0.10 %,1000h [55]

Cold start time CS 0.2 minutes [55]

Minimum partial capacity OMIN 5 % [56, 22]

LHYV of hydrogen LHVy, | 33.3 kWh /kg [24]

Lifetime of plant LT, 25 years [55]

Frequency stack replacement - 90,000 | operating hours | [55]

Operating pressure Delec 30 bar [38, 55, 50|

Table 3: Characteristics PEM electrolyser system

2.6.6 Desalination Unit

The volumetric flow rate of the required water depends on the mass flow rate of the produced hydrogen
and the water consumption per kg of hydrogen produced. The desalination unit processes sea water to
remove salt. The electricity consumption was determined by the volumetric flow rate of water, VH2O, in
m3/h as determined by Equation 5 [22, 24].

mHQ (t) . Wdes

PH>O

()

where Wyes is the water consumption for each kilogram of hydrogen produced, assumed as 15 kg
desalinated water/kg hydrogen [22, 24|, and pg, is the density of water, equal to 997 kg/m3. The
energy consumption per cubic meter of water processed, eges, was assumed to be 3.5 kWh/m? [12,
22]. Therefore, the total energy consumed by the desalination unit at each time step (MWh), Eg.s(t),
was calculated according to Equation 6 [22, 24]. In the centralised configuration, the desalination units
are located on the island. In the distributed configuration, these are assumed to be located on each
electrolyser platform and therefore do not require a dedicated platform.

VHzo(t) =

Edes(t) = VHZO(t) * €des * 10_3 (6)

2.6.7 Hydrogen Pipeline

When hydrogen is delivered to shore, a minimum pressure of 50 bar must be achieved to feed into the
onshore hydrogen pipelines [7, 57]. Nevertheless, the operating pressure of the electrolyser is just 30
bar and pressure losses occur during transport because of friction with the surface of the pipeline. The
required pipeline inlet pressure (bar), ppipe,in, depends on the required outlet pressure (bar), ppipe,out Of
at least 50 bar and the overall pressure drop. Therefore, the hydrogen flow hydraulics are analysed first
before the compression requirements are determined. The pressure drop (bar), Ap, can be calculated
with Equation 7 [58].
A_l.ﬂ. T (7)
p = 2 Dpipe PHy * VH,
where Ly;, is the length of the export pipeline (m), Dp;pe the internal diameter of the export pipeline
(m), pm,, the hydrogen density (kg/m?), vy, the velocity of hydrogen (m/s) and f the Darcy friction
factor coefficient (dimensionless). The length and diameter of the export pipeline are determined based
on the hydrogen mass flow rate as part of the equipment sizing step. The values of the other parameters
will be explained in more detail below. The density and velocity of the hydrogen during transport are
affected by the change in pressure and vary across the pipeline. Therefore, the pressure drop, density and
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velocity are analysed for each 10 metre interval of the total export pipeline length, assuming an initial
inlet pressure of 80 bar and the maximum mass flow rate, derived from the maximum value of 1y, (t).
The actual pipeline inlet pressure was found through an iterative process until the outlet pressure of 50
bar was reached, with a maximum deviation of 1 bar.

At each interval, pp, (kg/m?) was found using Equation 8 [57].

_ pH, Ty
P = P T ®

where pg, is the pressure of hydrogen (bar) at any given point in the pipeline, and Ty, is the
temperature of hydrogen (K) at the same point. T, was assumed constant over the pipeline length,
equal to the mean temperature of the North Sea, Thsgan, of 283.15 K. This is because the temperature
change due to variations in pressure is negligible [57]. The other relevant parameter values can be found
in Table 4. Thereafter, vy, (m/s) was calculated according to Equation 9 [58].

mpg, -4
VH, = ——————5— 9
2 sz 'F'Dgipe ( )

The Darcy friction factor or friction factor (f) depends on the internal roughness of the pipeline
(&) and the Reynolds number (Re). Calculating Re (dimensionless) is a way of determining whether
the hydrogen flow in the pipeline is laminar (< 2000) or turbulent (> 2000) [58]. Re was derived from
Equation 10 [58].

Re = PMasze Vs " Drive (10)
HH,

The respective parameter values can be found in Table 4. Together with Re and the dimensionless
relative roughness of the pipeline (¢/D), the dimensionless friction factor, f, can be read from the Moody
diagram presented in Appendix A. If the flow is turbulent, f can also be calculated with Equation 8,
also known as the Colebrook-White equation [57, 24].

L gty 20
Vi TS Dy T Re VT
where £ and D;p. are both in inch. In the case of a distributed hub, inter-array pipelines will collect

the produced hydrogen at each platform and transport it to the central compression platform. The
pressure levels of the hydrogen pipelines defer between the inter-array or export pipelines:

) (11)

e Export pipeline: ppipe,in is equal to the pejec and ppipe,out is at least 50 bar.

e Inter-array pipeline: the pressure inlet and outlet of the inter-array pipelines, ppipe;,,in and
Dpipera,out, are both equal to peec; no pressure losses are assumed inside the inter-array pipeline
due to relatively small distances [57].

Parameter \ Symbol \ Value Unit \ Reference ‘

Base pressure Db 1 bar [24]

Base temperature Ty 288.15 K [24]

Mean temperature TV EAN 283.15 K [57]

Hydrogen density (STP) PHs g 0.0841 kg/m?
Gas gravity hydrogen G, 0.0696 -
Dynamic viscosity hydrogen (STP) | um, 0.864 * 1e-5 | kg/(m-s) | [24, 59

Internal pipeline roughness ¢ 0.05 mm [59]

Table 4: Parameter values for calculating the pressure drop of hydrogen flowing through a pipeline

2.6.8 Compressor

Compression is necessary before hydrogen enters the export pipeline to achieve the desired pipeline
outlet pressure of 50 bar. The required energy for compression (MWh), E;omp, was based on adiabatic
compression using Equation 12 [7]. In the centralised configuration, compression takes place on the
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island. In the distributed configuration, it is assumed that compression will take place at a central
location on a single or multiple platform(s), connecting multiple electrolyser platforms (see Figure 5).

R-Z. Tcomp,in ) N -~ . ((pcomp,out)% . 1) « At (12)
MH2 * Nlcomp Y- 1 Pcomp,in

The specific parameter values are provided in Table 5. Peomp,out a0 Poomp,in are the inlet and outlet
pressure (bar) of the compressor respectively, which vary per configuration:

Ecomp (t) = mH2 (t) :

e Centralised: peomp,in s assumed to be equal to pejec (see Table 3). Peomp,out 1S assumed to be equal
to the ppipe,in as determined in Section 2.6.7.

e Distributed: pcomp,in is assumed to be equal to the ppipe; 4 out, While Deomp out s equal to Ppipe,in-
Both are determined in Section 2.6.7.

In the distributed configuration the compressors are on a single or multiple platform(s). The number
of required compression platforms, Neomp pi, depends on the nominal capacity of the compressor (MW),
ﬁcomp, and the maximum allowed capacity per platform, which is equal to 50 MW [59, 60]. The required
compression capacity is determined as part of the equipment sizing step.

’ Parameter \ Symbol \ Value \ Unit \ Reference \
Universal gas constant R 8.3145 | J/(mol * K)
Compressibility factor Z 1.05 - [61]

Compression inlet temperature | Teomp.in | 298.15 K [22]
Compression efficiency Neomp 88 % [22, 57]
Molecular mass hydrogen My, 2.0158 g/mol
Number of compression stages | N 1 - (22, 24, 7|
Specific heat ratio hydrogen ~ 1.4 - [22]

Table 5: Parameters values for calculating the electricity required for compression

2.6.9 Artificial Island

The island design was assumed to be a sand island (see Figure 4), constructed by a truncated cone shape
consisting of sand, revetment to protect the shore and breakwaters [24, 20]. The required volume of
sand (m?3), Vg, was calculated by Equation 13 [24]. The required surface area of the island (m?), A;g,
was determined by the spatial footprint (m?/MW), f, and installed capacity of the HVDC substation,
electrolyser, desalination unit and compressor, as defined by Equation 14. Consequently, the radius at
surface level (m), r;5, was calculated by Equation 15. The radius at seabed level (m), s, was then
calculated by Equation 16. The respective parameter values can be found in Table 6.

The shore needs to be protected from waves by a revetment in the form of rocks [20]. The required
area of the protected shore (m?), A,s, depends on the area of the sandy truncated cone shape and was
calculated by Equation 17[24]. Finally, breakwaters are necessary of which the length, Ly, is assumed
to be 1000 m independent of A;g [20]. The respective parameter values can be found in Table 6.

1
Viel = 38 + 7 (rap® — rig®) (13)

Aisl = PHVDC : fHVDC + Pelec : (felec + fdes) + Pcomp : fcom,p + Afi:ved (14)

where Ajizeq is the fixed surface area (m?) dedicated to the harbour, heliport, accommodation,
lay-down area and a control room.

