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Summary: 

This report describes offshore market arrangements for offshore 

wind energy in interconnected offshore hubs, analysed for NSON-

DK WP5, with focus on the North Sea region and especially on 

Denmark. The aim of this study is to explore different market 

arrangements for massive offshore wind generation in the North Sea 

that is at the same time internationally connected. The approach that 

we are taking for this is an economic feasibility study for a concrete 

case, an offshore hub or energy island. The hub (or energy island) 

connects 12 GW of offshore wind farms and interconnection 

capacity between Denmark, The Netherlands, and Germany. The 

complex energy system model Balmorel is used for optimising 

different economic scenarios. 

Our quantitative economic analysis suggests that, from the countries 

connected to the hub, Germany would be the only one receiving net 

total economic benefits from the implementation, if no reallocation 

mechanism is agreed upon. Since the benefits in Germany are more 

than ten times higher than the losses incurred in the other 

participating countries, we foresee that cost-and-benefit sharing 

mechanisms and benefit transfers between countries will play an 

important role in the realisation of interconnected offshore hubs. 

Market arrangements play an important role in this, as they reallocate 

surplus between different types of actors and between countries. The 

question of which electricity market the offshore wind farms in an 

interconnected hub should be assigned to, who should own which 

assets, and how the offshore wind farms should be remunerated, is 

investigated. Our results indicate that creating a separate offshore 

bidding zone can lead to a more efficient energy system set-up than 

sending the electricity to a home country market or granting 

Financial Transmission Rights to the offshore wind farm operators. 
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1. Introduction 
The NSON-DK project studies how the future massive offshore wind power and the associated 
offshore grid development will affect the Danish power system in the short, medium and long term. 
This report describes the offshore market scenarios developed in NSON-DK WP5, with focus on 
the North Sea region and especially on Denmark. The scenarios specify developments towards 2050, 
with 2040 providing a medium term view of the future; and 2030 as a starting point of the analysis 
(the first year of assumed need for offshore market arrangements through the possible establishment 
of an international offshore hub). 

The aim of this study is to explore different market arrangements for massive offshore wind 
generation in the North Sea that is at the same time internationally connected. The approach that we 
are taking for this is an economic feasibility study for a concrete case, an offshore hub or energy 
island. The energy island connects 12 GW of offshore wind farms and interconnection capacity 
between Denmark, The Netherlands, and Germany. The complex energy system model Balmorel is 
used for optimisation.  

 

 

2. Background and subject of investigation 
Offshore wind energy is expected to be one of the main sources of electricity in the future European 
energy system (EC, 2018). At the end of 2019, there was more than 22 GW of offshore wind power 
installed capacity in Europe (WindEurope, 2019). Maintaining the annual level of 3.5 GW installed 
in 2019 would be insufficient to reach the ambitious targets for offshore wind. New strategies and 
international collaboration are required to accelerate the integration of offshore wind in the European 
energy system. As a consequence, multiple organisations around the North Sea Region are taking 
action.  

During the last decade, there has been a strong willingness among North Sea Region countries to 
cooperate: Following the Political Declaration in 2009 (European Council, 2009), the North Seas 
Countries’ Offshore Grid Initiative (NSCOGI) was formalised in 2010. The objectives of NSCOGI 
were to achieve an efficient and economic use of renewable energy resources, as well as optimise 
infrastructure investments. NSCOGI was supported by regulators, transmission system operators 
(TSOs) and energy ministries from the 10 country members. In 2016, this cooperation was strengthen 
by the formation of The North Seas Energy Cooperation (NSEC) (NSEC, 2016). The NSEC is 
formed by Belgium, Denmark, France, Germany, Ireland, Luxembourg, the Netherlands, Norway 
and Sweden since United Kingdom departure from EU in 2020. The organisation is divided in four 
groups: Hybrid and joint projects, Maritime Spatial Planning, Support framework and finance, and 
Delivering 2050 (NSEC, 2020). The Delivering 2050 group is focused on onshore grid planning, 
sector coupling, sector integration and a Hub-and-Spoke concept. Some of the areas in which the 
NSEC is working are at the same time the objectives from other transnational organisations like the 
CPMR North Sea Commission (CPMR, 2019), which emphasises the relevance of these goals for the 
North Sea Region countries. 

In the future, the energy system will have to be significantly different in the North Sea Region 
countries, in order to achieve the goal of net zero emissions by 2050. Both energy supply and demand 
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patterns will change, driven by the required increase in deployment of renewable energy, and the 
decarbonisation of the energy end use. Furthermore, the flexibility of the system will have to increase 
to maintain the security of supply while the peak generation of renewable energy generation will 
exceed demand at certain times. 

