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Abstract

Energy islands are meant to facilitate offshore sector integration by combining offshore wind
energy with power-to-x technologies and storage. In this study, we investigate the operation
of electrolysers on energy islands: We assess the potential flexibility contribution of the elec-
trolyser and then analyse different market integration strategies of the islands. We develop a
two-stage stochastic optimisation model to find the cost-efficient dispatch for an integrated
day-ahead and balancing electricity market. For the market integration of the energy island
we align our approach to the current debate and compare the case of a single offshore bidding
zone to a case where the energy island is integrated into a home market zone. We find that
electrolysers on energy islands will run at low capacity factors and provide flexibility in 26—
30 % of their run time. In addition, offshore electrolysers produce more hydrogen when they
are allocated to an offshore bidding zone, and thus earn higher profits. We conclude that
combining offshore wind with electrolysers on an energy island relies on additional economic

incentives if their main role is envisioned to be the delivery of balancing flexibility.
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1. Introduction

With a rising share of intermittent renewable energy sources in electricity systems, the need
for operational flexibility increases. In the meantime, there is a growing demand for low-carbon
fuels in sectors where electrification is too expensive or even infeasible. Electrolysis based on
green electricity is envisioned as a potential solution to meet both requirements at the same time.

Electricity production from offshore wind in the North and Baltic Seas has developed rapidly
over the past years (Wind Europe, 2021) due to its high potential and social acceptance (Kaldellis
et al., 2016). The European Commission’s strategy on offshore wind further highlights its im-
portant role for the future energy system (European Commission, 2020). Despite technological
advances and declining costs for power transmission, transferring electricity from offshore wind
farms via sub-sea cables to shore remains costly (IRENA, 2019). One way to reduce the required
amount of power cables would be to connect offshore and onshore systems to convert a part
of the generated electricity into hydrogen close to the offshore wind farms, and then transport
the hydrogen to shore via less costly hydrogen pipelines (Singlitico et al., 2021). This idea is
incorporated in the discussions around the so-called energy islands (Tosatto et al., 2022). The
Danish Government and various industrial consortia are now investigating options to integrate
hydrogen production from electrolysis with electricity generation from offshore wind farms out
in the sea at potential energy islands.!

In our analysis, we assume that the energy islands in the North and Baltic Seas that are
currently under consideration will be built and that they will host electrolysers. With this
assumption, we investigate two possible drivers: flexibility and profitability. The proximity of
the electrolysers to large-scale intermittent wind power generation and the significant distances
to load centres and flexibility resources might imply that the offshore electrolysers will serve as
operational flexibility providers in addition to producing cheap hydrogen. Exploring the impact
of the energy island in the broader energy system, the energy island could potentially constitute
its own bidding zone as part of the pan-European electricity market, instead of being integrated
into an existing bidding zone. We summarise our research interests in the following two research
questions: (1) What is the flexibility potential of an electrolyser on an energy island?, and (2)
How does the offshore bidding zone configuration influence the value of offshore electrolysers?

To answer these research questions, we assess operational patterns, market results, and prices

'For example, see North Sea Wind Power Hub (www.northseawindpowerhub.eu) and the Danish Islands
(www.windisland.dk or www.northseaenergyisland.dk/).
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in a setting that incorporates uncertainty in electricity production from renewable energy sources.
We do this by developing a two-stage stochastic optimisation model that solves the day-ahead
and balancing electricity market clearing problems simultaneously for bidding zones connected
by net transfer capacities. Flexibility in our balancing market stage relates to adjustments prior
to calling frequency containment reserve and other reserves. Joint market clearing of day-ahead
and balancing markets does not happen in today’s market operation, and therefore our setup
presents an ideal benchmark likely overestimating the effects. Market power, strategic bidding,
and network constraints within bidding zones are not taken into account.

We develop the model and apply it to the case of the energy islands in the North and Baltic
Seas to answer our research questions focused on the European context. The case study includes
the currently planned projects by the North Sea Wind Power Hub consortium, the Danish Energy
Island (DEI) and the one at Bornholm (Denmark) with their planned wind energy and cable
connection capacities and integrates those into the European energy market zones.

For the year 2030 with a moderate renewable expansion scenario, we find that electrolysers
in general do not provide significant balancing flexibility, and that offshore electrolysers do not
produce large amounts of hydrogen overall. However, offshore bidding zones do make hydrogen
production offshore financially more attractive. For the analysis in 2040, we observe that the
reduction in hydrogen prices outweighs the reduction in electricity cost. This leads to overall lower
average run times of the electrolysers (which is defined as lower capacity factors) and reduces the
profitability of electrolysers on energy islands. Despite using a specific case in Northern Europe,
we make generic assumptions that are applicable to other potential energy islands. Having
restricted interconnection capacity to shore and being placed close to large offshore generation
facilities, we expect similar patterns as presented in our results.

The remainder of the paper is structured as follows. Section 2 summarises relevant literature
and presents a background for the analysis. In Section 3 we present the modelling framework for
the analysis. The case study including data and assumptions follows in Section 4 and then results
are given in Section 5. We discuss the economic viability of electrolysers on energy islands, the
impact of the assumptions taken, and provide a sensitivity analysis in Section 6. Finally, we

present conclusions and policy recommendations in Section 7.



2. Background and Literature Review

Scientific literature on energy islands is still scarce. In the following, we collect studies on
offshore grids and power link islands—the systemic foundation for energy islands—and present
a summary of the few studies on electrolysis offshore and market design for large-scale offshore
wind power hubs.

The concept of energy islands emerged around 2016 and was at first driven by the North Sea
Wind Power Hub (NSWPH) consortium planning to build an energy island in the North Sea on
the Dogger Bank (North Sea Wind Power Hub, 2020). In June 2020, the concept was taken to
Danish waters when the government in Denmark officially decided to build two energy islands,
one in the North Sea and one in the Baltic Sea?. Based on those ideas, other countries have
taken up similar discussions about the feasibility of energy islands, for example Norway (Zhang
et al., 2021) and Germany®. All of these concepts are based on heavy expansion of offshore
wind power production, which the European Commission envisions to be a key element in the
European energy system transformation (European Commission, 2020).

When expanding power production from offshore wind energy, the infrastructure in the sea
needs to be expanded simultaneously. One potential solution to connect large-scale offshore wind
to shore is via integrated offshore grids (Trotscher and Korpas, 2011; Strbac et al., 2014). Offshore
grids are (potentially meshed) grid structures in the sea connecting countries through wind farms.
They can contribute on several levels to support offshore energy access (Gea-Bermudez et al.,
2018), enable better interconnection to stabilise a renewable energy based system (Schlachtberger
et al., 2017), and increase overall welfare through a higher and more efficient use of renewable
energy (Egerer et al., 2013). Furthermore, offshore grids have the potential to connect markets
with asymmetric installed renewable power capacities, which can lead to a stabilisation of prices
in those markets (Alavirad et al., 2021). At present, no offshore grids are commissioned yet.
Guidance on design and topology is needed to construct a technically efficient system (Chen
et al., 2018), and the economic framework needs to define operational and ownership rules to
incentivise efficient development of offshore systems (Meeus, 2015; Sunila et al., 2019). As an
integrating element in offshore grids, Kristiansen et al. (2018) define power link islands as an

efficient component in the offshore grid. Power link islands can be seen as the precursor of energy

2See Klimaaftale by the Danish Government (2020): https://fm.dk/media/18085/klimaaftale-for-energi-og-
industri-mv-2020.pdf.
3See AquaVentus: www.aquaventus.org.
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Figure 1: Sketch of an energy island in its most recent vision.

islands, or offshore energy hubs?. Such energy island are most often defined by their offshore
location, the surrounding large wind capacities, cable connections to one or several countries, and
possibly storage or conversion technologies (Liith, 2022). Generally, energy hubs refer to places
where multiple energy carriers are converted or stored (Geidl et al., 2007). In light of discussions
about a hydrogen economy, electrolysis or power-to-x may act as a conversion technology offshore,
and adding power-to-x to a power link island would turn it into an energy island (Gea-Bermtudez
et al., 2022). Figure 1 illustrates how conversion and/or storage of locally or nearby produced
renewable electricity can take place on such an energy island.

The concept of energy islands is still at an early stage of development. Some industrial actors
have actively discussed sector integration offshore including hydrogen production at sea, whereas
techno-economic studies either find that the potential of electrolysis offshore is small (Gea-
Bermudez et al., 2022; Gea Bermudez et al., 2021) or that offshore electrolysis relies on the
benefit of avoided costs for power cable connections (Singlitico et al., 2021). If electrolysers
are placed offshore despite higher capital and operational costs and uncertainty in regulatory
frameworks, it is favourable to place them at a centralised location, e.g., at a hub, instead of
spreading them to decentralised locations (Ibrahim et al., 2022; Singlitico et al., 2021).

Additionally, research on technical feasibility of flexible electrolyser operation has found that,
among others, temperature and power consumption influence the efficiency and availability of
electrolysers for flexibility provision and system services (Qi et al., 2021; Zheng et al., 2022a,b).
They further show that electrolysers are technically capable to quickly adjust their power output
in response to fluctuations in renewable power supply. The authors present models and tools to

incorporate technical characterstics and temperature dependencies when planning investments

4In this paper, we use energy islands, but the terms can be used interchangeably.
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(a) Offshore bidding zone (OBZ) configuration. (b) Home bidding zone (HBZ) configuration.

Figure 2: Two different bidding zone configurations for offshore wind power hubs and energy
islands. In an OBZ, an energy island constitutes its own bidding zone, while in an
HBZ the energy island participates in BZ2.

and operational strategies of electrolyser.

Generally, coupling wind farms and hydrogen production increases the cost efficiency and
thereby competitiveness of wind power production (Thommessen et al., 2021; Griiger et al.,
2019). This is tightly linked to our research questions about the profitability and the operation
of electrolysers on energy islands. In this analysis we focus mostly on market outcomes and price
impacts in an offshore setting.

For the onshore case, studies show that power-to-gas in connection with re-electrification can be
a viable operating strategy (Grueger et al., 2017), stabilise market prices (Li and Mulder, 2021),
and benefit congestion management (Xiong et al., 2021). The effect of hydrogen production on
flexibility and market prices offshore has not been thoroughly investigated yet.