Aisl
isl = 15
Tist - (15)
h
Tsb = Tisl + g (16)
Aps =T rgl T r2, (1 + s?) — T Tt T il r2,(1+ s?) (17)

29



Equipment \ Symbol \ Vlaue \ Unit \ Source ‘

Footprint HVDC substation | fagyvpc | 4.86 | m2/MW | [24]
Footprint electrolyser system | fejec 34.00 | m2/MW | |55, 7|
Footprint desalination unit | fges 6.00 | m?/MW | [59]
Footprint compressor feomp 160 | m2/MW | [38, 20]
Fixed area* Atizea | 75,000 | m? [59]
Height of island h 47 m [20]
Slope of island 5 0.75 | - [24]

Table 6: Relevant parameter values for the artificial island.

2.7 Equipment Sizing

The process design model provides the equations for the mass and energy requirements of hydrogen and
electricity conversion and transmission. This section, explains how the required sizes of the equipment
are derived from this in order to calculate the CAPEX and OPEX of each component. The required
equipment sizes are divided into three systems, the offshore wind system, the electricity system and the
hydrogen system. First, the sizes of the offshore wind system are related to 1) the number of wind
turbines Ny (see Section 2.6.1) and 2) the total length of the inter-array grid (km) L;g (see Section
2.6.2). In the island configuration this also includes 3) the HVAC capacity (MW) Pgyac, and 4) the
total length of the AC transmission cables (km) Ly ac trans (see Section 2.6.3). The sizes of the offshore
wind system remain constant for each H/E ratio and are used to determine the CAPEX and OPEX, and
ultimately the LCOE of the offshore wind system.

Second, the sizes of the electricity system are related to the capacity of the HVDC transmission
system (MW) Pyypce, which is based on the associated H/E ratio (see Section 2.6.4). The offshore
substation, transmission cable and onshore substation are all sized 1:1.

Third, the sizes of the hydrogen system are related 1) to the electrolyser capacity (MW), Pejcc, which
is based on the associated H/E ratio (see Section 2.6.5), 2) the nominal volumetric flow rate of the
desalination unit (m?3/h), V ges, which is assumed equal to the maximum value of Vi,0(t) as calculated
by Equation 5, 3) the required nominal compressor capacity (MW), Pcomp, which was assumed to be
the maximum value of E.omp(t) as calculated by Equation 12, and 4) the length (km) and internal
diameter (m) of the hydrogen pipelines. The length of the export pipeline, Lyipe, is the length from
the island to shore or from the compression platform to shore, both equal to 230 km [46]. The length
of the inter-array pipeline (km), Lpipe, ,, is the average distance from the electrolyser platforms to the
compression platform (see Table 2: distance OWF to hub centre). Furthermore, three diameter sizes of
offshore hydrogen export pipelines are foreseen [62, 7]. The specifications are presented in Table 7. The
choice between each pipeline size depends on the maximum allowed velocity of hydrogen in the pipeline
(m/s), which is assumed to be 50% of the erosional velocity (m/s), varax, as derived from Equation 18
[24]. The diameter of the inter-array pipelines (m), Dpipe,,, depends on the maximum allowed velocity
of hydrogen in the pipeline and the maximum value of 7y, (t) as calculated by Equation 4. The required
diameter can then be calculated according to Equation 19.

Finally, the size of the artifical island depends on the footprint of the required equipment sizes
as explained in Section 2.6.9. Finally, the number of platforms for the HVAC substations, HVDC
substations, electrolysers (incl. desalination units), and compressors depends on the required capacity
of the respective equipment and the maximum allowed capacity per platform as explained in Sections
2.6.3, 2.6.4, 2.6.5, and 2.6.8.

Z-R-Typan
=100 - 18
YMAX \/29 : GHz * Ppipe,out ( )
. D ipe 2
i, (1) = v pry -7 = (19)

2.8 System Costs

The economic assessment consists of estimating the Capital Expenditures (CAPEX) and Operating
Expenditures (OPEX) of each technical component in the system for the year 2040 based on the required
sizes as estimated by the process design model. These will be used to calculating the total system costs
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| Pipeline type | Diameter (inch) | Diameter (mm) |

Small 20 510
Medium 36 915
Large 48 1,220

Table 7: Offshore hydrogen pipeline characteristics [62]

and the LCOE and LCOH. The CAPEX consists of equipment cost and installation costs. The OPEX
entails Operations and Maintenance (O&M) costs. The following sections will provide the CAPEX and
OPEX calculations of each component.

2.8.1 Wind Turbines

The CAPEX of the offshore WT’s (M€), CAPE Xy 7, was calculated by Equation 20 [15]. This includes
the turbine equipment and foundation for a water depth of 40 m, and project development costs per 2
GW OWF. The OPEX is 2.75% CAPEX/y [20].

CAPEXwr = (14 + 8.53) * Ny + 180 * Now p (20)

2.8.2 Inter-Array Grid
The CAPEX of the 66 kV inter-array cables of 90 MW (M€), CAPE X ¢, was calculated by Equation
21 [7]. This is including installation costs. The OPEX is equal to 0.2% CAPEX/y [24].

OAPEX]G = O.5*L[G (21)

where Ljq is in km.

2.8.3 HVAC Transmission System

In the island scenario, offshore HVAC substations and 220 kV cables are required to connect far OWEF’s to
the island. The CAPEX of the HVAC system (M€), CAPEX gy ac, consists of the offshore substations
and transmission cables as explained below. The OPEX is equal to 0.2% CAPEX gy ac/yr [24].

HVAC Substation The CAPEX of the offshore HVAC platforms (M€), CAPEX v ac,pi, was cal-
culated by Equation 22.
CAPEXHVAC,pl =0.141 « PHVAC (22)

where Pyy ac is in MW.

HVAC Transmission Cable The CAPEX of the 220 kV HVAC transmission cables (M€), CAPEXyv AC,trans
including installation, was calculated by Equation 23 [7].

OAPEXHVAC,tTans =2.0x LHVAC,tTans (23)

where Ly Ac, trans 15 in km.

2.8.4 HVDC Transmission System

The CAPEX of the HVDC transmission system (M€), CAPEX gy pc, contains the cost for the offshore
and onshore substation and the transmission cable. Each component is explained below. The OPEX is
equal to 0.2% CAPEXpgvpc/yr [24)].

HVDC Substation The HVDC substations can either be placed on an offshore platform or on land
(offshore and onshore). The CAPEX of the HVDC substations on land (M€), CAPEXyypc,ss, in-
cluding installation, was calculated by Equation 24 [7]. The CAPEX of the HVDC platforms (M€),
CAPEXpvpe,pL, was calculated by 25 [7].

CAPEXpvpce,ss = 0.125 x Pyypc (24)
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CAPEXypvpe,p = 0.300 x Pyype (25)

where PHVDC is in MW.

HVDC Transmission Cable The CAPEX of the 525 kV HVDC transmission cables of 2000 MW
(M€), CAPEX v pc,trans, Was calculated by Equation 26 [20, 7, 23|. This is including installation
and project management costs, which covers 25% of the total CAPEX. Additionally, in the platform
configuration, Equation 27 was used to calculate the costs of the HVDC cables connecting the electrolyser
platforms with a nearby HVDC platform.

CAPEXHVDC,trans =2.8% LHVDC,trans (26)

CAPEXpvpce,pex = 0.7+ Lgvpce,pax (27)

where Ly pce trans and Ly pc,pex are in km.

2.8.5 Electrolyser System

The CAPEX of the electrolyser system includes investments in the electrolyser stacks, balance of the
stacks, power electronics, control system, balance of the system and installation expenses. There is
a lot of uncertainty in estimating the investment costs of large-scale electrolysis as the largest PEM
electrolyser currently has a maximum capacity of 20 MW [22]. The main advantage of a centralised
configuration is that it can house a larger scale electrolyser and therefore economies of scale might occur.
The Danish Energy Agency [56] have estimated the future CAPEX of electrolyser plants of different
sizes; 10 MW, 100 MW and 1 GW. These are based on internal projects and references and validated
by publicly available sources. Their projections for 2030 and 2050 include potential learning rates and
economies of scale. The latter is mainly related to sharing components, such as pipes, cooling systems,
and power electronics. Only limited cost savings are foreseen in stack costs as electrolyser stacks of the
same size are added to increase the capacity. The economies of scale effect is represented by Equations
28 and 29 [56]. The electrolyser system can either be placed on a platform or island. Platforms house
smaller-scale electrolysers and the island can house larger scale electrolyser systems. In this degree, the
reference costs of different scale electrolyser system are presented in Table 8. These were used for the
actual CAPEX calculations of the electrolyser systems in this study. As it entails offshore electrolysis,
the CAPEX were assumed to be double the value for onshore systems [24, 23]. The CAPEX of the
electrolyser system on the island (M€), CAPE X jcc,is1, Was calculated by Equation 30. The CAPEX of
the electrolyser platforms (M€), CAPEX e pi, was calculated by Equation 31. Here, the costs for the
platform foundation are assumed as 161 M€ per platform, including installation, at a water depth of 45
metres, which is representative for this case study [20]. The OPEX of the electrolyser system is equal to
2% CAPEX/y and 12% CAPEX for replacement [55, 22].
X
C1=Cs- (f;)—s (28)
where Cy and Cs are the CAPEX of plant size 1 and 2 respectively, X; and X5 are the respective
plant sizes, and S is the scaling factor as defined by Equation 29 [56].

log(&:
_ g(%) (29)
log(52)
Reference power | Reference cost | Installation fraction*
RP.jec [MW] RCeiec [€/kW] IF [%RCelec)
500 370 33
1000 368 33
Table 8: Parameters used for CAPEX calculations of the electrolyser system [55, 24].
-Pelec S
CAPEXelec,isl =2 Pelec . RCelec,isl ' (]- + IF) . (F (30)
elec,isl
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CAPEXelec,pl =2 Pelec . RCelec,pl + (1 + IF) +161- Nelec,pl (31)
where P, is in MW.