Electric and thermal storage, together with the production of electro- and bio-fuels, could play an 
important role to absorb the fluctuations of variable renewable energy, if the technology achieves the 
maturity levels required by the system. In addition, high interconnection capacity between countries 
is expected to evacuate the excess of renewable energy produced, and avoid bottlenecks in the grid. 
Moreover, the European energy system could use electric vehicles as an electric grid balance 
mechanism, if the fleet increases significantly. 

Offshore networks, meshed grids and hubs have gained interest of different stakeholders over the 
past decade (Schröder, 2013). Currently, one of the projects that is receiving a lot of attention is The 
North Sea Wind Power Hub (NSWPH). The NSWPH consortium is formed by the TSOs Energinet 
and Tennet, the Port of Rotterdam, and Gasunie (an European energy infrastructure company). This 
consortium is, among other institutions, adding the techno-economic perspective to facilitate 
discussions between policy makers and North Sea stakeholders. During 2019, the NSWPH 
consortium discussed with the wind energy industry in order to agree in the principal points required 
for the success of this new business model. The agreed principles included that “Developers from different 
jurisdictions should join the hub under harmonised regulatory and / or subsidy parameters”, “Hydrogen solutions 
should be further considered as a mean to enhance the business case for developers and  TSOs”, “Alignment of the 
timing is key in ensuring that the sizing of the cables is commensurate to the capacity which  is  connecting”,  and 
“Roles and responsibilities have to be defined early and clearly” (NSWPH, 2019a). 

Furthermore, a study realised by Roland Berger for the European Commission found that five hybrid 
projects, including the NSWPH, are expected to be more beneficial than the business as usual case 
(Weichenhain et al., 2019). The Roland Berger study highlights multiple barriers regarding the 
market arrangement, the lack of a transnational support scheme for renewable energy 
sources (RES), and the need for a fair distribution of welfare between the stakeholders 
involved in the project. Market modelling was not carried out for this study.  

Our study takes the NSWPH project as foundation for case calculations, and investigates market 
arrangements and support schemes through modelling and optimising different market design 
options. 

 

 

3. Offshore market design options 
We investigate several different market set ups: a separate offshore bidding zone around the hub, a 
market arrangement in which each hub-connected wind farm transmit the electricity produced to its 
home country, and a business as usual radial reference case. 

No electricity demand is considered offshore. Therefore, with a separate offshore bidding zone, the 
electricity price in the hub is directly related to the electricity prices of the neighbouring countries. In 
this market set up, the hub would normally take the lowest electricity price of the three neighbouring 
countries in each hour of market price formation. In case of full congestion on all lines, also ‘self-
generated’ prices at the offshore wind marginal cost are theoretically possible in the hub. 



 

 

 

 

Market arrangements for offshore wind energy networks 7 

 

 

The second market set up modelling represents a case in which each wind farm transfers its produced 
electricity to a home country. For example, a 2 GW Danish wind farm operating under this market 
setup in the hub, would send its electricity to Denmark, independently from electricity prices. Here, 
the physical flow would not follow this market arrangement, i.e. not forced into a predetermined 
country, but the transaction would be executed financially. This market set up could be enforced 
through Financial Transmission Rights (FTR).  

 

 

 

4. Case study: International offshore hub / energy 
island 

 

4.1 The North Sea Wind Power Hub concept 

The North Sea Wind Power Hub (NSWPH) is a hybrid offshore hub concept project. The NSWPH 
consortium has published six concept papers informing the main stakeholders about the major 
findings obtained during two years of research (NSWPH, 2019a-f), which are summarised in 
(NSWPH, 2019g). Each of the six reports addresses a different stage of the project: an outlook of 
the future European energy system is presented; the Hub-and-Spoke concept is defined; the benefits 
of using offshore hybrid assets are detailed; and the requirements for the development of a North 
Sea offshore grid in the future are introduced. 

The NSWPH follows the Hub-and-Spoke concept defined in (NSWPH, 2019b). The concept 
consists of modular hubs that connect offshore wind farms and interconnection capacity between 
multiple countries. The same interconnector is used to transmit both the power generated by the 
wind farm and electricity traded between countries.  

The modularity of this concept enables a step-by-step approach that could result in a first hub built 
in 2030 focused on offshore wind production and interconnection capacity between countries, and 
later on connected to other hubs focused less mature technologies and business models. Further 
details about the technical feasibility of this concept are presented in (NSWPH, 2019c). 

According to the study, the optimal capacity installed in the hub is between 10-15 GW, from a techno-
economic point of view. If the hub capacity is in- creased, the benefits from scaling reduce the total 
costs of the project. However, wake and blockage effects are expected to increase for larger offshore 
wind farm clusters. In addition, technical limitations could be induced for hubs larger than the optimal 
capacity range (NSWPH, 2019c). The study expected that the majority of the energy will flow to 
Germany and The Netherlands, since bigger interconnection capacity to those countries is foreseen 
by the NSWPH consortium. 