For offshore power production, several studies have looked into market design and bidding
zone configurations for offshore wind energy hubs (without electrolysis). The studies usually
compare two concepts: (1) offshore bidding zones and (2) home bidding zones. In an offshore
bidding zone the power hub constitutes its own bidding zone, see Figure 2a, and consequently, its
market price will always match the price of the connected bidding zone that has the lowest price.
The home bidding zone (Figure 2b) represents the business as usual case where wind farms sell
electricity in their home market (Kitzing and Garzéon Gonzalez, 2020; Tosatto et al., 2022). The
studies suggest that offshore bidding zones reflect a more efficient electricity market (Kitzing and
Garzon Gonzalez, 2020), but that the distribution of benefits and costs is asymmetrical among
the connected actors (Tosatto et al., 2022).

The idea of an offshore bidding zone for power hubs was developed in the context of so-called
hybrid projects, where interconnectors between countries also connect to wind farms, for example
Kriegers Flak (Marten et al., 2018) which has been operational since 2020. Hybrid projects are

fairly new in the system, but in a report for the European Commission, Weichenhain et al. (2019)



identify multiple locations in which a hybrid project can be more beneficial than traditional radial
connections to the owner’s home market only. In this paper, we make use of the insight that a
more cost-reflective offshore bidding zone is preferable and analyse the impact of bidding zone

configurations on the operation of the offshore electrolyser.

3. The Model

We develop a two-stage stochastic optimisation model to analyse the operation and potential
as flexibility resource of offshore electrolysers from a system point of view. The model is based
on methods described in Morales et al. (2014) and Conejo et al. (2010). The model allows us to
observe market prices and quantities sold on the electricity market in the presence of uncertainty
in production from renewable energy.

With the model, we can analyse the value of operating electrolysers for hydrogen production,
which function as flexible demands, elastic to the price. All power producing units sell electricity
into and electrolysers demand electricity from a day-ahead market, the first trading stage of the
model. In addition, the units decide whether or not to bid into a balancing market, the second
stage of the model, which is used to compensate for deviations from the day-ahead schedule of
renewable power plants. Note that this market is an aggregated and idealised representation
of all trading actions between the day-ahead market and the reserve market. This implies that
balancing in this analysis excludes primary, secondary and tertiary reserves and thereby differs
from the approach by Energinet (2022). We assume that hydrogen can be sold at any time
and volume for a given price without any storage or transportation constraints. Capacity of
electrolysers is exogenous. To keep the main text succinct, and since large parts of the model are
quite standard in the power systems literature, we do not include the mathematical formulation
here. Instead, we explain the structure, the objective and the restrictions briefly in text. The
full mathematical model including constraints and limitations is presented and explained in

Appendix A.1.



min Generation costs (day-ahead + balancing market)

- Profits from hydrogen sales

s.t. Zonal power balance for each stage
Generator capacity limits
Storage limits
Ramp limits
Electrolyser production limits

Net-transfer capacity limits

Figure 3: Schematic overview of our model. The mathematical equations can be found in Ap-
pendix A.1.

The objective function of the model minimises the expected cost for the day-ahead dispatch and
the balancing actions under uncertainty. The uncertainty in the model stems from renewable
energy productions. In our day-ahead dispatch, generators only have a forecast of renewable
power production available. In the balancing stage, a set of scenarios represents different potential
realisations of renewable energy production. In the first stage, conventional power production
and hydrogen production incur costs. For the second stage, the expected costs for balancing
originate from conventional power plants adjusting their operational schedule as a reaction to
deviations in renewable energy production from the forecast. The model has five groups of
constraints that limit the solution space. Both stages have a supply-demand balance to ensure
that production equals demand. We add a set of capacity restrictions for conventional and
renewable energy technology to limit the maximum production to the installed capacities. For
storage (battery and hydro power), we introduce charging and discharging restrictions as well as a
maximum storage level. To avoid an overestimation of operational flexibility, we include ramping
constraints for all conventional power plants. Finally, we add more detail on the electrolysers
to restrict their maximum production level and account for efficiency in production. Figure 3

summarises the model as such in text.

4. The Case of the North Sea

Our model is suitable for analysing energy islands in any geographical region. The model repli-
cates market zones and transfer capacities between market zones for a day-ahead and balancing
stage considering uncertainty in renewable energy production. Although the model framework is

generic, we focus on the North and the Baltic Seas and the planned energy islands off the coast
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Figure 4: Energy island projects considered in this study.
Source: Own illustration based on COWI (2021) for Energistyrelsen.

of Denmark and the Netherlands. Figure 4 provides an overview of the three considered energy
islands that we include in our analysis. DEI and Bornholm are projects led by Danish partners.
The North Sea Wind Power Hub is a project with Danish, Dutch and German partners, and is
a Project of Common Interest®. The following two sections describe our input data and main

assumptions.

4.1. Data

We include the 13 countries around the North Sea and the Baltic Sea that comprise 24 bidding
zones in total (see Figure 13 in the Appendix). Energy islands are planned to be operational at
full capacity in 2040. First milestones in terms of wind power capacity and interconnection will
be reached in 2030. We consider both years in separate analyses.

For each country we retrieve estimated future installed capacities for conventional and renew-
able power plants from the TYNDP 2020 National Trends Scenario. To compare and crosscheck
values, we made use of the ENTSO-E Transparency Platform and the national system operators
websites and data published by Kendziorski et al. (2020). For a sensitivity analysis, we use the
1.5°C scenario Directed Transition developed in the openEntrance project” as our climate case

which shows significantly higher installed capacities of renewables in Europe-about twice as high

®See Annex to C(2021) 8409 final by the European Commission: SWD(2021) 335 final.
6See TYNDP Data (2020): www.tyndp.entsoe.eu/maps-data,/
"See openEntrance (2022): www.openentrance.eu,/
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Figure 5: Probabilistic power generation forecast from wind and solar power in Germany for a
selected time period. Each of the 40 lines corresponds to an individual scenario.

as in the TYNDP2020 projections (see Figure 12 in the Appendix).

Generation from renewable energy sources is subject to fluctuations and therefore not available
at full capacity in all time steps. We use historical generation profiles for wind and solar en-
ergy which are retrieved from renewables.ninja® for the year 2018 (Pfenninger and Staffell, 2016;
Staffell and Pfenninger, 2016). Based on spatially and intertemporally correlated day-ahead fore-
casts and real-time realisations taken from Muehlenpfordt (2020), we calculate hourly forecast
errors for the years 1980-2019 for wind and solar power for each individual country. Dropping
the information about the underlying year, we are able to generate 40 different scenarios, each
containing renewable power generation forecast errors for all technologies and countries consid-
ered for 8760 hours. We apply those forecast errors to the historical generation profiles from
2018 to generate our second-stage scenarios. The probabilistic power production forecast from
onshore wind and solar energy for Germany for a selected time period is shown in Figure 5.

For reservoir hydro power, we derive a limit for the maximum cumulative production during
the selected time of a year from historical production data published on the ENTSO-E Trans-
parency Platform®. Run-of-river hydro power operates based on historical availability from the
EMPIRE model (Backe et al., 2022)10. Furthermore, we restrict technologies in their ramping
capability based on the technology catalogue by the Danish Energy Agency (2022) and histor-
ically observed ramping rates for the aggregated power plant portfolio of each fuel type from
ENTSO-E’s Transparency Platform.

Electricity demand is expected to increase over the coming years and further towards 2050.

8See renewables.ninja (2022): www.renewables.ninja
9See: www.transparency.entsoe.eu/
°0penEMPIRE is available on GitHub: https://github.com /ntnuiotenergy/OpenEMPIRE.
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We use demand projections from the National Trends Scenario of the TYNDP 2020 input data.
Within the process of developing the TYNDP, the ENTSOs also gathered data on current net-
transfer capacities (NTCs) and establish projections. We use their projections for 2030 and 2040
as our power exchange capacities between zones in the respective years.

Cost, assumptions are a significant driver in an energy system model. Conventional energy
technology has three cost components in our model: marginal production costs, fuel costs and
emission costs. Marginal production costs for conventional power plants can be found in the
technology catalogue by the Danish Energy Agency (2022). We use fuel prices for gas, oil, lignite
and hard coal from the TYNDP 2018 input data!l. For the base case, we adopt the COy price
from the same input data, using €84.3/ton in 2030 and €126 /ton in 2040. Our ambitious climate
case has a price of €350/ton in 2030 and €700/ton in 2040 based on the Directed Transition
scenario of the openENTRANCE project (Auer et al., 2020).

Another significant economic component in our model is the income from selling hydrogen.
Costs for hydrogen production from renewable energy will depend on the costs for electricity
and investment cost of the electrolyser. Investment cost for alkaline electrolysers is estimated
to decrease from €750/kW in 2020 to €350/kW in 2050 (Danish Energy Agency, 2022), and
variable operations and maintenance cost (VOM) are in a range between €7.2/MWh in 2030 and
€5.6/MWh in 2040 onshore. We assume that offshore VOM are 50 % higher with €10.8/MWh
in 2030 and €8.4/MWh in 2040. For hydrogen prices, Glenk and Reichelstein (2019) estimate
costs of €3.23 /kg for 2025 and €2.50/kg in 2040. For production from dedicated wind farms,
Meier (2014) estimates hydrogen production cost of €5.2/kg. In later years, assuming existing
oil and gas platforms can be reused to base renewable offshore hydrogen production, these costs
are projected to decline down to €2.50/kg. We use a value of €4.5/kg in 2030 and €3/kg in
2040. These translate into €150/MWh and €100/ MW, respectively.

All our data and the model are available on GitHub'2. The model is implemented in Julia 1.6.1

(Bezanson et al., 2017) using JuMP v1.0.0 (Dunning et al., 2017), and solved with Gurobi v9.5.1.

4.2. Model Assumptions

We assume that an electrolyser with an exogenously defined size of 0.5 GW (1 GW) and 0.25
GW (0.5GW) will be placed at DEI and Bornholm respectively, in 2030 (2040) (see Figure 4).

The electrolyser on the NSWPH is assumed to be installed with a capacity of 1 GW in 2040.

1See ENTSO-E map (2022): www.tyndp.entsoe.eu/maps-data
12Find the model here: https://github.com/yannickwerner/Energylslands.
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Table 1: Parameter values in the model.