2.8.6 Desalination Unit
The CAPEX of the desalination unit was calculated by Equation 32 [22].

CAPEX oy = 40.6 - V gos - 1076 (32)

where V e, is in m3/h.

2.8.7 Compressor

The compressor can either be placed on an island or aon a dedicated platform. The CAPEX of the
compressor on the island (M€), CAPEX .omp.isi, was calculated by Equation 33 [62, 7, 22]. The CAPEX
of the compression platform (M€), CAPEX comppi, Was calculated by Equation 34. Here the CAPEX
for the platform foundation was assumed 161 (M€) as estimated by [20]. The OPEX of the compressor
is equal to 3% CAPEX/y and a replacement cost of 100% CAPEX after 10 years [22, 62].

CAPEXcomp,isl =34 Pcomp (33)

CAPEX comppi = 3.4 Peomp + 161 - Neomp pi (34)
where Peomp is in MW.

2.8.8 Hydrogen Pipeline

The CAPEX of the hydrogen export pipeline (M€), CAPEX,;,., was calculated by Equation 35. The
unit cost of 0.084 M€ /inch/km is based on estimations by [7], and adjusted for the updated pipeline
cost estimations by [62]. In the platform configuration, inter-array pipelines transport the hydrogen from
each platform to the central compression platforms. The CAPEX of the inter-array pipelines (M€),
CAPEX,ipe; 4, is calculated by Equation 36. The unit costs of flexible inter-array pipelines are three
times higher than estimated for the rigid export pipeline due to economies of scale for larger pipeline
diameters [23, 24]. The OPEX of the pipeline is equal to 5% CAPEX /yr [22].

CAPEX pipe = 0.084 % Dpipe # Lypipe (35)

CAPEXpipe; 4 = 0.252 % Dpipe, 4 * Lpipe; a (36)

where Dpipe and Dpipe;, are in inch, and Lppe and Lpipe,, in km.

2.8.9 Artificial Island

The CAPEX of the energy island (M€), CAPEX,;, was calculated by Equation 37, assuming a sandy
island [20]. This includes costs for sand fill, revetment, breakwaters and a cable landing facility. The
unit prices can be found in Table 9. The OPEX of the island is equal to 0.3% CAPEX/yr [20]. The
CAPEX and OPEX of the artificial island is allocated proportionally to both the hydrogen and electricity
system according to the share of the footprints of the equipment located on the island. For the hydrogen

system, this are the electrolyser, desalination unit and compressor. For the electricity system, these are
the offshore HVDC substations.

CAPEXlsl - V;lsl * Csand + Aps * Crev + wa * wa + C’C'LF + Charb (37)

where Vj is in m? and all unit prices are in M€.
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’ Island component \ Symbol \ Unit price ‘

Sand fill Csand 7.50 €/m?
Revetment Chrev 804 €/m?
Breakwater Chuw 320,000 €/m

Cable landing facilities | Copp 45,000,000 €

Harbour Charb 54,000,000 €

Table 9: Unit prices of the different components of an energy island [20, 59, 24].

2.9 Key Performance Indicators
2.9.1 LCOE and LCOH

The system boundaries of this techno-economic assessment entail the production of electricity by the
offshore wind farm up to the electricity and hydrogen delivered to shore. First the LCOE of the offshore
wind system was calculated to account for the electricity costs of both the hydrogen and electricity
system (see Figure7). This is referred to as LCOFEg and was calculated by Equation 38. The LCOE
of the electricity delivered to shore, referred to as LCOE, was calculated by Equation 39. This entails
the LCOE of the electricity system (see Figure7). The LCOH of the hydrogen delivered to shore was
calculated by Equation 40, corresponding to the hydrogen system (see Figure7).

ZLT CAPEX,+OPEX,

=0 r)Y
LCOES: Y LT EsviljkEzurt,y (38)

y=0 (14r)v

ZLT LCOES*Esz,y-f—CAPEXy-‘,-OPEXy

o y=0 (1+r)v
LCOE = ZLT Fnvoo (39)
y=0 (1+r)¥
ELTO LCOES*Epzx,%;f,;;PEnyropEXy
_ == r)Y
LCOH = T Mg (40)
Zy:O (1+r)v

where CAPEX, and OPEX, are the CAPEX and OPEX in year y (€), including replacement costs
of the electrolyser and compressor (see Table 10), r is the discount rate, assumed at 7 % [22], Ecyrt,y 1S
the amount of curtailment in year y (MWh), Egypc,y is the electricity delivered to shore (MWh) and
Mp, 4 is the hydrogen delivered (kg). Eg,, is the amount of electricity delivered at the intersection S in
year y (MWh). This is based on Ejyp,, and the losses that occur upstream of intersection S, including
inter-array grid and HVAC losses as determined in Sections 2.6.2 and 2.6.3.

Island Platform
CAPEX and OPEX compo- | Eq. CAPEX and OPEX compo- | Eq.
nents nents
LCOEg | WT’s, TA grid, and HVAC | 20, 21, 22 | WT’s and TA grid 20 & 21
system & 23
LCOE | HVDC system and allocated | 24 (2x), | HVDC system 24, 25 &
share of island 26 & 26
share of
37

LCOH | Electrolyser (incl. replace- | 30, 32, | Electrolyser (incl. replace- | 27, 31,
ment costs), desalination | 33, 35, & | ment costs), desalination | 32, 34, 35
unit, compressor (incl. re- | share of | unit, compressor (incl. re- | & 36

placement costs), hydrogen | 37 placement costs), hydrogen
pipeline and allocated share pipeline and allocated share
of island of island

Table 10: CAPEX and OPEX components for the calculations of LCOFEg, LCOE and LCOH.
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2.9.2 Other Key Performance Indicators

The levelised costs do not entirely reflect the techno-economic performance of each system. Consequently,
other technical and economic Key Perfomance Indicators (KPI’s) were assessed by the model to provide
comprehensive insights in assessing the scenarios. This was done for various promising H/E ratios. The
assessed KPI’s are explained below.

Hydrogen Delivered The total amount of hydrogen delivered to shore (Mt) depends on the sum of
the hydrogen mass flow rate (kg/h), mi,(t), as calculated by Equation 4 over the lifetime of the plant .

Electricity Delivered The total amount of electricity delivered to shore (TWh) depends on the sum
of the hourly electricity delivered to shore (MWh), Exyvpc(t), as calculated by Equation 1 over the
lifetime of the plant.

Curtailment In the undersized scenarios, the amount of electricity generation exceeding the combined
electrolyser and HVDC capacity is first used to cover the desalination and compression electricity demand.
The remaining surplus electricity generation will have to be curtailed, referred to as E.,.:. The cost of
curtailment is reflected in the LCOE and LCOH calculations as explained in Section 2.9.1. If there is
no excess electricity generation or if the excess electricity generation is not enough to meet the ancillary
electricity demand, Epsx is reduced, affecting the amount of hydrogen production.

The electricity demand of desalination and compression depends on the amount of hydrogen produced
by the electrolyser, while the amount of hydrogen production depends on the electricity consumed by
these ancillary processes. To calculate the ancillary electricity consumption upfront, a desalination factor,
Tges and a compression factor rcom, were assumed as defined by Equations 41 and 42.

Wdes * €des
Tdes = 41
" LHVy,  pm,0 (4D
1 -7 - Tcom mn N - D
f vin N0 5 (42

Tcomp = '
P LHVH2 . 3600 MH2 : ncomp 1 1

where 7, is the pressure ratio, which depends on the actual hydrogen output, but for this purpose
was assumed to be 2 [22].

Capacity Factors This KPI determines the capacity factors of both the hydrogen system (CF-H2)
and electricity system (CF-El). For the hydrogen system, this was determined based on the hourly
electricity supplied to the electrolyser, Epox (t) and the total installed electrolyser capacity, Peje.. The
capacity factor of the electricity system was determined by the hourly electricity fed into the offshore
HVDC substation, Epsg(t), and the total installed HVDC transmission capacity, Py pc.

Electricity Price The price for electricity is assumed to be equal to the levelised cost of the offshore
wind system, represented by LCOFEg and calculated according to Equation 38. This depends on the
CAPEX and OPEX of the wind turbines,inter-array grid and HVAC transmission system, the electricity
delivered at intersection S and the amount of curtailment.

Total System Costs The total system costs, include the total discounted CAPEX, OPEX and elec-
tricity costs of the entire system over the lifetime of the plant (BN€), considering the equipment sizes as
determined by the process design model. The total electricity costs represent the fuel cost for operating
the hydrogen and electricity system. This is calculated as LCOFEg(t) times the electricity fed into either
one of the systems, represented as Epox (t) and Epag(t).