In our study, we apply a total offshore wind farm capacity in the hub of 12 GW, of which 2 GW are 
assumed to belong to Denmark, 4 GW to The Netherlands, and 6 GW to Germany.  
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Figure 1: Graphical representation of the hub and the two investigated market design options (left: 
separate offshore bidding zone; right: home country) 

 

 

4.2 Support regimes in the participating countries 

Countries like Denmark or The Netherlands, have already successfully implemented procurement 
auctions for the installation of new offshore wind projects through tendering out support rights. The 
type of support schemes have differed between countries in the past. For example, a two-sided sliding 
premium or contract for difference (CfD) has been implemented in Denmark (Gonzalez and Kitzing, 
2019), while a sliding premium is considered in The Netherlands (Szabo et al., 2019). 

Offshore wind farms operating under a sliding premium support scheme, receive money from the 
government if their revenues are below the electricity price agreed in the auction (€/MWh). The main 
difference between this two support schemes, occurs when the market revenues received by the wind 
farm are higher than the level of support agreed. In the Dutch sliding premium scheme, the wind 
farm can keep those extra revenues obtained from the market. However, in the Danish CfD scheme, 
the wind farm should pay those extra revenues back to the government. 

For transparency of the results, we assume the same support scheme for all participating countries. The 
support scheme considered during this study consists of a 20 year two-sided contract for difference (CfD). 
Therefore, the revenues obtained by the wind farms during the first 20 years, will be equal to the amount of 
electricity produced multiplied by the CfD price. The assumed remaining 10 years of its lifetime, the wind 
farm will receive the spot  market price. A wind farm operating under a two-sided CfD support scheme, 
participates in the market receiving the benefits of selling the electricity produced. If this revenue is 
lower than the CfD level agreed in €/MWh, the different governments (DK, NL, DE) have to pay 
this difference to their respective NSWPH wind farms. On the contrary, if the market revenues 
obtained by the wind farm are higher, the NSWPH wind farms are the ones paying this difference to 
the governments. 

In this study, it is assumed that the support received by the wind farms is paid by the final electricity 
consumers. Therefore, it is possible to calculate a balance between the support that the consumers of 
each country need to pay, and the benefits that they would obtain from the NSWPH. 



 

 

 

 

Market arrangements for offshore wind energy networks 9 

 

 

 

4.3 Scenarios and optimisation objective 

One of the main objectives for this study is to propose a combination of market design and auctions 
for support of renewable energy that creates a beneficial and fair situation for all the stakeholders 
involved in the project. To do so, different market set up scenarios are optimised. These scenarios 
enable the comparison between the level of support required by each countries’ wind farms, under 
the different market conditions. Three main scenarios are analysed: a business as usual radial 
connection case (Reference); a separate offshore bidding zone and market area for the energy island 
(N1), a scenario in which the wind farms are directly integrated into each their home country market 
(N3), and a scenario in which a separate offshore bidding zone is created and the wind farms receive 
financial transmission rights towards their home country market (N4). For comparison, we also 
calculate a scenario with separate offshore bidding zones in which the interconnection capacities are 
not fixed according to the case set-up (12 GW in total) but freely optimised by the model (N2). 

 

Table 1: Summary of the different scenarios considered 

Scenario Market Set-up Interconnection capacities 

Reference Radial connection - 

N1 Separate offshore bidding zone Fixed 

N2 Separate offshore bidding zone Optimised 

N3 Home country market access Fixed 

N4 Separate offshore bidding zone with 

Financial Transmission Rights 

Fixed 

 

 

To determine how the NSWPH project would affect its neighbouring countries, the impact on 
electricity prices and energy production mix of Denmark, Germany and The Netherlands is analysed. 
This allows to calculate the difference in consumers, producers, and TSOs surplus, between each 
considered scenario and the reference radial case. Combining the delta in consumer surplus and the 
level of support required by each country in each scenario, a total economic balance is calculated. 

 

 

5. Energy system model optimisation using Balmorel 
Balmorel is an open source, deterministic, with a bottom-up approach, partial equilibrium model that 
is written in GAMS (General Algebraic Modelling System) modelling language, as described in Wiese 
et al. (2018). It is designed to optimise simultaneously the generation, transmission, and consumption 
of heat and electricity from an energy system. The model was released in 2001 and it has been under 
continuous development by multiple researchers since then. The objective function of the model 
minimises the total costs of the system, constrained by technical, physical or regulatory aspects. 
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The main results from the Balmorel optimisation for our study consists of hourly energy prices, 
electricity flows, consumer demand, and producer generation. Using these results, the deltas in 
consumer surplus, producer surplus, and congestion rents, are calculated between different scenarios 
and a radial reference case. Moreover, yearly cash flows are calculated for each NSWPH wind farm, 
which are assumed to operate under a contract-for-difference (CfD) support scheme. By comparing 
the level of support required by the wind farms, with the revenues obtained from the market under 
different scenarios, we calculate the total support required from each country and infer conclusions 
as to the feasibility of the market arrangements. Aggregating the total support and the delta of 
consumer surplus, the total economic balance is calculated for each country. 