Parameter Notation Unit 2030 2040 Source

Fuel prices

Lignite €/MWh 8.28 8.28 EUCO: REF 2020 Technology
Hardcoal €/MWh 15.48 15.48 EUCO: REF 2020 Technology

Natural gas €/MWh  28.84  35.28 EUCO: REF 2020 Technology

Heavy oil €/MWh  52.56 72.00 EUCO: REF 2020 Technology

Light oil €/MWh  73.80 87.84 EUCO: REF 2020 Technology
Biomass €/MWh 11.88  14.40 EUCO: REF 2020 Technology
Uranium €/MWh 1.69 1.69 EUCO: REF 2020 Technology

COq price € /ton 84.3 126 TYNDP 2020

Electrolyser cost

VOM onshore MCe,y €/MWh 7.2 5.6 Danish Energy Agency (2022)

VOM offshore MCe,y €/MWh 10.8 8.4 Danish Energy Agency (2022)
Electrolyzer efficiency 7, 66% 66% Danish Energy Agency (2022)
Hydrogen price pHz €/MWh 150 100 Glenk and Reichelstein (2019)
Onshore electrolyser capacity

Denmark MW 3473.4 4681.7 Klima-, Energi-og Forsyningsministeriet (2021)
The Netherlands MW 3000  6000° Government of the Netherlands (2020)
Germany MW 5000 10000 BMWi (2020)

Belgium MW 500 500 FPS Economy Belgium (2021)

United Kingdom MW 5000 8000 HM Government (2020)

Poland MW 2000 4000 Ministry of Climate and Environment (2021)
Sweden MW 5000 10000° Energimyndiheten (2021)

Norway MW 750 1500° NVE (2021)

France MW 6500 13000 BDI (2020)

" The values market with ~ are extrapolated for 2040 based on the estimations given in the sources.

Furthermore, hydrogen can be sold at a fixed price without any quantity restrictions. Costs for
transport, storage, or distribution of hydrogen are not taken into account explicitly, irrespective
of the electrolyser’s location. However, we assume that operational and maintenance costs for the
offshore electrolyser is 50% higher than onshore (given in Table 1) to account for these factors,
but also space restrictions, environmental conditions, and large distance to shore. We further
assume that all electrolysers that are not built on the energy islands are built onshore.
Furthermore, losses on power cables and transmission lines are neglected inside as well as
between bidding zones. We consider inflexible, price-inelastic, demand for electricity. Demand-
side management is not considered in the current state of the model. Unit commitment and
minimum power generation restrictions are generally not included in the model. However, we do
include a time-varying minimum load for combined heat and power plants based on heat delivery
obligations. We approximate this minimum load by using residential heat demand data from
2013 (Ruhnau et al., 2019; Ruhnau and Muessel, 2022) and increase it by 30 percentage points to
account for households that are not connected to district heating grids. Market power, strategic

bidding, and network constraints within bidding zones are therefore not taken into account.
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It is not possible to run the model for the whole time horizon with a large number of scenarios.
To test robustness, we have executed model runs for various numbers of scenarios on a reduced
time horizon. We found that neither the balancing service provision nor the capacity factors
of the electrolysers change significantly when increasing the number of scenarios to above ten
scenarios. Therefore, we only use ten out of 40 randomly selected scenarios to be able to run the
model for longer time horizons. We consider the same probability for each of the ten selected
scenarios in our optimisation model.

Due to the computational complexity of the model, we need to split up the full time horizon
of 8760 hours into six segments with equal length (1460 hours). To avoid depletion of pumped
hydro and battery storages at the end of each time segment, we force the initial and final storage

levels to be exactly 50% of the storage capacities.

5. Results

We run the model with the described data for the years 2030 and 2040. Recall that our two
research questions will analyse (1) the flexibility potential of an electrolyser on an energy island,
and (2) how bidding zone configuration affects the value of the offshore electrolyser. Along these
two research questions, we structure the presentation of the results in two parts: Section 5.1 on
flexibility and Section 5.2 on bidding zones and market analysis. We present a discussion of the

results and the shortcomings of the model in Section 6.

5.1. Flexibility of Offshore Electrolysers

In the model, flexibility is needed to compensate for real-time deviations from the day-ahead
schedule of renewable energy sources. The system has a set of flexibility resources available
for balancing purposes. These resources are conventional power plants, hydro power reservoirs,
biomass, storage technologies (battery and pumped hydro storage), and electrolysers. Looking
at a selected period of four days in one of the scenarios, in Figure 6, we observe that hydro power
and storage units contribute most to balancing services while the electrolysers’ contributions (in
red) are marginal.

Taking a more regionally disaggregated perspective, Figure 7 provides a comparison of the ca-
pacity factors over the whole time horizon for the years 2030 and 2040 for the total electrolyser

capacity in each bidding zone. For the year 2030, we observe that most electrolysers are only used
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Figure 6: Balancing of the aggregated system-wide deviation from the day-ahead schedule of
renewable power generation in a specific scenario.

a few hours in the balancing market. The participation in balancing markets for electrolysers on
the energy islands (DEI, NSWPH, Bornholm) is rather modest, and even lower for the onshore
electrolysers. This difference occurs due to the availability of cheaper flexibility resources such
as hydro power and storage units in most bidding zones onshore. Especially Sweden and Norway
have very cheap dispatchable, renewable power generation in the form of hydro power, which
results in very low contributions of the electrolysers to the balancing actions in the Norwegian
and Swedish zones. When including the day-ahead market, we see that most electrolysers run at
rather low capacity factors, on average below 50% and even lower for the offshore electrolysers.
Taking a deeper look at the results, we find that offshore hydrogen is produced in fewer hours
compared to electrolysis onshore, and the average electricity consumption cost per unit of hy-
drogen produced are much lower for offshore electrolysers than for onshore ones. This indicates
that it is usually of higher value for the system to transfer electricity to shore and use it directly,
or convert it into hydrogen there at lower variable cost than producing hydrogen offshore.
Comparing results for 2030 and 2040, we realise that several countries face a decreasing capacity
factor for their electrolyser fleet despite significantly higher shares of renewable energy capacity
in 2040. While most areas with decreasing capacity factors experience a drop in electricity prices,
these cannot compensate for the decrease in hydrogen prices and therefore lead to overall less
profitable hydrogen production conditions. This is for example visible in Belgium (zone BE0O)

and the United Kingdom (zone UKO00). One exception is Poland, that experiences very high
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Figure 7: Expected electrolyser capacity factors for the OBZ configuration in the years 2030 and
2040. Each bar corresponds to a bidding zone.

electricity prices in 2030 due to a mostly fossil fuel-based power system but transforms into a
renewable based system with low electricity prices in 2040. Therefore, in Poland, we see much
higher electrolyser capacity factors and an increased contribution in the balancing market.
Overall, we find that on expectation offshore electrolysers are used for the provision of bal-
ancing services in about 26 % to 30 % of their total run time only. Additionally, relatively low
capacity factors overall indicate that operators face economic challenges to contribute to meet-
ing European hydrogen demand projections in this market setup. Hence, we analyse in the next

section whether an alternative bidding zone configuration would positively influence the value of

offshore electrolysers.

5.2. Bidding Zone Configurations

With our second research question, we target the impact of bidding zone configuration on
the capacity factors and flexibility contributions of electrolysers. We explore whether zonal
boundaries change operational patterns for offshore electrolysers, and if so, how. The radial
connection of offshore wind farms is the traditional approach to integrate offshore energy, and
energy islands in their first operational years can be connected similarly and to their home
countries leading to a home market approach. Over the years, this may or may not develop into
hybrid projects (see Section 2), or the islands can constitute their own bidding zone in the long
run. In the following, we compare the concept of offshore bidding zones to the standard case of
home bidding zones to investigate and highlight the role of market zones and their impact on

both the market prices in general but also on the energy islands’ resources.
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Figure 8: Expected electrolyser capacity factors for 2030 for the OBZ and HBZ configuration.

We recall the two configurations: (1) the offshore bidding zone (OBZ), and (2) the home
bidding zone (HBZ)'. In HBZ, we add the wind farm capacity and the electrolyser of all three
energy islands to their owner country’s nearest bidding zone. Figure 8 compares the capacity
factors in 2030 for the two configurations. In the HBZ configuration, electrolysers in the zones
DKW1 and DKEL1 have a slightly higher capacity factors than in OBZ. Looking at the Danish
energy islands, DEI and Bornholm, we observe a decrease in offshore electrolyser capacity factors.
However, since the electrolyser capacities installed onshore are much larger than offshore, total
hydrogen production increases. We identify two reasons. First, electricity generated offshore is
transported to and used onshore and preferred over costly offshore electrolysis. Second, in high
production hours, none of the hub-shore connecting transmission capacity constraints is binding
anymore (as a consequence of the HBZ configuration), and less offshore generation is curtailed.
While the flexibility provision by the electrolyser on DEI increases, that of the electrolyser on
Bornholm decreases. Those changes are below one percentage point and therefore do not impact
the hydrogen production significantly. Nevertheless, there is no strict tendency towards how
flexibility provision changes under an HBZ configuration but it seems to depend on the power
plant portfolio of the respective countries that the energy island is connected to.

The differences between the two bidding zone configurations are caused by how transmission

constraints between the energy islands and the main land are accounted for. While these con-

13See Figure 2 in Section 2 above for a visualisation and explanation.
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straints impose actual physical limitations in real operations of the power system, the market
itself facilitates a higher electricity exchange between the energy island and its home zone when

they are neglected (as in HBZ).
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(a) Expected electricity flow from DEI to (b) Expected day-ahead prices during the con-
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Figure 9: Interconnector flow and prices during congested hours for DEI and zone DKW1.

We focus the following part of the analysis mainly on one of the three energy islands, DEI
in the North Sea, which is integrated into zone DKW1 (Western Denmark) when changing the
bidding zone configuration. DEI is chosen because it is currently the first island envisioned to be
operational by 2030 and has the most consistent reports and studies available on location, size and
interconnection. Figure 9a illustrates the expected export of electricity from DEI to its home zone
DKW1 in the OBZ and HBZ configurations. The horizontal line shows the projected physical
transmission limit of the corresponding interconnector in 2030. In the HBZ case, this physical
transmission limit is violated in 2429 hours on expectation, about 28 % of the time, requiring
generally expensive congestion management measures. For the OBZ, the interconnector capacity
is only binding in 320 hours (4 %) over the year, indicating that the dispatch changes drastically
when the energy islands become part of an HBZ configuration. These findings additionally
highlight the sensitivity of the system-wide dispatch towards the capacity of the interconnectors
connecting the energy islands to shore. In general, the connection from DKWI1 to the energy
island is barely used for the export of electricity from DKW1 to the energy island DEI, where it
could be further transported to another connected bidding zone.

