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In light of offshore wind expansions in the North and Baltic Seas in Europe, further ideas on using offshore
space for renewable-based energy generation have evolved. One of the concepts is that of energy islands,
which entails the placement of energy conversion and storage equipment near offshore wind farms. Offshore

Ié?ﬁg;fénergy hubs placement of electrolysers will cause interdependence between the availability of electricity for hydrogen
Offshore wind production and for power transmission to shore. This paper investigates the trade-offs between integrating
Hydrogen energy islands via electricity versus hydrogen infrastructure. We set up a combined capacity expansion and
Power-to-X electricity dispatch model to assess the role of electrolysers and electricity cables given the availability of

Electricity sector model
Capacity expansion

renewable energy from the islands. We find that the electricity system benefits more from connecting close-
to-shore wind farms via power cables. In turn, electrolysis is more valuable for far-away energy islands as it
avoids expensive long-distance cable infrastructure. We also find that capacity investment in electrolysers is
sensitive to hydrogen prices but less to carbon prices. The onshore network and congestion caused by increased

activity close to shore influence the sizing and siting of electrolysers.

1. Introduction

Offshore wind energy in Europe is developing fast, and plans to
build large capacities in the available waters are evolving rapidly; see
for example the recent Esbjerg and Marienborg declarations of the
littoral states of the North and Baltic Seas. Anticipated cost reductions
in the technology and avoiding not-in-my-back-yard issues create a
major opportunity for supporting the decarbonisation efforts in Europe.
Together with photovoltaic (PV) generation, large-scale offshore wind
energy has been declared to fill the power supply gap that the shutdown
of nuclear and fossil fuel plants will leave behind [1]. Some countries
have made considerable progress over the last decade. For example,
the German electricity system saw a wind share of 24.4%, and a
total intermittent RES share of 32.9% in 2020 [2]. The integration
of these significant RES shares has been relatively easy to manage,
refuting older predictions of disruptions in the reliability of the power
system due to increasing shares of fluctuating sources [3,4]. However,
this integration still causes higher costs and curtailment [5] that are
undesirable and hinder the decarbonisation of the energy system.

Among the solutions are the provision of flexibility by grid ex-
tensions, storage technologies, and sector coupling [6,7]. With the
publication of the hydrogen strategy, there are major plans in the
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European Union (EU) to create a hydrogen economy and develop
the necessary conversion capacities, including the extension of power-
to-gas (PtG) via electrolysis. PtG can serve both purposes: providing
flexibility to the electricity system and producing hydrogen to meet
demand from other sectors like industry and transportation. When wind
farms are moved offshore, production will be affected by fluctuations
at sea. To balance those, electrolysis can also be moved close to the
generation to so-called energy islands.

Energy islands are a European-born idea. The term is typically
used for projects in the waters of Denmark and the UK, e.g., the
North Sea Wind Power Hub or Vind@. The design of these islands is
currently under development, but Fig. 1 shows early ideas for energy
islands that host conversion equipment for sector coupling, such as
electrolysers [8]. Energy islands are expected to be valuable for pro-
viding demand-side flexibility by electrolysis to reduce curtailment,
lower stress on the electricity grid, and produce hydrogen offshore for
the industry. In addition, they can serve as inter-country electricity
connections, which are beneficial for balancing electricity flows [9]. Be-
sides the electricity- and hydrogen-focused projects in Denmark (Vind®
and Bornholm) and the North Sea Wind Power Hub, AquaVentus has
gathered more than 90 partners to develop a related family of projects
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Country 1

Fig. 1. An abstract sketch of an energy island following first visions presented in [10]. Source: Liith [8].

around the German Island of Heligoland. Here, 10 GW of offshore wind
capacity will be developed by 2035 for the offshore production of
hydrogen, including the necessary transportation infrastructure. In this
case, though, no electricity connection to shore is currently envisaged.

With this paper, we contribute to the discussion of how to design
and plan offshore energy infrastructure, specifically around energy
islands, and analyse the trade-offs between offshore electricity and hy-
drogen infrastructure. Our guiding research question asks how energy
islands can be integrated with onshore energy systems and what the
system implications of such an integration would be. With the help
of an integrated capacity expansion and electricity dispatch model, in-
cluding a detailed grid representation, we identify economically viable
investment options in cables to and between energy islands, and in
electrolysers offshore and onshore. We find that offshore electrolysis
reduces the need for investment in expensive long-distance cables
between offshore wind sites and the mainland to prevent curtailment
of wind generation. The current cost of electrolysers in combination
with the assumed hydrogen price make it worth using existing nuclear
generation for hydrogen production. Investments are sensitive to future
hydrogen prices but less so to an increase in CO, prices.

The remainder of this paper is structured as follows: Section 2
presents literature on offshore energy systems, system modelling, and
electrolysis. In Section 3, we describe the model framework, and Sec-
tion 4 provides the background of the case study, the data sources, and
data curation. Results, discussion, and a sensitivity analysis are given
in Section 5. We summarise the main findings and provide an outlook
on future research in Section 6.

2. Literature and background

Energy islands are seen to establish offshore in centres of large-scale
wind power production. The literature on this topic is not extensive
yet but builds on the idea of setting up power link islands in a meshed
offshore grid [11]. Meshed offshore grids describe the connection of
countries via offshore wind farms and interconnecting offshore wind
farms among themselves [12]. Early research on meshed offshore grids
has developed model frameworks to analyse the impact of offshore
grids [13] and allow project consortia such as Kriegers Flak' to examine
the impact of interconnected wind farms. Connecting wind farms and
countries at the same time also takes market integration one step fur-
ther. Traditionally, wind farms are connected only to the country they
were built in, or there are radial connections between two countries
that act as interconnectors. In a meshed grid, those two traditional
structures converge towards interlinked systems [14]. Interconnection
has been called a pillar of renewable energy systems and leads to

1 See Kriegers Flak (2021):
Projektliste/KriegersFlakCGS.

en.energinet.dk/Infrastructure-Projects/

greater utilisation of renewable resources [9]. Market integration will
influence welfare and price development in the connected countries.
Early studies agree that offshore grids increase welfare [15,16]. The
benefits, however, are allocated asymmetrically among the connected
countries: suppliers in high-price areas and consumers in low-price
areas will see some negative impacts [16]. The idea of energy islands
was developed by industrial consortia around 2016 and has a lot of
characteristics in common with offshore grids and interconnectors. Like
offshore grids, energy islands will affect market prices and welfare.

Tosatto et al. [17] investigate the welfare impacts on the European
electricity system of a North Sea energy island. In a setting without
sector coupling and with electricity production only, their results show
that overall welfare will increase but the distribution of benefits will be
asymmetric: consumer welfare will increase while producers’ welfare
in exporting countries will be adversely affected, which is well in
line with the findings for offshore grids. Zhang et al. [18] model
offshore wind hubs in the North Sea to decarbonise the Norwegian
continental shelf, establishing a cost-minimising, mixed-integer linear
investment planning and operations model. They develop scenarios for
investment into renewable generation, storage, electricity transmission,
and offshore hubs with hydrogen conversion equipment under specific
CO, prices and argue that offshore wind and a cable connection to
shore can halve current emissions in a scenario of moderate CO,, prices.

Singlitico et al. [19] were the first to analyse the combination
of electricity and hydrogen production from offshore wind plants on
large energy islands. In a pre-defined setting of cable connection and
electrolyser size, the authors tested different operating modes in which
conversion to hydrogen or transport via electrical infrastructure was
prioritised. They find that offshore placement can be advantageous, and
that a hydrogen-powered operating mode can reduce the levelised cost
of hydrogen to the point that it competes with hydrogen from fossil
fuels. Gea Bermudez et al. [20] find in a capacity expansion model
(CExM) that forcing hydrogen offshore will lead to higher system costs
and onshore hydrogen production is more likely to be cost-efficient
due to patterns following PV generation. Their analysis is based on a
zonal market representation with cross-border flows. This approach is
likely to underestimate inner-zonal congestion which could lead to an
overestimation of electricity flows across zones.

Although analyses of offshore grids, which form the infrastructure
for energy islands, are more mature, the role, sizing, and siting of
electrolysers have not been explored extensively [21]. In combination
with multi-country cable connections, new options for linkages with
existing energy systems are opening up. Jansen et al. [22] analyse the
role of the North Sea Wind Power Hub, an energy island in the North Sea,
and iteratively assess the roles of connections by cable and hydrogen
pipelines under certain assumptions. In a bottom-up cost assessment,
they find that large connected wind generation capacities can make
an energy island profitable. But their analysis is based on exogenous
capacity assumptions about wind farm and electrolyser sizes. Our study
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min day-ahead generation costs
+ cost for electrolysis infrastructure
+ cost for electricity connections
- profits from hydrogen sales

s.t. nodal power balance
generator capacity limits
storage limits
electrolyser production limits
network constraints (DC load flow)

Fig. 2. Schematic overview of our framework. The mathematical equations are found
in Appendix A.

makes use of an integrated capacity expansion and dispatch model to
endogenise the decision of whether to connect energy islands by cable
or pipeline and at what capacity.