 

 

5.1 Modelling scope and major assumptions 

The NSON-DK project focuses on the North Sea region. Countries analysed in detail are: Denmark 
(DK), Norway (NO), United Kingdom (UK), Netherlands (NL), Belgium (BE) and Germany (DE). 
As electricity is traded between countries, important surrounding countries were also included in the 
energy system modelling, including Sweden, Finland, France and Poland. 

 

Figure 2: Countries considered in Balmorel for this study. 

 

The European wide scenario used as the starting point for the NSON-DK scenarios are aligned with 
the International Energy Agency by harmonisation of the input data utilised, which has been obtained 
from Nordic Energy Technology Perspectives (NETP) 2016 (NETP, 2016), which had 2014 as a 
base year and was created as an integrated part of the Energy Technology Perspectives 2016 (IEA, 
2016). More details on the underlying NSON-DK scenarios can be found in Koivisto and Gea-
Bermudez (2018). 
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Three years are optimised by the model: 2025, 2035, and 2045. Each year is intended to represent a 
decade. For example, 2025 represents the time period from 2020 to 2030. linear interpolation is realised 
to obtain yearly data from 2030 to 2050. Real revenues and costs are considered static from 2050 
onwards, increasing only by the effect of inflation. The inflation rate assumed is 1%, the private 
discount rate 8% and the socio-economic discount rate 4%. The level of taxes is 22% for the offshore 
wind farms located in Denmark, 25% in The Netherlands, and 30% in Germany. 

We assume that transmission lines Viking Link (DK-UK) and the COBRA line (DK-NL), are online 
during our simulation period (i.e., they are exogenously entered for all scenarios). Additionally, the 
assumed development also considers that current congestion problems on the continent are 
drastically reduced. Further transmission development is optimized as part of the energy system 
investment optimization. We let the model optimise the interconnector capacity through the hub. 

 

Table 2: Transmission interconnectors cost assumptions 

 HUB  

  km M€/GW 

DK - Hub 310 310-465 

NL - Hub 250 250-375 

DE - Hub 310 310-465 

 

Table 3: Costs assumed for the offshore wind farms in the NSWPH in €2015 

OWF Cost 
 

  

Investment CAPEX [M€/MW] 1.57 

Hub CAPEX*[M€/MW] 0.19 

Fixed O&M [€/MW/year] 36,053 

Variable O&M [€/MWh] 2.7 

Lifetime [year] 30 

*Koivisto and Gea-Bermudez (2018)  

 

 

 

5.2 Modelling procedure 

To estimate the economic feasibility of the NSWPH, it is important to capture as much as possible 
the phenomena related to variable renewable energy. We follow the methodology for operational 
planning of large scale energy system with high share of renewable generation, detailed in (Gea-
Bermudez et al., 2020). Due to the lack of demand, the electricity prices received by the hub are 
directly related to the prices of Germany, Denmark, and the Netherlands. Therefore, it is crucial to 
get an estimation of the hourly day ahead prices of the main countries influenced by the NSWPH. 

The optimisation of the energy system is conducted in multiple steps as presented in Figure 3. First 
of all, the variable renewable energy (VRE) time series are obtained from the CorRES model (Koivisto 
et al., 2019). These profiles are used as an input to define the renewable energy potential of each area in 
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Balmorel. Afterwards, the total installed capacities for each simulated year are cost-optimised in the 
Investment Run. 

Finding the optimal mix of total installed capacity for each area of the model, demands significant 
computational time. Hence, a high level of time aggregation is required for this optimisation in order to 
reduce the complexity of the problem. During this step of the optimisation, the electricity prices 
obtained include the long-term marginal costs of the installed technologies. When a high level of time 
aggregation is used like in the Investment Run, Balmorel transforms each full year time series into 
the time steps considered by the optimisation. It is done in a way that the transformed time series’ 
average, equals the average value of the original full-year time series. When optimising transmission 
lines and variable renewable energy, it is crucial that the peaks of both demand and generation are 
preserved without any transformation. To do so, the time series used for this step are escalated before 
running the optimisation, following the procedure presented in Gea-Bermudez et al. (2019). The total 
installed capacities obtained by the Investment Run  are used as an input  for the Storage and Planned 
Maintenance optimisation. This step emulates the long-term decisions that the different market 
participants take regarding the schedule of yearly maintenance, or the usage of inter-seasonal storage. 
These two decisions are normally based on future expected energy prices. Therefore, a full year dispatch 
optimisation is performed to determine when each power plant will stop operating, in order to perform its 
required maintenance. In addition, the initial storage content at the beginning of each Season (S) is 
obtained and fixed in the Day-Ahead optimisation. Furthermore, the time and region in which the additional 
transport demand is consumed is optimised and saved during this step. 
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Figure 3: Flow chart of the methodology followed presented in Gea-Bermudez (2020). During this study, there is 
one extra step considered: the Investment Run. The total installed capacities obtained by the Investment Run are 

