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Abstract: The North Sea region offers large amounts of investable offshore wind generation and several interconnection 
lines are located in the area, with more planned. Optimal transmission and generation investments are modelled in the 
region towards 2050. A project-based scenario, where each offshore wind power plant is connected individually, is first 
analysed. Then, an integrated offshore grid is modelled to investigate the viability of connecting future transmission and 
offshore wind generation investments. These two scenarios are then compared. It is shown that going towards an 
integrated solution can increase offshore wind investments by several GW, with Germany seeing the biggest difference 
between the two scenarios. It is shown that the integrated solution leads to overall cost minimization and shows somewhat 
higher variable renewable energy generation by 2050 compared to the project-based scenario. 
 

1. Introduction 

The North Sea has already significant offshore wind 

generation, with approximately 13 GW installed by the end 

of 2018 [1], and it offers investable generation with high 

capacity factors (CFs) in the future. In addition to offshore 

wind, several interconnection lines are located in the area. 

The viability of connecting future transmission and offshore 

wind generation investments via hubs to create an offshore 

grid is investigated. This is carried out by modelling optimal 

transmission and generation investments towards 2050 in the 

North Sea region. 

Two scenarios are modelled and compared, with focus 

on the North Sea region. A project-based (radial) scenario is 

created using the traditional solution of connecting offshore 

wind power plants (OWPPs) directly to shore and using 

country-to-country interconnection lines (interconnectors). 

The integrated offshore grid (meshed) scenario enables an 

integrated approach of combining offshore wind generation 

and transmission. Transmission includes interconnectors 

between countries, connections between regions in a country, 

transmission from OWPPs to onshore and the meshed 

offshore grid; the meshed grid can provide both 

interconnection capacity between countries and transmission 

capacity for transmitting offshore wind generation to onshore. 

The modelling is carried out using the Balmorel energy 

system model [2], where all the mentioned aspects of 

transmission are considered. Balmorel is the tool used to 

optimise the investment decisions and energy dispatch of the 

studied system for scenario years 2030 and 2050; energy 

dispatch is ran also for 2020. 

Increasing interconnectivity between countries in 

Europe has been shown to lead to overall welfare gains [3], 

[4], [5], [6], [7]. Particularly, developing a meshed North Sea 

grid has been found likely to lead to lower investment costs 

[8], [9] and overall system costs [10]. 

In many previous studies, the benefits of a meshed 

grid in the North Sea have been analysed with show cases [10] 

or by investment optimizations fixing the onshore generation 

development [11], [12]. In the presented study, onshore wind 

and solar photovoltaic (PV) investments are optimized 

together with offshore wind and transmission investments. 

Other generation types, such as gas turbines, combined cycles 

and steam turbines, are also part of the optimization. 

Both generation and transmission investments are 

optimized by Balmorel, i.e., treated endogenously, as 

recommended in [13]. In addition, scenario years 2030 and 

2050 are optimized concurrently, which means that 

investment decisions in 2030 have a long-term perspective, 

i.e., their future impacts in 2050 are taken into account. With 

this intertemporal value maximization approach, we differ 

from a possibly suboptimal myopic approach as applied in 

[11], [12]. 

The novelty of the presented work is to apply the 

intertemporal value maximization approach in modelling the 

offshore meshed grid. The work contributes also by including 

the onshore system, country-to-country interconnectors and 

the meshed offshore grid in the same investment optimisation. 

The CorRES tool [14] is used to simulate the variable 

renewable energy (VRE) time series used as inputs in 

Balmorel. CorRES models the varying wind and solar PV 

CFs depending on installation locations and the 

spatiotemporal dependencies in VRE generation. Especially 

offshore wind is modelled in detail, starting from the planned 

locations of individual OWPPs. CorRES gives hourly time 

series of all the modelled VRE generation sources. This 

includes existing wind and solar PV installations and the 

modelled investable VRE technologies. Time series are given 

for each analysed region, such as western Denmark or a 

region of Norway. 

The analysed scenarios are compared in terms of 

transmission and generation investments, share of VRE 

generation and system costs. Especially the share of offshore 

wind generation is studied, as the integrated offshore grid 

scenario has the potential of increasing the share by making 

high CF hub-connected OWPPs available for the investment 

optimisation. 
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Section 2 describes the analysed scenarios. The 

modelled countries are presented and the European-wide 

energy system scenario used as the background for the 

scenarios is described. Finally, the grid structures of the 

project-based and the integrated offshore grid scenarios are 

presented. Section 3 describes the VRE time series simulation 

methodology used. It then proceeds to present Balmorel 

investment optimisation. In addition, important cost 

assumptions towards 2050 are presented. Section 4 presents 

the project-based and the integrated scenario resulting from 

the Balmorel optimization for 2030 and 2050. The assumed 

exogenous transmission development (the starting point for 

both scenarios) is also presented. Section 5 discusses 

limitations of the modelling and future work and Section 6 

summarises the paper. 