3. Methodology

We develop an integrated capacity expansion and electricity dis-
patch framework with high spatial and temporal resolution and includ-
ing physical constraints on the power network.” The framework is set
up as a linear cost minimisation problem and allows for investments
in hydrogen production or in cables to connect offshore energy pro-
duction hubs with either onshore electricity systems or other offshore
wind farms. Hydrogen is sold at an exogenously fixed price. This
framework was inspired by the techno-economic ELMOD [23] and the
cost minimisation approach of a later version of dynELMOD [6]. The
capacity expansion module is based on LIMES-EU by Nahmmacher et al.
[24] and Alharbi and Bhattacharya [25]. To limit the solution space,
exogenous scaling of RES, demand, and thermal generation for a multi-
year representation is applied as in [26]. The time series reduction and
scaling are based on Goke and Kendziorski [27] and Poncelet et al.
[28].

Fig. 2 presents the structure of the framework. The objective is
to minimise the costs of electricity dispatch and endogenous capacity
expansions in electrolysers and DC power connections to the proposed
energy islands. In the dispatch, we include short-run marginal costs for
thermal power plants, cost of curtailing load, and a discharge penalty
for storage. We subtract income from hydrogen production. RES do not
incur marginal costs. Investments in electrolysers and connecting power
lines are allowed at specific unit costs. For electrolysers, we include
annual operation and maintenance costs. The operational constraints
include capacity limits for generators, electrolysers, and storages, and
network constraints including a power flow approximation. See Ap-
pendix A for a full description of the framework equations. The main
endogenous decisions of the framework are the dispatch, the produced
quantity of hydrogen, and investment in electrolysers and the cable
infrastructure around energy islands and offshore wind parks. For this
framework, the grid characteristics of an existing power grid and the
generation capacities, profiles, and cost parameters are the limiting fac-
tors. Renewable electricity that cannot be fed into the grid or converted
into hydrogen, is curtailed.

This capacity expansion framework can be applied to any case
setup with combined investment decision into hydrogen and electricity
infrastructure. It is implemented in Python and the gurobipy interface
and solved with the barrier algorithm in Gurobi v 9.5. In the following,
we apply it to analyse the plans for energy islands in the North and
Baltic Seas.

2 The framework and model code used in this paper can be found on
GitHub: https://github.com/pauleseifert/NodalMOD/releases/tag/1.0.
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4. Energy islands in Northern Europe

The islands are expected to be built close to the Danish island of
Bornholm in the Baltic Sea, off the eastern coast of Denmark, on the
Dogger Bank in the North Sea, and off the western coast of Denmark.
Each project is expected differ in wind park size, interconnections, and
technology placed on the island. The first estimates for connections
and technologies have been presented by project stakeholders and the
Danish government [10]. With this in mind, we analyse the trade-off
between interconnecting power lines and electrolysis on the energy
island. We add the North Sea energy islands as done by Tosatto et al.
[17] and the Bornholm Energy Island in accordance with the latest
project proposal [10]. Table 1 lists the projected wind park capacities
at the three energy islands, the countries they can connect to, and the
abbreviation we use for them (NSEI1, NSEI2, BHEI). We locate the
islands following the first feasibility studies by COWI [10] and the
North Sea Wind Power Hub Consortium. The Danish Energy Agency
designated specific areas® in Danish waters for the projects and we use
the centre of each area as our location for the hub. We run the model
for the years 2030, 2035, and 2040 allowing for investments once in
each five-yearly step.

4.1. Data

The model needs technical data on the electricity system, and
information on production and investment costs. This section describes
the data collection and processing for our case study. Section 4.1.1
elaborates on creating a grid representation with generation units for
different energy carriers, Section 4.1.2 summarises the scaling for the
future system, and Section 4.1.3 gives an overview of the cost data.
Because the problem exceeds current computational capabilities, we
reduce the time series and describe the assumptions behind our method
in Section 4.1.4. The reduced data instance of the COMBI scenario has
5,160,873 variables, 8,018,612 constraints, and 17,384,020 non-zeros.
A scenario takes roughly 25 min to build and about one day to solve on
a high-performance computing cluster (AMD EPYC2 7302@16 Cores,
120 GB RAM).

4.1.1. Data set

The first step in our data compilation is creating a base data set for
the year 2030. The grid and locations of thermal power generation units
published by Horsch et al. [37] serve as a basis. This data set includes
a 1024-node representation of the European power grid with load and
thermal power plant capacities matched to all included nodes for 2020.
To this, we add new infrastructure projects from the Ten-Year Network
Development Plan (TYNDP) 2020 project list* and include the energy
islands based on project proposals and with the characteristics shown
in Table 1. Fig. 6 in the Appendix shows the resulting grid. Planned
offshore wind power projects® and their capacities are clustered in
19 groups along the coasts of the North and Baltic Seas. Each cluster
can connect to the existing onshore grid. The capacity expansion part of
the framework endogenously determines sizes of allowed connections.

Data on wind and PV generation at the nodal level is based on a
two-step process. Horsch et al. [37] provide renewables potentials at
the nodal level, but these do not match the installed capacities. Thus,
in the first step, we take the potentials as ratios to match the currently
installed capacities per bidding zone available from ENTSO-E® to the
nodes. This way, we maintain the ratio of geographical distribution
based on potentials and ensure the correct sum of capacities on a

3 See [29]: ens.dk/en/our-responsibilities/wind-power/energy-islands.

4 See TYNDP 2020 Project List: tyndp2020-project-platform.azurewebsites.
net.

5 4C Offshore—Global Offshore Map (2022): map.4coffshore.com.

6 See ENTSO-E (2022): transparency.entsoe.eu.
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Table 1
Summary of important input data. The upper part describes the parameters used in the model. The lower part lists the relevant characteristics of each energy island.
Parameter Description Unit Value Source
ffshore:
cE Cost for electrolyser expansion €/MW, gnsshg:_ 2:3’888 Fraunhofer ISE [30], Danish
’ ’ E A 29 d Babarit
c0 Cost for electrolyser operation % of CAPEX 2 etn:gy[:)’ gency [29] and Babari
7t Electrolyser efficiency MWh, ;;y/MWh, 0.75 ’
cP Penalty for lost load €/MWh 3000 Nordpool A/S (2021)
ck Cost for line expansion €/(MW- km) 1950 Lauria et al. [32]
S Cost for storage depletion €/MWh 0.001
po: Carbon price €/t 80, 120, 160 TYNDP (2020)
q Discount factor 1.04
r Interest rate % 4
i Hydrogen sales price €/MWhy 108 Glenk and Reichelstein [33]
t Model years 2030, 2035, 2040
ns Storage efficiency 0.8 Hameer and van Niekerk [34]
v Transmission reliability margin 0.7 Horsch et al. [35]

@/B/Yuys Ona> Noas €9 See Table 7.
(AP PO S

Pz Ps>

Available in our GitHub repository.

Countries BE, CZ, DE, DK, FI, NL, NO, PL, SE, UK

Reference year 2018

Island Model name Wind park size Connections

NSWPH NSEI1 10GW NO, DE, DK, NL North Sea Wind Power Hub [36]
Danish EI NSEI2 10GW BE, DE, DK, NL, UK COWI [10]

Bornholm BHEI 3GW DE, DK, PL, SE COWI [10]

bidding zone level, which is the highest detail available. Whenever pos-
sible, we use the high-resolution Open Power System Data by Schlecht
and Simic [38], in this case for Germany, Denmark, and the UK, to
replace the generation assets from [37]. In the second step, these
nodal capacities need production time series, which we obtain from
renewables.ninja [39,40]. These time series are node- and technology-
specific. For wind generation, we consider a Vestas V80 2000 generator
with a hub height of 100 m. For PV, we assume a 45° tilt angle, strictly
facing south.

Hydropower plant data is based on European Commission and JRC
[41]. The hydropower plants are matched to the nearest node in the
grid. We distinguish run-of-river, reservoir, and pumped hydro. Run-
of-river hydro has zero marginal cost, time series for generation come
from EMPIRE’ [42]. Reservoirs are dispatchable resources with annual
production limits based on historical data available on ENTSO-E’s
Transparency Platform®. We use a round-trip efficiency for pumped
hydro of 80% [34]. Load data is based on Horsch et al. [37] with a
nodal resolution.