Relaxing capacity constraints also affects market prices. Figure 9b shows the power prices on
DEI and DKW1 in the OBZ and HBZ configurations when there is congestion in the OBZ case.
Note that in an HBZ, DEI is part of DKW1 and thus there is a single day-ahead price. One can

see from the graph that electricity prices in the integrated bidding zone are less fluctuating than
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Table 2: Operational electrolyser statistics for the year 2030 based on the model results.

Energy Configuration Hydrogen Expected Expected Profit
island production marginal cost electricity cost

GWh €/MWh €/MWh million €
DEI OBZ 1535.22 12.06 51.79 82.88
DEI HBZ 1358.11 12.20 48.64 79.57
Bornholm OBZ 649.64 12.15 46.36 40.24
Bornholm HBZ 584.85 12.12 46.23 36.41

in the OBZ case. Furthermore, the price on DEI in the HBZ configuration (blue) is generally
higher than in the OBZ configuration (orange) in the same hours. However, for some hours the
price on DEI is much lower in the HBZ configuration than in the OBZ. This indicates that the

dispatch may be significantly different when the transmission constraint is neglected.

6. Discussion

Flexibility and profitability of an electrolyser might work in opposite directions. While for
profitability reasons it is desirable that the electrolyser has a high capacity factor, acting as a
flexibility resource and participating in the balancing market may be beneficial for the overall
system but might reduce overall hydrogen production and eventually the expected profit of the
electrolyser. In our cases, flexibility is delivered to the system to some extent by the offshore
electrolysers but not as the major service. Generally, the capacity factor of offshore installations
is lower than that of their onshore counterparts—independent of the bidding zone configuration.

Based on our findings, we identify three points for further investigation: discussion of the
business case for offshore hydrogen production in Section 6.1, a sensitivity analysis on installed
capacities and sizing of assets in Section 6.2, and finally a review of model characteristics in

Section 6.3.

6.1. Business Case

For the business case of an offshore hydrogen producer, it is especially relevant how much
hydrogen can be produced and how expensive the corresponding electricity is. Table 2 shows

hydrogen quantities produced on the energy islands and the associated expected electricity and

114

marginal™ cost. Taking a look at DEI, we observe small differences for the two bidding zone

HWe take 20% reduced and increased marginal cost for upward and downward balancing services, respectively,
into account.
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configurations. Despite a slightly higher expected electricity cost in the OBZ, a larger hydrogen
production leads to a 4 % higher expected profit. To evaluate the expected profit of million €82.88
of the electrolyser on DEI in the OBZ configuration, we compare it to estimated electrolyser
investment costs. Based on the investment cost of million €0.45/ MW, in 2030 (Danish Energy
Agency, 2022), the annuity for the 0.5 GW electrolyser on DEI is million €20.24!%. This indicates
that the investment into an electrolyser under the assumptions taken here might be profitable.
Electrolysers onshore face relatively higher expected electricity consumption cost of around €60—
90/MWh. Hence, they need a higher number of full load hours to achieve the same return on
investment. Note that we neglected any type of infrastructure cost for hydrogen transport and

assumed that hydrogen can be sold at any time and quantity for a price of €150/ MWh and
€100/MWh in 2030 and 2040, respectively.
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Figure 10: Expected electrolyser capacity factors for 2030 for the TYNDP and the openEN-
TRANCE data set in the OBZ configuration.

6.2. Sensitivity Analyses

The results may be sensitive to two main input parameters: installed capacities of conventional
and renewable energy technologies as well as sizes of the assets on, and connecting to, the energy
islands. We vary the values of these two parameters. As discussed above and due to the better
representation of the system and the value of scarcity in the OBZ, we choose to perform the

sensitivity analysis for the OBZ configuration only.

15We calculate the annuity a based on overnight investment costs Io for the year 2030 with an interest rate ¢ of

4% and a lifetime T of 15 years as a = I - (il'ilgTi)i.
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6.2.1. Installed Capacities

The data set from TYNDP 2020 provides a rather conservative outlook on the installed re-
newable energy capacities in 2030 and 2040. To verify our analyses, we contrast the outcomes
against results obtained when using the openENTRANCE project input data that feature much
higher installed renewable energy capacities (Auer et al., 2020), see Figure 12 in the Appendix.
We refer to this case as our Climate Case. With significantly higher installed renewable energy
capacities but unchanged electrolyser capacities, we observe in Figure 10 that the electrolyser
capacity factors increase to around 90 %. In detail, there is an increase of hydrogen production
on the energy islands of around 141 % (from 1535 GWh to 3691 GWh) and 183 % (from 650 GWh
to 1839 GWh) on DEI and Bornholm, respectively. At the same time, the average expected elec-
tricity cost declines by nearly 55-60 % to €21.1/MWh and almost €21/MWh, and the expected
profit increases by 350% to million €373.34 on DEI and by 363% to million €186.51 on Bornholm,
respectively. Hence, in a climate compatible development of the power system with large-scale
deployment of additional renewable energy sources, the business case for offshore electrolysers

becomes significantly stronger.

6.2.2. Sizing of Electrolysers and Cable Connections

As shown in Figure 9a, the transfer capacity and the line sizing significantly affect the hydrogen
production. The reference cases originate from industry-led studies on the configuration of the
energy islands (COWI, 2021; North Sea Wind Power Hub, 2020). To analyse the influence of
the chosen interconnector capacities, we consider an increase of 20 % and a decrease of 20 %
and 40 % of the capacities of the interconnectors connected to the energy islands. The results
are shown in Figure 11 for the OBZ configuration in 2030. We observe that while capacity
factors of electrolysers onshore in the connected bidding zones decline, the capacity factors of
electrolysers on the energy islands increase. Reducing interconnector capacities by 20 %, the total
capacity factors of the electrolysers on DEI and Bornholm increase by 19.8 and 5.2 percentage
points, respectively. Similarly, decreasing the interconnector capacity to 60 % of the original value
increases the total capacity factors by 31.26 and 15.9 percentage points, respectively. In some
peak wind production hours, there is not enough interconnector capacity available to balance
fluctuations on the energy islands by solely adjusting trade flows. This leads to an increase of
participation in the balancing market of the electrolyser by around 1 percentage point. Increasing

the interconnector capacity such that the total line capacity connected to the energy islands
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exceeds its wind production capacity does not impact the capacity factors of the electrolyser.
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Figure 11: Electrolyser capacity factors for varying energy island interconnector capacities by
20 % for OBZ in 2030.

6.3. Model Characteristics

Our model follows a frequently used approach to analyse stochastic infeed from renewable
energy sources in electricity markets. Setting up the model, we make a set of assumptions
which impact the results. For instance, pursuing computational tractability, we disregard unit
commitment constraints. This means that we neglect any minimum power generation limits,
down-times, necessary minimum run time requirements and outages, which in turn increases
the flexibility of dispatchable units in the model. To compensate for the risk of extensively
overestimating flexibility from conventional power plants, we have included restrictions on the
maximum ramp rates, based on historical data for the year 2017 taken from the ENTSO-E
Transparency Platform.

We use a net-transfer capacity approach to estimate interconnector capacities. In particular,
for the cables connecting the energy islands to shore, we assume that their maximum transmission
capacity is available at all times. In practice, flow-based market coupling is currently used in

Central Western European markets and will likely be adopted across all countries in FEurope
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until 2030 (Tosatto et al., 2022). Flow-based market coupling allocates transmission capacities
to those interconnectors that have the highest value for the system in the time period considered.
Since energy islands host zero marginal cost power production only, it is very likely that a flow-
based market coupling algorithm will allocate the maximum capacity to the interconnectors
connecting those energy island to shore. Hence, for the interconnectors connecting the energy
islands to shore, flow-based market coupling and the simplified net-transfer capacity scheme
adopted here will likely lead to the same outcome. Nevertheless, due to the zonal setup in
the model with net-transfer capacities between the zones, we neglect any network constraints
within the zones and may overestimate the available grid capacities behind the interconnectors.
Refer to, e.g., Seifert (2022) who conclude that the national grid plans for 2030 are not yet
fully equipped to accommodate foreseeably large shares of renewable energy, and need upward
adjustments following national expansion plans.

Lastly, we simulate two market stages only that do not reflect all stages exist in the current
market frameworks of most European countries. The well-established sequences are the day-
ahead market, cleared up to 12-36 hours before real-time, the intraday market for adjusting to
forecasts, balancing markets for flexibility, and technical reserves as well as for some countries
a market-based redispatch or congestion management actions. In this model we consider a day-
ahead market clearing and a real-time balancing adjustment only.

The model characteristics influence the results to some extent. Whereas using the full net-
transfer capacities between countries for trade may be close to the result of a model with flow-
based market coupling, the impact of reduced technical detail of dispatchable technology over-
estimates their flexibility potential. For all conventional technologies, reservoir hydropower, and
biomass, we include ramp rates but neglect unit commitment and must-run obligations. Addi-
tionally, for the case of biomass, regulatory frameworks for example in Germany and Denmark,
incentivise high capacity factors and a price-inflexible operation. Our model allows full adjust-
ment ranges within ramp rates for all technologies, which can lead to an overestimation of the

flexibility potential available in the system.

7. Conclusion and Policy Implications

The concept and implementation of energy islands is driven by several players in governments

and the industry. Construction of energy islands has not yet started and many details are not
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yet defined. Assuming that those islands will be a place for wind energy collection and hydrogen
production, we have analysed the role of offshore electrolysers.

Our first research question targeted the electrolyser’s contribution to flexibility. We conclude
that flexibility in the system stems mainly from other, cheaper dispatchable sources than the
electrolysers. Offshore electrolysers do have a modest contribution to balancing services on the
energy island. Looking at the impact of bidding zone configuration on the operation of the
electrolyser, we find that offshore bidding zones lead to slightly higher electrolyser capacity
factors and reduced needs for congestion management. Based on our sensitivity analyses, we
can summarise that (i) significantly higher shares of renewables onshore lead to much higher
capacity factors of all the electrolysers, but especially of those on the energy islands, and make
electrolysers a highly profitable investment, and (ii) reducing the size of the cable connections
of the energy island significantly increases the capacity factors of the electrolysers and their
balancing actions on the island.