This paper is an extended version of the conference 

paper with the same name presented in the 17th Wind 

Integration Workshop, 2018, in Stockholm [15]. 

 

2. Scenarios 

 

2.1. Modelled countries 
 

The modelling focuses on the North Sea region; 

investment optimisation is carried out for Denmark (DK), 

Norway (NO), Germany (DE), Netherlands (NL), Belgium 

(BE) and Great Britain (GB). Some of the modelled countries 

are split to regions, as show in Fig. 1, to model important 

intra-country transmission investments. 

In addition to the countries with investment 

optimisation, Sweden, Finland, Estonia, Latvia and Lithuania 

(to include all of Nord Pool), and France and Poland 

participate in the electricity dispatch optimisation and follow 

an exogenous generation and transmission capacity 

development. 
 

 

Fig. 1. Regional split of the countries with investment 

optimization (colours differentiate the countries). NO_N, 

located in the northern Norway, is not visible on the map. 

 

2.2. European-wide background scenario 
 

The presented scenarios are aligned with the 

European-wide Nordic Energy Technology Perspectives 

(NETP) 2016 scenario [16] in different ways. First, the 

electricity consumption development until 2050 is taken from 

NETP 2016. In addition, assumed fuel and CO2 emission 

price development follows NETP 2016. In the North Sea 

Offshore Network – Denmark (NSON-DK) project, NETP 

2016 is used as the background for studying large-scale 

offshore wind power and the associated offshore grid 

development in the North Sea region. The project looks at two 

possible development paths: project based scenario where 

OWPPs are connected radially to a single country and 

integrated offshore grid scenario where OWPPs can be 

integrated as part of a meshed North Sea offshore grid. The 

NSON-DK project compares these two scenarios, with focus 

on impacts on Denmark towards 2050. The two scenarios for 

the North Sea region are presented in this paper. More 

information on NETP 2016 assumptions and how they are 

implemented in the NSON-DK scenarios can be found in [17]. 

For the countries with investment optimization (see 

Fig. 1), generation and transmission investments are 

optimized for the analysed scenarios. However, the 

generation and transmission developments of the surrounding 

countries, as mentioned in Section 2.1, are taken from NETP 

2016 until 2050. The transmission development from NETP 

2016 is based on Ten-Year Network Development Plan 2014 

[18].  Exogenous decommissioning of thermal power plants 

producing only electricity is applied for the countries in focus. 

All thermal power plants burning fossil fuels working in 

condensing mode, i.e., producing only electricity, are 

decommissioned at a linear rate of 4% with respect to the base 

year’s (2014) capacity [16]. For nuclear power, the existing 

units in the countries with investment optimization are 

decommissioned assuming a 50 year lifetime, and the 

Hinkley Point nuclear power plant planned in GB has been 

added to the exogenous capacities. 

 

2.3. Project-based and integrated offshore grid 
scenario 
 

The project-based and the integrated offshore grid 

scenarios are differentiated by the allowed grid structures in 

the investment optimization. In the project-based scenario, 

only radial country-to-country interconnectors are possible, 

and OWPPs can be connected only radially to a single country, 

as shown in Fig. 2. The possible future OWPPs are taken from 

[19] (status 06/2017), with some modifications. 

The different offshore wind types are assigned looking 

at distance to shore, distance to grid connection point and 

project size. Nearshore is considered to be less than 10 km 

from shore. The split between HVAC and HVDC connected 

OWPPs is done considering distance to grid connection point 

and project size as shown in [17]. The different resulting 

OWPP types can be seen in Fig. 2 for the project-based 

scenario. While such analysis sets the investable upper GW 

limits of different OWPP types in different regions, Balmorel 

investment optimization decides how much of these 

potentials are invested in. The potentials (investable GW) are 

based on planned OWPP projects and development area 

information from [19] (status 06/2017). This approach gives 

specific locations for the planned OWPPs and approximate 

locations for the development areas, which are important 

considering distance to shore and distance to hub in the 

integrated offshore grid scenario. 
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In the integrated offshore grid scenario, OWPPs can 

be connected to hubs and the hubs can be utilised as a part of 

the transmission infrastructure to provide both 

interconnectivity between countries and capacity to transmit 

offshore wind generation to onshore. The investable hub-

connected offshore wind GW are shown in Fig. 3. In addition, 

the integrated scenario includes all the radial country-to-

country interconnectors available in the project-based 

scenario as investment options; thus, the meshed solution is 

not forced on the system, but appears only if it is favourable 

in the investment optimization. 