4.1.2. Scaling paths

Demand profiles, renewable generation, and installed thermal gen-
eration capacity will change over the model horizon. We scale up the
data relative to 2020 based on the Gradual Development scenario in
the TYNDP 2020.° For each generation technology and year, the future
projection from TYNDP 2020 divided by the current bidding zone value
from ENTSO-E determines a scaling factor. Demand scaling follows
the same principle. This scaling preserves the geographical distribution
of load and demand within the bidding zones. When, according to
the TYNDP, new types of generation occur in a bidding zone, the
projected capacity is distributed equally over all its nodes. In some
cases, the offshore wind cluster capacities from the list of planned
projects® exceed the TYNDP projections. In those cases, we include the
offshore wind capacity clusters from the list and reduce capacities at
other offshore nodes in the same bidding zone to match the overall
TYNDP capacity projections for the zone.

7 openEMPIRE is available on GitHub:
OpenEMPIRE.
8 Ten Year Network Development Plan 2020, European Network of

Transmission System Operators for Electricity (2020).

github.com/ntnuiotenergy/

4.1.3. Financial parameters

Prices and costs are the main driving factors in the model. We
use fuel prices provided in the PyPSA data set [37] to determine
technology-specific generation costs. Table 1 summarises the techno-
economic parameters used in the model. Below, we explain the origin
of the data and some additional assumptions.

RES are assumed to incur no marginal costs. At the end of 2021, fuel
prices reached record highs, but this did not change the merit order of
power plant use. Recent price peaks resulting from the Russian invasion
of Ukraine have not been incorporated in any scenario in this study.

In our model, we assume that capital investments are financed by
annuity loans over the lifetime of the assets. The interest rate is fixed
at 4%. The model calculates every fifth year from 2030 to 2045, and
payments are discounted to the reference year 2030. The connection
cables are planned as DC connections. This is done for most big offshore
wind parks in the North Sea, with the advantage of coupling non-
synchronous countries, for example, Sweden with Germany or Poland.
The integration of a DC cable requires converter stations on both sides.
We use costs of €1950/(MW km) for our connections [32]. Discharging
storage induces a small cost of €0.001/MW to prevent simultaneous
charging and discharging by the model.

We use alkaline electrolysers, and differentiate between onshore
and offshore installation. New onshore electrolysers have capital costs
of €450,000/MW,, and 5% of capital costs occur as annual opera-
tional expenditure [29]. New offshore electrolysers are more expensive
because of transport, marine conditioning, pipeline construction, and
additional operating costs and sum to €645,000/MW,. The efficiency
of offshore and onshore technology is set to 75% and the lifetime is
estimated to be 30 years [29]. In Appendix B, we provide a detailed
overview of the cost parameters for the electrolysis-related investments
including a summary of our literature survey.

We keep the unit costs for electrolyser investment fixed at the 2030
values. The model’s hydrogen investment results depend heavily on
the imposed price development paths and power flow changes in the
power system. In the objective function, hydrogen sales are an income
to incentivise investment in electrolysers. Price predictions for carbon
emission-free hydrogen, also referred to as green hydrogen,” cover a

9 Hydrogen is in fact a colourless gas and all hydrogen is a gas with
identical chemical characteristics independent of the method of generation.
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Overview of cases defined for the analysis, including abbreviations.

Case Name Investable line capacity Investable electrolyser capacity
Reference BAU Unlimited None
Offshore H, OFFSH Unlimited Unlimited offshore only
Offshore & onshore H, COMBI Unlimited Unlimited

< B
Stakeholder STAKE <10GW for both NSEI1-2, Unlimited

<3GW for BHEI

wide range (refer to Table 8 in Appendix B). In our analysis we use a
hydrogen price of €3.23/kg (equivalent to €108/MWh; ) as in [33]
and use the lower heating value of 33.33 kWh/kg.

4.1.4. Time series reduction

Capacity expansion models tend to become complex as more detail
is added. To reduce complexity, one can apply time series reduction
methods to determine representative periods [43]. The choice of reduc-
tion technique influences the input data and thereby the outcomes [27,
28,44,45]. Especially when considering storage usage in high-RES sce-
narios, time-series reduction methods must preserve fluctuations in
generation, both long- and short-term, to obtain capacity expansions
still reflecting the optimal values with regard to the original full time
series. Goke and Kendziorski [27] analyse different reduction methods
for their adequacy for a capacity expansion model. They describe
that grouped periods require additional variables in the optimisation
problem, hence chronological-sequence algorithms have speed advan-
tages over grouped-period algorithms. Therefore and due to the small
deviations in the comparison above, we use the method by Poncelet
et al. [28], which bases the time series selection on an optimisation
problem preceding the actual framework problem. The algorithm com-
pares the approximated and original duration curves and minimises
the difference in equal-sized sections called bins. Both curves’ load
spans are segmented into a finite number of intervals, and the summed
deviations are minimised in a mixed-integer problem for all RES curves
considered.

We shorten the year to 21 representative days by using 20 bins
and chronological sequencing with re-scaling without changing the
weighting and length of the chosen periods. The time series reduction
method of Poncelet et al. [28] is computationally costly, especially on
our data set, with simultaneous optimisation of 544 nodes with RES
infeed. For capacity expansion models of energy systems, the objective
values of the model run with shortened time series deviate only slightly
from the full time series objectives, according to Zatti et al. [46]. We
can confirm this with the results of running over longer and reduced
periods (not reported in this paper).

4.2. Case setup

We set up four different cases and compare their results. Table 2
provides an overview of the cases. The first is a reference case, BAU, in
which all wind farms are placed in accordance with current proposals
(see Table 1) and we only determine cable connections to the sur-
rounding countries. To analyse the trade-offs between electrolysers and
cable expansions, the three further cases add options for electrolysis
(as opposed to cable investment only). In the second case, OFFSH, we
allow investment in offshore electrolysers on the energy islands. In case
three, COMBI, we allow additional investment in onshore electrolysis at
the landing points—the points of connection between the onshore and
offshore networks. In case four, STAKE, we limit the cable expansions
to shore for each island to the maximum capacity planned by the
stakeholders.

5. Results and discussion

In this section, we describe the results of the case study, analysing
energy hubs in the North and Baltic Seas. The first part describes the
overall results and identifies the main findings. Section 5.2 focuses on
offshore electrolysers and why they are being built. Section 5.3 presents
the sensitivity studies to test the impact of the assumptions made about
carbon and hydrogen prices and the electricity grid.

5.1. Main findings

The main results for the four cases are described in Table 2. We start
by looking at overall system costs and then discuss cable expansion and
electrolyser investments for each case separately.

The combined investment and dispatch costs scaled up to annual
costs differ among the cases. COMBI is the cheapest at €116 bil-
lion. STAKE has about the same cost. The most expensive is BAU at
€140 billion (20% higher than COMBI). OFFSH is the second most
expensive, with costs about 1.7% higher than COMBI. This suggests
that sales from hydrogen production can visibly lower system costs,
despite the significant investment expenditures that must be paid off.
Offshore cable capacity is built in all cases, and whenever it is allowed,
significant electrolyser capacities are placed either onshore or offshore
to produce and sell hydrogen. The positioning of electrolysis on the
energy islands influences the cable allocation. Table 3 summarises the
results of all four cases and the relative changes between successive
cases.'’

5.1.1. Reference case: BAU

In BAU, an aggregated 17.6 GW of cable connections are built in
2030 to connect the energy islands to shore (Table 4). All countries
are connected from the first period. Over the years, aggregate capacity
increases very modestly. In addition to direct cables, a strong offshore
grid develops between the wind farm clusters, the islands, and the
shores; see Fig. 3(a).

5.1.2. Offshore electrolysis only: OFFSH

Allowing electrolysis on the energy islands only results in lower
direct power cable capacities to shore. In Table 4, we see capacities to
connect the islands that are significantly lower than BAU, see Table 4.
The aggregate offshore electrolyser capacity increases evenly over the
periods as renewable energy capacity is expanded. Most of the elec-
trolyser capacity is built in the North Sea, specifically at NSEI1 (our
reference to the North Sea Wind Power Hub), which is well-positioned
between many countries and closer to their shores than NSEI2. Fig. 4(a)
maps the electrolyser capacities in 2040 for the different cases to the
locations. Comparing Figs. 3(a) and 3(b), we see that NSEI1 not only
develops more electrolyser capacity but is also better connected to
shore than NSEI2. Although all direct connections from the islands
to shore aggregate to no more than 10 GW, Fig. 3(b) also shows
that connections from the offshore wind clusters to the islands are