2.10 Sensitivity Analysis

The uncertainty in future investment costs and the fact that it is constructed in an offshore environment
were reflected by performing a sensitivity analysis on certain important input parameters to identify
the effect on the LCOH and LCOE. The uncertainty in electrolyser efficiency was also assessed as this
involves future technological developments, which are hard to predict. The sensitivity was assessed for
each configuration and operation mode. Table 11 presents the uncertainty margins and explanations of
important components that were assessed.
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’ Component \ Range \ Explanation \ Reference

CAPEX wind turbines -10% +15% Uncertainty due to unpredictable | [15]
future developments and decom-
missioning.

CAPEX inter-array grid -10% +15% Uncertainty due to unpredictable | [15]
future developments and decom-
missioning.

CAPEX HVAC transmission sys- | -20% +30% Uncertainty as hub-and-spoke | [15]

tem concept has not yet been applied.

CAPEX HVDC transmission | -20% +30% Uncertainty as hub-and-spoke | [15]

system (incl. HVDC for P2X) concept has not yet been applied.

CAPEX electrolyser system -25% +110% Uncertainty based on pessimistic | [22]
and optimistic scenario.

CAPEX desalination unit -15% +10% Uncertainty based on pessimistic | [22]
and optimistic scenario.

CAPEX compressor -40% +100% Uncertainty based on divergent | [59, 62]
values in literature.

CAPEX hydrogen pipelines -/+50% Uncertainty based on divergent | [7, 62]
values in literature.

CAPEX energy island -/+35% Uncertainty related to east-west | [20]
positioning, wave climate, and
uncertainties related to design,
scheduling and risk.

Electrolyser efficiency + 8% -6% Uncertainty based on pessimistic | [22]
and optimistic scenario.

Table 11: Uncertainty margins of important components affecting the LCOH and LCOE.

3 Results

The following sections provide the results of the techno-economic model. First, the standardised equip-
ment sizes of the electrolyser and HVDC system are presented, including the practical H/E ratios that
were assessed. Second, the techno-economic outputs for the base and undersized scenarios are given in
terms of assessed KPI’s. Last, the sensitivity of uncertain input parameters on the LCOH and LCOE is
provided.

3.1 Standardised Equipment Sizes

The following two sections present the outcomes of the market study on the standardised sizes of the
electrolyser and HVDC transmission system that can be expected by 2040. These results were used as
input for the process design model as they affect the likely H/E-ratios as explained in Section 3.1.

HVDC Transmission System TenneT recently developed the standardised 2 GW HVDC transmis-
sion system for future offshore grid connections, including an offshore converter platform and an offshore
HVDC transmission cable. The specifications of the HVDC transmission system are provided in Table
12. For the island configuration, the same specifications are assumed as the transmission capacity of the
DC sub-sea cable is a limiting factor.

’ Equipment \ Specifications ‘
Offshore HVDC substation 2 GW converter capacity

. 2 GW transmission capacity
Offshore HVDC transmission cable 525 KV DC bipolar subsea cable

Onshore HVDC substation 2 GW converter capacity

Table 12: Specifications of a standardised 2 GW HVDC transmission system [49]
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Electrolyser System A standardised electrolyser platform of 500 MW is assumed based on spatial and
weight constraints as proposed by [38, 20, 7]. Such a platform houses equipment for power infrastructure,
desalination, water treatment, and cooling. NSWPH anticipates that these platforms will be grouped into
clusters of 4, interlinked by bridges to match the standardised 2 GW transmission system as depicted in
Figure 12. The specifications are provided in Table 13. For the island configuration, a 1 GW electrolyser
system was assumed according to the advanced design developed by ISPT, which is expected to be
operational by 2030 [50, 56]. The respective specifications are provided in Table 14.

IA cable string with 6 WTG (15MW each), 66kV (max $0MW/cable)

IA Cable for outage compensation / flexibility, 66kV (max $0MW/cable)

500MW offshore P2G system

Onshore P2G

Bridge link between P2G systems (66kV busbar + LP HZ connection)

4 Bridge linked 2000MW (4x500)MW P2G systems

2GW HVDC converter station (optionally with international interconnectors)

525kV HVDC connection to shore, (or hub) (2 GW capacity per line)

380kV AC onshore connection to onshore P2G and/or grid (2 GW capacity per line)

HZ2 Pipeline offshore: DP=120 barg OP=30-120barg, onshore NL: DP=60 barg OP=20-60 barg, DK MAQOP: 78 barg.

Onshore H2 metering and gas treatment station

Offshore

Onshore

Figure 12: Layout of clustered platform configuration [38].

| Equipment | Specifications \
. 500 MW electrolysis capacity

Electrolysis 48 10MW PEM stacks with IGBT rectifiers
66kV switchboard

Power infrastructure 66kV/LV transformers
66,/1.5kV rectifiers

Overall footprint 115m (L) x 70 m (W) x 45 (H)

constraints 24,150 m? over 3 floors
Maximum dry weight of process equipment:
13,000 t

Overall weight constraints | Maximum operating weight: 35,000 t
Centre of gravity: within 10 m of platform
centre

Table 13: Specifications and requirements of a standardised 500 MW PEM electrolyser platform [38]
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Equipment \ Specifications ‘

1 GW electrolysis capacity

96 10MW PEM stacks with IGBT rectifiers
380/66kV transformers

66,/1.5kV rectifiers

Electrolysis

Power infrastructure

Table 14: Specifications of an advanced 1 GW PEM electrolyser plant [50]

Impact on H/E Ratios Based on the standardised equipment sizes, ten base case H/E ratios were
designed, where the combined electrolyser and HVDC insalled capacity is equal to the total installed OWF
capacity. These base case scenarios vary in steps of 2 GW due to the standardised HVDC transmission
capacity. In the platform configuration, this entails adding blocks of 4 electrolyser platforms, as foreseen
by [38], while on the island 2 additional electrolyser units are installed. These scenarios go from 0 GW
electrolysis and 18 GW HVDC capacity to 18 GW electrolysis and 0 GW HVDC capacity. For example,
if 8 GW electrolyser capacity is installed, this entails 10 GW HVDC capacity and a H/E ratio of 80%.

Additionally, for each base case H/E ratio, three undersized scenarios were added by reducing the
electrolyser capacity in steps of 500 MW, while the HVDC capacity remains unchanged. For a full-electric
system with 18 GW HVDC capacity installed, no undersized scenarios were assessed. This results in 27
additional scenarios with a combined electrolyser and HVDC installed capacity of 17.5, 17 or 16.5 GW
(see Figure 13. For the platform configuration, this entails removing a single electrolyser platforms, and
for the island configuration, smaller 500 MW electrolyser units are assumed to be installed as well. For
example, if 10 GW HVDC capacity is installed, the electrolyser capacity is varied between 8.5, 9, or 9.5
GW in the undersized scenarios, or an H/E ratio of 85%, 90% or 95%.

- OWF capacity
I:l Electrolyser capacity
I:' HVDC capacity

Base case Undersized

18 GW 17.5 GW 17 GW 16.5 GW

a8l Ll

Figure 13: Design of undersized scenarios.

3.2 Techno-Economic Modelling Outputs

This section provides the results of the techno-economic KPI’s that were assessed for each configuration
and operating mode.

3.2.1 Hydrogen and Electricity Delivered

The island configuration results in less hydrogen and electricity delivered over the entire lifespan in
both operation modes. The more electrolysis is installed, the greater the difference in the amount
of hydrogen delivered (see Appendix B). This is because the losses up to intersection S are greater
in the island configuration due to longer distances before the electricity reaches the island and HVAC
conversion. The maximum amount of hydrogen delivered is 50.93 Megatons for 18 GW electrolysis (or no
HVDC capacity) in the platform set-up. At this electrolyser capacity, the island configuration provides
a maximum of 49.98 Megatons of hydrogen. The maximum amount of electricity delivered is reached at
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18 GW HVDC capacity (or no electrolyser capacity) in the platform set-up, equal to 2498.8 TWh. The
island configuration results in 2470.1 TWh electricity delivered at 18 GW HVDC capacity.

In the hydrogen-driven operation, the electric losses occurring upstream the intersection are more
and more reflected in the amount of hydrogen delivered. In this operation mode, these losses are initially
attributed to the electricity system. At lower electrolyser capacities, the amount of hydrogen delivered
is equal for both configurations, but a difference of up to 0.95 Megatons can be observed at 18 GW
electrolysis (or no HVDC capacity). Furthermore, the undersized scenarios do not effect the amount of
hydrogen delivered, as a smooth upward parabolic trend can be observed in Appendix B. Regarding
the electricity delivered in this operation mode, under-sizing the hydrogen infrastructure results in a
higher capacity factor of the HVDC system, compared to the respective base case scenario. This effect
is especially occurring at lower electrolyser capacities. However, at higher electrolyser capacities there is
less differentiation in the amount of electricity delivered in each of the undersized scenarios per installed
HVDC capacity. This can be observed by the cascading downward trend that is becoming increasingly
evident at higher electrolyser capacities as visible in Appendix B. This is because less electricity is
available for the electricity system, which reduces the effect of under-sizing. No significant difference
can be noticed between the two configurations in terms of electricity delivered. This is likely due to the
trade-off between the electric losses. In the island configuration, more losses occur upstream the offshore
HVDC substation and in the platform configuration more losses occur downstream the offshore HVDC
substation.