The investable hub-connected offshore GW in Fig. 3 

are obtained as shown in [17]; however, there are some 

differences in the GW limits used here. Firstly, a DK hub is 

introduced. Even though Danish OWPP plans are close to 

shore and can be connected with standard HVAC, the DK hub 

is considered in the optimisation as it is situated in the middle 

of the very important NO-DE interconnection corridor (see 

Fig. 6); it has thus potential to integrate offshore wind power 

and to provide additional interconnection capacity between 

the countries. Also, the NO hub investment limits have been 

increased to 2 GW. 2 GW is the limit up to which the 

economies of scale affect hub investments costs [17]; with 

these limits, offshore wind can be integrated  to the NO hubs 

with the same M€/MW cost as in the other hubs. 

The analysed project-based and offshore grid 

scenarios can be considered as two extremes; either with no 

meshing or hubs allowed in the offshore grid or full meshing 

allowed. This approach was taken to compare two clearly 

different scenarios. However, hubs are already utilised in 

Germany to collect generation from multiple OWPPs, 

although they are not used to create a meshed grid. 

 

 

Fig. 2. OWPPs used to estimate investable offshore wind 

capacities in the project-based scenario: blue denotes 

nearshore, green HVAC connected offshore and red HVDC 

connected offshore OWPPs; magenta shows the connections 

to the onshore grid connection points. 

 

Fig. 3. Investable upper GW limits of hub-connected offshore 

wind capacities in the integrated offshore grid scenario. The 

OWPPs connected to UKandNLw are British, and the ones 

connected to UKandNLe are Dutch. Blue denotes an OWPP 

considered hub-connectable and magenta denotes a hub and 

the related connections to the OWPPs. 

 

3. Modelling 

 

3.1. VRE time series simulation 
 

The CorRES tool [14] is used to generate the VRE 

time series. Its applicability to large-scale VRE simulations, 

based on meteorological reanalysis data, has been presented 

in [20], [21]. Using reanalysis data directly can cause 

erroneous CFs in simulations [20], [22]. Reasons for biases 

in reanalysis wind speeds, which cause erroneous CFs, are 

systematic biases in the computer models used in reanalyses, 

low spatial resolution and wind speed measurements used in 

the reanalyses that may not be representative of actual wind 

power plant sites [22]. To get accurate estimates, the 

mesoscale downscaling method presented in [23], [24] is used 

to generate time series of wind speed, irradiance, and other 

meteorological fields in CorRES. In addition, historical CF 

data were used to calibrate the model: the wind speeds from 

the downscaled reanalysis data were scaled to match 

historical CFs estimated from publicly available sources. 

For CorRES simulations for the future scenarios, 

technical wind power plant (WPP) parameters are required. 

The expected hub height development was taken from [25] 

(status 07/2017), with onshore wind going towards 110 m and 

offshore wind towards 140 m by 2050. In addition, specific 

power is assumed to decrease. Example of the general 

development of offshore wind CFs can be seen in Table I. 

When going further from the shore (from nearshore towards 

hub-connected OWPPs), the CFs increase, and investments in 

2050 are expected to have higher CFs than investments in 

similar locations in 2030. More details about the assumptions 
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in VRE generation modelling are given in [17]; the lower of 

the introduced onshore wind potential scenarios is used. 

CorRES models the spatiotemporal dependencies in 

VRE generation, which are important when analysing a large 

geographical area [26]. An example of the spatial 

dependencies can be found in Fig. 4. In addition, the tendency 

to see negative correlation between wind and solar PV 

generation [26], [27], is captured in CorRES modelling. 

 

Table 1 Average offshore wind capacity factors 

Type 
If invested in 

2030 

If invested in 

2050 

Nearshore 0.46 0.50 

Offshore (HVAC) 0.51 0.54 

Offshore (HVDC) 0.53 0.55 

Hub-connected 0.54 0.57 

The CFs are averages of all regions in the integrated offshore 
grid scenario (the project-based scenario does not have hub-
connected offshore wind). 

 

Fig. 4. Spatial correlations in wind generation looking from 

an example German onshore region (based on 35 years of 

simulated hourly data from CorRES). 

 

3.2. Investment optimisation 
 

Balmorel is a cost minimization tool coded in the 

GAMS language [2]. The model minimizes operation and 

maintenance costs and investment costs while making sure 

the energy demand is matched. Investment costs are 

represented in terms of annuities so technologies with 

different lifetimes can be properly compared in the 

optimization. From the different optimization modes of 

Balmorel, BB4 has been utilized. BB4 implements 

intertemporal value maximization [2], where the value of a 

future year with respect to the first year depends on the 

discount rate assumption. Under the assumption of a 

comparatively low discount rate (4% is used), this gives rise 

to solutions that are expected to be closer to a social welfare 

optimum compared to myopic optimization, i.e., optimizing 

without considering what is expected to occur in the future. 

An example of intertemporal optimization is the 

consideration of transmission investment in earlier years to 

be ready to connect future generation investments. 