10 Since cases two and three step-wise allow more investment compared to
case one, and the fourth case provides a reality check for the third, we believe
that these comparisons provide the most insight.
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Table 3
Case study results: % changes relative to the case with more restrictions in the lines above.
Electrolyser capacity [GW] Hydrogen production [TWh] Curtailment [TWh] Thermal generation [TWh]
2030 2035 2040 2030 2035 2040 2030 2035 2040 2030 2035 2040
BAU
Offshore - - - - - - 6.9 6.7 7.2 - - -
Onshore - - - - - - 67.3 75.4 87.5 437.6 430.8 473.6
OFFSH
Offshore 44.7 50.1 56.0 209.6 216.5 244.1 3.2 2.2 2.0 - - -
rel. change to BAU - - - - - - -54.0% -66.8% -72.1% - - -
Onshore - - - - - - 8.9 14.4 21.8 471.7 448.1 491.8
rel. change to BAU - - - - - - -86.8% —-80.8% -75.1% 7.8% 4.0% 3.8%
COMBI
Offshore 7.5 17.5 17.5 89.6 84.7 86.3 2.3 2.0 1.6 - - -
rel. change to OFFSH —60.9% -65.1% -68.8% —57.3% —-60.9% —64.6% —27.9% —9.6% -21.9% - - -
Onshore 33.2 38.7 46.1 130.3 143.2 171.3 7.9 13.1 19.5 474.7 451.7 495.7
rel. change to OFFSH - - - - - - -10.5% -9.5% -10.5% 0.6% 0.8% 0.8%
STAKE
Offshore 17.5 17.5 17.5 91.3 83.5 88.3 2.5 2.2 1.7 - - -
rel. change to COMBI 0.0% 0.0% 0.0% 2.0% -1.4% 2.3% 10.2% 7.8% 7.6% - - -
Onshore 33.2 38.7 46.2 128.5 144.3 169.4 7.8 13.0 19.4 474.8 451.7 495.6
rel. change to COMBI —-0.2% -0.1% 0.1% -1.4% 0.8% -1.1% -2.1% —-0.8% —0.6% 0.0% 0.0% 0.0%

(a) BAU.

(c) COMBLI.

® Bus === Cable connection

(b) OFFSH.

(d) STAKE.

Energy island = Grid

Fig. 3. Comparison of cable connection capacity between the energy islands and shore in the different cases in 2040. The thickness of the red lines indicates the capacity of the

constructed connection.

important. Allowing offshore electrolysis lowers the need for power
cable capacity of the energy islands and the wind clusters to shore but
leads to higher offshore cable connections between wind clusters and
the energy islands, see Table 4. Specifically, the wind farms off the
coast of the Netherlands are connected by large cables to the energy

islands. Hydrogen production from the offshore electrolysers adds up to
244 TWh in 2040, which is in line with the European industrial demand
predicted by Agora Energiewende and AFRY Management Consulting
[47]. In 2030, about half of the hydrogen production originates in
avoided RES curtailment.
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Capacity of cable connections at sea for each case and year.
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Energy island to shore [GW]

Wind cluster to island [GW]

Wind cluster to shore [GW]

2030 2035 2040 2030 2035 2040 2030 2035 2040
BAU 17.7 18.2 18.5 19.9 21.1 21.6 71.8 73.6 74.8
OFFSH 5.7 7.3 9.9 42.7 48.1 54.7 71.0 73.9 75.7
COMBI  10.4 11.0 12.0 10.9 13.2 15.2 99.6 103.1 106.3
STAKE 7.8 8.3 9.1 10.8 13.1 155 1022 105.8 109.2
5.1.3. Combined onshore and offshore electrolysis: COMBI Table 5
. . . L . ity f f electrol % igh .
The option to invest in onshore electrolysis is represented in our Capacity factors of electrolysers (%], weighted average)
. . Offsh Onsh
COMBI case. In comparison to OFFSH, the aggregated capacity of shore nshore
cables directly connecting energy islands to shores is slightly higher; 2030 2035 2040 2030 2035 2040
see Table 4. However, they are much below BAU (about 35% lower in BAU - - - - - -
. OFFSH 52.4 53.6 49.8 - - -
2030, and c'ornparably lower in '2035 and 2040). In COMB?, a meshed COMBI 85 53 6.4 447 42.2 42.4
offshore grid or strong connections between the energy islands and STAKE 59.7 545 57.7 44.2 42.6 41.9

the offshore wind clusters are not a significant part of the optimal
system solution. In Fig. 3(c), we see that the offshore wind clusters are
mostly connected to shore, meaning that landing points receive larger
cables compared to OFFSH. Electrolysers in this case are mainly built
onshore. Offshore electrolysers have 68.8% lower aggregate capacity,
split unevenly among the three islands and all located in the North
Sea. In 2040, aggregate electrolysis is greater than aggregate offshore
capacity in OFFSH, resulting in higher hydrogen production in COMBI
than in OFFSH. Onshore electrolysers are built at all landing points;
see Fig. 4(b). The locations and development of electrolysers over the
years follow RES expansion projects in the countries. Curtailment and
thermal generation are at similar levels to OFFSH.

5.1.4. Restricting cable connections: STAKE

In our last case, we consider current plans for cable capacities to
connect the islands. In STAKE, cable expansion capacity is restricted
to currently planned capacities: 1 GW of cable per GW of wind farm
commissioned (c.f., [10]). This restriction does not change the results
and is in line with the COMBI case with respect to both electrolyser
and cable capacity; see Figs. 8 and 9 in the Appendix.

5.1.5. Comparison of cases

BAU leads to the highest need for cable investment in direct shore-
island connections. Only allowing electrolyser capacity offshore re-
quires strong connections between offshore wind farms and the energy
island. Allowing the installation of electrolysers both onshore and
offshore, as in COMBI and STAKE, we observe moderate direct cable
connections from shore to islands. These cases allow for onshore elec-
trolysis investments, which are assumed to be cheaper than building
the assets offshore. The option of cheaper onshore electrolysis does not
eliminate offshore electrolysis but lowers the capacity of energy-island-
to-shore cable connections. However, by 2040, a strong offshore grid
develops with capacities of 133 GW through cables in the sea. BAU
leads to the highest curtailment and the lowest thermal technology
use in 2040 because there is no electricity usage by electrolysers. We
summarise our main findings as follows:

Restricting electrolysis to offshore results in higher cable capaci-
ties connecting the energy islands to offshore wind farms.
Limiting cable expansions according to project plans does not
show much effect, and the results for COMBI and STAKE are very
similar.

Allowing investment in electrolysers both offshore and onshore
lowers the curtailment of RES significantly.

Electrolysis on the energy island of Bornholm (BHEI) is relevant
only in the absence of onshore electrolysis or cable capacity
expansion limitations.

In addition to capacity expansions, the model shows trade patterns
between the market zones. Interestingly, the energy islands in the North
Sea both become net importers in all cases in the first two periods (but
not in the third). The more the system changes towards a RES-based
system the more electricity is used for direct consumption. In all cases,
the same countries are net importers or net exporters: Germany, Poland,
the UK, and Sweden are net exporters, and Belgium, the Netherlands,
Denmark, the Czech Republic, Finland, and Norway are net importers.
The wind park clusters built off the coasts of the respective countries
require large investments in electricity infrastructure, and in the cases
of Germany and the UK, the planned RES capacities exceed what
onshore grids can integrate (see Fig. 7 in the Appendix). Therefore, the
wind parks are integrated with other markets through combined grid
solutions, which connect two countries via a wind farm or other system
assets, often also called hybrid assets (cf. [48]).

5.2. The role of electrolysers on energy islands

In this study, we analyse and discuss the trade-off between elec-
tricity and hydrogen infrastructure to integrate energy islands into the
existing energy system. To identify possible trade-offs, we zoom in
on the specific drivers of hydrogen production and on its location in
different cases. In general, electrolysis can cut down curtailment due
to grid congestion and increase the use of available renewable energy
technology.

As described above, when we only allow electrolyser capacity in-
vestment offshore, on the energy islands, we see (1) higher system
costs, (2) higher cable capacities in the seas in Northern Europe,
and (3) higher curtailment than when we allow both offshore and
onshore electrolysis. However, from Table 11 in Appendix C we also
see that in the OFFSH and COMBI cases generation from nuclear and
biomass'! rises as the aggregated electrolyser capacity increases. This
suggests that existing nuclear capacities can generate at costs that
are competitive for electrolysis. The capacity factor is an important
metric for the profitability potential of investments in and operation
of electrolysers, independently of their placement. Thermal generation
may be cheap enough to use for hydrogen production, such that the
capacity factor increases. Cable connections between offshore wind
clusters and energy islands are very large in the pure OFFSH case. Here,
the additional cables also contribute to fuelling the electrolyser on the
islands from onshore power generation, making offshore electrolysis
more profitable. The offshore electrolysers operate at an average ca-
pacity factor of 52.4% in 2030 and 49.8% in 2040; see Table 5. For the

11 The model does not consider alternative use of biomass, e.g., direct
gasification but only assumes direct power generation.
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(a) OFFSH. (b) COMBL (c) STAKE.