In the electricity-driven operation, the island configuration repeatedly delivers fewer hydrogen in
each of the base case scenarios. An upward cascading trend can be noticed for an increasing electrolyser
capacity, which intensifies as more electrolysis is being installed (see Appendix B). In general, under-
sizing leads to higher utilisation of the hydrogen system if the operation mode is electricity-driven. At
lower HVDC capacities, more electricity becomes available for the hydrogen system, strengthening the
effect of under-sizing. In this operation mode, the electric losses upstream the electrolyser are attributed
to the hydrogen system. However, under-sizing leads to excess electricity production which compensates
for some of these losses. As the electrolyser capacity increases, these losses are also reflected in the under-
sized scenarios. Regarding the amount of electricity delivered in this operating mode, no distinction can
be made between the island and platform configuration due to the trade-off between the electric losses
upstream and downstream the offshore HVDC substations. Moreover, under-sizing does not have an effect
on the amount of electricity delivered in this specific operation mode. At lower HVDC capacities, the
amount of electricity delivered decreases in larger steps as can be noticed from the cascading downward
trend that becomes more evident as the electrolyser capacity goes up (see Appendix B).

3.2.2 Curtailment

The island set-up leads to less curtailment in the undersized scenarios than the platform configuration as
the electric losses upstream the intersection are higher and more electricity is consumed by the system
(see Figure 14). This means that the difference in curtailment levels ultimately does not lead to more
electricity being supplied to the island than to the platform. Scenarios that are more undersized result
in higher levels of curtailment. Curtailment can go up to 5.2 TWh/y in the platform set-up and up to
4.4 TWh/y in the island configuration. This is equal to 5.0% and 4.2% of the total generated electricity
per year. This can go down to 1.2 and 0.4 TWh/y respectively, equal to 1.2% and 0.4% of the annual
generated electricity. For scenarios with equal combined capacities, the level of curtailment decreases as
the electrolyser capacity goes up. This is because more electricity is consumed by ancillary equipment
in the hydrogen production process.

3.2.3 Electricity Price

The electricity price is represented by the LCOFEg. The island configuration results in higher values of
the LCOFgs as the CAPEX of the offshore wind system is higher. Overall, the offshore wind system
covers the biggest part of the total CAPEX of the entire system, including the hydrogen and electricity
system. The wind turbines require 28.79 BN€ and the inter-array grid leads to 3.05 and 1.45 BN€ in
the island and platform configuration respectively. Additionally, the HVAC system in the island set-up
requires a CAPEX of 2.51 BN€. Consequently, the LCOEg amounts to 36.8 €/MWh in the island
configuration and 32.9 €/MWh in the platform configuration in each of the base case scenarios. The
cost of curtailment is reflected by an increase in the LCOFEg of the undersized scenarios (see Table 15).
The LCOFEys can increase up to 4.6% for the island and 5.2% for the platform configuration if the system
is undersized by 1.5 GW.
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-+ Platform

Curtailment (TWh/y)
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Electrolyser Capacity (GW)

Figure 14: Curtailment levels in the undersized scenarios.

y | LCOEs (€/MWh) |

18 GW | 17.5 GW | 17 GW | 16.5 GW
Island 36.8 37.1 37.8 38.5
Platform 32.9 33.4 34.0 34.6

Table 15: Caption

3.2.4 Total System Costs

The CAPEX requirements of the total system, consisting of both the hydrogen and electricity system,
are lower for the island configuration than for the platform configuration for each H/E ratio (see Figure
16). Besides, the total costs, including the CAPEX, OPEX and electricity costs, are also lower for the
island set-up compared to the platforms. This is remarkable as the LCOFg is higher in the island
configuration and the total electricity costs account for the largest part of total costs as can be seen in
Figure 15. Overall, the island is cheaper to construct but the costs of operating the system is higher.

Regarding the total costs of each specific system, the island configuration leads to significantly lower
total costs for the hydrogen system and the platform configuration leads to slightly lower total costs for
the electricity system (see Figure 15). A full-hydrogen system of 18 GW electrolysis (and no HVDC
capacity) requires 69.75 BN€ and 76.11 BN€ for the island and platform configuration respectively.
The difference can be attributed to the lower CAPEX requirements in an island set-up, although the
total electricity costs are higher due to the difference in LCOFEg (see Section 3.2.3). Furthermore, the
electricity consumption of the electrolyser is the biggest contributor to the total electricity costs as the
ancillary electricity consumption is negligible. On the other hand, a full-electric system of 18 GW HVDC
capacity (and no electrolyser capacity) requires 56.70 BN€ and 54.02 BN€ for the island and platform
configuration respectively. The difference can be attributed to the total electricity costs of the platform
being lower, although the total CAPEX of the respective system is higher. Overall, the hydrogen system
is more expensive than the electricity system due to a higher total CAPEX. The difference between the
operation modes in terms of total costs of a specific system, is related to the amount of total electricity
costs. Furthermore, the LCOFEjy is always higher for the undersized scenarios as a result of curtailment,
while the CAPEX and OPEX is always lower for the same installed HVDC capacities. Ultimately, the
undersized hydrogen systems always result in lower total costs compared to the associated base case
scenario as can be noted in Figure 15.

The difference between the total CAPEX of the system can be attributed to the electrolyser system,
pipelines, HVDC system, and foundations that are preferred in the island configuration. In the island
configuration, the total CAPEX is in the range of 12.69-19.65 BN€. For the platform configuration
this is in the range of 14.19-27.05 BN€. The electrolyser CAPEX covers the largest part of the total
investment requirements of the hydrogen system and the contribution increases for higher installed
electrolyser capacities. In the island configuration the electrolyser CAPEX contributes for 48-87%. In
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the platform configuration, the contribtion is 51-88%. As the island can house larger scale electrolysers
compared to the platforms and equipment can be shared, lower electrolyser CAPEX are required for equal
installed capacities due to the economies of scale effect. Moreover, the platform configuration requires
additional small and expensive pipelines to collect the hydrogen from each platform and transport it to
the centralised compression platform. In the platform configuration, the pipeline CAPEX contributes for
8-15% to the total CAPEX of the hydrogen system in the base scenarios. For the island configuration,
this is 5-14%. Especially at lower electrolyser capacities, the pipeline CAPEX contributes to a grater
extent. Additionally, in the platform set-up longer HVDC transmission lines are necessary to connect each
platform to shore, resulting in higher CAPEX of the HVDC system. Finally, the platform foundation is
more costly than the island foundation (see Appendix C.2). This is especially the case for higher installed
electrolyser capacities as the costs of the platform structures increase linearly with installed electrolyser
capacity, which is not the case for the island CAPEX. Overall, the electrolyser and HVDC system cover
the largest share of the total CAPEX and because the hydrogen system requires higher investments
compared to the electricity system, the total CAPEX goes up as the electrolyser capacity increases (see
Figure 16). Most cost components increase linearly with the electrolyser capacity, except for the export
pipeline, compressor, and island CAPEX. Furthermore, it is interesting to note that the investment cots
of the desalination unit, compressor and P2X HVDC cables are negligible compared to the total CAPEX.
When comparing the two modes of operation, only a small difference can be noticed in the total CAPEX
as can be seen in Appendix C.1. This is because most equipment is dimensioned for the maximum
energy or mass flows, which are typically achieved at maximum electricity generation. If this happens,
both systems will be fully utilised in each of the operation modes. However, a distinction derives from
the pipeline and compressor CAPEX. In the hydrogen-driven operation, 2 GW electrolysis requires a
20" pipeline, 4-14 GW electrolysis utilise a 36" pipeline and the 16 and 18 GW electrolysis scenario
require a 48" pipeline in both configurations (see Appendix C.3). On the other hand, the electricity-
driven operation results in lower pipeline CAPEX for 4 GW electrolysis in the island configuration as
the 20"pipeline is sufficient (Appendix C.3.) Consequently, this leads to higher compressor CAPEX.
Typically, higher pipeline utilisation rates result in higher compression requirements as the pressure
drop in the pipeline increases. The undersized scenarios have corresponding CAPEX breakdowns as can
be concluded from the linear increase in total CAPEX visible in Figurels. The only difference is the
HVDC CAPEX as this remains the same for the associated undersized scenarios.
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Figure 16: CAPEX breakdown per technical component for the base scenarios in hydrogen-driven oper-
ation in the island (left) and platform (right) configuration.

3.2.5 LCOH, LCOE and Capacity Factors

This section presents the resulting LCOH, LCOE, CF-H2, and CF-El. First, the outcomes for the
hydrogen-driven operation are depicted, followed by the results for the electricity-driven operation. The
subsections are structured so that first the base scenarios are discussed, after which the results for the
undersized scenarios are presented.

