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Abstract— The European Union is pushing to achieve a sustainable, competitive and secure energy supply in 

Europe. This has translated into significant long-term renewable energy targets towards 2050, and the ambition 

to improve the European grid. A large share of this development is expected to occur in the North Sea. This 

paper investigates which transmission architecture is the most beneficial to integrate large shares of renewable 

energy in the North Sea region, and the consequences of the planning horizon when planning such a system 

towards 2050 are analysed. This is achieved by performing investment optimization of generation and 

transmission for different scenarios. It is found that: 1) an integrated offshore grid configuration planned over 

a long planning horizon leads to cost minimization; 2) the grid topology is not likely to influence the penetration 

of variable renewable energy, but it will affect the contribution of each variable renewable energy type and the 

system costs; and 3) not taking the future into account when developing the energy system is likely to lead to a 

more expensive system. These results remark the importance of long-term planning horizon for energy systems 

and grid expansion and calls for a political focus on planning and international cooperation.  
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         Nomenclature: 

VRE Variable Renewable Energy DK Denmark R Region set 

HVDC High Voltage Direct Current GB Great Britain T Time step set 

MILP Mixed Integer Linear Programming NL Netherlands X Transmission capacity 

HVAC High Voltage Alternate Current BE Belgium K Generation capacity 

PDF Probability Distribution Function H2H Hub to Hub W Weight 

O&M Operation and maintenance H2C Hub to Country y Time series 

WRF Weather Research and Forecasting C2C Country to country F Cumulative Distribution Function 

CDF Cumulative Distribution Function DR Discount Rate L Lifetime 

OWPP Offshore Wind Power Plant DF Discount Factor B Branch 

SOS Special Ordered Sets C Cost N Node 

CF Capacity factor Y Year set O Additional cost of offshore node 

EU European Union A Area set p Power-dependent  

NO Norway G Generator set lp Length- and power-dependent 

1. INTRODUCTION  

1.1 Motivation 

The objective of the European Union’s (EU) energy policy is to assure an energy supply throughout Europe, 
which is sustainable, competitive and provides a high level of security of supply [1]. This has translated into 
ambitious long-term renewable energy targets in the EU for 2030 and 2050, and an ambition to improve the 
European energy grid. Furthermore, because of the substantial offshore wind potential in the North Sea 
region, a considerable share of the renewable energy is expected to take place there, which implies that the 
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North Sea transmission grid has to be developed in the near future. This context opens the following 
questions. Which transmission architecture is the most beneficial to integrate large shares of variable 
renewable energy in the North Sea region: using traditional radial connections or going for a more complex 
offshore grid? In addition, what are the consequences of planning horizon when building such a system 
looking towards 2050: is it more likely to achieve a suboptimal system if the planning horizon is too short? 

In energy system planning, considering coordination and integration can be very important, especially 
regarding investments [2]. In [3], a theoretical model for trade in electricity is presented, and the authors 
show that removing barriers to trade by e.g. increasing the interconnectivity between regions increases the 
efficiency of the market and therefore overall welfare. In [4] it is found that the benefits of integrating 
European electricity markets could be 3.4 b€ per year. Benefits from market integration in Europe are also 
found in [5], where the authors analyse how different power market aspects of the different countries impact 
welfare and generation adequacy.  

Recently, interest in grid expansion in the North Sea region has gained more attention, and the development 
of the North Sea offshore grid is highly prioritised by the European Commission [6]. Several studies indicate 
that a North Sea offshore grid can contribute to reductions in investment costs [7] as well as operational costs 
[8]. Additionally, in [9], a number of cases were analysed based on a system modelling approach finding that 
a meshed offshore grid solution is the most beneficial. With a larger focus on policy implications, similar 
results were obtained in [10]. 

The purpose of this paper is to analyse the extent to which the development of a complex offshore grid is 
beneficial compared to using traditional radial connections, and to study the effects of having a short or long 
planning horizon. 

1.2  Contribution to literature 

This paper contributes to the existing literature by 1) performing an intertemporal optimization of the North 

Sea region power system 2) considering investments in onshore and offshore power generation and 

transmission including the offshore grid. 

 
By performing the intertemporal approach, a step further is taken distinguishing from previous studies that 
used a myopic approach, like [11] or [12]. The planning horizon plays a key role when modelling investment 
decisions. Looking ahead reduces suboptimal investments since expected future costs and benefits related to 
present investments are considered. The planning horizon can deeply affect the investments in generation 
and transmission since they are considerably linked [13]. Therefore, if suboptimal investments are to be 
minimised, an intertemporal approach is desired. When performing intertemporal optimisation, the social 
discount rate used can play a significant role [14]. This paper contributes to the discussion on the time horizon 
that should be considered when planning the energy system of the North Sea region by performing 
investment optimisation of the years 2030 and 2050 with an intertemporal approach, which means that by 
2030, information on 2050 is available. The results are compared to a myopic approach, i.e. to a case where 
by 2030 the information on 2050 is not used. 

In the paper, investment decisions in onshore and offshore power generation as well as transmission are 
endogenized together. In doing so, the paper contributes to a wider discussion which calls for such variables 
to be decided by the proposed models instead of being exogenously set [15]. Previous studies fixed all 
generation as well as the onshore transmission [11],  or fixed the full onshore system (generation and 
transmission) [12].  To study different offshore transmission architectures, the effect of two potential offshore 
transmission developments in the North Sea region are compared in this paper: a project-based and offshore 
grid approach. 

Offshore grid elements like High Voltage Direct Current (HVDC) lines or hubs contain large fixed costs 
compared to variable ones [16]. For this reason, a Mixed Integer Linear Programming (MILP) approach is 
preferred over Linear Programming (LP) [17]. In this paper, the offshore HVDC components are modelled 
with a MILP approach. This approach is similar to [11] and [12]. 

To achieve the modelling discussed above, the North Sea region is modelled using the Balmorel energy 
system model [18] to optimise investment decisions and electricity dispatch towards 2050. Uncertainty can 
have a crucial role when trying to find out the optimal system development. Different profiles for load, wind 
generation and solar generation can lead to different found-as-optimal investments in generation and 
transmission. Several studies have developed methods to integrate stochasticity in the investment 
optimization. For instance, [19] proposes an algorithm based on Bender’s decomposition algorithm and 
Monte Carlo simulations to optimize transmission expansion problems with increasing wind power 
integration, whereas [20] proposes a method to take both long- and short-term uncertainty into account when 
optimizing transmission expansion. In this paper, due to the large size of the system studied, a deterministic 
approach is however utilized, and hence, uncertainty in the input parameters is not considered.   