Electrolyser capacity in GW  IEEEE—
0 5 10 15 20 25 30 35 40

Fig. 4. Comparison of electrolyser locations and capacities in the different cases in 2040.

COMBI case with smaller cable connections, the offshore electrolysis
capacity factors are slightly higher. Onshore electrolysers, however,
are operated at capacities of just above 40% on average. The lower
investment expenditures allow them to be profitable already at lower
usage rates. In STAKE, electrolysis capacity and capacity factors both
onshore and offshore are similar to those of COMBI. Our results are
aligned with other sources indicating that electrolysers need a capacity
factor of at least 35% to operate economically [49].

A closer look at our results reveals a system of coordinated joint hy-
drogen and electricity production. So far in Europe, RES capacities have
been mostly installed onshore (PV and wind), and at present offshore
wind is typically connected radially to shore, not going through an
energy island. Radially connecting offshore wind farms leads to higher
RES availability and excess production onshore than if conversion
assets are also placed offshore. Endogenising the decision about the
placement of electrolysers results in a combination of large onshore
capacities and about 10 GW of aggregated electrolysis capacity off-
shore. This finding differs from those of, for example, Gea Bermiidez
et al. [20] and Singlitico et al. [19], who argue that offshore elec-
trolysis will not play a role. An important contribution of our work
is that our model includes a detailed onshore grid representation. In
contrast, Gea Bermtdez et al. [20] in their model consider a zonal ap-
proach, neglecting inner-zonal congestion and foresee large electricity
import from southern Europe to reach electrolysers onshore along the
coasts.

When the model allows it, most electrolysis capacity is installed
onshore despite the lower capacity factors. At the same time, ther-
mal generation is higher showing that it is economical to produce
hydrogen from nuclear power, at least given its modest short-term
marginal costs. In the model, the onshore grid capacities are fixed for
the entire horizon, only including projects through the early 2030s
that are already planned today. This possibly restricts access to RES
from other geographic locations, having a two-fold impact: (1) the
only technologies for stabilising the capacity factors are thermal power
plants because they are effectively located with respect to current grid
topology, and (2) curtailment cannot be lowered further due to onshore
congestion. To address this limitation, we include a sensitivity analysis
to assess the impact of onshore grid expansions on curtailment, thermal
power plant use, and combined system costs.

5.3. Sensitivity analysis

Here we perform a two-fold sensitivity analysis. The first part con-
siders hydrogen and carbon prices. The second considers a fundamental
basis of the model, the power network, and extends the onshore grid in
an attempt to remove congestion. For the sensitivity analysis, we work
with the setup and assumptions of the COMBI case of the main analysis,
which had the lowest overall costs.

5.3.1. Price variations

In this first sensitivity analysis, we change the hydrogen price and
the carbon price as presented in Table 6. First, we vary the hydrogen
price by lowering and raising it by 25%, from the original €108 per
MWh to €81 and €135, respectively, while keeping the CO, prices at
the level of our original case study: €80, €120, and €160 respectively
in years 2030, 2035, and 2040. We compare the results of our sensi-
tivity analysis to COMBI of the main analysis and list the key values in
Table 10 in Appendix.

A 25% lower hydrogen price results in 13% less aggregated electrol-
yser capacity with onshore electrolysis seeing the largest reduction. In
addition, there is a lower direct cable capacity to shore when hydrogen
prices are lower, as it is less interesting to bring power generated on-
shore to the islands. We still see 15 GW of offshore electrolysis, which
implies that a larger part of the hydrogen is produced on the energy
islands. In addition, thermal power production is lower in all years; see
Fig. 5. This suggests that lower hydrogen prices decrease the value of
hydrogen production and more renewable electricity is used for direct
consumption resulting in more cable connections from the offshore
wind clusters to shore and lower shares of fossil fuels and nuclear in the
electricity mix. In the scenario with a 25% higher hydrogen price, we
see the opposite. Higher aggregate electrolysis capacity is invested, and
a relatively larger share is built onshore. Cable connections between
island and shore and between wind clusters and shore are larger than
in COMBI of our main analysis, which suggests that larger electricity
cables can be refinanced by higher sale prices for hydrogen. Thermal
power production is at a similar level in the main analysis and for
low and high hydrogen prices, except for the high hydrogen price in
the first period. Similarly to the main analysis, in both cases, thermal
technology contributes to hydrogen production. In the first period with
a high price, it is attractive to use lignite for hydrogen production
due to a moderate CO, price. When changing the hydrogen price, we
observe that the lower price reduces electrolyser capacities and leads
to less hydrogen production, see Fig. 5. The additional revenue from
selling hydrogen makes mainly a combination of cable connections and
onshore electrolysis economical. This lowers curtailment and results in
more hydrogen production.

In the second sensitivity analysis, we change the CO, prices to €130
in 2030, €250 in 2035, and €480 in 2040 for each ton emitted. These
values correspond to values in the openEntrance'’ 1.5 °C scenario
Techno Friendly [50]. The higher carbon price not only increases system
costs but leads to higher aggregate cable capacity between energy
island and shore and between energy island and wind cluster from the
first period onward (20% more than in the main analysis from 2030

12 openEntrance is a research project mapping the energy system

transformation to reach climate goals. See: openentrance.eu/.
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Table 6

Price parameter changes of the sensitivity analysis.
Prices in [€] CO, price H, price
Scenario 2030 2035 2040 2030 2035 2040
Initial configuration 80 120 160 108 108 108
Lower H, price 80 120 160 81 81 81
Higher H, price 80 120 160 135 135 135
Higher CO, price 130 250 480 108 108 108
Grid extension 80 120 160 108 108 108

electrolyser

capacity in GW

60

300

hydrogen
production
in TWh

==Base scenario
=Low H2 price
=High H2 price
=High CO2 price
Grid extension

curtailment in TWh

thermal production
in TWh

Fig. 5. Comparison of thermal power plant usage and electrolyser capacity in the different parts of the sensitivity analysis.

onward). With increasingly higher CO, prices, it would be valuable
to invest earlier to increase the use of RES in the system and avoid
carbon emissions as much as possible. Electrolysis becomes slightly less
attractive and is 3% lower each year compared to the main analysis.
Fig. 5 shows that in comparison to the main analysis, an increased
carbon price will lead to lower use of thermal generation but a similar
aggregate electrolysis capacity. This scenario would very likely change
further if it were combined with onshore grid expansion.

5.3.2. Onshore network capacities

From our main analysis, we can identify onshore power lines and
interconnectors that are often congested. Fig. 7 in the Appendix shows
the share of hours the depicted lines exceed 99% of their available
capacity and we, therefore, consider them congested. For this sensitiv-
ity analysis, we assume a line to be limiting and prone to extension
if the share of congested hours over the entire time horizon exceeds
70%. To relieve the bottlenecks, we add 20% multiplied by the share
of congested hours to the existing capacity of each expanded line,
consequently between 14% and 20%. We keep all other values and
prices as in the original analysis. Here we present new results for the
COMBI case in 2040 with an extended onshore network. Exogenously
relieving the congestion from the grid this way lowers the combined
investment and dispatch costs (5% below the main analysis) and leads
to the lowest curtailment of all the cases. The reinforced grid leads
to a similar integration of offshore resources by cable but a 5% lower
electrolyser capacity; see Table 10. Thermal power production is also
at its lowest level because the larger transmission capacities bring
larger shares of RES to consumption nodes and reduce curtailment. In
summary, onshore grid expansion leads to higher usage of RES and
lower system costs (however not considering the cost of the exogenous
grid extension) and has comparable system characteristics to COMBI.

5.4. Discussion of model assumptions

All the generation capacity in 2030 and the onshore grid are based
on exogenous assumptions, as are the scaling paths to 2040. Not allow-
ing endogenous capacity extension in the existing and projected power
generation fleets restricts the construction of a theoretically optimal
system design and influences the sizing of cables and electrolysers. For
investment expenditures, we assume linearity, neglecting economies of
scale and scope and learning rates. Furthermore, we have tested the
model results on their sensitivities to changes in electrolyser OPEX.
This showed that a 3pp increase in OPEX leads to a 5% reduction
in electrolysis capacity, see Table 10 with case low OPEX. For the
locations, we assume that these are chosen by the reference projects,
which may be a bias and could over- or underestimate the distance to
onshore grid connection points. Offshore hydrogen production requires
transportation by vessels or pipeline connections, which we include
with a fixed cost markup per unit of capacity only. Together with
the assumption of the islands’ locations, this could slightly distort the
costs and trade-off between hydrogen and electricity infrastructure.
Hydrogen offtake is modelled via a fixed price rather than endogenised
demand. Yet, given the amount of hydrogen produced in the model
compared to hydrogen demand projections for Europe, we view this
assumption as uncritical. Furthermore, we have specifically addressed
the sensitivity of hydrogen prices.