Due to computation time, a full year of hourly data 

cannot be used in the investment optimization. 8 spread-over-

the-year weeks are selected to represent the load and 

generation behaviour, taking one every two hours to represent 

the diurnal behaviour (it needs to be noted that this time step 

selection is different compared to [17], where 4 full weeks 

were used). Electricity load and VRE generation time series 

are scaled so that the probability distribution of the full year 

time series is respected; this ensures that annual CFs, standard 

deviations and other statistics are represented in the selected 

8 spread-over-the-year weeks of data. The approach used to 

select the time steps is to perform optimizations with different 

sets of 8 weeks spread-over-the-year, taking one every two 

hours, using the scenario with the least complexity (i.e., the 

project-based scenario). Then, the average investment results 

of these sets are considered as the reference, and the set of 8 

weeks with results closest to the reference is chosen for the 

optimisations. 

Although the base version of Balmorel is linear, mixed 

integer programming (MIP) can be used to model fixed costs. 

This is especially important with HVDC components. As 

MIP is computationally expensive, it is used only for the 

HVDC components related to transmission (country-to-

country offshore interconnectors and all offshore meshed grid 

components). 

 

3.3. Cost assumptions 
 

The most important cost parameters updated 

compared to the background NETP 2016 scenario [16] are 

VRE generation and HVDC component costs. In addition, as 

NETP 2016 includes only a radial grid structure, all costs 

related to the meshed grid are modelled. 

VRE generation cost development until 2050 is taken 

from [25] (status 07/2017); some of the most important 

investment costs are shown in Table 2. It can be seen that all 

VRE types are expected to get cheaper, but with different 

rates. Solar PV is expected to experience more than 50% 

investment cost reduction already by 2030 (compared to 

2015). Offshore wind is getting cheaper faster than onshore 

wind but remains more expensive per MW until 2050. The 

OWPP cost dependency on sea depth was not modelled; 

however, nearshore wind has lower costs compared to 

investments further from shore [25]. 

VRE grid connection costs are calculated differently 

depending on the generation type. For onshore wind and solar 

PV, the costs are taken directly from [25] (status 07/2017). 

For HVAC connected offshore wind, distance to grid 

connection point is calculated for each potential future OWPP 

and the per km cost from [25] is used to estimate grid 

connection costs per region for Balmorel. For HVDC 

connected offshore wind, the HVDC cost parameters 

presented in the following paragraphs are used. For hub-

connected offshore wind, it is assumed that connection until 

hub is HVAC; the hub and lines thereafter are treated as 

HVDC components. 

The HVDC cost model and required parameters are 

taken from [28] (the average cost parameter set is used). The 

cost model 

 
𝐶est = 𝐵 + 𝑁 + 𝑆,        (1) 

 

has three cost components: branch (B), node (N) and 

additional cost of an offshore node (S) to give the cost 

estimate Cest [28]. These components are divided to fixed 

costs and costs per km and MW. For the branch (line) costs, 



5 

 

 

𝐵 = 𝐵0 + 𝐵𝑙 + 𝐵𝑙𝑝,   (2) 

 

where 𝐵0  is the fixed cost of building a branch, 𝐵𝑙  is the 

length-dependent branch cost and 𝐵𝑙𝑝  is the length- and 

power-dependent branch cost [28]. For a node (connection 

point), 

 

𝑁 = 𝑁0 + 𝑁𝑝,               (3) 

 

where 𝑁0 is the fixed cost of building a node and 𝑁𝑝 is the 

power-dependent node cost [28]. For example for a country-

to-country HVDC interconnector, two nodes are needed, as 

there are two connection points (in addition to the branch). 

However, [28] suggest an extra cost, S, when a node is 

offshore. This is modelled as 

 

𝑆 = 𝑆0 + 𝑆𝑝,              (4) 

 

where 𝑆0 is the fixed additional cost of building an offshore 

node (hub) and 𝑆𝑝 is the power-dependent additional cost of 

building and offshore node. 

Depending on the type of project, appropriate cost 

components are considered; for example, for a radially 

HVDC connected OWPP, a branch (B) and two nodes (N) are 

needed, but only one of them is offshore, so additional 

offshore cost (S) is assigned to only one of the nodes. Even 

though (1) is linear, it gives a non-linear cost per MW 

installed due to the fixed cost components in (2), (3) and (4); 

thus, MIP modelling is required in Balmorel. Equations (2), 

(3) and (4) suggest that there would be a reduction in M€/MW 

always when installed capacity increases; however, as 

suggested in [28], it is likely that at some point the cost per 

MW does not decrease anymore, for example as parallel lines 

rather than a larger single line may be required. Similar to 

[28], a limit of 2 GW is used; thus, for larger than 2GW 

installations, the M€/MW costs remain at the level given by 

(2), (3) and (4) for a 2 GW installation. 

The cost model (1) is applied to HVDC connected 

OWPPs, to offshore country-to-country interconnectors and 

to all components related to the meshed offshore grid (hubs 

and lines). As [28] gives only current cost numbers, the future 

cost reduction assumed in [25] for OWPP grid connection 

was applied also for the HVDC cost parameters to get 2030 

and 2050 costs. An example of applying the HVDC cost 

model to estimate component costs can be seen in Table 3, 

where offshore hub costs are estimated for different hub sizes. 