It is found that when planning the energy system of the North Sea region, an integrated offshore grid 
configuration planned over a long planning horizon leads to lowest system costs, providing savings of 701 
M€2012/year in the studied region.  

1.3 Structure of the paper 

The reminder of the paper is structured as follows: In Section 2, the methodology is explained. Section 3 
briefly introduces the most important input data. In Section 4 the studied scenarios are described. The results 
are presented in Section 5. Section 6 provides discussion on our analysis and results, and Section 7 concludes 
the paper. 

2. METHODOLOGY 

This section describes the modelling methodologies applied in this paper. First, the main tool utilised, i.e. 

Balmorel, is introduced. Secondly, the investment optimisation method is presented in detail, and then the 

approach followed to perform a more accurate system operation optimisation. Finally, the CorRES tool 

used to simulate the Variable Renewable Energy (VRE) generation time series is presented. A flow chart 

of the overall process followed in this paper is shown in Figure 1. 

 
Figure 1. Flow chart of the overall process followed in this paper. 

2.1 Balmorel 

Balmorel is an energy system model that includes the electricity and district heating sectors. It is a linear 

optimisation tool with optional mixed integer features. It optimises system operation and investments under 

the assumption of perfect competition [18]. The model is deterministic, which means that uncertainty in the 

input parameters is not considered in the optimisation. Balmorel has a bottom-up approach and contains a 

flexible spatial and temporal resolution. Among the different modes of Balmorel, BB4 has been used in this 

paper, due to the ability to optimise several years simultaneously [18]. This approach is desirable as this 

paper is focused on planning in the North Sea region. There are three layers of geographical entities to 

define space in Balmorel: country, region, and area. Electricity trade between regions inside the model is 

allowed and is subject to the available capacity of the transmission lines. Voltage angles and levels are not 

considered. A copper plate is assumed inside each region in the model. District heating is modelled without 

taking grid related issues such as temperature levels or time delays into account. Transmission between 

district heating areas is not allowed. Further information about Balmorel can be found in [18].   

2.2 Investment optimisation 

2.2.1 Mathematical formulation of the problem 

The objective of the optimisation is to minimise the System Costs (CSys) (1) allowing for investments in 

generation technologies and transmission under inelastic demand assumption. This equation calculates:  

• the costs of generation investments (Cg_inv) for every scenario Year (Y) Area (A) and Generation 

technology (G), 

• the costs of fuel consumption (Cfuel), Operation and Maintenance (CO&M), and emissions (Cems) for 

every Y, A, G, and time step (T),  

• the transmission investments costs (Ctrans_inv) for every Y and for every connection between Region 

(R) and adjacent Region (R’),  

• the transmission flow costs (Ctrans) for every Y, T, between R and R’.  

These annual costs are multiplied by the Discount Factor (DF) and Weight (W) of each Y. W is a parameter 

that represents the weight of each scenario year Y included in the simulation, so each Y is treated as an 

average of a particular time period. W is introduced for the sake of reducing the size of the problem. The 

interpretation of the DF is explained in section 2.2.  

𝐦𝐢𝐧 𝑪𝑺𝒚𝒔 = ∑ 𝑫𝑭𝒀𝑾𝒀𝒀 [
∑ {𝑪𝒀,𝑨,𝑮

𝒈𝒊𝒏𝒗 + ∑ (𝑪𝒀,𝑨,𝑮,𝑻
𝒇𝒖𝒆𝒍

+ 𝑪𝒀,𝑨,𝑮,𝑻
𝑶&𝑴 + 𝑻𝒀,𝑨,𝑮,𝑻

𝒆𝒎𝒔 )𝑻 } +𝑨,𝑮 

∑ {𝑪
𝒀,𝑹,𝑹′

𝒕𝒓𝒂𝒏𝒔𝒊𝒏𝒗 + ∑ 𝑪𝒀,𝓡,𝑹′,𝓣
𝒕𝒓𝒂𝒏𝒔

𝑻 }𝑹,𝑹′

]                        (1) 

 



The annualised generation investment cost of a given G invested in A paid in Y is calculated with (2). For 

every G, the cost is obtained by multiplying the specific investment cost of the technology (Cg_inv_cost), the 

investment (Kinv), and the annuity of the investment, which is calculated based on the interest rate and 

lifetime of the technology. The annuity term is introduced to annualise the capital cost of the technology, 

so technologies with different lifetimes can be compared [18]. The investment cost is therefore yearly paid 

during the Lifetime (L) of each generation technology, starting in the investment year Y’. 

 

𝐶𝑌,𝐴,𝐺
𝑔𝑖𝑛𝑣 = 𝐶

𝑌′,𝐴,𝐺

𝑔_𝑖𝑛𝑣_𝑐𝑜𝑠𝑡
𝐾𝑌′,𝐴,𝐺

𝑖𝑛𝑣 𝑎𝐺           ∀ 𝑌, 𝑌′, 𝐴, 𝐺   | 𝑌 < (𝑌′ + 𝐿𝐺)                     (2) 

 

The annualised transmission investment cost for every line connecting R and R’ for each Y of an investment 

made in the year Y’ is calculated with (3). For every connection R and R’, this cost is obtained by 

multiplying the specific investment cost of the line (Ctrans_inv_cost), the investment (Xinv), and the annuity of 

the investment, which is calculated based on the interest rate and lifetime of the transmission line. The 

annuity applied is the average between the annuities of the two regions connected. The additional 0.5 is to 

not double count the cost of the line. The annuity term is introduced to annualise the capital cost of the 

transmission line for the same reason as explained for generation investments. 

 

𝑪
𝒀,𝑹,𝑹′
𝒕𝒓𝒂𝒏𝒔𝒊𝒏𝒗 = 𝑪

𝒀′,𝑹,𝑹′
𝒕𝒓𝒂𝒏_𝒊𝒏𝒗_𝒄𝒐𝒔𝒕𝑿𝒀′,𝑹,𝑹′

𝒊𝒏𝒗 [𝟎. 𝟓(𝒂𝑹,𝑹′ + 𝒂𝑹′ ,𝑹)]𝟎. 𝟓       ∀ 𝒀, 𝒀′𝑹, 𝑹′  | 𝒀 < (𝒀′ + 𝑳𝒕𝒓𝒂𝒏𝒔)     (3) 

 

Traditional system operation constraints, such as energy balances, technology constraints, or storage 

volumes are also part of the optimisation [18]. The energy balance constraints assure that, for each R, the 

sum of the energy production, and net imports is equal to the energy demand plus the transmission losses. 