Last, we assume there will not be any integration with other sectors,
such as heat—that is, no consideration of the use of excess heat from
electrolysis. However, this is arguably equally relevant to the efficiency
of onshore and offshore electrolysis. In the onshore case, it could
increase the process efficiency by utilising heat to satisfy local heat
demand. Offshore heat can be used for desalination processes to pro-
duce distilled water for electrolysis. The reduced time horizon and the
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reduced time series used for this model may affect the representative
accuracy of demand and production patterns. Diving deep into the
results and examining each capacity expansion, we also observe that
there are some small cables (smaller than 500 MW) built between
different offshore nodes. We assume that such small capacities would
not be built in reality. For the combined case of onshore and offshore
infrastructure, this could reduce the number of countries connecting
directly to energy islands.

6. Conclusion

In this paper, we study the trade-off between investments in offshore
electrolysers and in cable connections between energy islands and both
offshore wind farms and shore, and more generally the trade-off be-
tween electricity transmission and hydrogen production infrastructures
offshore. For the analysis, we have developed an integrated capacity ex-
pansion and electricity dispatch model with power grid representation,
which allows the energy islands to be connected by electricity cables
to shore or to host hydrogen production.

In our main analysis, which adds hydrogen infrastructure invest-
ment options step by step to a system of electricity infrastructure only,
we find that onshore electrolysis plays a larger role than its offshore
counterpart. Offshore electrolysers, however, are especially relevant for
using the electricity produced on energy islands, reducing curtailment,
and keeping cable connections at a moderate level. All countries de-
veloping wind farms off their coasts build electrolysers onshore with
capacities in the range of 5 to 10 GW. Based on our sensitivity analysis,
we argue that this is also driven by congestion in the onshore grid.
Exogenously reinforcing the network by increasing onshore grid capac-
ities to remove congestion shows higher usage of RES onshore to meet
electricity demand rather than more conversion to hydrogen. Driven
by low short-run marginal costs, nuclear and biomass also serve as fuel
for hydrogen production and increase capacity factors, but this can be
counteracted by higher CO, prices. Investment in electrolysis capacity
is most sensitive to future hydrogen prices and the costs of technology.
On the trade-off between hydrogen and electricity infrastructure for
energy islands, we conclude that electricity from offshore wind is more
valuable than hydrogen for reducing carbon emissions from generation.
Onshore electrolysis can benefit from efficiency gains through sector
coupling and heat usage. In contrast, a lack of public acceptance of
wind farms and electrolysis plants could drive up costs and favour
offshore locations [51]. Offshore, on the other hand, excess heat could
be used for seawater desalination [52]. Onshore grid developments
influence offshore development significantly, and the siting of elec-
trolysers is sensitive to congestion in the grid. First-mover expenses,
however, will be higher, and the results on sizing presented in this
paper must be considered with caution since, in reality, they will rather
be political decisions that are not fully market-driven.

The presented analysis and results depend on assumptions and
model limitations. We do not consider all the technical features and
constraints of the generation technologies (e.g., unit commitment and
ramping), we use only one average power curve for the wind power
installations without distinguishing by the age of the installation over
time, and we disregard market sequences that might have an impact
on trading activities, prices, and the availability of electricity in the
system. The parameters for the cost of electricity production, hydrogen
infrastructure, and hydrogen markets are subject to large uncertainties,
as is the production from renewable energy. This analysis could benefit
from a stochastic approach to balance and hedge decisions considering
uncertainty in production, prices, and technology cost development.
Furthermore, the geographical scope of the model may be extended
to include countries in the second row behind the seas, for example,
France and also the Baltic countries. In the current results, offshore
and onshore electrolysers are profitable and worth investing in at
comparatively low capacity factors. Another source of distortion may
be neglecting any costs for the energy island itself, for example, general
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costs for land use, or network charges and taxes. Further, we ignore the
fact that cables come in predetermined sizes per unit, and considering
this, e.g., using binary variables to reflect fixed costs and bundle sizes,
may change the outcome. In addition, power prices in the current
markets in Europe are not based on nodal pricing, which we use in this
model. Generally, a zonal market setup will result in different market
prices and may change the attractiveness of investing in electrolysers
due to higher power purchasing prices. Being aware of the limitations
in our approach, we do believe that the insights are generalisable
beyond the limits of the specific case studies that we have analysed.
Offshore power transmission and hydrogen production infrastructure
complement each other in bringing energy to shore, mitigating RES
intermittency, and reducing curtailment. Both will have a significant
role in the integration of offshore wind energy into the northwestern
European energy system.
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Appendix A. Framework description

A.1. Nomenclature

Table 7 presents the nomenclature used in the paper. Sets are
expressed in script, parameters in lowercase, and variables in uppercase
italic letters.
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Table 7

Designated sets, parameters, and variables of the mathematical framework.
Sets
N Set of nodes: n,m
G Set of thermal power plants: g
w Set of reservoirs: w
R Set of RES: r
S Set of storages: s
& Set of electrolyser: e
A Set of AC transmission lines: a € (n, m)
D Set of DC transmission lines d € (n, m)
L Subset of D, lines to the EI [ € (n,m)
T Set of time slices: ¢
y Set of years: y
o Set of A— N +1 cycles: o
z Set of bidding zones: z
Parameters
a/B/Vn, Scaling factor for capacity development of thermal

generation/RES/demand

5 Scaling factor for time series reduction
/s Efficiency of electrolyser/storage units
b, Incidence matrix entry of node » at line a
h,, Cycle incidence matrix entry of cycle o and line a
cP Penalty for loss of load
o Marginal cost of power plant in €/MWh,,
0 Operational and maintenance cost for electrolyser

in % of capital expenses
c Costs for storage depletion
cE Cost of electrolyser in €/MW
cb Cost for transmission line in €/(MW km)
Demand at node n of year y

i,

Jy ' Discount factor of year y

KE/L Annuity factor electrolyser/line

g Length of the electricity line i in km

st Capacity of storage s in MWh,

£ DC line capacity in MWy

f+ AC line capacity in MW,

p;/r /s Maximum power generation of thermal
generation/RES/storage in MW,

pl Maximum energy production from hydro reservoir
in MWhy

Py Maximum power consumption of storage in MW,

q Discount factor (1 + interest rate)

rf Revenue from selling hydrogen in €/MWh

v TRM between 0 and 1

Xy Reactance of AC line a in Q

Decision variables

lfy Installed capacity of the electrolyser e in year y in
Mwel

I,%y Installed capacity of the electricity connection line
I to the EI in year y in MWy

A AC line flow of line a in MW,

F,LU EI connection line flow of line / in MW

Fp DC line flow of line d in MWy

S;L_,,y Storage level of storage unit in MWh,,

Pg(?w_ Generated thermal power in MW,

Pf,; Demand loss of load at node n in MW

PR, Generated RES power in MW,

PXLY Generated power from reservoir in MW,

Py RES curtailment at node n in MW,

Pfl'y Electrical power to the electrolyser in MW

S?w Generated power from storage discharge in MW,

s¢ Power withdrawal from storage charge in MW,

A.2. Objective

The objective function Eq. (1) minimises the cost for dispatch
and capacity extensions. In the dispatch we include marginal costs
cM for dispatching thermal power plants PC, cost c¢P for curtailing
load PP-, and a discharge penalty c5 for storage PS. In addition, we
subtract income rf from producing hydrogen PE. RES do not incur
marginal costs. Investments in electrolysers IF and connecting power
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Fig. 6. Representation of the grid including all possible connections between energy
island and shore.

lines I are allowed at specific costs cE/L adjusted by an annuity
factor kE/L (Eq. (2)). For electrolysers we include annual operation and
maintenance costs ¢©.

minz 8- chgy'Pzgt.y+cD'Zzprgjy+CS'ZZPSS,W
y t g t n N
_ZZIE'Pfr,y"’E @
t e
+B Y KE+cO) R K Y g1 |y
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E/L _ 9
k - ( 1 Lifetime @
- ()

The framework runs for a reduced time series. § scales the repre-
sentative days to the full set of 8760 time steps and is consequently
approximated to be ¥% rounded to ten decimals. For the horizon of
multiple (five-year) periods y, we use a discount factor j, (Eq. (3)) to

discount all costs to the reference period.
1

= 3
(1+qp> ©

Iy
A.3. Energy balance

We limit the framework by a set of constraints. Eq. (4) introduces
the supply-demand balance for each node: the sum of the power
generation by thermal power plants PC, RES PR, reservoirs PV, storage
flows SC/P, electrolyser consumption PF, and load d must always equal
the nodal power injections F by the connected AC and DC transmission
lines. A variable for loss of load PP~ allows load shedding.
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A.4. Investments

The DC power connections to the energy islands are endogenously
decided by the framework. Flow F' is limited by the installed capacities
(Egs. (5) and (6)). Line capacities can only be extended and Eq. (7)
ensures that no decommissioning should take place. On all lines, there
is a transmission reliability margin v deducted from full capacity.