used as an input for the Storage and Planned Maintenance optimisation. 

 

The last step before running the Day-Ahead optimisation is the Stochastic Outage Simulation. In reality, 
units can experience unexpected operational problems that affects their availability. This type of events 
affects directly the electricity prices since units that were originally scheduled can no longer generate 
power. Hence, extra generators are required to start its operation, resulting normally in a higher 
operational cost. Taking into account the total available units of each technology type, and its 
probability of suffering an outage, Monte Carlo simulations are carried out for each time step. As a 
result, random unit outages are obtained, limiting this way the initial availability of the generation 
units. 

Finally, using the VRE profiles obtained by the CorRES model, the installed capacities optimised by 
the Investment Run, the seasonal storage levels and additional transport electricity demand fixed by the 
Storage and Planned Maintenance optimisation, and the final availability of generation units calculated in the 
Stochastic Outage Simulation, the Day-Ahead optimisation is performed. This last step attempts to simulate 
the behaviour of the spot electricity market. As a consequence, consecutive 24 hours dispatch 
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optimisations are executed. Constrains regarding unit commitment and ancillary services are activated 
for this step. The operational decisions taken for one day are linked to the next one. This means that 
these decisions may limit the operation on the following day, according to the flexibility of the units. 

The output of the Day-Ahead optimisation consists of a detailed hourly energy dispatch across all the 
countries considered for each optimised year. This includes hourly energy generation mix, energy flow 
among regions, electricity and heat prices, and curtailment of variable renewable energy. It is important 
to highlight that the energy prices obtained by this step, correspond to pure short-term marginal costs 
of the generation units. In a future with a massive share of renewable energy generation, it is possible 
that other technologies apart from thermal peak units, need to start bidding considering long-term costs 
to be profitable. The results obtained by this optimisation are used to perform the economic feasibility 
study. 

5.3 Future energy system 

The future energy system optimised by Balmorel in this study is characterised by a massive amount 
of renewable energy generation installed capacity, together with a high decarbonisation of both the 
heating and transport sector. Moreover, there are almost no fossil fuel electricity generation units 
installed. This fact leads to a high share of renewable electricity in the mix. The renewable energy share 
(RES) exceed the 90% of the total electricity production in 2045 in almost every country considered 
by the model. From the total electricity produced in 2045, 57% comes from wind and 31% from 
solar energy. Total offshore wind installed capacity increases significantly from the 45 GW installed 
in 2025, to 365 GW in 2035, and 600 GW in 2045. This number contrasts with the 450 GW foreseen 
for the whole Europe (EC, 2018). 

Furthermore, the North European energy system optimised for this study presents a high level of 
interconnection between countries, as presented in Figure 4. As expected, the biggest transmission 
lines in the system are between Germany and France, since these are the biggest countries in Europe. 
In addition, France has a huge variable renewable energy generation capacity caused by the 
production of clean fuels to decarbonise the transport sector. 

To accommodate the excess of renewable energy produced in the system, the model could invest in 
electric storage, power-to-X, or interconnection capacity. Due to the expensive costs of storage and 
power-to-X, the model finds optimal to build transmission lines between countries. It is important 
to take into account that all these options that add flexibility to the system, compete with each other. 
Therefore, the costs assumed in the model as an input, have a significant impact on which option is 
the optimal one. 

Figure 4, shows the evolution of the transmission lines. Almost every line capacity is increased. 
Moreover, in the optimisation of 2035 the 12 GW NSWPH is installed, interconnecting Denmark, 
Germany, and The Netherlands.  
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Figure 4: Comparison of the total transmission line capacities installed in 2025, 2035, and 2045, for the 
separate offshore bidding zone. The NSWPH is represented with a 12 (GW) in a blue circle. 

 

 

6. Results 
 

6.1 Economic feasibility of the hub 

First, we establish the economic feasibility of the hub by comparing the radial connection with the 
interconnected hub case. According to the optimisation results, the North European energy system 
would save between 1700-3150 M€ 2015 per year, when considering the NSWPH. The total system 
costs are already lower in 2025, when the hub is not even built. The foresight of the model allows to 
optimise investment capacities in 2025 in expectance of the hub, knowing what will happen in 2035. 
Therefore, the possibility of building the hub in 2035 makes the model to choose paths with less total 
system costs for 2025. In addition, the largest costs savings occur in 2035, when the NSWPH is 
already installed. 