Furthermore, generation technology operation constraints are used to represent the limitations and 

capabilities of every G. For example, the maximum production constraints establish that the generation in 

a given T of a given G has to be lower or equal to the maximum capacity times its availability factor in that 

T. Other types of constraints, including those establishing fuel potentials or the minimum level of hydro 

reservoir in a given geographical location and temporal dimension, contribute significantly towards a 

realistic solution [18].  

2.2.2 Intertemporal optimisation 
For an investor, it is important to make investment decisions based not only on the present, but also to take 
the expectations to the future into account. Hence, when modelling investment decisions, limited foresight 
could lead to suboptimal investments, which can lead to higher system costs. Therefore, it is relevant to 
expand the foresight when performing investment optimisation, especially on the energy system context, 
where investment decisions are made for very long time periods.  

Intertemporal optimisation means expanding the foresight, i.e. optimizing several periods at the same time. 
Under intertemporal optimisation, how much one should value the future relative to the present, i.e. the 
choice of the Discount Rate (DR), is an important and difficult decision. Much discussion has been going on 
around the correct value of the DR when performing socio-economic analysis [21]. Thus, it is important to 
consider the impact of such a parameter in an investment optimisation problem, since it can have a strong 
influence on the results [14]. In the model, the DR is used to calculate the DF, which is then applied in the 
objective function to weight the cost of future years (1). The annual DF is calculated as 

𝐷𝐹𝑌 = (1 + 𝐷𝑅)−(𝑌−𝑌1)        ∀ 𝑌                                                    (4) 

The DF establishes how much nominal savings are required from the future to add an extra cost in the present. 
If having an extra cost in the present does not add up to at least the same amount of discounted savings in 
the future, this extra cost will not take place. A DR of 0 would lead to applying equal discounting weight to 
all the periods in the optimisation, whereas an infinite DR could be considered equivalent as performing 
“myopic optimisation” or “single period” optimisation, since applying such a DR means that the value of 
future costs and benefits with respect to the present ones are negligible. 

2.2.3 Mixed Integer Linear Programming 

There is a wide range of possibilities in terms of binary variables that could be applied to model economies 

of scale, e.g. general integers, partial integers, semi-continuous variables, Special Ordered Sets (SOS) [17]. 

However, in this paper SOS of type 2 (SOS2) variables will be used as they are generally found to make 

the branch and bound optimisation process faster [22], and are commonly used for modelling piecewise 

approximation functions of a unique variable [17], which improves the modelling of economies of scale. 

Further detailed information about SOS2 variables can be found in [23]. 

SOS2 variables are used in this paper to implement offshore HVDC component costs as given in [16] in 

Balmorel. The cost model for the HVDC components is linear; however, it produces non-linear costs per 

installed capacity, as there are fixed costs for each component.  These non-linear costs per installed capacity 



are approximated with piecewise costs linear functions that are used as input relevant for the SOS2 variables 

in Balmorel. The cost model for a HVDC project is 
 

𝐶HVDC = 𝐵 + 𝑁 + 𝑂,           (5) 
 

where B denotes branch (line) costs, N node (connection point) costs and O the additional costs of a node 

built offshore [16]. These components are divided to fixed costs and costs per distance and installed 

capacity. For the branch, 
 

𝐵 = 𝐵0 + 𝐵l + 𝐵lp,      (6) 
 

where B0 is the fixed cost, Bl is the length-dependent cost and Blp is the length- and power-dependent cost. 

For a node, 
 

𝑁 = 𝑁0 + 𝑁p,                  (7) 
 

where N0 is the fixed cost and Np is the power-dependent cost. When a node is built offshore, the additional 

costs are modelled according to [16] as 
 

𝑂 = 𝑂0 + 𝑂p,                 (8) 
 

where O0 is the fixed additional cost of building an offshore node (offshore hub) and Op is the power-

dependent additional cost. 
Depending on the type of project, different cost components are considered. For example, for a radially 

HVDC connected offshore wind power plant (OWPP), a branch and two nodes are needed (one for the 

OWPP side and one for the grid side). One of the nodes is offshore, so additional offshore cost is assigned 

to one node. For a country-to-country HVDC interconnector, two nodes and a branch are needed; however, 

no additional offshore node cost are added as both nodes are onshore. The protection of HVDC lines, i.e. 

breakers, is not included in the costs of this technology due to lack of data. More information about the 

costs can be found in [24]. 
2.2.4 Time step selection and scaling of the timeseries 
When optimizing generation and transmission investments together, including MILP of the offshore grid 
elements, as well as an intertemporal approach, computational time becomes a critical issue. Decreasing the 
number of time steps reduces computational time. However, the selection of these time steps is not trivial 
and should aim at accurately representing the full year. This means that the statistical properties of the full 
year data should be preserved, especially for VRE generation and load. Choosing too optimistic weeks in 
relation to VRE generation could lead to an underestimation of the required capacity of the energy system. 
In this paper, the time series used correspond to a unique meteorological year. 

Eight weeks spread-over-the-year, taking one every two hours, are found as the convenient amount of time 
steps to perform the optimisation. The approach utilised to select the time steps is to run different sets of 
eight weeks spread-over-the-year, taking one every two hours, in the scenario with the least complexity. The 
average investment results of these sets are defined as the reference, and the set with results closer to the 
reference is chosen for the optimisation. The selected time series are used in the modelling of all the scenarios 
to make the results comparable. 