Based on our study, we can formulate four policy recommendations impacting the role of

electrolysers on energy islands:

1. Flexibility: Electrolysers are able to technically react to changes in electricity production
and have quite broad potential to provide flexibility. If the potential is to be exploited,
there is a need for economic incentives to make a flexibility-oriented operation economically
viable. We show that capacity factors are low offshore and investments in electrolysers as

flexibility resources only will need to be supported.

2. Bidding Zone Configuration: Offshore bidding zones reflect the costs of energy and
scarcity of the good more adequately than home bidding zones. For electrolysers on en-
ergy islands, the offshore bidding zone configuration facilitates higher hydrogen production
levels at lower average electricity cost. Introducing this configuration avoids misalign-
ment between physical network constraints and market solutions, reducing possibly expen-
sive redispatch measures. This suggestion is in line with the conclusion by Kitzing and

Garzon Gonzalez (2020) who considered offshore wind hubs only.

3. Hydrogen Supply: Discussions about a hydrogen economy are gaining momentum. The
European Commission foresees a production of 10 million tonnes by 2030 in Europe!6. If

hydrogen is to be produced locally as part of the strategy and is to be prioritised, the costs

16See COM(2020) 301 final.
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of electricity for electrolysis should reflect the local production costs. The implementation

of offshore bidding zones can make hydrogen production more viable.

4. Renewable Energy Targets: Renewable energy capacity projections presented in the
TYNDP 2020 do not succeed to fulfil renewables targets. Our results indicate that the
projected capacities are not sufficient to supply the required hydrogen for a low-carbon
industry. National and European efforts therefore need to incorporate incentives and plans

for dedicated and system-based hydrogen production.

The presented analysis uses an operational model with two stages to analyse the contribution
to flexibility provision of an offshore electrolyser as well as the impact of different bidding zone
configurations on its profitability. The approach can be extended by including unit commitment
to obtain a better representation of operational characteristics for large conventional units. For
the representation of the electrolyser operation, Flamm et al. (2021) suggest to use a mixed
integer program for higher accuracy, and Zheng et al. (2022b) highlight the importance to include
operational details on temperature dependence and change of state in the model. Extending the
presented model by adding more technological details to all technologies can provide further
insights. Due to uncertainty in hydrogen demand and prices, a further analysis on the impact of
both on the viability and the offshore electrolyser will allow to understand how offshore assets
can contribute to hydrogen demand and system stability. So far, we have disregarded market
power and strategic bidding. However, this might occur around energy islands when operators
of wind farms and electrolysers both aim for high profits. In particular, ownership structures
may influence strategic behaviour. It can be relevant to analyse the case of different structures
and contracts: Owning and operating the wind farm and the electrolyser jointly may lead to
a different market outcome compared to having two separate owners and operators. Last, we
suggest to investigate the impact of the current and planned future power grid on the role and
operation of offshore electrolysers on energy islands. We base this analysis on modelling bidding
zones and restrict net-transfer capacities. In a follow-up study, flow-based market coupling as

well as performing inner zonal congestion management will provide further insights.

CRediT authorship contribution statement Alexandra Liith: Conceptualisation, Data cu-
ration, Software, Visualisation, Writing - original draft, Writing - review & editing. Yannick
Werner: Conceptualisation, Data curation, Software, Visualisation, Writing - original draft,

Writing - review & editing. Ruud Egging-Bratseth: Conceptualisation, Supervision, Writing

24



- review & editing. Jalal Kazempour: Conceptualisation, Supervision, Writing - review &

editing.

Declaration of competing interest The authors declare that they have no known compet-
ing financial interests or personal relationships that could have appeared to influence the work

reported in this paper.

Acknowledgements The authors would like to thank Morten Pindstrup (Energinet), Alessan-
dro Singlitico and Andrea Tosatto for insightful exchanges on energy islands, participants of the
energy systems seminar at NTNU for great feedback, and Peter Bogetoft and Marta Victoria for
valuable comments to improve this work.

Financial support from the Copenhagen School of Energy Infrastructure (CSEI) is acknowl-
edged. The activities of CSEI are funded jointly in cooperation between Copenhagen Business

School and energy sector partners.

25



References

Alavirad, S., Mohammadi, S., Golombok, M., Haans, K., 2021. Interconnection and generation from a North
Sea power hub — A linear electricity model. International Journal of Electrical Power & Energy Systems 133,
107132. doi:10.1016/j.1ijepes.2021.107132.

Auer, H., Crespo del Granado, P., Oei, P.Y., Hainsch, K., Loffler, K., Burandt, T., Huppmann, D., Grabaak, I.,
2020. Development and modelling of different decarbonization scenarios of the european energy system until
2050 as a contribution to achieving the ambitious 1.5 ¢ climate target—establishment of open source/data
modelling in the european h2020 project openENTRANCE. e & i Elektrotechnik und Informationstechnik 137,
346-358. doi:10.1007/s00502-020-00832-7.

Backe, S., Skar, C., del Granado, P.C., Turgut, O., Tomasgard, A., 2022. EMPIRE: An open-source model based
on multi-horizon programming for energy transition analyses. SoftwareX 17, 100877. doi:10.1016/j.softx.
2021.100877.

BDI, 2020. National strategy for the development of decarbonised and renewable hydrogen in France.
URL: https://www.bdi.fr/wp-content /uploads/2020 /03 /PressKitProvisionalDraft- National-strategy- for-the-
development-of-decarbonised-and-renewable-hydrogen-in- France.pdf.

Bezanson, J., Edelman, A., Karpinski, S., Shah, V.B., 2017. Julia: A fresh approach to numerical computing.
SIAM review 59, 65-98. doi:10.1137/141000671.

BMWi, 2020. Die Nationale Wasserstoffstrategie. URL: https://www.bmwi.de/Redaktion/DE /Publikationen/
Energie/die-nationale-wasserstoffstrategie.html.

Chen, Q., Rueda Torres, J.L., Tuinema, B.W., van der Meijden, M., 2018. Comparative Assessment of
Topologies for an Offshore Transnational Grid in the North Sea, in: 2018 IEEE PES Innovative Smart
Grid Technologies Conference Europe (ISGT-Europe), IEEE, Sarajevo, Bosnia and Herzegovina. pp. 1-6.
doi:10.1109/ISGTEurope.2018.8571824.

Conejo, A.J., Carrion, M., Morales, J.M., 2010. Decision Making Under Uncertainty in Electricity Markets.
volume 153 of International Series in Operations Research € Management Science. Springer US, Boston, MA.
do0i:10.1007/978-1-4419-7421-1.

COWTI, 2021. Cost benefit analyse og klimaaftryk af energiger i Nordsgen og Osterspen. URL: https://ens.dk/
sites/ens.dk/files/Vindenergi/a209704-001 cost benefit analyse endelig version.pdf.

Danish Energy Agency, 2022. Technology Data for Renewable Fuels. URL: https://ens.dk/sites/ens.dk/files/
Analyser/technology data_for renewable fuels.pdf.

Dunning, I., Huchette, J., Lubin, M., 2017. Jump: A modeling language for mathematical optimization. SIAM
Review 59, 295-320. do0i:10.1137/15M1020575.

Egerer, J., Kunz, F., Hirschhausen, C.v., 2013. Development scenarios for the North and Baltic Seas Grid — A
welfare economic analysis. Utilities Policy 27, 123-134. doi:10.1016/j.jup.2013.10.002.

Energimyndiheten, 2021. Forslag till Sveriges nationella strategi for vitgas, elektrobrinslen och ammoniak. URL:
https://lighthouse.nu/wp-content/uploads/2021/11/Fo%CC%88rslag-till-nationell-strategi-25-nov.pdf.

Energinet, 2022. The Value of Flexibility for Electrolyzers. URL: https://energinet.dk /El/Systemydelser/
Nyheder-om-systemydelser /2022-07-01-Flexibility-from-electrolysis.

European Commission, 2020. An EU Strategy to harness the potential of offshore renewable energy for a climate
neutral future. COM(2020)741/F1. URL: https://ec.europa.eu/transparency /regdoc/rep/1/2020/EN/COM-
2020-741-F1-EN-MAIN-PART-1.PDF.

Flamm, B., Peter, C., Biichi, F.N., Lygeros, J., 2021. Electrolyzer modeling and real-time control for optimized
production of hydrogen gas. Applied Energy 281, 116031. doi:10.1016/j.apenergy.2020.116031.

FPS Economy Belgium, 2021. View and strategy Hydrogen. URL: https://economie.fgov.be/sites/default /files/
Files/Energy/View-strategy-hydrogen.pdf.

Gea-Bermudez, J., Pade, L.L., Papakonstantinou, A., Koivisto, M.J., 2018. North Sea Offshore Grid - Effects
of Integration Towards 2050, in: 2018 15th International Conference on the European Energy Market (EEM),
IEEE, Lodz. pp. 1-5. doi:10.1109/EEM.2018.8469945.