The model would optimise interconnection capacities (in scenario N2) much higher in comparison 
to the connection capacities assumed in the Roland Berger study, as shown in Table 4. 
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Table 4: Resulting transmission line capacities between the hub and the neighbouring countries (in GW)  
       

 Transmission lines 2035 Transmission lines 2045 

 Hub-DK Hub-NL Hub-DE Hub-DK Hub-NL Hub-DE 

NSON-DK Scenario N1 
(following Weichenhain, 
2019)  

2 4 6 2 4 6 

NSON-DK Scenario N2 
(Free model optimisation) 

17 5 17 24 7.5 18 

 

The electricity flows between the hub and its neighbouring countries are presented in Figure 5. To 
put the results into perspective, it is important to take into account that the total annual energy 
produced by the NSWHP is around 52 TWh. Germany is the country that receives the biggest 
amount of electricity from the Hub, between 30-35 TWh. In addition, the electricity flow from NL 
& DE to the hub, is lower than the one from DK to the hub. This support the idea that Denmark is 
normally acting as an electricity export country, while The Netherlands and Germany import it. 

 

 

Figure 5: Comparison of the energy flow between the hub and its neighbouring countries in 
2035 and 2045, in NSON-DK scenario N1. 

 

The structure of electricity prices has a direct impact on the economic results. The electricity prices of 
the three countries follow the same structure since they are highly interconnected. Prices in N1 are 
more stable than in the reference case, both for high and low electricity prices. The electricity prices of 
the three countries follow the same structure since they are highly interconnected. In addition, 
Denmark is always the lowest average electricity price, followed by the NSWPH, The Netherlands and 
Germany, which has the highest electricity price among these countries in the optimisation. 
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In Figures 6 and 7, price duration curves for the reference case as well as  scenarios N1 and N4 are 
presented. The electricity prices from both scenarios are similar, with a small difference in Denmark. The 
electricity price in DK is slightly lower in N4, since the model forces a higher amount of electricity 
from the NSWPH into the country. 

 

 

Figure 6: Price duration curve comparison between 2035 and 2045, for the reference case (on left) and 
scenario N1 (on right). 

 

 

Figure 7: Price duration curve comparison between scenarios N1 and N4 for 2035. 

 

In 2045, electricity price are higher for the average values, while there are fewer hours with high 
electricity prices. In addition, there is a higher number of hours with lower prices in 2045 than in 2035 
for both scenarios. This difference is more significant in N1 than in the reference case. 
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6.2 Economic impact of the hub under different market 
arrangements 

 

Analysing the expected impact on the welfare of the different stakeholders is crucial to understand 
the incentive that each country has to participate in the NSWPH. For this purpose, it is sufficient to 
compare scenarios N1 and N4, as the economic impact of scenarios N3 and N4 are in effect similar. 
All impacts are estimated in comparison to the reference case. 

When focusing on the producer surplus, the total producers’ profit of all the neighbouring countries is 
lower when moving from the radial reference case to the NSWPH configuration. Moreover, the 
producer surplus is already negative in 2025, which indicates that part of the losses perceived by the 
producers come from the optimal path found by the model, and not directly from the NSWPH. 

The consumers of Germany will benefit from the NSWPH, since they will import lower electricity 
prices mainly from Denmark. At the same time, this will increase the Danish electricity prices in 2035, 
which result in these consumers paying 390 M€ (Real 2015) more per year to satisfy their demand. 
Moreover, the consumers from The Netherlands will benefit from the NSWPH in 2035, slightly 
losing in 2045. On the contrary, Danish consumers will recover some of their losses in 2045. 
According to the results of the optimisation, the NSWPH wind farms will benefit from the 
connection to the energy island. It is expected that they earn an extra profit of 91 M€ (Real 2015) in 
2035, and 174 M€ in 2045. Moreover, the congestion rents generated by the interconnection lines 
between the hub and the neighbouring countries range from 58 M€2015 to 257 M€2015 per year (in 
scenario N1). 

 

 

Figure 8: Comparison of the congestion rents, consumers, and producers surplus, for the scenario N1. It is 
represented in Real M€ 2015. 
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The results for scenarios N4 show that the wind farms in the offshore benefit from the Financial 
Transmission Rights. According to the optimisation results, the case N4 (home country access) has, 
compared to N1 (separate offshore bidding zone), higher overall producers surplus while the congestion 
rents are reduced. In addition, the consumer surplus is reduced in 2035 for Denmark, and increased 
for The Netherlands and Germany, while the opposite happens in 2045. 