Base Scenarios in Hydrogen-Driven Operation Regarding the LCOH in the hydrogen-driven
operation, the island is the preferred configuration as lower LCOH values can be achieved. The lowest
obtained LCOH is 2.81 €/kg and is achieved at 6 and 8 GW installed capacity, or an H/E ratio of
50% and 80%. The platform configuration results in a minimum LCOH of 2.91 € /kg at 6 GW installed
electrolyser capacity or an H/E ratio of 50%. This is a difference of 3.5%. From the lowest point, the
LCOH increases as the electrolyser capacity increases (see Figure 17a). However, the increase is only
small. The maximum value of the LCOH is reached at 18 GW electrolysis (or no HVDC capacity), equal
to 2.98 and 3.19 € /kg for the island and platform configuration respectively. This is an increase of 6.0%
for the island and 9.6% for the platforms. The LCOH in the platform configuration is thus more sensitive
to a varying H/E ratio. This can be explained by the steep increase in CAPEX as the electrolyser capacity
increases (see Figure 15. The effect on the LCOH can be explained by three aspects, the capacity factor,
economies of scale and the cost of electricity to power the electrolyser. First, the capacity factor of the
hydrogen system (CF-H2) decreases for higher installed electrolyser capacities as the variability in the
electricity production becomes of greater influence. This negatively affects the LCOH as less hydrogen
is produced. Besides, the electric losses upstream the electrolyser are only affecting the CF-H2 in a
system with only hydrogen production. Hence, the difference in CF-H2 between the two configurations
at 18 GW electrolyser capacity (or no HVDC capacity). Second, are the economies of scale, affecting the
electrolyser, pipeline and foundation CAPEX as visible in Figure 16. Third, the total electricity costs
are higher for the island configuration due to the more expensive infrastructure requirements upstream
the electrolyser. However, this effect does not outweigh the higher CAPEX in the platform configuration
as concluded from Figure 15.

Regarding the LCOE in the hydrogen-driven operation, the platform-based hub is the preferred
configuration to transmit electricity to shore. The lowest obtained LCOE is achieved if no electrolyser
is installed (or at 18 GW HVDC capacity), resulting in 46.35 €/MWh in the platform configuration
and 49.22 €/MWh in the island configuration. This is a difference of 6.0%. The maximum values of
the LCOE are 54.06 and 57.48 €/MWHh for the platform and island configuration respectively at 2 GW
installed HVDC capacity, or an H/E ratio of 800%. This is an increase of 16.6% and 16.8% for the
platform and island respectively. The LCOE increases as the capacity factor of the electricity system
(CF-El) decreases for higher installed electrolyser capacities (or lower HVDC capacities) (see Figure
17b). The island set-up reaches lower values for CF-El due to the higher electric losses upstream the
HVDC system. This results in a higher LCOE. For lower HVDC capacities, these losses account for
a bigger share of the total electricity feed-in, explaining the steeper downward trend of CF-El for the
island. Moreover, Figure 15 shows that the total electricity costs are lower for the platform configuration,
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resulting in a lower LCOE. Despite the fact that no economies of scale are present in the HVDC system,
the platform configuration results in a higher overall CAPEX, due to longer HVDC cables and more
expensive foundations as visible in Figure 16. However, this does not outweigh the opposite effects of
the total electricity costs. This ultimately explains the platform set-up as the preferred configuration in
terms of LCOE in the hydrogen-driven operation.
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Figure 17: LCOH, LCOE, and capacity factors of the hydrogen system (CF-H2) and electricity system
(CF-El) for the base case H/E ratios in the hydrogen-driven operation (top) and electricity-driven oper-
ation (bottom). Note the different ranges of the y-axes in all figures.

Undersized Scenarios in Hydrogen-Driven Operation Under-sizing in the hydrogen-driven op-
eration leads to a new minimum value of the LCOH for both configurations (see Figure 18a and 18b).
In the island configuration, the undersized scenario of 17.5 GW with 3.5 GW electrolysis and 14 GW
HVDC capacity, or an H/E ratio of 25%, leads to the lowest LCOH of 2.80 €/MWh. This is a reduction
of 0.01 €/MWh compared to the most cost-effective base cases of 6 and 8 GW electrolysis. In the plat-
form scenario, the minimum LCOH is also achieved in the undersized scenario of 17.5 GW with 3.5 GW
installed electrolysis and 14 GW HVDC capacity, reaching a value of 2.90 €/MWh. This also entails a
reduction of 0.01 €/MWh compared to the most cost-effective base case of 6 GW electrolysis. For both
configurations, the undersized scenarios with a combined capacity of 17.5 GW lead to lower or similar
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values of the LCOH compared to the base case scenarios. The 17 and 16.5 GW undersized scenarios lead
to higher or similar LCOH values, but become more competitive at lower HVDC capacities. It should
be noted that for similar installed HVDC capacities, undersized scenarios always have lower total costs.
This entails that undersized scenarios with a similar LCOH as the respective base case scenario have an
additional advantage. On the other hand, the amount of hydrogen delivered is lower.

Regarding the LCOE, under-sizing might lead to more cost-effective designs for higher installed
capacities of the HVDC system. If the system is undersized by 500 MW (or a combined capacity of 17.5
GW) in the island configuration, lower values of the LCOE can be achieved for each installed HVDC
capacity compared to the base case scenarios (see Figure 18c). At HVDC capacities lower than 10 GW,
the undersized scenarios of 17 and 16.5 GW combined capacity become more competitive compared to
the base cases. In the platform configuration, the under-sized scenarios reach similar or lower values
than the base cases for HVDC capacities of 8 or lower (see Figure 18d. However, in both configurations,
the minimum LCOE is still achieved if no electrolyser is installed (or at 18 GW HVDC capacity).
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Figure 18: Effect of undersized infrastructure on the LCOH and LCOE in the hydrogen-driven operation.
The coloured markers represent the undersized scenarios of 17.5, 17 or 16.5 GW of combined electrolyser
and HVDC capacity. Note that the x-axis depicts the HVDC capacity.
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Base Scenarios in Electricity-Driven Operation Regarding the LCOH in the electricity-driven
operation, the island is the preferred configuration as lower LCOH values can be achieved. The lowest
value of the LCOH is achieved at 18 GW electrolysis (or no HVDC capacity), resulting in 2.98 € /kg for
the island and 3.18 € /kg for the platform configuration. This is a difference of 6.5%. As the installed
electrolyser capacity decreases, the LCOH is going up (see Figure 17c). The maximum value of the
LCOH was reached if 2 GW electrolysis was installed, or an H/E ratio of 12.5%, resulting in 4.28 and
4.41 € /kg for the island and platform configuration respectively. This is an increase of 43.6% and 38.7%
for the island and platform configuration respectively. In the electricity driven operation mode, the CF-
H2 increases as the installed electrolyser capacity increases as more excess electricity becomes available
after meeting the HVDC demand. Besides, the effect of the electric losses upstream the electrolyser
are attributed to the hydrogen system, resulting in the CF-H2 being lower for the island. This has a
bigger impact on smaller electrolyser capacities. Despite the higher total electricity costs in the island
configuration (see Figure 15), the economies of scale in the electrolyser and pipeline outweigh this effect.

Regarding the LCOE in the electricity-driven operation, a platform-based hub is the most cost-
effective to deliver electricity to shore. The lowest obtained value of the LCOE is 42.72 €/MWh and is
achieved at 16 GW electrolyser capacity in the platform configuration, or an H/E ratio of 800%. The
lowest LCOE achieved in the island scenario is 45.50 €/MWh if 16 GW electrolyser capacity is installed,
or an H/E ratio of 800%. This is a difference of 6.3%. At lower electrolyser capacities, the LCOE
increases (see Figure 17d). The LCOE reaches a maximum of 46.35 and 49.22 €/MWh for the platform
and island configuration respectively if no electrolysis was installed (or at 18 GW HVDC capacity). This
entails a reduction of 7.8% and 7.6% in each respective configuration if 16 GW of hydrogen production
is added to a full-electric system. It might be even more beneficial to have a system with only hydrogen
production as lower values for the LCOH can be achieved. The drop in LCOE for larger electrolyser
capacities can be explained by the fact that the CF-El increases. If no electrolyser is installed (or at
18 GW HVDC capacity), the electric losses are attributed to the electricity system, justifying the lower
CF-El in the island configuration. The preference for the platform-based hub can be explained by the
lower total electricity costs for the HVDC feed-in (see Figure 15, although the CAPEX of the HVDC
infrastructure is higher for this configuration compared to the island (see Figure 16.

Undersized Scenarios in Electricity-Driven Operation Under-sizing in the electricity-driven op-
eration leads to lower or similar values of the LCOH compared to the base cases (see Appendix D).
However, for the scenario with installed electrolyser capacities below 4 GW, or below an H/E ratio of
28.6%, which generally lead to significantly higher values of the LCOH. It becomes clear that the LCOE
will always be higher if the system is undersized compared to the base case scenarios (see Appendix
D). This is due to higher total electricity costs resulting from curtailment. In both configurations, the
minimum is reached if no HVDC capacity is installed (or at 18 GW electrolyser capacity). Under-sizing
the hydrogen system might be beneficial in this case as the total system costs are lower.

3.3 Sensitivity Analysis

The LCOH and the LCOE in the island configuration experience more sensitivity due to uncertainties
in input parameters than the platform configuration. The ranges of the LCOH and LCOE that can be
observed in Figure 17 represent the bandwidth resulting from varying the input parameters as determined
in the sensitivity analysis (see Section 2.10). This entails changes in the total CAPEX of the offshore
wind system, hydrogen system and electricity system and changes in the electrolyser efficiency.