26


http://dx.doi.org/10.1016/j.ijepes.2021.107132
http://dx.doi.org/10.1007/s00502-020-00832-7
http://dx.doi.org/10.1016/j.softx.2021.100877
http://dx.doi.org/10.1016/j.softx.2021.100877
https://www.bdi.fr/wp-content/uploads/2020/03/PressKitProvisionalDraft-National-strategy-for-the-development-of-decarbonised-and-renewable-hydrogen-in-France.pdf
https://www.bdi.fr/wp-content/uploads/2020/03/PressKitProvisionalDraft-National-strategy-for-the-development-of-decarbonised-and-renewable-hydrogen-in-France.pdf
http://dx.doi.org/10.1137/141000671
https://www.bmwi.de/Redaktion/DE/Publikationen/Energie/die-nationale-wasserstoffstrategie.html
https://www.bmwi.de/Redaktion/DE/Publikationen/Energie/die-nationale-wasserstoffstrategie.html
http://dx.doi.org/10.1109/ISGTEurope.2018.8571824
http://dx.doi.org/10.1007/978-1-4419-7421-1
https://ens.dk/sites/ens.dk/files/Vindenergi/a209704-001_cost_benefit_analyse_endelig_version.pdf
https://ens.dk/sites/ens.dk/files/Vindenergi/a209704-001_cost_benefit_analyse_endelig_version.pdf
https://ens.dk/sites/ens.dk/files/Analyser/technology_data_for_renewable_fuels.pdf
https://ens.dk/sites/ens.dk/files/Analyser/technology_data_for_renewable_fuels.pdf
http://dx.doi.org/10.1137/15M1020575
http://dx.doi.org/10.1016/j.jup.2013.10.002
https://lighthouse.nu/wp-content/uploads/2021/11/Fo%CC%88rslag-till-nationell-strategi-25-nov.pdf
https://energinet.dk/El/Systemydelser/Nyheder-om-systemydelser/2022-07-01-Flexibility-from-electrolysis
https://energinet.dk/El/Systemydelser/Nyheder-om-systemydelser/2022-07-01-Flexibility-from-electrolysis
https://ec.europa.eu/transparency/regdoc/rep/1/2020/EN/COM-2020-741-F1-EN-MAIN-PART-1.PDF
https://ec.europa.eu/transparency/regdoc/rep/1/2020/EN/COM-2020-741-F1-EN-MAIN-PART-1.PDF
http://dx.doi.org/10.1016/j.apenergy.2020.116031
https://economie.fgov.be/sites/default/files/Files/Energy/View-strategy-hydrogen.pdf
https://economie.fgov.be/sites/default/files/Files/Energy/View-strategy-hydrogen.pdf
http://dx.doi.org/10.1109/EEM.2018.8469945

Gea-Bermudez, J., Kitzing, L., Koivisto, M., Das, K., Murcia Leoén, J.P., Sgrensen, P., 2022. The Value of Sector
Coupling for the Development of Offshore Power Grids. Energies 15, 747. doi:10.3390/en15030747.

Gea Bermudez, J., Pedersen, R.B.B., Koivisto, M.J., Kitzing, L., Ramos, A., 2021. Going offshore or not: Where
to generate hydrogen in future integrated energy systems? preprint. doi:10.36227/techrxiv. 14806647 .v2.

Geidl, M., Koeppel, G., Favre-Perrod, P., Klockl, B., Andersson, G., Frohlich, K., 2007. Energy hubs for the
future. IEEE Power and Energy Magazine 5, 24-30. doi:10.1109/MPAE. 2007 .264850.

Glenk, G., Reichelstein, S., 2019. Economics of converting renewable power to hydrogen. Nature Energy 4,
216-222. doi:10.1038/s41560-019-0326-1.

Government of the Netherlands, 2020. Government Strategy on Hydrogen. URL: government.nl/documents/
publications/2020/04/06/government-strategy-on-hydrogen.

Grueger, F., Mohrke, F., Robinius, M., Stolten, D., 2017. Early power to gas applications: Reducing wind
farm forecast errors and providing secondary control reserve. Applied Energy 192, 551-562. doi:10.1016/j.
apenergy.2016.06.131.

Griiger, F., Hoch, O., Hartmann, J., Robinius, M., Stolten, D., 2019. Optimized electrolyzer operation: Employing
forecasts of wind energy availability, hydrogen demand, and electricity prices. International Journal of Hydrogen
Energy 44, 4387-4397. doi:10.1016/j.1ijhydene.2018.07.165.

HM Government, 2020. The Ten Point Plan for a Green Industrial Revolution. URL: https://assets.publishing.
service.gov.uk /government /uploads /system /uploads /attachment _data/file /936567 /10 POINT PLAN
BOOKLET.pdf.

Ibrahim, O.S., Singlitico, A., Proskovics, R., McDonagh, S., Desmond, C., Murphy, J.D., 2022. Dedicated large-
scale floating offshore wind to hydrogen: Assessing design variables in proposed typologies. Renewable and
Sustainable Energy Reviews 160, 112310. doi:10.1016/j.rser.2022.112310.

IRENA, 2019. Renewable power generation costs in 2018. URL: https://www.irena.org/- /media/Files/IRENA /
Agency/Publication/2019/May /IRENA _Renewable-Power-Generations-Costs-in-2018.pdf.

Kaldellis, J., Apostolou, D., Kapsali, M., Kondili, E., 2016. Environmental and social footprint of offshore wind
energy. Comparison with onshore counterpart. Renewable Energy 92, 543-556. do0i:10.1016/j.renene.2016.
02.018.

Kendziorski, M., Zozmann, E., Kunz, F., 2020. National generation capacity. doi:10.25832/NATIONAL _
GENERATION_CAPACITY/2020-10-01.

Kitzing, L., Garzon Gonzalez, M., 2020. Market arrangements for offshore wind energy networks. Technical
Report. Danmarks Tekniske Universitet. URL: https://orbit.dtu.dk/en/publications/market-arrangements-
for-offshore-wind-energy-networks.

Klima-, Energi-og Forsyningsministeriet, 2021. Regeringens Strategi for Power-to-X. URL: https://kefm.dk/
Media/637751860733099677 /Regeringens%20strategi%20for%20Power- to- X.pdf.

Kristiansen, M., Korpéas, M., Farahmand, H., 2018. Towards a fully integrated North Sea offshore grid: An
engineering-economic assessment of a power link island. WIREs Energy and Environment 7. doi:10.1002/
wene.296.

Li, X., Mulder, M., 2021. Value of power-to-gas as a flexibility option in integrated electricity and hydrogen
markets. Applied Energy 304, 117863. do0i:10.1016/j.apenergy.2021.117863.

Liith, A., 2022. The status quo of offshore energy hubs: Risks, strategies and trade-offs. Work in Progress.

Marten, A., Akmatov, V., Sgrensen, T.B., Stornowski, R., Westermann, D., Brosinsky, C., 2018. Kriegers flak-
combined grid solution: coordinated cross-border control of a meshed HVAC/HVDC offshore wind power grid.
IET Renewable Power Generation 12, 1493-1499. doi:10.1049/iet-rpg.2017.0792.

Meeus, L., 2015. Offshore grids for renewables: do we need a particular regulatory framework? Economics of
Energy & Environmental Policy 4. doi:10.5547/2160-5890.4.1.1mee.

Meier, K., 2014. Hydrogen production with sea water electrolysis using Norwegian offshore wind energy potentials:

Techno-economic assessment for an offshore-based hydrogen production approach with state-of-the-art technol-
ogy. International Journal of Energy and Environmental Engineering 5, 104. doi:10.1007/s40095-014-0104-6.

27


http://dx.doi.org/10.3390/en15030747
http://dx.doi.org/10.36227/techrxiv.14806647.v2
http://dx.doi.org/10.1109/MPAE.2007.264850
http://dx.doi.org/10.1038/s41560-019-0326-1
government.nl/documents/publications/2020/04/06/government-strategy-on-hydrogen
government.nl/documents/publications/2020/04/06/government-strategy-on-hydrogen
http://dx.doi.org/10.1016/j.apenergy.2016.06.131
http://dx.doi.org/10.1016/j.apenergy.2016.06.131
http://dx.doi.org/10.1016/j.ijhydene.2018.07.165
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/936567/10_POINT_PLAN_BOOKLET.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/936567/10_POINT_PLAN_BOOKLET.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/936567/10_POINT_PLAN_BOOKLET.pdf
http://dx.doi.org/10.1016/j.rser.2022.112310
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/May/IRENA_Renewable-Power-Generations-Costs-in-2018.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/May/IRENA_Renewable-Power-Generations-Costs-in-2018.pdf
http://dx.doi.org/10.1016/j.renene.2016.02.018
http://dx.doi.org/10.1016/j.renene.2016.02.018
http://dx.doi.org/10.25832/NATIONAL_GENERATION_CAPACITY/2020-10-01
http://dx.doi.org/10.25832/NATIONAL_GENERATION_CAPACITY/2020-10-01
https://orbit.dtu.dk/en/publications/market-arrangements-for-offshore-wind-energy-networks
https://orbit.dtu.dk/en/publications/market-arrangements-for-offshore-wind-energy-networks
https://kefm.dk/Media/637751860733099677/Regeringens%20strategi%20for%20Power-to-X.pdf
https://kefm.dk/Media/637751860733099677/Regeringens%20strategi%20for%20Power-to-X.pdf
http://dx.doi.org/10.1002/wene.296
http://dx.doi.org/10.1002/wene.296
http://dx.doi.org/10.1016/j.apenergy.2021.117863
http://dx.doi.org/10.1049/iet-rpg.2017.0792
http://dx.doi.org/10.5547/2160-5890.4.1.lmee
http://dx.doi.org/10.1007/s40095-014-0104-6

Ministry of Climate and Environment, 2021. 2030 Polish Hydrogen Strategy. URL: https://ec.europa.eu/energy/
sites/default/files/documents/8 - polish hydrogen strategy draft presentation.pdf.

Morales, J.M., Conejo, A.J., Madsen, H., Pinson, P., Zugno, M., 2014. Integrating Renewables in Electricity
Markets. volume 205 of International Series in Operations Research & Management Science. Springer US,
Boston, MA. doi:10.1007/978-1-4614-9411-9.

Muehlenpfordt, J., 2020. Time series. doi:10.25832/TIME_SERIES/2020-10-06. version Number: 2020-10-06
Type: dataset.

North Sea Wind Power Hub, 2020. Vision | North Sea Wind Power Hub. URL: https://northseawindpowerhub.
eu/vision.

NVE, 2021. Langsiktig Kraftmarkedsanalyse 2021 — 2040. URL: https://publikasjoner.nve.no/rapport/2021/
rapport2021 29.pdf.

Pfenninger, S., Staffell, 1., 2016. Long-term patterns of European PV output using 30 years of validated hourly
reanalysis and satellite data. Energy 114, 1251-1265. do0i:10.1016/j.energy.2016.08.060.

Qi, R., Qiu, Y., Lin, J., Song, Y., Li, W., Xing, X., Hu, Q., 2021. Two-stage stochastic programming-based
capacity optimization for a high-temperature electrolysis system considering dynamic operation strategies.
Journal of Energy Storage 40, 102733. doi:10.1016/j.est.2021.102733.

Ruhnau, O., Hirth, L., Praktiknjo, A., 2019. Time series of heat demand and heat pump efficiency for energy
system modeling. Scientific Data 6, 189. doi:10.1038/s41597-019-0199-y.

Ruhnau, O., Muessel, J., 2022. when2heat. doi:10.25832/when2heat/2022-02-22. version Number: 2022-02-22
Type: dataset.