In the optimisations, the selected time series are scaled to give a fair representation of the full meteorological 
year. Seasonal hydro inflow and hourly district heating load profiles are scaled linearly with respect to the 
average of the full year. This means that, for example, if the weeks selected have less hydro inflow than the 
average of the year, then the selected time steps will be scaled up. On the other hand, hourly electricity load 
and VRE generation time series are scaled using probability integral transformations to match the probability 
distributions of the full year of data. The transformations are applied as follows for a time series yt,fullYear, 
which denotes full year of data for a single VRE source or load, e.g. offshore wind generation of western 
Denmark. First, the Cumulative Distribution Function (CDF) of yt,fullYear, i.e. FfullYear, is estimated (Matlab 
function paretotails [25] was used with an empirical distribution fit covering all the observations). Then, the 
reduced time step selection is applied and yt,reduced is obtained; yt,reduced represents the same VRE generation 
source or load as yt,fullYear, but with less time steps. The CDF of yt,reduced, i.e. Freduced, is estimated using the 
same method as explained above. Following the approach used, e.g. in [26], yt,reduced is transformed to 
𝑦𝑡,reduced

∗  as 

𝑦𝑡,reduced
∗ = 𝐹fullYear

−1 (𝐹reduced(𝑦𝑡,reduced)).     (9) 

𝑦𝑡,reduced
∗  are the data used in the Balmorel investment optimisation. When applied for all VRE sources and 

loads, (9) makes the marginal distributions of the reduced time step data follow the same marginal 
distributions observed in the full year data set. An additional step is taken after applying (9); namely, the 
maximum value of 𝑦𝑡,reduced

∗  is replaced by the maximum value of yt,fullYear. This makes sure that the reduced 

time step data has exactly the same maximum value as observed in the full year data (for each VRE source 
and load). 



2.3 System Operation optimisation 

As mentioned in section 2.2.4, performing the investment optimisation with carefully selected time steps can 
be accurate enough for optimizing investment decisions. However, it is convenient to perform the energy 
dispatch optimisation with a much higher resolution, in order to get relevant insights about the adequacy of 
the identified optimal investment solution. The approach selected in this paper is to run the full-year 
economic dispatch optimisation at an hourly level, using the investment decisions found as optimal from the 
investment optimisations. To avoid infeasibilities due to underestimation of need for investments, expensive 
back-up power is introduced. Results from the hourly runs are discussed more in Section 5.3. 

2.4 VRE generation simulations 

VRE generation time series are simulated for Balmorel using the CorRES tool [27]. CorRES is based on 

reanalysis data obtained from the Weather Research and Forecasting (WRF) model [28], with 

meteorological downscaling, stochastic fluctuation simulation and conversion from meteorological data to 

VRE generation time series as described in [27]. 

For the modelling in CorRES, technical VRE generation parameters, such as wind turbine hub heights, are 

required to estimate the capacity factors (CFs) of VRE generations in the different analysed areas. These 

assumptions are described in Section 3.4 for the scenarios analysed in this paper. 

In addition to estimating CFs, CorRES can model the spatiotemporal dependencies in VRE generation, as 

has been demonstrated, e.g. in [29], where wind and solar PV time series were simulated, and [30], where 

the variability of future residual load was estimated. The modelling provides to Balmorel VRE generation 

profiles where the correlation structures of wind and solar PV generation, and the correlations between 

wind and solar PV generation, are modelled. 

3. INPUT DATA 

This section describes the key input data utilised in this paper. For the full input data description, see [24].  

3.1 Geographical scope 

The countries in focus, i.e. countries for which investments in transmission and generation are optimised, are 

Denmark (DK), Norway (NO), Germany (DE), Great Britain (GB), Netherlands (NL) and Belgium (BE). 

For the surrounding countries, i.e. Sweden, Finland, Estonia, Latvia, Lithuania, France, and Poland 

participate in the energy trading, the energy system development is assumed exogenous and similar to [31]. 

3.2 Electricity demand, fuel costs and CO2 price development 

In the electricity consumption development scenario, extracted from [31], aggressive energy efficiency 
policies as well as limited coupling of the different energy sectors are assumed, which leads to an overall 
stagnating development in the consumption. With respect to fossil fuel prices almost no change with respect 
to 2014 values is assumed. On the other hand, a considerable increase in the CO2 price is assumed, reaching 
136 €2015/ton by 2050 [31]. 

3.3 Exogenous energy system development 

The exogenous transmission grid evolution towards 2030 used in this paper [31] is quite positive. Projects 
like the Viking Link and the COBRA line are assumed to be realised, and the north to south current 
congestions problems in Germany are assumed to be reduced considerably. 

The development towards 2050 in installed heating and storage capacity for the countries in focus is assumed 
exogenous and obtained from [31]. For these countries, the electric part of the system is optimised, while 
linear decommissioning for fossil fuel thermal power plants as well as lifetime expectancy for nuclear power 
plants are assumed. Decommissioning for existing wind and solar PV capacities is not modelled. For the 
surrounding countries, energy systems development is taken exogenously from [31]. 

3.4 Technology costs and VRE timeseries and potentials 

VRE technology costs are taken mainly from [32]. This source assumes a decrease in future costs of VRE, 
especially solar PV. The average cost parameter set from [16] is used for offshore HVDC infrastructure in 
equations (5) to (8). The onshore transmission expansion costs are taken directly from [31]. The wind and 
solar PV time series are simulated using the CorRES tool as explained in section 2.4, whereas the rest of the 
time series used in the optimisation are taken from [31]. The assumed VRE technology development for 
CorRES towards 2050 follows [32], as described in [24]; this ensures that the VRE CFs are aligned with the 
assumed VRE costs. 

The potentials for offshore wind are obtained from a database at DTU Wind Energy (based on [33]); they 
are further split to nearshore and HVAC, and HVDC connectable potentials, and to hub-connectable 
potentials in the offshore grid scenario, as shown in [24]. Onshore wind potentials are based on [31]; 
however, as described in, [24], it was considered that these numbers may be somewhat high, e.g. for GB 
(38.4 GW), as building significantly more onshore wind can be challenging due to social and political 



opposition. Thus, the results presented in this paper are based on the low onshore wind potential assumption 
described in [24]. For solar PV, the capacity potentials by 2050 are taken from [34]. Solar PV and onshore 
wind potentials are divided into three resource grades, as described in [24], to model the expected decrease 
in VRE CFs as more generation is installed in a region. 