The LCOFEg in the island configuration is affected to a greater extent than in the platform config-
uration. The LCOFEg is influenced by uncertainties in the total CAPEX of the offshore wind system.
For all base and undersized scenarios, the variations in LCOFEg are in the range of -11% to +16% in the
island configuration and -10% to +15% in the platform configuration. This is exactly proportional to the
change in total CAPEX. The LCOFg affects the total electricity costs of the hydrogen and electricity
delivered to shore. As these account for the largest part of the total costs of the respective systems, the
uncertainty in LCOFEg has a significant effect on the resulting LCOH and LCOE.

The LCOE of the electricity delivered to shore is most sensitive in the island configuration with a
hydrogen-driven operation as can be concluded from Tables 16 and 17). The LCOE range is affected
by the variations in LCOFEg and total CAPEX of the electricity system. The latter varies in the range
-20% to +30% in both configurations due to uncertainty. As a result, the variations in LCOE can go
down to -13.8% and up to +20.7%.

The LCOH is most sensitive in the island configuration with an electricity-driven operation as can be
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concluded from Tables 16 and 17). The lower boundary of the LCOH concerns a low LCOFEg and total
CAPEX and a high electrolyser efficiency. As a result, the LCOH can go down to 32.6%. Simultaneously,
the upper boundary of the LCOH is affected by a high value of the LCOFg and total CAPEX of the
hydrogen system and by a low electrolyser efficiency. This can go up to 68.4%. Overall, the variations in
CAPEX values of the hydrogen system have a bigger impact on the LCOH than the change in efficiency
(see Appendix E). The biggest impact on the sensitivity of the LCOH can be attributed to the CAPEX
of the electrolyser system as this was varied to the greatest extent and covers the largest part of the total
CAPEX. The total CAPEX of the hydrogen system changes up to 103% and down to -36% in the island
configuration. In the platform configuration, this is in the range of -28% to +85%. The LCOH in the
platform-configuration with a hydrogen-driven operation is most sensitive to an increase in electrolyser
efficiency, whereas the LCOH in the island configuration with an electricity-driven operation is most
sensitive to a decreasing electrolyser efficiency (see Tables 16 and 17).

’ I Island I Platform ‘
Min. Max. Min. Max.
LCOE -13.8%  +20.7% | -13.7%  +20.6%

LCOH (combined) | -27.6% +57.5% | -24.7% +57.4%
LCOH (CAPEX) | -21.9%  148.4% | -19.5% +48.4%
LCOH (efficiency) | -7.6%  +6.3% | -7.7%  +7.7%

Table 16: Sensitivity of LCOE and LCOH in the hydrogen-driven operation.

’ I Island I Platform ‘
Min. Max. Min. Max.
LCOE -12.9%  +19.0% | -12.7%  +19.0%

LCOH (combined) | -32.6% +68.4% | -31.0% +64.2%
LCOH (CAPEX) | -27.2% +58.6% | -22.9% +54.8%
LCOH (efficiency) | -8.0%  +6.3% | -7.7%  +7.1%

Table 17: Sensitivity of LCOE and LCOH in the electricity-driven operation.

4 Discussion

This study’s primary focus was on comparing the techno-economic performance of two potential con-
figurations for an offshore energy hub: a centralised energy island and multiple distributed platforms.
These configurations were assessed for their ability to accommodate HVDC transmission and offshore
hydrogen production. A comprehensive techno-economic model was developed, simulating the supply
chain from offshore wind energy production to the delivery of hydrogen and electricity to shore. The
model considered different operation modes and various practical H/E ratios, including scenarios where
the system is undersized. The results presented in Section 3 indicated that the island configuration is
slightly more favorable for hydrogen production, and the platform configuration excelled in electricity
transmission. This section is dedicated to discuss the results of this study.

The research method consists of the assessment of eight techno-economic KPI’s: the LCOH and LCOE
of the hydrogen and electricity delivered to shore, the amount of hydrogen and electricity delivered,
curtailment of wind energy, capacity factors of the hydrogen and electricity systems, the LCOE of the
offshore wind farm and the total system costs. These KPI’s provide a holistic view of the technical and
economic performance of both configurations. The methodology aligns with established approaches in
the literature for evaluating renewable energy projects as described in Section 1.5. The model included all
major technical components and processes in the supply chain, ensuring realistic simulation of the systems
under study. To enhance the robustness of the research, the methodology involved detailed process flow
charts, equations, and assumed parameters with references. While some minor processes were excluded
for simplification, their impact on the overall results is considered negligible as the objective is to compare
OEH configurations and not to provide detailed engineering insights. The case study approach used in
this research provides specific insights into the techno-economic performance of offshore energy hub
configurations at the selected location, though the findings may not be directly generalisable to other
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locations. Nonetheless, the model’s framework is adaptable for assessing offshore energy hubs at other
locations.

The LCOH and LCOE results from this study were compared with those from previous research
to validate their accuracy. For instance, in a hydrogen-driven operation, the LCOH estimates in this
study range from 2.81-3.19 €/kg, which aligns closely with Singlitico et al.’s [24] estimate of just under
3 €/kg. Similarly, the LCOE in this study for hydrogen-driven operation ranges between 46.35 and
57.48 € /MWh, comparable to Singlitico et al.’s [24] estimate of 45 to 60 €/MWh. For electricity-driven
operations, the LCOH estimated in this study spans from 2.98 to 4.41 € /kg, slightly higher but within
the range reported in [24], which was estimated to be between 3 and 4 €/kg. The LCOE for electricity-
driven operation in this study, ranging from 42.72 to 49.22 €/MWh, also falls within the estimates
by [24], ranging between 40 and 45 €/MWh. The higher values in this study can be attributed to
the inclusion of HVAC transmission, and the consideration of platform foundations, which are typically
more expensive than the island foundation. Other differences can result from updated cost data and the
difference in the distance from shore, hub capacity and installation year. Benchmarking against other
sources such as Guidehouse and Berenschot [7], the LCOE for offshore wind farms in 2040, excluding
offshore grid connection costs, is estimated to be around €35/MWh. This is fits is close to the LCOEg
of the offshore wind system estimated in this study in the range of 32.9 to 38.5 € /MWh. When including
the additional costs for HVDC transmission to shore, the estimates by this study (from 42.72 to 57.48
€/MWh) align well with the projection of 36 to 51 €/MW as estimated by [15, 7]. The estimates of
this study are slightly higher. The differences can be explained by the fact that Ruijgrok et al. [15] do
not consider offshore hydrogen production and therefore the operation mode is electricity-driven. On the
other hand, Guidehouse and Berenschot [7] do assess offshore hydrogen production, but fail to consider
offshore energy hubs. For the LCOH, there is a broader range of estimates in the literature, reflecting the
uncertainty in the implementation of large-scale offshore electrolysis. Estimates vary from 1.73 to 5.35
€ /kg [63, 31, 23, 25]. The LCOH values in this study (from 2.81 to 4.41 €/kg) fit within this spectrum,
though dedicated hydrogen production studies generally report lower values. When comparing with blue
and grey hydrogen costs, which range from 1.30 to 2.40 €/kg for blue hydrogen and 0.80-2.70 € /kg for
grey hydrogen [22], the study indicates that offshore hydrogen production needs cost improvements to
be competitive.

The findings from this study provide critical insights for policymakers regarding the optimal design of
offshore energy hubs. The preference for an island configuration for hydrogen production and a platform
configuration for electricity transmission suggests a hybrid approach - where hydrogen production is
centralised on an island and HVDC conversion is handled by platforms - might offer the best technical and
economic performance. However, constructing an artificial island involves high risks as experience in this
field is limited. On the other hand, the platform configuration could leverage the established technology of
offshore platforms and the potential scalability and modularity of installing multiple platforms, reducing
upfront investment risks and potentially lowering costs through economies of scale [14, 20]. This implies
that it might be preferred to implement multiple platforms for both the electricity and hydrogen system.
A letter to parliament from the minister for Climate and Energy was recently published, indicating
the preference for platforms in wind areas 6 and 7 due to the engineering difficulties of constructing
an artificial island at 40 meters depth [64]. This strengthens the preference for using platforms at this
specific location. Furthermore, the analysis also indicates that in a hydrogen-driven operation, varying
the H/E ratio has a modest impact on the LCOH (up to 9.6%), suggesting larger electrolyser capacities
could be economically viable without significantly increasing costs. However, larger electrolyser capacities
increase the LCOE in this operation mode (up to 16.8%). Under-sizing the system is a way to reduce the
LCOE and LCOH, especially for higher H/E ratios, but the impact is only limited. Despite the fact that
LCOE reductions of up to 7.8% can be achieved if offshore electrolysis is implemented in the electricity-
driven operation, there is a risk that no investments will be made in offshore hydrogen production, being
the desired outcome given the lowest achieved LCOE in a hydrogen-driven operation and the lowest
achieved LCOH in electricity-driven operation. Thus, policy intervention is crucial for offshore hydrogen
production to become competitive as it is extremely important to fulfill the green hydrogen demand and
increasing the performance of offshore wind energy transmission, while reducing grid congestion, which
are crucial aspects to realise the Dutch energy transition as described in Section 1. Policies should focus
on incentives for reducing electrolyser CAPEX and enhancing efficiency to reduce the total costs of the
system, while increasing the yield. Moreover, to make hydrogen production on offshore platforms more
competitive, policies should support improvements in the CAPEX of the substructures.