F,,<I,-(=v) I€L1eT,yey 5)
F,,z=[I},-(1=v)] I€L1eT,yey (6)
OsIII:rl sz,%y leL,yey )

Electrolyser capacity can only be expanded in the next period and
cannot be decommissioned, Eq. (8).

OSIfy_lslfy ec&ye)y (8)
A.5. Operational constraints

Thermal power plants PC and RES PR including run-of-river hy-
dropower can only operate below their maximum electricity output or
installed capacities p*, respectively. Due to multi-period optimisation,
scaling factors « and # adjust the installed capacities, see Egs. (9) and
(10).

0<P,, <a-p} gE€GIET.yeY ©)
0<PX <B,-pj, rERIET,yEY 10)

For evaluation purposes the RES curtailment PR~ is defined as the
difference between the possible RES generation p* and the actual
dispatch PR,

R- _ +_ pR
0< P} =p,-p'—P

nty r rty

reR,teT,yey an

Additionally, hydropower reservoirs are limited in their maximum
production in the chosen period and bidding zone to ensure a more
realistic representation of water availability, Eq. (12).

Z Z PX,JSPI

teT wEAl,V

VzeZ,yeY (12)

Storage (i.e., batteries and pumped hydropower) usage S¢/P is
limited by maximum charge p;' (Eq. (13)) and discharge p; (Eq. (14))
rates as well as an upper capacity limit s;r (Eq. (15)). Eq. (16) defines
the filling level of the storage S taking into account efficiency losses.
Egs. (17) and (18) fix the starting and ending levels of storage to half
its capacity, respectively.

0<Sy, <p/ s€SteT i>1yey 13)
0<S) <p; sESIeT 1 i>1Lyey a4
0<Sy, <sT seSteT:i>1,yey 15)
S5y =Sy, — Syt SS,, sESHET 11>1,yeY (16)
Sy, =05-sT =8> +n°- S0, seSiteTii=1lyey a7
Sy, =05-s] seS1eT :1=8760,yey 18)

For the electrolysis capacity built in the framework, there is a
maximum power inflow restriction constraint to the maximum installed
capacity (Eq. (19)).

E E
0< Pe,f,y < I&Y

ec&teT,yely 19)
The lost load can never exceed the actual load of the node (Eq. (20))

D— load
0< P, <ry-d7y

neN,teT,yeY (20)
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A.6. Network representation

To represent power flows in the AC network, we use the cycle-based
formulation of Kirchhoff’s voltage law, which leads to the sum of all
potential changes in each cycle to be zero [35]. We take the cycle
incidence matrix h,; and the line reactance x,, to calculate the line flows
F” and obtain a representation in our framework as in Eq. (21).

Dby, x, Fh =0 0€0,t€T,yeY (21)
a

The flows F on the AC and DC lines in the framework must then
not exceed thermal capacity limits p* reduced by the transmission
reliability margin v. This holds true for positive and negative flow
directions (Egs. (22)-(25)).

Fh, <pr-(1=v) leAteT,yey (22)
Fh,z=pi-(1-v)] 1€eA1eT,yey (23)
F?J,ySp;“(l—v) de(D\L),teT,ye)y 24
Fp,z=[pf-(1-v] de®\L1teT,yey (25)

Fig. 6 displays the grid for our analysis. All onshore cables are
used at a fixed capacity based on Horsch et al. [37]. Connections
to the energy islands in the North and Baltic Seas are optional and
endogenously expanded. The red circles indicate the locations where
electrolysers can be built.

In the past, national grid operators defined net transfer capacity
margins limiting transfers between countries and allowing the national
entities to adjust to their local optimum, which is especially problem-
atic in congestion management because it does not fully utilise the
physical potential [62]. Additionally, the concept lacks a mechanism
for fast net transfer capacity adjustments to the weather and generation
situation [63]. Net transfer capacity mechanisms have been gradually
replaced since 2015 with flow-based market coupling (FBMC) and
brought higher capacity allocations to the system. This utilises the
infrastructure to a higher degree and is consequently more efficient.
However, transmission system operators (TSOs) restrict commercial ex-
change to solve national grid congestion leading to lower-than-optimal
capacity integration [64]. Naturally, this is not optimal in a European
context. For reasons of simplification, with the chosen nodal European
dispatch, we neglect national considerations for the dispatch.

A.7. General assumptions

Given the trade-off between complexity, accuracy, and computation
time the framework does not predict the full European generation
landscape in the investigated years but sketches scenarios under given
assumptions. The assumptions are simplified and subject to high un-
certainty, which is not accounted for in this framework. Furthermore,
political decisions affect the future generation and transmission land-
scape and are subject to the social and economic considerations of the
actors involved. The most critical assumptions are listed and shortly
explained in the following.

» Construction time: any time between investment decision and
completion is neglected in the framework.

» Cross border exchange: the framework does not allow for ex-
change with nodes or zones that are not included. Market bound-
aries are not considered as we solve the framework on a nodal
basis.

+ Grid: power lines are aggregated to create a less complex grid
structure and prevent loop flows. A TRM is introduced as in [35].
Line losses are neglected.

+ Ramping: no ramping of any technology is considered in the
framework.
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Fig. 7. Line congestions in the main analysis.
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Table 8
Hydrogen prices from electrolysis.
Source Dinh et al. [53] Haumaier et al. [54] Meier [55] Brunner et al. [56] Bristowe and Smallbone [57] Babarit et al. [31] ICCT [58]
Base year 2030 2020 2014 2015 2030 2025 2050
Hydrogen price 5 €/kg 6.2-20.2 €/kg 5.20-106.10 €/kg  1.4-6.8 €/kg 3.4-5.7 €/kg 2.34 €/kg 6.79 €/kg*
aMedian of European grid connected projects, collected from public sources.
Table 9
Parameters for electrolysis.
Source Technology Year Size [MW] CAPEX electrolyser [€/kW] OpEX electrolyser Efficiency [%] Lifetime
Fraunhofer ISE [30] PEM 2030 100 MW 502 15 €/kW 82 40,000-70,000 h
Alkaline 2030 100 MW 444 20 €/kW 79 60,000-80,000 h
Danish Energy Agency [29] Alkaline 2030 100 450 2% CAPEX/year - 100,000 h
Dinh et al. [53] PEM 2030 90 MW 600 2% CAPEX/year - 60,000-110,000 h
1. _ 0,
IRENA [59] Alkaline 2025 480 2% CAPEX/year 68 90,000 h
PEM 2025 - 700 2% CAPEX/year 65 50,000 h
NREL [60] PEM - 1MW 234 - 70 -
Brunner et al. [56] - 2015 - 500-1000 - 70-80 20a
Bristowe and Smallbone [57] PEM 2030 20MW 300 5% CAPEX/year 82-90 70,000-150,000
Babarit et al. [31] Alkaline 2025 5MW 600 3% CAPEX/year 66 20a
Parra et al. [61] Alkaline 2030 - 400-1700 1.7-9.2% CAPEX/year - -
’ PEM 2030 - 400-800 1.8-14.6% CAPEX/year - -

Table 10

Key values for the sensitivity analysis. Offshore and onshore electrolysis and non-restricted cable extension included. Thermal generation here includes using the fuels coal, gas,

lignite, and oil.

Objective Aggregated electrolyser Aggregated cable Curtailment [TWh] Thermal generation
value capacity [GW] capacity [GW] [TWh]
2030 2035 2040 2030 2035 2040 2030 2035 2040 2030 2035 2040
e I R T
Low H, gffiﬂgrr: 1.26E+11 ;g; ;:Z 4113:; ]g:g 1;:2 1(7)3 ::2 113 2?? 4506 4425 4877
Mg Gie VOBl g0 8 S5 n s a 7a 1m0 ws  mms  wes 5w
mghoo, Gl 2amel g D b S5 Bs Bx ss s aws  ane s
Nework QAT e 0 G S0 Se 78 mr wh asz aws o
Low OPEX 8?:11112:: 112E+11 iiz ié: 421;2 1;; 12:3 lg:i ;g 12 1513:§ 749 4521 4962

Must-run obligation and unit commitment: we disregard unit
commitment and must-run obligations of for example combined
heat and power plants (CHPs).

Storage: hydrogen storage is neglected.

Hydrogen: hydrogen is expected to be sold at a fixed price.
Any considerations regarding transport and consumption are not
reflected.

Economics: interest rate and cost parameters are assumed to be
constant over time.

Decommissioning: decommissioning does not take place or in-
curs a cost.