 

 

 

Figure 9: Comparison of the congestion rents, consumers, and producers surplus, for the scenario N4. It is 
represented in Real M€ 2015. 

 

 

Table 5: Comparison of the congestion rents, consumers, and producers surplus, between scenario N4 and 
the reference case, represented in Real M€ 2015 per year. 

 Denmark The Netherlands Germany 

Parameter [M€/y] 2035 2045 2035 2045 2035 2045 

Consumers Surplus -5 9 3 -6 6 -23 

Producers Surplus 201 356 199 378 198 402 

Congestions Rents -29 -42 -51 -46 -162 -38 
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6.3 Support requirements of the hub-connected wind farms 

To determine support requirements under the different market arrangements, an economic feasibility 
study is performed for each country’s wind farm(s) connected to the hub. As mentioned before, from 
the 12 GW of offshore wind generation installed in the NSWPH, 2 GW are assumed to belong to 
Denmark, 4 GW to The Netherlands, and 6 GW to Germany. Yearly cash flows are calculated and 
aggregated into 2029 Present Values. 

When comparing the resulting CfD support level in scenario N1, Denmark has the lowest support 
requirements, followed by The Netherlands and Germany. In this case, the transmission lines are not 
owned nor paid by the wind farm. In addition, since the energy island has its own bidding zone the 
electricity price seen by all the NSWPH wind farms is the same. Therefore, the only differences in the 
support level required to achieve an NPV equal to zero, is the tax level. For example, since Germany 
has the higher tax level, it also has the highest level of CfD support required. Overall, the CfD levels 
are similar between the different countries, ranging from 64.5 to 68.9 €/MWh.  

However, when the transmission lines are paid and owned by the wind farms, the situation depends 
on how these transmission line costs and congestion rents are distributed. If each country assumes 
the costs and benefits of its own transmission line, Danish NSWPH wind farm would have a very 
low CfD level of 57.45 €/MWh, in comparison with the 68.3 €/MWh in Germany or 69.4 €/MWh 
in The Netherlands. This is caused by the fact that Denmark has the lowest cost of transmission line, 
in combination with significantly high congestion rents in relation to its production.  

If the costs of transmission lines and congestion rents are shared in equal shares depending on the 
capacities and not the actual flows, the CfD support level is closer between the countries. The CfD 
level ranges from 63.7 €/MWh in Denmark to 68.8 €/MWh in Germany. 

Overall, scenario N1 requires total support payments over the 30 years lifetime of the project of 8,618 
M€ (Present Value 2029), while scenarios including the transmission lines require a level of support 
of around 11, 500 M€. When comparing the deltas in consumer surplus, it is possible to observe that 
German consumers are the ones obtaining the biggest benefits. German consumer surplus aggregated 
in 2029 Present Value achieves 38,081 M€, followed by the 2,497 M€ earned by the Dutch consumers. 
Danish consumers would lose 2,057 M€, due to the increase of electricity prices. As previously 
mentioned, this is caused by an increase in the exported electricity to Germany and The Netherlands 
when connected to the hub. 

Comparing the transmission line costs with the congestion rents received in each scenario, we find 
that the sum of the total congestion rents compensates the costs of the transmission line, so it seems to 
be a good business case to invest in the lines. 

Finally, aggregating the total support required by each country’s wind farm with the consumer 
surplus, it is possible to calculate the final balance of each country. According to the results of this 
study, the only country with a final positive balance would be Germany with more than 30,000 M€ 
in all the sub-scenarios considered. However, Denmark would lose between 2,507 and 3,606 M€, and 
The Netherlands would lose between 775 and 2,436 M€, depending on the scenario considered. 

Moving the focus to the results obtained in the sub-scenarios considering N4 (representing results 
for both the home country access with and without Financial Transmission Rights), the main 
differences come from a significant reduction in the benefits obtained by congestion rents. Although the 
CfD required in this sub-scenarios (N4) is slightly lower than in the sub-scenarios that consider N1, 
the lower income received from the congestion rents make the total support required to be higher for 
N4 sub-scenarios. This lower level of CfD in N4 is caused by a higher electricity production, which is 
at the same time caused by a lower curtailment required from the NSWPH wind farms in scenario N4. 
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6.4 Implications for the attractiveness of market arrangements 

According to the results of this study, creating an FTR market arrangement (N4) instead of a separate 
offshore bidding zone (N1) restricts the optimal path found by the model. As a consequence, scenario 
N4 is less optimal than N1, resulting in higher support required from the governments. The level of 
support required increases from 8,618 M€ (2029 PV) to 10,696 M€ between scenarios N1 and N4 
respectively. This difference is mainly driven by a reduction in congestion rents. 