3.5 Variable Renewable Energy and load scaling 

The estimated Probability Distribution Function (PDF) of the original time series, selected time series, and 

scaled selected time series,  are depicted on the left of Figure 2 for an example offshore wind area. On the 

right, the original and the scaled selected time series of the same area are shown for a selected 50-hour 

period (standardized generation gets values between 0 and 1, where 1 means generation at installed 

capacity). The PDFs show that the probability distributions of the scaled selected time series and the original 

time series are almost identical. The time series plots show that the scaled and the original time series have 

similar temporal behaviour; this shows that while forcing the CDF in (9), the temporal behaviour remains 

similar after the transformation. The same holds for spatial dependencies between the different time series 

(VRE generations and loads), as has been shown, e.g. in [26]. 

 
Figure 2. Left: Probability distribution functions (PDFs) of standardized generation of the original, original selected, and 

scaled selected time series of an example offshore wind area (standardized generation gets values between 0 and 1, where 1 

means generation at installed capacity).  Right: Original and scaled selected time series of standardized generation of the same 

wind offshore area; an example 50-hour period is shown (does not start at the beginning of the year). 

3.6 Social discount rate and technology interest rate assumptions 

The social discount factor (DF) used in the model is 4%, as used in [32]. Interest rate of 8% is used for 

generation technologies, as was done in [31]. Interest rate of 4% is used for transmission lines; a lower rate 

reflects the fact that transmission investments are generally studied from a social perspective. The interest 

rates are used in the calculations of the annuity terms of (3) and (4) of Section 2.  

4. SCENARIOS 

In this paper, the investment optimisation of transmission and electricity generation capacities of the North 
Sea region in the countries in focus has been performed based on the methodology explained in section 2. 
The generation technologies allowed for investments are wind onshore, wind offshore, solar PV, and several 
types of thermal condensing power plants (more details can be found in [24]). The studied period of time is 
40 years, represented by the snapshot of the scenario years 2030 and 2050, meaning that each of these years 
has a weight on the objective function of 20 years.  

Four different scenarios are defined (Table 1): two different grid architectures under limited and perfect 

foresight respectively. These scenarios aim at showing the importance of 1) offshore grid structure, and 2) 

the impact of foresight when modelling investment decisions. The two grid architectures analysed are a 

project-based and an offshore grid-based. In the project-based case the Offshore Wind Power Plants 

(OWPP) are radially connected and the countries are connected through country to country (C2C) offshore 

transmission lines.  In the offshore grid case, there are more investment possibilities since, the OWPPs can 

be either radially connected or hub-connected. Furthermore, besides C2C transmission lines, hub to hub 

(H2H) as well as hub to country (H2C) transmission lines are possible [24]. Regarding the foresight, results 



from an intertemporal optimisation are compared to a myopic one. Additionally, a more detailed system 

operation optimisation has been performed based on the methodology of section 2.3. 

 

Scenario Foresight approach Offshore investment possibilities 

Project-based – 

myopic 
Myopic 

Radially connected OWPPs. 

C2C offshore transmission lines. 

Offshore grid – 

myopic 
Myopic 

Hub-connected and radially connected OWPPs. 

Hubs and C2C, H2H, H2C transmission lines. 

Project-based – 

intertemporal 
Intertemporal 

Radially connected OWPPs. 

C2C offshore transmission lines. 

Offshore grid – 

intertemporal 
Intertemporal 

Hub-connected and radially connected OWPPs. 

Hubs and C2C, H2H, H2C transmission lines. 
Table 1: Summary description of the scenarios. 

5. RESULTS 

This section describes the results obtained in the different scenarios. First, the investment optimisation 

results are presented, comparing the total system costs for the four scenarios. In the next step the resulting 

optimal grid architecture and generation development is shown, including the impact of the grid topology 

and planning horizon on the system development. Finally, the system operation optimisation results are 

presented.  

5.1 Investment optimisation - System costs 

The total nominal annual system cost difference of the scenarios relative to the simplest scenario, i.e. Project-
based – myopic, is presented in Table 2. In Table 3, these total cost differences of the scenarios are 
disaggregated into transmission investments costs, generation investments costs, Operation and Maintenance 
(O&M) variable costs, and O&M fixed costs. Transmission investments include those lines that can be used 
as interconnectors between regions, therefore radially connected offshore is not part of this group but 
included in the generation investment group. These cost differences are shown for each of the optimisation 
years, i.e. 2030 and 2050, and for the average of these two years.  

 Cost difference with respect to reference (m€2012/year) 

Scenario 2030 2050 Average 

Offshore grid - myopic -417 -652 -534 

Project-based - intertemporal 132 -592 -230 

Offshore grid - intertemporal -334 -1068 -701 
Table 2: Cost difference in the total nominal annual system costs with respect to reference (Project-based – myopic). 

 

  Cost difference with respect to reference (m€2012/year) 

Scenario Year Trans. Invest. Gen. Invest. O&M Var. O&M Fixed 

Offshore grid - 

myopic 

2030 310 -399 -229 -99 

2050 631 -139 -1085 -59 

Avg. 471 -269 -657 -79 

Project-based - 

intertemporal 

2030 -84 -1696 2215 -303 

2050 116 -461 -163 -83 

Avg. 16 -1078 1026 -193 

Offshore grid - 

intertemporal 

2030 166 -1680 1516 -336 

2050 468 -393 -1038 -105 

Avg. 317 -1036 239 -220 

Table 3: Cost difference in the disaggregated nominal annual system costs with respect to reference (Project-based – myopic). 

 
The results show that the offshore grid case is more cost effective than the project-based case regardless of 
the planning horizon. Offshore grid – myopic offers savings of 534 m€2012/year compared to Project-based 
– myopic, and Offshore grid – intertemporal offers savings of 471 m€2012/year with respect to Project-based 
– intertemporal. This suggests that planning ahead reduces the benefits of building a complicated offshore 
grid by 63 m€2012/year with respect to a project-based solution. The Offshore grid – myopic and Offshore 
grid – intertemporal cases require higher investments in interconnections compared to their corresponding 
Project-based cases. However, they offer considerable savings in generation investments and especially in 
O&M variable costs, which compensate the increase in interconnection costs.  



The importance of the level of foresight is further illustrated by the fact that regardless of the grid topology, 
when taking the future into account, the energy system ends up having a lower average yearly cost. Taking 
the future into account offers savings of 230 m€2012/year with a project-based topology and 167 
m€2012/year with an offshore grid topology. This suggests that when building an offshore grid, the benefits 
of taking the future into account are decreased 63 m€2012/year relative to a project-based solution, which 
makes an offshore grid solution more robust cost-wise than a project-based one. When an intertemporal 
optimisation is performed, the average annual costs in 2030 increase. This is because the investment 
decisions made in 2030 are optimal for the full period, but not necessarily for 2030 alone. In this case, some 
investments decisions wait for 2050, increasing O&M variable costs by 2030. However, the extra cost 
incurred by 2030 is outweighed by the savings in investments obtained by 2050, leading to scenarios with 
lower average yearly costs than the respective myopic ones.  