This shows that very small hubs do not seem economically 

feasible. 

 

Table 2 VRE generation investment costs 

VRE type 
Today 

(2015) 
2030 2050 

Onshore wind [M€/MW] 1.02 0.86 0.79 

Offshore wind [M€/MW] 2.46 1.64 1.39 

Nearshore wind [M€/MW] 2.21 1.50 1.28 

Solar PV [M€/MWp] 1.07 0.50 0.39 

All costs in €2015. The wind investment costs exclude grid 
connection costs. 

 

Table 3 Hub investment costs in the integrated scenario 

Hub size [GW] 2030 [M€/MW] 2050 [M€/MW] 

2 0.19 0.17 

1 0.22 0.20 

0.7 0.25 0.22 

All costs in €2015. The costs include only the hub; in addition 
to building a hub (platform), OWPPs need to be invested in to 
get generation from the hub. 
 

4. Results 

 

4.1. Exogenous transmission capacities 
 

The expected exogenous transmission development, 

with interconnectors between countries and intra-country 

connections, is shown in Fig. 5. This development is assumed 

as the starting point in both scenarios. For example, the 1.4 

GW Viking Link between DK and the UK is assumed to be 

developed exogenously, and the transmission capacity 

between DENW and DECS is expected to increase to 17.6 GW 

[16]. 

 

 

Fig. 5. Assumed exogenous transmission development in the 

North Sea region [GW] [16]. Capacities, not actual locations 

of the lines, are illustrated. On-land lines are in green and 

offshore HVDC interconnectors in orange. 

 

4.2. The project-based scenario: transmission 
expansion 

 

The transmission capacity development towards 2050 

in the project-based scenario is shown in Fig. 6. It can be seen 

that the connections from NO to the other countries are 
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strengthened significantly, mostly to combine the flexible 

Norwegian hydropower to the increasing VRE generation 

shares (of total electricity generation) in all countries. This is 

in line with the results shown in [29]. Significant transmission 

capacity development is also seen between DE and GB via 

BE and NL. 

 

 

 

Fig. 6. Project-based scenario: transmission capacities in 

2030 and 2050 [GW]. On-land lines in green and country-to-

country offshore interconnectors in orange. 

 

 
 

4.3. The integrated offshore grid scenario: 
transmission and hub investments 

 
The transmission expansion in the integrated offshore 

grid scenario towards 2050 is shown in Fig. 7. It can be seen 

that Norwegian, German and Danish hubs are built. It needs 

to be noted that in the optimised system the DK hub was not 

connected to DK (only to NO and DE). However, it was 

considered that each hub built in the offshore region of a 

country should have a minimum level of connection to that 

country (directly or via another hub), as getting public 

acceptance and permission of building a hub and the related 

OWPPs in a country’s offshore region without any generation 

seen to flow to the host country could be challenging.  For 

this reason, a 1 GW connection to DK was assumed to occur 

by 2030 in the model, i.e., it was added exogenously. 

However, otherwise the investments were optimised. 

Fig. 7 shows that the increased connections from NO 

and GB to continental Europe are provided by both radial 

lines and by utilising transmission via the hubs in the 

integrated offshore grid scenario. The NO and DK hubs are 

situated so that they can be integrated to important 

transmission corridors between the different countries, and 

this possibility is utilised in the Balmorel optimisation. The 

DE hubs are also used as part of the transmission 

infrastructure in the North Sea region. Especially by 2050, the 

DE hubs see very large installations of wind generation, in 

large part to feed both DE and NL which both lack generation 

due to assumed decommissioning of thermal units. 

The capability of Balmorel to carry out intertemporal 

optimisation affects the transmission results shown in Fig. 7. 

The connection between NL and the easternmost NO hub, 

NOe, is built already in 2030, waiting for hub-connected 

offshore investments in 2050. If only 2030 would be 

optimized, the line from the NOe hub to NL would be built 

directly from the hub to NL (because a direct route is shorter 

and therefore cheaper). However, in the intertemporal 

approach Balmorel chooses to build the connection via a 

German hub location in 2030; this happens because 2050 is 

included in the overall system optimization. This way the 

connection from the NOe hub to NL provides a 2 GW 

connection in 2030 and is ready for the significant hub-

connected OWPP investments in the German hub in 2050. 

The modelling assumes that a hub can be added later. This 

highlights the importance of looking to the future when 

planning a large integrated offshore grid. 
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Fig. 7. Integrated offshore grid scenario: transmission lines 

and hubs in 2030 and 2050 [GW]. On-land lines in green, 

country-to-country offshore interconnectors in orange and 

lines related to the meshed grid in blue (hub size in dark blue). 

The 2 GW connection from the easternmost NO hub to NL is 

built in 2030 via a German hub location; however, OWPPs 

for the German hub are built in 2050. 