Appendix B. Hydrogen and electrolysis data collection

Hydrogen price forecasts vary significantly depending on the
sources. For this study, we assume a price of €3.23/kg, which is based
on Glenk and Reichelstein [33] and provides a well-acknowledged
calculation of the price for renewable-based hydrogen. The calculation
follows a thorough bottom-up approach and the value used is represent-
ing the conservative approximation. To illustrate the range of prices,
Table 8 provides an overview of different price ranges listed in earlier
studies.
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Besides the hydrogen prices, our model needs input on the cost of
electrolysis equipment. Table 9 summarises the results of our literature
survey to obtain the relevant parameters that we use in our case study
and which are listed in Table 1. The final values are based on the
reference data by Fraunhofer ISE (2021), Babarit et al. [31], and Danish
Energy Agency [29]. For onshore installations, we use the mean of the
three aforementioned sources resulting in €425,000/MW,. This is an
optimistic estimation acknowledging scaling effects of the technology.
We add expenses for hydrogen compression to this with a markup of
€25,000/MW, yy. For offshore installations, we increase the onshore
cost by 30% due to higher costs for construction work and materials for
use at sea [65]. To connect offshore electrolysers, the cost for pipeline
infrastructure is accounted for by €16,000/MW [66]. This adds up to
€645,000/MW for offshore installations. For both types of electroly-
sers, we assume fixed OPEX to be 5% of CAPEX per year which allows
replacing the stacks every 10 years over a lifetime of 30 years [67]. This
fixed OPEX is a conservative assumption and resembles the worst-case
estimations of Danish Energy Agency [29] and BEIS [68].

Appendix C. Further results

This section collects additional figures and tables to illustrate the
results.
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Table 11
Thermal power plant use in TWh including the sensitivity analysis.
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Main analysis High CO, price

Low H, price

High H, price Network expansion

2030 2035 2040 2030 2035 2040 2030 2035 2040 2030 2035 2040 2030 2035 2040

BAU 0il 3.5 4.9 6.2 - - - - - - - - - - - -

Gas 136.2 189.1 194.1 - - - - - - - - - - - -
Coal 152.1 160.5 196.9 - - - - - - - - - - - -
Lignite 145.7 76.4 29.4 - - - - - - - - - - - -
Nuclear 325.4 315.0 302.7 - - - - - - - - - - - -
Biomass 53.4 51.6 50.4 - - - - - - - - - - - -
Sum 816.3 797.5 779.7 - - - - - - - — - - - -
OFFSH Oil 3.4 4.5 5.8 - - - - - - - - - - -
Gas 151.4 205.3 207.4 - - - - - - - - - - - -
Coal 147.3 160.9 201.2 - - - - - - - - - - - -
Lignite 169.6 77.4 25.6 - - - - - - - - - - - -
Nuclear 404.3 399.9 395.0 - - - - - - - - - - - -
Biomass 71.5 71.0 67.2 - - - - - - - - - - - -
Sum 947.5 919.0 902.2 - - - - - - - - - - - -
COMBI Oil 33 4.4 5.7 33 4.3 5.6 33 4.3 5.6 33 4.9 5.1 2.3 3.2 4.6
Gas 153.2 208.6 211.1 370.7 234.3 224.2 370.7 234.3 224.2 212.3 235.5 232.7 138.6 194.1 195.6
Coal 147.1 161.2 201.3 211.7 160.6 203.6 211.7 160.6 203.6 182.8 185.0 178.1 134.8 149.9 193.1
Lignite 171.1 71.5 25.7 212.7 71.5 22.8 212.7 71.5 22.8 54.1 17.1 15.5 173.5 77.6 23.1
Nuclear 409.1 405.4 401.2 412.2 410.2 405.4 412.2 410.2 405.4 406.1 401.2 393.5 409.4 405.6 401.1
Biomass 71.6 71.2 67.9 72.0 71.8 71.0 72.0 71.8 71.0 71.3 69.5 65.9 71.6 71.1 70.7
Sum 955.5 928.4 913.0 1282.5 958.7 932.5 1282.5 958.7 932.5 929.9 913.3 890.7 930.2 901.6 888.3
STAKE oil 3.3 4.5 5.7 - - - - - - - - - - - -
Gas 153.1 208.6 211.2 - - - - - - - - - - - -
Coal 147.1 161.2 201.3 - - - - - - - - - - - -
Lignite 171.2 71.5 25.7 - - - - - - - - - - - -
Nuclear 409.1 405.5 401.2 - - - - - - - - - - - -
Biomass 71.6 71.2 67.9 - - - - - - - - - - - -
Sum 955.4 928.5 913.0 - - - - - - - - - - - -

For our analysis, we use a system model with a detailed grid [2] Bundesnetzagentur. Monitoringbericht 2021. Technical report, Bundesnetza-
representation of the transmission grid. By doing so, we can observe the gentur; 2021, p. 540, URL https://www.bundesnetzagentur.de/SharedDocs/
utilisation of the power grid from the results. Fig. 7 shows the average gﬁiiﬁ:ﬁiﬁiﬂgberlChm/MommrmgberlChtﬁnerglezon'pdf?_bh)b:
hours with line congestion in our main analySis- The nery built DC [3] Castillo A, Gayme DF. Grid-scale energy storage applications in renewable energy
cables offshore have a high utilisation rate, and so do most intercon- integration: A survey. Energy Convers Manage 2014;87:885-94. http://dx.doi.
nectors. Except for the German onshore grid, most other regions have org/10.1016/j.enconman. 2014.07.063.
well utilised, but not fully congested grids. Note that this graph depicts [4] Khalili S, Breyer C. Review on 100% renewable energy system analyses—A

. . . .. e ers A bibliometric perspective. IEEE Access 2022;10:125792-834. http://dx.doi.org/10.
the situation after accounting for a transmission reliability margin of 1109/ACCESS.2022.3221155.
30%. [5] Joos M, Staffell I. Short-term integration costs of variable renewable energy:

Figs. 8 and 9 display the capacities of line expansion and elec- Wind curtailment and balancing in Britain and Germany. Renew Sustain Energy
trolyser expansion graphically. This allows comparing the effect of Rev 2018;86:45-65. http://dx.dm.org/lo.1016./J..rser.2018.01.009..

. . . . . [6] Gerbaulet C, Lorenz C. dynELMOD: A Dynamic investment and dispatch model
different capacity expansion options among the cases. Comparing the for the future European electricity market. Data Documentation 88, DIW Berlin,
two, electrolyser capacity onshore and offshore leads to significantly German Institute for Economic Research; 2017, URL https://EconPapers.repec.
lower grid connection capacities of the energy islands. Aggregated org/RePEc:diw:diwddc:ddss.
electrolyser capacity will at most be 55 GW. [7] Pi.lpola S, Lund PD. Different flexibility options for better systerp integration of

Table 10 summarises the key values of our sensitivity analysis and Z‘;lrn;ioﬁ)gv:‘g(');;ergy Strategy Rev 2019;26:100368. htp://dx.doi.org/10.1016/j.
compares to the COMBI case of our main analysis. Similar to the [8] Liith A. Offshore energy hubs as an emerging concept sector integration at sea,
key values of our main analysis, we compare electrolyser capacity, First edition. Frederiksberg, Danmark: Copenhagen Business School; 2022.
cable expansion, curtailment, and thermal generation. As mentioned [9] ‘Schlac}lltberger D, Brown T, Schramm S‘, F}reiner M. The benefits of cooperation
. . . . T . . in a highly renewable European electricity network. Energy 2017;134:469-81.
in the discussion section, the results indicate a high sensitivity of the http://dx.doi.org/10.1016/j.energy.2017.06.004.
results for a change in hydrogen market prices. Capacities of cables and [10] COWIL. Cost benefit analyse og klimaaftryk af energiger i Nordsgen og @sterspen.
electrolysers do not change drastically for onshore grid expansion, but Technical report, COWIL; 2021, URL https://ens.dk/sites/ens.dk/files/Vindenergi/
costs for the dispatch and investment are lower. In addition, the case a209704-001_cost benefit analyse endelig version.pdf. =~

e . . . [11] Kristiansen M, Korpas M, Farahmand H. Towards a fully integrated North Sea
low OPEX shows results for a sensitivity model run with 2% instead L S . oo
offshore grid: An engineering-economic assessment of a power link island. WIREs
of 5% fixed OPEX of electrolysers as displayed in some data sources Energy Environ 2018;7(4). http://dx.doi.org/10.1002/wene.296.
(cf. [66]). [12] Dedecca JG, Hakvoort RA, Herder PM. The integrated offshore grid in Eu-

Finally, Table 11 summarises the thermal power plant use across rope: Exploring challenges for regional energy governance. Energy Res Soc Sci
the cases including the sensitivity analysis. This overview allows for 2019:52:55-67. htp://dx.doi.org/10.1016/j.erss.2019.02.003. .

. [13] Trotscher T, Korpas M. A framework to determine optimal offshore grid
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