The scenario exhibiting the lowest costs is the offshore grid - intertemporal, where the average savings 

relative to the simplest scenario are found to be 701 m€2012/year. 

5.2 Investment optimisation - Generation and transmission development 

This subsection shows the optimal generation and transmission development, as well as the impact of the 
offshore grid investment possibilities and the planning horizon on these. 

5.2.1 Optimal generation and transmission development 
The transmission system and generation development for the found-as-optimal scenario in section 4, i.e. 
Offshore grid – intertemporal, are shown in Figure 3 and Table 4, respectively.  

 
Figure 3. Offshore grid – intertemporal scenario: transmission lines and hubs in 2030 and 2050 (GW). On-land lines in green, 

C2C offshore lines in orange, lines related to the meshed grid in light blue and hubs in dark blue. 

 

The results show a considerable development of the offshore grid in the North Sea towards 2050. The 
corridors GB-NO, GB-BE-DE, and DE-NO seem to be key in the future energy system. These corridors are 
split into direct C2C and hub-connected lines. The benefit from this architecture is that hub-connected lines 
can be used for both wind offshore dispatch and C2C dispatch. The interconnections to NO are especially 
crucial because the hydro power of this country is used to integrate large shares of VRE in the other countries. 
The importance of the planning horizon is reflected in the 2.9 GW line built between NO and DE in 2030, 
which in that year works solely for C2C dispatch, but in 2050 it is used also for wind offshore dispatch since 
a hub is built in the middle of the line.  



With respect to the generation capacity development towards 2050, the increase in installed capacity of VRE 
is remarkable, especially wind offshore, whereas the condensing power is drastically reduced towards 2050. 
Most of the wind onshore potential is built already by 2030, which reflects that this technology is generally 
the most profitable. It is also interesting to see that NO and DE are the countries where the hubs are built; 
overall, 35% of total wind offshore capacity is hub-connected by 2050. However, the energy produced in the 
windfarms connected to these hubs is not kept for themselves but distributed together with the other 
countries. This emphasizes the importance of not establishing nationalities when building an offshore grid. 

  

Solar PV 
Offshore wind 

Onshore wind Thermal Condensing 
 (in brackets: share of hub-connected) 

2020 2030 2050 2020 2030 2050 2020 2030 2050 2020 2030 2050 

BE 3.4 8.6 11.8 
1.6               

(0%) 
6.0               

(0%) 
6.0                

(0%) 
2.3 4.4 4.4 9.7 8.4 7.1 

DE 52.0 78.6 98.6 
7.4               

(0%) 
24.6           

(69%) 
40.8       

(77%) 
49.5 57.3 62.3 35.2 26.6 13.0 

DK 0.9 2.1 9.0 
1.7               

(0%) 
6.0                

(0%) 
6.9               

(0%) 
4.1 6.5 6.5 0.1 0.0 0.0 

GB 11.5 17.9 42.6 
10.5               
(0%) 

27.7               
(0%) 

33.2               
(0%) 

11.9 20.0 20.0 53.1 41.2 31.2 

NL 1.9 12.7 12.7 
1.1               

(0%) 
1.1               

(0%) 
5.2               

(0%) 
4.9 4.9 4.9 28.4 17.2 3.7 

NO 0.0 0.0 0.0 
0.0               

(0%) 
4.4            

(96%) 
9.6         

(44%) 
3.5 8.0 8.0 0.0 0.0 0.0 

Sum 69.8 119.9 174.7 
22.2               
(0%) 

69.7          
(30%) 

101.7     
(35%) 

76.2 101.1 106.1 126.5 93.5 55.0 

Table 4: Offshore grid – intertemporal scenario: installed VRE and thermal condensing capacities (GW). 

5.2.2 Impact of offshore grid investment possibilities 
The influence of the offshore grid investment possibilities on transmission and generation development 
towards 2050 in the North Sea when performing an intertemporal optimisation is illustrated in Figure 4 and 
Table 5, which show the evolution of the transmission and generation development for the Project-based – 
intertemporal scenario, respectively. These results are to be compared to those in section 5.2.1, where the 
Offshore grid – intertemporal scenario is shown. As mentioned in Section 4, the two grid architecture 
scenarios differ in the offshore grid investment possibilities. 

  

Figure 4. Project-based – intertemporal scenario: transmission lines in 2030 and 2050 (GW). On-land lines in green and C2C 

offshore lines in orange. 



Regarding the grid development, it can be seen that in the project-based scenario similar levels of high 

interconnection are achieved by 2050, however, in the offshore grid topology part of this interconnection 

is built via hubs. 

Comparing the generation investments from the two scenarios, it can be seen that the offshore grid topology 

ends up with more wind offshore and less wind onshore and solar PV than the project-based solution, and 

that the offshore grid requires less thermal condensing power. These results suggest that it is more cost-

effective to provide part of the required flexibility to integrate large shares of renewable energies with an 

offshore grid transmission development than to build condensing power. 

 

 Solar PV Offshore wind Onshore wind Thermal Condensing 

2020 2030 2050 2020 2030 2050 2020 2030 2050 2020 2030 2050 

BE 3.4 8.6 19.8 1.6 6.0 6.0 2.3 4.4 4.4 9.7 8.0 7.6 

DE 52.0 84.3 103.7 7.4 7.8 16.2 49.5 59.0 64.0 35.2 28.8 15.2 

DK 0.9 2.2 9.0 1.7 6.2 8.1 4.1 6.5 6.5 0.1 0.0 0.0 

GB 11.5 17.9 37.2 10.5 30.2 33.8 11.9 20.0 20.0 53.1 42.2 33.7 

NL 1.9 12.7 12.7 1.1 9.2 16.3 4.9 4.9 7.5 28.4 20.0 5.5 

NO 0.0 0.0 0.0 0.0 4.0 11.5 3.5 11.4 11.4 0.0 0.0 0.0 

Sum 69.8 125.7 182.4 22.2 63.5 91.9 76.2 106.2 113.9 126.5 99.1 62.1 

Table 5: Project-based – intertemporal scenario: installed VRE and thermal condensing capacities (GW). 