Schlachtberger, D., Brown, T., Schramm, S., Greiner, M., 2017. The benefits of cooperation in a highly renewable
European electricity network. Energy 134, 469-481. doi:10.1016/j.energy.2017.06.004.

Seifert, P.E., 2022. The Value of Large-Scale Offshore Distribution Islands: Benefits of Sector Coupling and
Multi-Country Connections using the Example of Bornholm Energy Island. Master’s thesis. TU Berlin.

Singlitico, A., @stergaard, J., Chatzivasileiadis, S., 2021. Onshore, offshore or in-turbine electrolysis? Techno-
economic overview of alternative integration designs for green hydrogen production into Offshore Wind Power
Hubs. Renewable and Sustainable Energy Transition 1, 100005. doi:10.1016/j.rset.2021.100005.

Staffell, 1., Pfenninger, S., 2016. Using bias-corrected reanalysis to simulate current and future wind power output.
Energy 114, 1224-1239. doi:10.1016/j.energy.2016.08.068.

Strbac, G., Moreno Vieyra, R., Konstantelos, I., Aunedi, M., Pudjianto, D., 2014. Strategic Development of North
Sea Grid Infrastructure to Facilitate Least-Cost Decarbonisation. Technical Report. Imperial College London.
doi:10.25561/28452.

Sunila, K., Bergaentzlé, C., Martin, B., Ekroos, A., 2019. A supra-national TSO to enhance offshore wind power
development in the Baltic Sea? A legal and regulatory analysis. Energy Policy 128, 775-782. doi:10.1016/j.
enpol.2019.01.047.

Thommessen, C., Otto, M., Nigbur, F., Roes, J., Heinzel, A., 2021. Techno-economic system analysis of an
offshore energy hub with an outlook on electrofuel applications. Smart Energy 3, 100027. doi:10.1016/j.
segy.2021.100027.

Tosatto, A., Beseler, X.M., @stergaard, J., Pinson, P., Chatzivasileiadis, S., 2022. North Sea Energy Islands:
Impact on national markets and grids. Energy Policy 167, 112907. doi:10.1016/j.enpol.2022.112907.

Trotscher, T., Korpas, M., 2011. A framework to determine optimal offshore grid structures for wind power
integration and power exchange: A framework to determine optimal offshore grid structures. Wind Energy 14,
977-992. doi:10.1002/we.461.

Weichenhain, U., Elsen, S., Zorn, T., Kern, S., European Commission, 2019. Hybrid projects how to reduce costs
and space of offshore developments: North Seas Offshore Energy Clusters study. doi:10.2833/416539.

Wind Europe, 2021. Offshore Wind in Europe. URL: https://proceedings.windeurope.org/biplatform /rails/
active _storage/blobs//WindEurope- Offshore-wind-in-Europe-statistics-2020.pdf.

28


https://ec.europa.eu/energy/sites/default/files/documents/8_-_polish_hydrogen_strategy_draft_presentation.pdf
https://ec.europa.eu/energy/sites/default/files/documents/8_-_polish_hydrogen_strategy_draft_presentation.pdf
http://dx.doi.org/10.1007/978-1-4614-9411-9
http://dx.doi.org/10.25832/TIME_SERIES/2020-10-06
https://northseawindpowerhub.eu/vision
https://northseawindpowerhub.eu/vision
https://publikasjoner.nve.no/rapport/2021/rapport2021_29.pdf
https://publikasjoner.nve.no/rapport/2021/rapport2021_29.pdf
http://dx.doi.org/10.1016/j.energy.2016.08.060
http://dx.doi.org/10.1016/j.est.2021.102733
http://dx.doi.org/10.1038/s41597-019-0199-y
http://dx.doi.org/10.25832/when2heat/2022-02-22
http://dx.doi.org/10.1016/j.energy.2017.06.004
http://dx.doi.org/10.1016/j.rset.2021.100005
http://dx.doi.org/10.1016/j.energy.2016.08.068
http://dx.doi.org/10.25561/28452
http://dx.doi.org/10.1016/j.enpol.2019.01.047
http://dx.doi.org/10.1016/j.enpol.2019.01.047
http://dx.doi.org/10.1016/j.segy.2021.100027
http://dx.doi.org/10.1016/j.segy.2021.100027
http://dx.doi.org/10.1016/j.enpol.2022.112907
http://dx.doi.org/10.1002/we.461
http://dx.doi.org/10.2833/416539
https://proceedings.windeurope.org/biplatform/rails/active_storage/blobs//WindEurope-Offshore-wind-in-Europe-statistics-2020.pdf
https://proceedings.windeurope.org/biplatform/rails/active_storage/blobs//WindEurope-Offshore-wind-in-Europe-statistics-2020.pdf

Xiong, B., Predel, J., Crespo del Granado, P., Egging-Bratseth, R., 2021. Spatial flexibility in redispatch:
Supporting low carbon energy systems with Power-to-Gas. Applied Energy 283, 116201. doi:10.1016/j.
apenergy.2020.116201.

Zhang, H., Tomasgard, A., Knudsen, B.R., Svendsen, H.G., Bakker, S.J., Grossmann, [.E., 2021. Modelling and
analysis of offshore energy hubs. URL: http://arxiv.org/abs/2110.05868.

Zheng, Y., You, S., Bindner, H.W., Miinster, M., 2022a. Incorporating optimal operation strategies into investment
planning for wind/electrolyser system. CSEE Journal of Power and Energy Systems doi:10.17775/CSEEJPES.
2021.04240.

Zheng, Y., You, S., Bindner, H.W., Miinster, M., 2022b. Optimal day-ahead dispatch of an alkaline electrolyser

system concerning thermal—electric properties and state-transitional dynamics. Applied Energy 307, 118091.
doi:10.1016/j .apenergy.2021.118091.

29


http://dx.doi.org/10.1016/j.apenergy.2020.116201
http://dx.doi.org/10.1016/j.apenergy.2020.116201
http://arxiv.org/abs/2110.05868
http://dx.doi.org/10.17775/CSEEJPES.2021.04240
http://dx.doi.org/10.17775/CSEEJPES.2021.04240
http://dx.doi.org/10.1016/j.apenergy.2021.118091

A. Appendix

A.1. Model Formulation

The following section describes the modelling framework that we paraphrase in Section 3. The
following paragraphs explain the mathematical model and its characteristics. Table 3 provides
the nomenclature. Variables are denoted in capital letters, scalars and parameters in small

d ,G

own/up
down/up,L

rs /up,

real

letters.
Table 3: Designated sets, parameters, and variables of the mathematical model.
Sets
neN zone n in set of zones N
teT hour ¢ in time horizon T
ielcU technology 7 of all conventional technologyies 7
ejeJg technology j of all renewable plants J
ecé& electrolyser e of all electrolysers £
se8 storage unit s of all storages
reRcCU technology r of all reservoirs
u€U DI, R technology u of all dispatchable technologies for balancing
deD demand d of all demands D
ferF line f of all lines F
w€EN scenario w of all scenarios
Parameters
fftr maximum total production for reservoir r in scenario w over the whole time horizon
g maximum generation capacity of unit u
riown/ up maximum downward/upward ramping capacity of dispatchable unit u

maximum downward/upward ramping capacity of storage s in discharging mode

maximum downward /upward ramping capacity of storage s in charging mode

it renewable energy production of unit j in time step ¢
e maximum consumption of electrolyser e
lfl{t demand of load d in time step ¢
MCyu/j/e marginal production cost of unit u/j/e per MWh
pH2 price per kWh hydrogen sold
pz'.l;’e’B marginal upwards balancing cost of unit i/e per MWh
p?/c’:'"’B marginal downwards balancing cost of unit /e per MWh
p-OL value of lost load per kWh
ntcn,m net transfer capacity on line from n to m
gmin / gmax lower /upper storage level of storage s
S/ discharge/charge efficiency of storage s
Ne conversion efficiency of electrolyser e
Tt probability of occurrence of scenario w in time step ¢

Decision Variables

Fpy € RT flow on line f from zone n and m in time step ¢

Gui €RT generation by unit u in time step ¢

Gs: €RY generation by storage s in time step ¢

Git eRT scheduled renewable generation from unit j in time step ¢
L.t € RT load of electrolyser e in time step ¢

Ls: €RY load/charge of storage s in time step t

B:fu Jet € R  upwards balancing of unit u/e in time step ¢

BS?;V/ne,t € R+

downwards balancing of unit u/e in time step ¢
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Bspﬁ €R* upwards balancing of discharging storage s in time step ¢

BlewnG ¢ R+ Jownwards balancing of discharging storage s in time step ¢

w,s,t
B:jf’;f; eRT upwards balancing/reduced consumption of storage s in time step ¢
BIWM € R downwards balancing/increased consumption of storage s in time step ¢
Fjd;t eR adjusted flow on line f from n and m in time step ¢

GSHJ €R* curtailed renewable energy from unit j in time step ¢

L), e RT shedded load d in time step ¢

Sw,s,t € RY storage level of storage s in time step t

B, ER ramping of unit u/s in timestep ¢ and scenario w

Objective The objective is to minimise the expected total operational costs for electricity gen-
eration adjusted for the profit from hydrogen production for each hour ¢ € 7 in a co-integrated
market comprising day-ahead and balancing markets. Let i € Z, j € J, s€ S, reR, ec &
denote the set of conventional, intermittent renewable, storage, hydro reservoir, and electrolyser
technologies, respectively. For simplicity, we aggregate all power plants of the same technology
in each country to a single unit such that every country hosts at maximum one power plant
of each technology. Furthermore, we assume that all power plants of an individual technology
have exactly the same operational characteristics, i.e., cost structure, technical constraints and
so forth. All inflexible price-inelastic demands denoted by d € D are also treated the same and
incur the same load shedding cost. We introduce scenarios w € € in the second stage to represent
different power production from renewable energy sources.