 

 

 

 

4.4. Installed VRE generation 
 

An overview of the installed wind generation 

capacities in the two scenarios is shown in Table 4. By 2050, 

the integrated offshore grid scenario shows 10 GW more 

offshore wind than the project-based scenario; respectively, 

onshore wind capacity is lower. 

As shown in Table 4, in 2030 around 30 % of offshore 

wind capacity is expected to be hub-connected in the 

integrated scenario. By 2050, the share increases to 39%. 

Solar PV installations rise to around 182 GW and 176 GW by 

2050 in the project-based and the integrated scenario, 

respectively. Even though in GW terms these are similar to 

the total wind installations, the solar PV CFs are around 0.1, 

whereas the offshore wind CFs are around 0.5 and the 

onshore wind CFs around 0.3. Thus, wind energy generation 

is much higher than solar PV generation in both scenarios. 

DE is the country with most significant differences 

between the project-based and the integrated scenario. As 

Table 5 shows, the project-based scenario shows 16 GW of 

offshore wind in DE by 2050, whereas the integrated scenario 

shows as much as 41 GW; however, it needs to be noted that 

this capacity is used to provide significant generation also to 

NL (strong connections between the DE hubs and NL can be 

seen in Fig. 7). The integrated scenario shows only slightly 

lower onshore wind GW for DE compared to the project-

based scenario; solar PV installations are also somewhat 

lower in the integrated than in the project-based scenario. 

For GB, the amount of offshore wind capacity is 

approximately the same in the project-based and integrated 

scenarios: 34 GW and 33 GW by 2050, respectively. In the 

project-based scenario, DE is expected to have only 16 GW 

of offshore wind by 2050, making GB the country with by far 

the most offshore wind installations. However, in the 

integrated scenario DE sees very high offshore wind 

installations, and with 41 GW by 2050 it has the most 

offshore wind in the integrated scenario. 

The increase in offshore wind capacity in the 

integrated scenario compared to the project-based one can be 

due to many reason. One is that in the integrated scenario, the 

far-offshore locations with high CFs can be connected to 

shore with lower cost per MW installed, as the M€/MW value 

given by (1) is dependent on the installed capacity. The 

integrated approach also allows the hubs to be used for two 

purposes: providing connections from the OWPPs to shore 

and providing interconnection capacity between countries. 

When wind generation is low, transmission via hubs can be 

used for providing higher interconnection capacity between 

the countries in the integrated scenario; however, in the 

project-based scenario, a line for transmitting generation 

from OWPP to shore cannot be used for anything else. The 

integrated approach also allows generation from a hub to be 

dispatched to multiple countries, which allows more optimal 

dispatch. Consequently, the Balmorel optimisation finds it 

optimal to invest in more offshore wind in the integrated 

scenario compared to the project-based one. 
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Table 4. VRE generation installations in the scenarios 

VRE 

type 

Start. 

point 

[GW] 

Project-based 

[GW] 

Integrated 

[GW] (hub-

connected share) 

2030 2050 2030 2050 

Offshore 

wind 
22 64 92 

69 

(30%) 

102 

(39%) 

Onshore 

wind 
76 106 114 101 106 

Solar PV 70 126 182 120 176 

The capacities include existing installations and investments 

in the scenarios, summed up for all countries taking part in 

the investment optimization. The percentages in the brackets 

show shares of offshore wind GW connected to hubs. 

 

Table 5. VRE generation installations in Germany 

VRE 

type 

Start. 

point 

[GW] 

Project-based 

[GW] 

Integrated 

[GW] (hub-

connected share) 

2030 2050 2030 2050 

Offshore 

wind 
7.4 7.8 16 

21 

(64%) 

41 

(77%) 

Onshore 

wind 
50 59 64 57 62 

Solar PV 52 84 104 80 97 

The capacities include existing installations and investments 

in the scenarios (DE only). The percentages in the brackets 

show shares of offshore wind GW connected to hubs. 

 

4.5. Annual generations 
 

The annual generations in the scenarios are shown in 

Table 6; they result from performing a full year generation 

dispatch optimization in Balmorel on hourly resolution, 

including as fixed the generation technology development 

found as optimal in the investment optimization. Table 7 

shows how much of the generated energy is VRE, renewable 

(VRE + hydro + bio fuels) and low CO2 (renewable + nuclear) 

in the different scenarios, respectively. It can be seen that both 

scenarios reach about 90 % of energy generated by 

renewables by 2050, with the integrated scenario reaching a 

slightly higher renewable share. It needs to be noted that the 

persisting share of fossil generation by 2050 has to do with 

optimising only the electricity side (more information is 

given in [17]). As the heating side was not optimized, there 

are combined heat and power plants used for heating needs in 

the system that run on fossil fuels. 