Several limitations to this study could influence the results and interpretations. First, this study
did not account for energy demand dynamics or market-driven price fluctuations, focusing solely on
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supply and assuming a fixed price for the electricity supply. This could affect the system’s performance
assessment since market incentives, such as variable electricity prices, could optimize the operational
balance between electricity transmission, hydrogen production and curtailment. Electricity would be
sold to the grid during periods with high electricity prices and hydrogen would be produced during
periods with low electricity prices. In addition, under-sizing might become more competitive as there
will be periods with both low electricity and hydrogen prices and curtailing the wind energy is preferred
over transporting the energy to shore. The revenues from selling electricity and hydrogen and the benefits
from providing flexibility to the energy system by avoiding grid congestion or via interconnectors, could
also have an impact on the overall potential of the project. This highlights the relevance of assessing the
broader impact of such a project next to the costs. This also accounts for the social and environmental
impact that were left out of scope in this study.

Second, the model used predefined system designs and H/E ratios, potentially overlooking the optimal
configurations that could emerge from a more flexible design approach. For example, the placement
of the island and compression platform determine the lengths of the cables and pipelines, and the
HVAC transmission requirements. Furthermore, some secondary components and interactions, such as
infrastructure dependencies, were simplified or excluded, which might slightly alter the cost and efficiency
outcomes. However, the design choices were based on an extensive literature review, identifying the most
likely scenarios.

Third, the cost projections for future offshore hydrogen systems, especially electrolysers, carry high
uncertainty due to unknown future circumstances and technological development. Besides, estimations
taken from literature might not reflect recent market trends, such as increased energy and material costs
due to the energy crisis. A recent study by TNO [65] reveals that proposed onshore electrolyser projects
in the Netherlands currently result in a LCOH of 12 to 14 €/kg. TNO [65] assumes current electricity
market prices at a rate of 75 € /MWh and an electrolyser CAPEX of 3,050 € /kW. This implies optimistic
cost reductions to be achieved by 2040 given that offshore electrolysis entails even higher risks. However,
current electricity market prices cannot be compared to the LCOE of future offshore wind farms, which
was assumed by this study to represent the electricity price. Besides, historical trends have shown that
significant reductions in investments costs of renewable energy technologies can be achieved within ten
years time [66]. This highlights the need for continuous updating of cost models to reflect current and
projected market conditions accurately.

Fourth, the use of average wind speed data over a single year for the entire lifespan of the project did
not account for the variability in wind patterns. Extreme weather conditions could significantly affect the
amount of electricity and hydrogen delivered, impacting the LCOE and LCOH. Additionally, the model
did not include wake losses, which could influence the wind power output. Wake losses were excluded
because these are highly dependent on the wind farm design and require complex modelling to assess
properly. However, the aim of this study is to compare two hub configurations, while these limitations
apply to both and thus not influence the preferred design.

Finally, future technological advancements could significantly improve the LCOH and LCOE. Poten-
tial developments include extending inter-array cable lengths to 40 km, increasing HVDC transmission
capacity to 3 GW, and re-purposing existing natural pipelines [48, 24]. These innovations could lower the
total CAPEX and improve system efficiencies, but were left out of scope as their functionalities have not
yet been proven. Developments in inter-array cables primarily benefit the island configuration. Besides,
it is not likely that a new standard platform will be developed to fit a 3 GW offshore substation, but
it is a feasible advancement for the island concept. Therefore, accounting for these developments might
alter the comparative advantages of the configurations studied.

Further research should address the limitations identified to enhance the robustness and applicability
of the findings. First, further analysis on the assessed configurations or a hybrid version, considering
their modularity and impact on grid stability, would provide valuable insights into the optimal design of
offshore energy hubs. Second, integrating energy system modelling that includes market-driven opera-
tions, such as variable electricity and hydrogen prices and the impact of interconnectors, can offer a more
comprehensive understanding of the economic performance under real-world conditions. Third, conduct-
ing a more extensive sensitivity analysis, including techniques like Monte Carlo simulations, would help
quantify the probability of cost and performance estimates and identify the most critical factors influenc-
ing outcomes. Fourth, future studies should delve deeper into the interactions and dependencies within
the system design, such as optimal cable and pipeline lengths and H/E ratios, to provide a better under-
standing of the cost and efficiency impacts. Sixth, emerging technologies and their integration into the
model could be evaluated to identify their impact on the comparative advantages of the configurations.
Finally, assessing the broader impacts, including social and environmental implications of offshore energy
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hubs, will provide a more holistic view of their feasibility and sustainability.

5 Conclusion

This study explored the techno-economic performance of various configurations and operation modes for
an offshore energy hub in the North Sea by 2040, considering the impacts of the hydrogen-to-electricity
(H/E) ratio, standardisation, and infrastructure under-sizing. The findings provide a comprehensive
understanding of the potential and limitations of different system designs. The following research question
was answered: "What is the techno-economic performance of different configurations and operation modes
for an offshore energy hub in the North Sea by 2040 as the hydrogen-to-electricity (H/E) capacity ratio
changes, including standardisation and under-sizing of the infrastructure?”

In scenarios without under-sizing, the lowest LCOH of 2.81 €/kg is achieved for 6 and 8 GW of
electrolysis capacity installed at a central energy island in a hydrogen-driven operation. This indicates
that with the production of green hydrogen at an offshore energy hub could be economically competitive
with grey hydrogen but remains less competitive than blue hydrogen under current assumptions. The
sensitivity analysis indicates that the LCOH could however increase up to 68.4%. This underscores the
importance of policy support and incentives to enhance the competitiveness of green hydrogen from off-
shore wind energy. Conversely, the platform-based configuration was more favorable for electricity trans-
mission, particularly under electricity-driven operations, resulting in the lowest LCOE of 42.72 € /MWh
with 16 GW electrolysis installed. Adding offshore hydrogen production to a full-electric transmission
of offshore wind energy, could lower the LCOE by up to up to 7.8%, highlighting the synergy between
hydrogen and electricity systems in offshore energy hubs. It is however not desired to power electrolysers
by excess electricity as the LCOH will always result in higher values compared to the hydrogen-driven
operation. This is because investment requirements are high and utilisation rates are low. From the
results can be concluded that the island configuration is preferred for hydrogen production due to its
lower total system costs and platforms are favored for electricity transmission due to lower total electric-
ity costs. However, the differentiation in the LCOH obtained for both configurations is limited. Besides,
engineering advantages and the operational and logistic benefits make platforms the preferred choice for
offshore hubs at this specific location. Improving the competitiveness of offshore hydrogen production can
be achieved by enhancing the electrolyser efficiency and supporting the reductions in investment costs of
the electrolyser. Under-sizing the hydrogen system components, can yield more optimal techno-economic
outcomes. In the scenarios with under-sizing, the lowest achieved LCOH of 2.80 €/kg was achieved for
3.5 GW electrolysis capacity and 14 GW HVDC capacity. In particular, under-sizing the electrolyser
by 500 MW often resulted in lower LCOH and LCOE compared to the associated scenarios with equal
installed HVDC capacities, especially under hydrogen-driven operation. This suggests that strategic
under-sizing can enhance cost-effectiveness and system performance. The CAPEX and total electricity
costs of the electrolyser system take up the largest part of the total required costs to realise offshore
hydrogen production at an offshore energy hub. Therefore, focus should be on enhancing the efficiency
and reducing investment requirements in offshore electrolysis by supporting technological development.
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A Moody Diagram
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Figure 19: Moody diagram for calculating Darcy’s friction factor [57]. Here e is the internal pipeline

roughness (mm) and D is the internal diameter of the pipeline (mm).
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Figure 20: Total amount of hydrogen and electricity delivered over entire lifetime for all base and
undersized scenarios.
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C Total CAPEX

C.1 Total CAPEX requirements in electricity-driven operation
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Figure 21: CAPEX breakdown per component for the base cases in the electricity-driven operation mode.
The left figure presents the island configuration and right presents the platform configuration.

C.2 Difference in foundation CAPEX
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Figure 22: Comparison of the foundation CAPEX in both configurations. In the platform configuration,
the CAPEX of the platform structures are included in the respective HVDC, electrolyser and compression
CAPEX (depicted on the right).
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C.3 Difference in pipeline CAPEX
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Figure 23: Pipeline CAPEX for the base H/E ratios in the electricity-driven operation mode. The left
figure presents the island configuration and right presents the platform configuration.
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D Effect of undersized scenarios in electricity-driven operation
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Figure 24: Effect of undersized scenarios on the LCOH and LCOE in the electricity-driven operation.
The coloured markers represent the undersized scenarios of 17.5, 17 or 16.5 GW of combined electrolyser
and HVDC capacity. Note that the x-axis depicts the HVDC capacity.
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E Sensitivity analysis of individual parameters on LCOH
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Figure 25: Sensitivity of variations in CAPEX and efficiency on the LCOH.
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