 

5.2.3 Impact of planning horizon 

The influence of the planning horizon on transmission and generation development towards 2050 in the 

North Sea for an offshore grid topology is illustrated in Figure 5 (transmission) and Table 6 (generation). 

These results correspond to the scenario Offshore grid – myopic, and should be compared to the 

transmission and generation development of the Offshore grid – intertemporal scenario in section 5.2.1 

(Figure 3 and Table 4 respectively). 
 

 
Figure 5. Offshore-grid – myopic scenario: transmission lines in 2030 and 2050 (GW). On-land lines in green and C2C offshore 

lines in orange. 

 
Making this comparison reveals that independent of the planning horizon the accumulated generation 
capacity is rather similar in the two scenarios in 2050, whereas in 2030 there are differences between myopic 



and intertemporal optimisation. In the myopic optimisation scenario, the generation capacities by 2030 are 
generally higher than in the scenario with an intertemporal optimisation, especially Solar PVs. One of the 
reasons is that in the myopic optimisation the expected price decrease of the investment technologies is not 
considered. It is found that under intertemporal optimisation it is worth delaying some investments, and 
thereby using a more expensive available technology in 2030, to benefit from the future price decrease in the 
long term. 

Moreover, since in the myopic approach the further decommissioning taking place by 2050 is not taken into 
account, the investment results are affected, especially with respect to the distribution of the generation 
investments. Since transmission and generation investments are considerably linked, the investments in 
transmission are also influenced for the same reasons, leading to a slightly different configuration of the grid 
by 2050 due to path dependency with respect to the intertemporal optimisation. The planning effect that was 
observed in the intertemporal scenario, is not seen in the myopic one, i.e. there is no line built in 2030 that 
is used for C2C dispatch in 2030, and for C2C and wind dispatch by 2050. Additionally, it is interesting to 
see that, in the Offshore grid – myopic scenario used in this paper, it is found optimal from a global system 
perspective to build a hub in GB’s waters, and connect it to BE and a hub built in NO’s waters. This remarks 
the importance of international cooperation when dealing with an offshore grid. 

  

Solar PV 
Offshore wind 

Onshore wind Thermal Condensing 
 (in brackets: share of hub-connected) 

2020 2030 2050 2020 2030 2050 2020 2030 2050 2020 2030 2050 

BE 3.4 8.6 11.0 
1.6               

(0%) 
6.0               

(0%) 
6.0                

(0%) 
2.3 4.4 4.4 9.7 9.0 7.5 

DE 52.0 90.0 103.2 
7.4               

(0%) 
27.7                

(73%) 
38.8                

(75%) 
49.5 57.3 62.3 35.2 27.5 13.9 

DK 0.9 2.5 9.0 
1.7               

(0%) 
6.0                

(0%) 
7.0            

(0%) 
4.1 6.5 6.5 0.1 0.0 0.0 

GB 11.5 17.9 39.6 
10.5               
(0%) 

29.4                
(0%) 

35.9               
(7%) 

11.9 20.0 20.0 53.1 40.3 30.2 

NL 1.9 12.7 12.7 
1.1               

(0%) 
1.1               

(0%) 
2.9                

(0%) 
4.9 4.9 4.9 28.4 15.9 3.6 

NO 0.0 0.0 0.0 
0.0               

(0%) 
4.4            

(96%) 
11.0             

(38%) 
3.5 8.4 8.4 0.0 0.0 0.0 

Sum 69.8 131.7 175.6 
22.2               
(0%) 

74.5                
(33%) 

101.6               
(35%) 

76.2 101.5 106.5 126.5 92.6 55.3 

Table 6: Offshore grid – myopic scenario: installed VRE and thermal condensing capacities (GW). 

 

5.3 System operation optimisation 

This subsection provides insight on the impact of the time selection on the results and on the electricity 

generation per fuel for the most relevant scenarios. 

5.3.1 Optimality of time step selection 
The influence of the time step used on the annual aggregated electricity production per fuel in the North Sea 
region for the Offshore grid – intertemporal scenario is depicted in Table 7. The simulations shown compare 
the results of the scenario used for the investment optimisation, which contained only the selected time series, 
and the full year system operation optimisation, with exogenous investments from the selected weeks run 
plus expensive back-up power. The comparison reveals that the difference in TWh per fuel is not significant. 
Additionally, the utilization of back-up power is very small compared to the total electricity production. 
Therefore, it can be concluded that the selected weeks used are representative enough of the full year energy-
wise.  

Year Simulation WIND-OFF WIND-ONS SUN WATER BIOFUEL NUCLEAR FOSSIL BACK-UP SUM 

2030 

Investment 
Optimisation    

(selected time series) 
305.1 249.2 119.2 168.2 65.6 72.4 228.9 0.0 1208.4 

System Operation  
(full year) 

306.4 249.1 119.0 168.6 66.5 73.7 210.2 0.1 1193.6 

2050 

Investment 
Optimisation    

(selected time series) 
427.5 252.8 174.9 177.4 23.3 15.4 152.1 0.0 1223.4 

System Operation  
(full year) 

432.1 254.5 174.5 178.8 24.3 17.4 122.5 0.5 1204.7 

Table 7: Aggregated yearly electricity generation by fuel for the Offshore grid – intertemporal scenario 

(TWh/year). Full year versus selected time series. 

 

 



5.3.2 Electricity dispatch  
The aggregated yearly electricity generation by fuel, year and selected scenario are illustrated in Table 8. 
The penetration of VRE energy towards 2050 is remarkable in any of the scenarios, at the expense of fossil 
fuels. In the Offshore grid - intertemporal scenario, just the share of production of wind and solar PV together 
goes from 28% in 2020, to 57% in 2030, and to 71% in 2050. The Project-based – intertemporal scenario 
has slightly lower shares and TWhs of VRE; the largest difference is that offshore wind generation is higher 
with an offshore grid topology, at the expense of decreasing the contribution from wind onshore and solar 
PV. This effect is stronger in 2050. These results suggest that, rather than affecting the penetration of VRE 
energy, the grid topology will have a larger influence on the relative contribution of each VRE technology.  