At the starting point, which represents approximately 

2020, nuclear has a significant role in making the low CO2 

share higher than the renewable share, as can be seen in Table 

7. However, by 2050 the renewable and low CO2 shares are 

almost the same, which shows nuclear does not play a 

significant role in the system; nuclear decommissioning and 

investment assumptions are described in [17]. 

DE is expected to be a significant electricity importer 

in the project-based scenario by 2050 (driven by the 

decommissioning of both nuclear and fossil generation), as 

seen in Table 8. In the integrated scenario, DE has 

approximately the same generation as load; this difference 

compared to the project-based scenario is driven by the 

significant hub-connected offshore wind power in DE, as was 

shown in the previous subsections. The use of offshore wind 

generation from German hubs to provide energy to NL is seen 

in Table 8 as very large imports to NL in the integrated 

scenario. 

Table 8 shows that in both the project-based and the 

integrated scenario, DK and NO are expected to be significant 

electricity exporters by 2050. This is driven by 

decommissioning of fossil and nuclear power plants in the 

other countries. Also, especially in NO, where hydro power 

today is used to cover almost all electricity demand in NO, in 

the future hydro is used to balance VRE generation in the 

whole system and the additional VRE investments increase 

Norwegian exports significantly. 

 

Table 6. Annual generations in the scenarios 

Gen. 

type 

Start. 

point 

[TWh] 

Project-based 

[TWh] 

Integrated 

[TWh] 

2030 2050 2030 2050 

Offshore 

wind 
82 274 385 305 436 

Onshore 

wind 
186 260 273 249 254 

Solar PV 68 125 182 119 176 

Hydro 169 169 179 169 179 

Bio fuel 43 67 25 67 24 

Nuclear 182 75 18 74 17 

Fossil 470 219 130 211 121 

Sum 1199 1188 1192 1193 1207 

The generations are summed up for all countries taking part 

in the investment optimization. 

 

Table 7. VRE, renewable and low CO2 shares 

  Starting 

point 

Project-based Integrated 

  2030 2050 2030 2050 

VRE 28% 55% 70% 56% 72% 

Renewable 46% 75% 88% 76% 89% 

Low CO2 61% 82% 89% 82% 90% 

The shares consider generation from all the countries taking 

part in the investment optimization. 
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Table 8. Imports and exports in 2050 

   Project-based Integrated 

  
Load 

[TWh] 

Gen. 

[TWh] 

Gen./

Load 

Gen. 

[TWh] 

Gen./

Load 

BE 82 67 81% 59 71% 

DE 561 442 79% 543 97% 

DK 43 68 156% 70 162% 

GB 333 281 84% 279 84% 

NL 109 103 95% 32 29% 

NO 114 231 204% 224 197% 

Sum 1242 1192 96% 1207 97% 

Generation is sum of all generation in a country in 2050; 

offshore hubs are assigned to the different countries as shown 

in the caption of Fig. 3. Load includes losses. 

 

4.6. Comparing system costs of the scenarios 
 

The system costs (annualized) of the integrated grid 

scenario are compared to the project-based scenario in Table 

9.  The transmission costs of radially connected offshore wind 

are not part of the transmission investment costs; however, 

they are included in the generation investment costs. It can be 

seen that in both studied scenario years, the integrated 

scenario shows lower system costs, approximately 500 

million euros per year lower than in the project-based 

scenario. The higher investment costs in generation and 

transmission investments in the integrated scenario are 

compensated by the savings in  fuel consumption and CO2 tax 

costs, with the latter as large as the fuel consumption savings 

by 2050. The lower fuel and CO2 tax costs are driven by lower 

fossil generation in the integrated scenario (as shown in Table 

6). It needs to be noted that protection needed for the meshed 

grid is not considered in these costs. 

 

Table 9. System costs 

 Cost difference between the 

integrated offshore grid and project-

based scenario [M€2012/year] 

Cost type 2030 2050 Avg. 

Transmission 

Investments 251 478 365 

Generation 

Investments -43 105 31 

Fuel 

consumption -416 -551 -484 

Operational 

costs 14 22 18 

CO2 tax 
-231 -554 -393 

O&M  

Fixed 
-45 -26 -35 

Sum -469 -527 -498 

 

4.7. Sensitivity to meshed grid line costs 
 

The protection of HVDC lines (importantly HVDC 

breakers) is not included in the costs of the presented 

integrated offshore grid scenario. As shown in [30], the 

protection costs depend on the assumed availability of HVDC 

circuit breaker technologies in the future, with mechanical 

circuit breakers having the potential to lower protection costs 

significantly. As there is uncertainty in the protection costs, 

specific numbers are not used. However, a sensitivity analysis 

on the meshed grid line costs is carried out. This is achieved 

by running three additional integrated offshore grid scenarios 

where the costs of the lines in the meshed grid are increased 

by 5% to 40%. The costs of country-to-country 

interconnectors are not changed. 