Eq. (1) minimises the sum of costs for the first stage decision CP* and costs for the second
stage balancing C’B}‘:‘. The cost in the second stage are represented by the sum over all scenarios

w weighted by their probability 7, ;.

min Z CPA 4+ Z (Tt - C’E?) (1)

teT weN

Cost in the first stage include the sum of costs for conventional power production and hydro-
gen production costs related to the day-ahead schedules, Eq. (2). For the day-ahead market,
we account for marginal cost mc; for dispatchable generation G;; of all conventional generators
i. Hydro power reservoir and storage technologies are assumed to have zero maginal cost. L.,
denotes the power demand of the electrolyser and 7. < 1 denotes the power-to-hydrogen effi-
ciency of electrolyser e. Term (1.p™? — mc,) expresses the income from producing and selling of

hydrogen.
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CPA = J(mei - Gig) = (nepHa —mee) - Ley, vieT @)

€L ec&

Costs in the second stage of the model arise from providing balancing energy according to
system needs in each scenario w. Eq. (3) is, thus, built up similar to the first stage costs
and adds the costs for upwards and downwards balancing for the available technologies that
have non-zero marginal costs of production. For conventional technologies and electrolysers, we
include upwards B\, ,, B.Y, ; and downwards BIGY, B3P For conventional technologies, we
assume that upward (downward) balancing costs are 20% above (below) their marginal costs.
For electrolysers, we additionally include (losses) revenues for additional (reduced) hydrogen
production in the case of downward (upward) balancing service provision. For further explanation
of the derivation of the balancing bid prices we refer to Appendix A.2. In the real-time operation,
it is additionally possible to shed loads Lf}f& at a (sufficiently high) cost p“©" that ensures that
this action is only taken when the supply-demand balance cannot be achieved otherwise. Power

production from renewable energy sources is assumed to have zero marginal cost and can be

curtailed without a penalty.

BA _ up,B up down,B d
Cop = Z (pi "B — P : Bw(,)i‘?;fn) (3)
i€
+ 2 (PP By = e BUR) + D p O LY, VweQteT
ecf deD

The decisions on day-ahead and real-time power production are restricted by a set of con-
straints. We introduce a supply-demand-balance for each stage ensuring that electricity supply
equals demand at all times. For all technologies, the model includes a constraint to limit their
maximum power output to their installed capacity and considers ramping limits for the change
of power production between time steps. Exchange capacities between the zones are limited to
a maximum net-transer capacity. Storage units have a constraint on maximum storage level and
charge and discharge rates. The electrolysers are modelled as power consuming units similar to

a storage in charging mode.

Supply-demand balances For the first stage, the supply-demand balance given in Eq. (4)

needs to hold: in each zone, generation from dispatchable units G, ¢, scheduled renewables st',t’
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generation from storage G, and trade Fy; (incoming and outgoing) have to equal demand for

loads [¢! it hydrogen production L., and storage charge L ;.

Y Guet Y Gt ) G (4)

ueAE SEAS JEAS
1
=2 M= D Lea— ) L
deAD eeAF sEAS
Z Ff,t‘f‘ZFf,t:O, VneN,teT
feFgut feFin

For the second stage, deviations from forecasted values for stochastic generation need to be bal-

anced. We introduce uncertainty through scenarios w in this stage in Eq. (5). In this model, devi-

real

ations of scheduled intermittent production GS from g;;%; are to be balanced by either curtailing

GCU

renewables G,

using balancing services of dispatchable technologies u for up- or downwards

adjustments Bwput,Bgf’X?, increasing/decreasing the output of an electrolyser Bwpet,Bg?;Vf or

up,Li Bdown,L Bup,G Bdown,G

storage units Bwst, st 2 Buwsit Bust

. Note that we explicitly allow storage units to not
only adjust their day-ahead market schedule in the same direction, but also allow for changing
the operational mode in the balancing stage. For example, if a storage is charging in the day-
ahead market, we allow the storage to fully revert this action and additionally discharge in the

balancing stage. Apart from that, net exchange with neighbouring zones F jd; , can be adjusted

and load can be shedded Lf}fﬂ

1 S CU
g - G5 -Gy (5)
jEATL
U D d

+ Z (Bw,u,t - Bw,u,t) + Z (B::pet Bw?cy\,,tn)

ueAY eeAE

,G ,L d G d ,L

+ ) (BUh + Buhy — Bowt ™ = BULE)

SEAS
+ L - Y B+ Y R = VweneN,teT

deAD feFgut feFin

Capacity constraints for conventional and reservoir units Generation capacities for all units
are limited in size. To represent these limits, we enforce a series of capacity constraints along
the model’s stages.

For renewable energy, the scheduled energy production Gi , cannot exceed its installed capacity
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g;**. Curtailment Ggljj-t in the second stage cannot be larger than the realisation of renewable

gff?lt production.

G, < g VjeJteT (6)
Goge < 95 VweQjed teT (7)

For conventional technologies, including hydro power reservoirs, generation G, ; including bal-

up
w,u,t

Bdown

and ot

ancing capacity B needs to lie between zero and the maximum installed capacity

gex - as displayed in Eq. (8) and Eq. (9).

Guy +Bsf)u7t < g™ VweQueld,teT (8)
Guy — BIWY >0 VweQueld,teT (9)

Reservoir For generation from water reservoirs we restrict the sum of all generation over the

tot

time horizon to a scenario-specific maximum g;;.
)

> (Gri+ B, — BIYP) < givt, VweQreR (10)
teT
CHP Let ¢ € Z¢ C 7 denote the set of combined heat and power (CHP) plants that are often
subject to heat delivery contracts and are therefore limited in their flexibility. We include a
time-varying minimum run requirement in our model to reflect this:

Gey — B > goy, VweQeceIteT (11)

w,c,t

Exchange constraints and load shedding In the model, we allow for exchange between dif-
ferent zones n € N given a specific line (interconnector) capacity. Let F denote the set
of interconnectors, where interconnector f connects zones n,m € N. For simplicity, we use
f = (n,m) interchangeably. We further define one interconnector for each direction, such that
f = (n,m), f = (m,n), where f, f € F. Additionally, we define subsets F°%, Fi* C F
that collect all interconnectors f and f that start and end at zone n, respectively. We use net

transfer capacities to limit the maximum flows on interconnectors between zones according to

Eq. (12) - Eq. (13).
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OSFf,tSTLth VteT, feF (12)

0 < Fry+ F2Y, < ntey VweteT feF (13)

Electrolyser Eq. (14) and Eq. (15) restrict hydrogen production from power consumption L.

including balancing energy Bgogvgl and Bzf;t to stay between the limits of zero and maximum

installed electrical capacity gg'?*.

Ley + B < 1 VweQecEteT (14)
Let — Boh > 17 VweeecE teT (15)

Storage Equations Storage units operate similarly to conventional electricity generation tech-
nologies in their discharge mode and similarly to electrolysers in their charge mode. To reflect
all of the characteristics of a storage with regard to balancing, expressions Eq. (16) and Eq. (17)

restrict power consumption L ; including activated balancing capacity Bg?;’:’ L L and BE%’}; to stay

between the limits of zero and maximum installed charge capacity [5'**. Further, expressions
Eq. (19) and Eq. (18) address the capacity boundaries of generation (discharge) from storage

G, and the balancing adjustments BS?;’:’ L S and BEF;?

to keep within the physical boundaries
max.

at maximum gj

0 < Ly + BOWE < pmax VweOseSteT (16)
0 < Ly, — B < 1max VweQseStel (17)
0 < Gyy + BI2G < giex VweQseSteT (18)
0<Gst— Bi?svff’G < gax VweseSteT (19)

Eq. (20) limits the stored energy S, s + to stay within a lower and an upper storage bound s™"

max

and s§'%*.

ST < G oy < s VweQ,seSteT (20)

The storage level S, s; in each time step and scenario is determined by the storage level of

up,L down,L
w,s,t Bw,s,t

the prior time step S, s;—1, adjusted by charged energy (Ls;+ B, ) and discharged
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energy (Gs; + BwG _ Bdown’G). The charging and discharging efficiencies are denoted as n-

w,s,t w,s,t

and nf, respectively.

down
St = S 1 1 (Lo — BV 4 B0 o
e (G + BIRS — BIWY) VweQseSteT
S

Ramping Conventional power plants and hydro turbines have technical limits on their capabil-
ity to adjust their power output. We incorporate these limits by including ramping constraints

for all dispatchable power plants u € U and storages s € S:

o TSOWH < Gy — Guyg <12, Yuel,t>1 (22)
BURE = Bl - B, FechuctteT ()
— r;‘OW“ <Gyt —Gui—1 + Bfﬂr,rf - B:fﬁ%,w <’ VweQuelt>1 (24)
—rgome < Gst— Gsp1 < e, Vsedt>1 (25)
B;?ff”G — ngf _ Bi?X;Q Vwe,seSteT  (26)
- TSOWH’G <Gst—Gsp1 + B;,atrfoldp’G - B;in—lll)g < TEP’G7 Vwelsest>1 (27)
—pdownl <y Ly < rPE VseSt>1 (28)
B;?trfup’L _ Bﬁpﬁ _ Bg?:j’f’L, Vwe,seS,teT (29)
—pdownl < [ Ly 4 BETE - grmel < L VweQseS,t>1 (30
where rgown,r}jp are the maximum ramping capabilities for downward and upward ramping,
respectively, of conventional generator u. For storage s, rdoVG o driC and TSOWH’L,T}JP’L are

the maximum ramping capabilities for upward and downward ramping in discharge and charging

mode, respectively. Furthermore, we define auxiliary variables BX"P, pramp.¢’ - gramp.L

utwr Pstw Dstw tocapture

the generation adjustments in the balancing stage.

A.2. Balancing Costs

We assume that the costs of dispatchable units u in the balancing markets are chosen in a
way to reflect additional costs of adjusting the power output away from the day-ahead schedule.
Hence, we assume that for upward balancing services (generator produces more power), the cost

pr’U equals me, - (14 p), where p is chosen to be 20%. Similarly, the cost for downward balancing

36



services (generator produces less power) is assumed to be pf’D = mcy-(1—p). In contrast to that,
the electrolyser faces some gained or lost profits on the hydrogen market in case it produces more
or less hydrogen by consuming more or less power. Following a similar argument used for the
dispatchable generators, we assume that the bid price for upward balancing services (electrolyser
consumes less power) is pf’U = nept’2 — mee - (1 — p). Analogously, the cost for downward
balancing services (electrolyser consumes more power) is p2” = —(nep"2 — mce - (1 + p)). Note
that in contrast to dispatchable units, the electrolyser does not only take its marginal production
cost into account but further includes its opportunity cost of producing an additional or reduced

amount of hydrogen.

A.3. Additional Graphs and Data
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Figure 12: Installed Capacities from TYNDP and OpenEntrance Scenarios.
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