On the other hand, by 2050 the TWhs generated with the different energy sources are almost identical in the 
Offshore grid - myopic and Offshore grid – intertemporal scenarios. However, the contribution of VRE in 
the Offshore grid – intertemporal scenario by 2030 is smaller. As explained in detail in section 5.2.3, this is 
a result of delayed investments in VRE. This suggests that, rather than affecting the penetration of VRE in 
the long term, the major impact from building the offshore grid not taking the expected future into account 
is likely to be economical, as shown in section 5.1. 

In the Offshore grid – intertemporal scenario, 62% of the fossil TWhs are produced with CHP plants in 2050. 
It needs to be noted that the development of the heating side was not optimized, and therefore the use of CHP 
plants was required to provide for the heating needs. 

Year Scenario WIND-OFF WIND-ONS SUN WATER BIOFUEL NUCLEAR FOSSIL BACK-UP SUM 

2020 Starting point 81.5 185.9 68.1 169.1 43.0 181.8 469.5 0.0 1198.9 

2030 

Offshore grid -  
myopic 

327.3 249.4 130.3 168.7 64.6 71.5 195.0 0.1 1207.0 

Project-based - 
intertemporal 

273.9 259.8 124.5 168.5 67.1 74.7 218.9 0.1 1187.7 

Offshore grid - 
intertemporal 

306.4 249.1 119.0 168.6 66.5 73.7 210.2 0.1 1193.6 

2050 

Offshore grid -  
myopic 

430.8 255.5 174.8 178.8 24.3 17.4 121.4 0.5 1203.4 

Project-based - 
intertemporal 

385.0 272.8 182.0 178.7 24.8 18.1 130.1 0.5 1192.1 

Offshore grid -  
intertemporal 

432.1 254.5 174.5 178.8 24.3 17.4 122.5 0.5 1204.7 

Table 8: Aggregated yearly electricity generation by fuel, year and scenario (TWh/year). 

6. DISCUSSION 

Even though the results obtained in this paper provide significant insight of the scenarios, they are subjective 
to the modelling assumptions. The major limitations of these will be analysed in this section. 

Electricity consumption is assumed almost constant because of using the scenarios from [31], where the 
coupling of the various energy sectors was quite limited and strong energy efficiency measures were 
considered. The future development is expected to be quite the opposite, i.e. increasing the coupling between 
the electricity sector and the rest of the energy system. This coupling can increase the load considerably, 
making transmission investment, as well as taking the expected future into account, even more important. 
Similar to sector coupling, adding storages as investment possibilities can be a game changer, since they are 
in direct competition with transmission. The importance of this competition is reflected in the results of [35], 
which performed an investment optimisation over a full year in the European energy system. Sector coupling 
will be modelled in future research. 

A foresight of 40 years aggregated into two snapshot years might be controversial, since predicting the 
development of costs and policies is already very complex in the short term.  However, it has been shown 
that not taking the future into account leads to suboptimal investments decisions. Therefore, the definition 
of long-term clear goals, e.g. reduction of CO2 emissions which might result in high CO2 prices, is important 
to plan the future energy system properly. Foresight up to 50 years is not unusual in energy system analysis 
[36], and in particular when dealing with capital intensive investments such as transmission grid long time 
horizons are important [37]. 

Furthermore, performing investment optimisation with annualised investment costs, aggregated years, and 
social discount rates is a complex matter. Annualising is a consequence of technologies having different 
lifetimes and not being able to use infinite foresight due to computational limitation. By annualising, the real 
benefits and costs of the technologies will not be fully represented. This problem is increased when 
aggregating years. On the other hand, when applying social discount rates higher than zero the results are 
biased towards investments that have reduced costs at the beginning of their lifetime, and high towards the 
end. This is because future costs will have a very low weight in the objective function due to discounting. 
Nevertheless, these limitations are simply part of the optimisation itself and their impact can only be reduced 
when higher computational power is available.  



The protection of HVDC lines, i.e. breakers, is not included in the costs of this technology due to lack of 
data. Nevertheless, the system value of transmission lines was demonstrated in [24], where a sensitivity 
analysis doubling the costs of the lines was performed, and still, although less, strong transmission 
reinforcement took place. 

In this paper, one meteorological year is used in the optimisation. As VRE plays such an important role in 
these scenarios, considering different weather conditions to test the system reliability seems reasonable. 

The wind onshore potentials behind these analyses reflect a pessimistic view on social acceptance towards 
this technology (the lower of the onshore wind potential scenarios introduced in [24] was used in this paper). 
This has a strong impact on the results, since wind onshore is one of the most attractive technologies from a 
pure economic point of view [32]. To better assess the onshore wind potentials, future research should be 
relying on modelling of social acceptance. Modelling of social acceptance costs has recently been carried 
out by [38]. However, to our knowledge the existing analyses on future transmission grids do not include 
endogenous social acceptance of onshore wind. 

Even though expanding the transmission grid seems to be optimal, and particularly in an offshore grid 
configuration with hub connections, it seems that not all the countries/agents will benefit equally. Some of 
them might even lose from this expansion, which calls for considerable international cooperation; see for 
instance [9]. An example of international cooperation to build hub-connected wind farms has recently been 
realized with the Kriegers Flak project in the Baltic Sea. These aspects will be considered in future research. 
On-land transmission expansion acceptance is another important matter to tackle, since our results find a 
considerable expansion of the on-land grid. 

The present section presented some of the most important assumptions behind our analysis. Despite the 
limitations to the analysis, the following conclusions are found valid. 

7. CONCLUSIONS 

This paper has investigated the optimal development of the energy system in terms of generation as well as 
transmission in the North Sea region and studied the importance of the planning horizon. It is found that 
when planning the energy system of the North Sea region, an integrated offshore grid configuration planned 
over a long planning horizon leads to cost minimization, providing considerable savings in the studied region. 
The grid topology is not likely to influence the overall level of VRE penetration, although it will affect the 
contribution of each VRE type and the system costs. An integrated offshore grid is expected to increase 
offshore wind investments compared to a project-based approach. 

Rather than affecting the overall penetration of VRE towards 2050, developing an offshore grid without 
taking the future into account is likely to lead to a more expensive energy system. Furthermore, it is found 
that running a system with high share of VRE is realistic and cost-efficient. However, a system with large 
shares of VRE requires significant flexibility. Our study shows that a large share of the flexibility required 
for this integration could come from reinforcing the transmission grid. 
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