The system costs (annualized) of the integrated 

offshore grid scenarios with increased meshed grid line costs 

are compared to the project-based scenario in Table 10, with 

the integrated base case scenario also shown. As the 

additional investment costs are considered, the total system 

costs increase; however, even when meshed grid line costs 

are increased by 40%, the integrated scenario shows lower 

system costs than the project-based one. Fig. 8 shows that if 

the meshed grid line costs are increased by 40%, there is a 

significant decrease in hub-connected offshore wind GW by 

2050; respectively, the installations in radially connected 

offshore wind increase. There is some fluctuation in installed 

solar PV and onshore wind capacities; however, they show 

tendency to increase slightly when meshed grid line costs 

increase. 

 

Table 10. System cost sensitivity analysis 

 

Cost difference between the 

integrated offshore grid and project-

based scenario [M€2012/year] 

Change in 

meshed grid 

line costs 

2030 2050 Avg. 

Base scenario 

(+0%) 
-469 -527 -498 

+5% -445 -479 -462 

+10% -398 -403 -400 

+15% -353 -370 -362 

+20% -321 -316 -319 

+30% -254 -245 -249 

+40% -185 -215 -200 

The presented costs relate to the total costs (sum) shown in 

Table 9. 
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Fig. 8. Differences in VRE investments in 2050 in the 

integrated offshore grid scenario with respect to changes in 

the meshed grid line costs from +5% to 40 %. WIND-OFF-

HUB shows the change in hub-connected and WIND-OFF-

RAD in radially connected offshore wind installations. 

 

5. Limitations of the modelling and further work 

A simple sensitivity analysis of the integrated offshore 

grid scenario on changes in the meshed grid line costs was 

carried out. However, as the protection of HVDC lines 

(importantly HVDC breakers) is a crucial cost component 

differentiating the integrated scenario from the project-based 

one, a more thorough analysis of the HVDC protection costs 

should be carried out in future work. 

One meteorological year is used in the investment 

optimisation and in the dispatch optimization on hourly 

resolution. As VRE generation plays a crucial role in the 

scenarios, the analyses should be conducted using multiple 

meteorological years; this will be considered in future work. 

The assumed electricity consumption development is 

taken from NETP 2016, which results in stagnating load 

towards 2050. Sector coupling and electrification are 

expected to drive electricity consumption growth in the future; 

this development will be considered in future research. 

Modelling the heating sector will also look at the use of 

combined heat and power, which currently persists in the 

system as it is providing the required heat; of the 

approximately 10 % share of fossil generation in electricity 

production in 2050, around 2/3 comes from CHP power 

plants and 1/3 is non-CHP generation. For example 

electrification using heat pumps will be an option in the sector 

coupled system optimisation in future. 

For DE, a significant difference was observed between 

the project-based on the integrated offshore grid scenario. 

However, it needs to be noted that the project-based scenario 

is not the same as current practise, as hubs are already used 

in DE. Thus, less significant difference may be observed if 

the integrated scenario is compared to current practice of 

using hubs in DE (however, without meshing between hubs). 

Such comparison can be considered in future research. 

 

6. Summary 

A project-based and integrated offshore grid scenario 

towards 2050 are presented for the North Sea region. A 

European-wide energy system scenario is used as a 

background; however, important updates and modification 

are applied to it. The North Sea region is modelled in detail, 

with surrounding countries taking part in the energy market. 

The Balmorel energy system model is used to carry out 

investment optimization for the scenarios. 

VRE generation costs are updated for all generation 

types, with offshore wind and especially solar PV costs 

expected to decrease significantly towards 2050. HVDC 

component costs are modelled and implemented in Balmorel. 

Detailed modelling of the HVDC costs is especially 

important in the integrated offshore grid scenario with a lot 

of possible lines and hubs; this requires MIP modelling in 

Balmorel. 

Investment model with simultaneously optimising 

generation and transmission investments is used to find 

optimal shares of different VRE types in the two scenarios, 

and to optimize the share of radial lines and the utilisation of 

the meshed structure as part of transmission infrastructure in 

the integrated scenario. Both analysed scenarios show 

significant transmission investments, with increased 

connection of Norwegian hydropower to the other countries. 

The results show that going towards a meshed North 

Sea grid can increase overall offshore wind capacity by 

around 10 GW by 2050. Germany is seen as the country with 

most hub connected offshore wind, and with most differences 

between the two scenarios. In addition to offshore wind, the 

scenarios include large amounts of onshore wind and solar 

PV, leading to almost 90 % of all electricity generation being 

renewable by 2050 in the North Sea region. The integrated 

offshore grid scenario shows somewhat higher VRE 

generation share of total electricity generation by 2050 than 

the project-based scenario. 

Looking at the Balmorel investment optimisation 

results, a mixture of radial lines and utilisation of 

transmission infrastructure via the hubs provides the optimal 

interconnections between the different countries in the 

integrated scenario. The results show that an offshore grid 

configuration is likely to lead to lower overall system costs 

compared to a project-based solution. 
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