However, the methodology employed to optimise the different scenarios makes direct comparisons 
difficult. These scenarios find different optimal paths regarding the total generation installed 
capacities, electricity flows, and distribution of electricity demand destined to produce bio- & electro-
fuels. Therefore, it is difficult to isolate the impact of one single parameter when all these differences 
play a significant role on the results. To facilitate the comparison, it would be possible to fix the 
installed capacities and distribution of transport fuels electricity demand. However, this methodology 
would benefit significantly the scenario used to optimise these parameters for the rest of scenarios. 

In our scenario results, Germany is the only country in the comparison that receives a positive total 
economic balance from the installation of the NSWPH. This may create barriers for implementation. 
However, when considering the big picture, we can see Germany would earn benefits of more than 
10 times the losses incurred by Denmark. This emphasises the point that, when realising a large 
international project like the NSWPH, it is important to consider not only the profitability of the 
project for each country, but also the impact that it will have on the whole region. Due to these 
results, we foresee that cost-and-benefit sharing mechanisms and transfers between countries will 
play an important role in the realisation of interconnected offshore hubs.  

The different tax rates between countries can present a barrier for competition in an auction to 
allocate support payments for the offshore wind farms connected to the hub, if multiple locations 
from different jurisdictions are allowed to participate. Our scenario results point to a difference of 
more than 4€/MWh in required CfD level between DK and DE due to the lower tax rate in Denmark 
alone. This could give a significant advantage to Danish wind farms over the German ones in a joint 
offshore auction for all wind farms connected to the hub. In general, the complexity and 
interdependency of building the hub, its offshore wind farms and interconnections makes it unlikely 
that multiple offshore wind farms and interconnectors can be auctioned at the same time. A step-
wise approach may here be most suitable. In addition, market arrangements, ownership structures 
and support scheme designs that allow a cost and benefit sharing mechanism between the 
stakeholders and countries can facilitate the realisation of the hub. This seems especially the case for 
cost of transmission lines and congestion rents.  

Deciding which stakeholder will own the transmission lines has a significant impact on the results of 
this study. In this study, it is assumed that the cost of capital of public entities is lower than the cost 
of capital from private investors. However, private investors could argue that they are able to build 
transmission lines more efficiently, due to a combination of expertise and know-how with closer 
relationship with the transmission industry. 
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7. Conclusions 
Multiple studies have shown that the implementation of energy islands could save significant costs 
to the energy system. However, it is yet unclear which electricity market the offshore wind farms in 
an interconnected hub should be assigned to and how the offshore wind farms should be 
remunerated. This study explores four different market arrangement scenarios through optimisation 
in the complex energy system model Balmorel. 

More specifically, we have investigated a hub with 12GW offshore wind capacity that is 
interconnected to three countries (Germany, Denmark, The Netherlands). The case corresponds to 
the one developed for the NSWPH. According to our results, the North European energy system 
would save an average of 2,500 M€ per year from the implementation of the hub. This result is slightly 
higher than the €1.0-1.7 billion per year concluded by NSWPH (2019d) for 2040. From the countries 
connected to the hub, Germany would be the only one benefitting from the hub in total, with more 
than €30 billion (Present Value 2029) of estimated benefits over the lifetime of the project. Denmark 
is estimated to incur losses of between €2.5 and €3.6 billion and The Netherlands around €0.7 to €2.4 
billion. This is mostly due to export of large amounts of electricity into Germany from and through 
the hub. The fact that the benefits incurred by Germany are much higher than the losses by Denmark 
and The Netherland combined emphasises the need for big-picture-thinking: When realising a large 
international project like the NSWPH, it is important to consider not only the profitability of the 
project for each country, but also the impact that it will have on the whole region. We foresee that 
cost-and-benefit sharing mechanisms and that benefit transfers between countries will play an 
important role in the realisation of interconnected offshore hubs. 

Market arrangements play an important role in this, as they reallocate surplus between different types 
of actors and between countries. But they can also limit the overall efficiency of the system. According 
to the results of this study, creating a market arrangement that involved Financial Transmission Rights 
(FTRs) (scenario N4) instead of a separate offshore bidding zone (scenario N1) restricts the optimal 
path found by the model. As a consequence, scenario N4 is less optimal than N1, resulting in higher 
overall support required from the governments, even though the wind farms themselves benefit from 
the FTRs. This is similarly the case for a ‘physical’ home country solution (with forced flows on the 
interconnectors). From the system optimisation perspective, it could be beneficial to create a separate 
offshore bidding zone. 

Our study is of purely economic nature. We did not investigate any regulatory or legal aspects of the 
market arrangements (which can pose a significant barrier for realisation), nor did we attempt to 
verify the technical implementability of the discussed solutions. 
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