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A R T I C L E  I N F O   
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A B S T R A C T   

We research effects on the electricity market of countries surrounding the North Sea after a proposed offshore 
wind park in the Dogger Bank area of the North Sea has been constructed. Interconnection and generation 
distribution are analysed separately. The supply price of electricity for each country is calculated by a linear 
regression analysis to simulate the supply price for higher or lower supply. The model uses the coupling of one 
supply with one receiver country. Linear modelling of the electricity market combines the results for each 
objective to find a final state for the market. Using the historic market and weather data for 2016, the results 
from interconnection show an average generated value of 0.275 [M€/hour] and 82.1 [GW] of average energy 
flow through the hub. The results of this interconnection between the countries bring between − 26% and +11% 
change on average electricity prices. For hub generation added in, we found an average generated value of 0.573 
[M€/hour] and an average price drop of 5% for each country for an average wind power generation of 6.3 [GW] 
at the hub. The results show that interconnecting the similarly sized electricity markets i.e. Great Britain and 
Germany & the Netherlands and Denmark, where one has a higher renewable share, would bring the most price 
stabilization between the two as well as generate the most financial return.   

1. Introduction 

Transmission system operators of 3 countries (the Netherlands, 
Denmark and Germany) have recently signed an agreement, to construct 
an offshore wind park in the form of an energy island in the North Sea 
[1]. Subsequently, natural gas transmission system operators such as 
Gasunie and the Port of Rotterdam have joined the consortium [2]. This 
energy island is based on the hub and spoke principle (Fig. 1). Whereas a 
point-to-point system between n countries requires n(n-1)/2 connec-
tions, a hub and spoke central needs only n connections and this can 
affect the whole network [3]. [4] has emphasized the importance of 
increasing transmission interconnectivity by a factor of approximately 4 
within the EU, as well as the critical role of prosumers and storage 
allowing a 100% renewable energy system. This project aims at better 
interconnection amongst the electricity markets of six North Sea coun-
tries (NSC): United Kingdom (GB), Norway (NO), Denmark (DK), Ger-
many (DE), the Netherlands (NL) and Belgium (BE). Recent studies have 

convincingly demonstrated that it is the integration of renewable sour-
ces which delivers the largest benefits to the grid [5]. [6] has confirmed 
this by recommending the need for the integration and development of 
communication technologies between transmission and distribution 
networks. Following that, [7] have confirmed the benefit of wind power 
quantitatively on the German electricity market having compared the 
effect of offshore and onshore wind parks on the spot price. This research 
concluded no difference in price reduction effect between offshore and 
onshore wind power. On the same topic, [8] has looked into the market 
effect of large-scale wind power on profit generation in forward and day 
head electricity markets. [9] has looked more into the risks and effect of 
poorly predictable wind power on the day ahead and spot market prices. 
With increasing uncertainty in the prediction of generation and demand 
in a market with a large share of wind power, [10] compared day-ahead, 
intraday, and regulating power markets and indicated more relevance to 
the markets closer to real-time. Indeed, an integrated grid making use of 
multiple offshore generations is envisioned [11,12]. These could utilise 
platform facilities above abandoned oil and gas reservoirs [13]. A recent 

* Corresponding author. 
E-mail address: saleh.mohammadi@tudelft.nl (S. Mohammadi).  

Contents lists available at ScienceDirect 

International Journal of Electrical Power and Energy Systems 

journal homepage: www.elsevier.com/locate/ijepes 

https://doi.org/10.1016/j.ijepes.2021.107132 
Received 4 December 2020; Received in revised form 12 March 2021; Accepted 17 April 2021   

mailto:saleh.mohammadi@tudelft.nl
www.sciencedirect.com/science/journal/01420615
https://www.elsevier.com/locate/ijepes
https://doi.org/10.1016/j.ijepes.2021.107132
https://doi.org/10.1016/j.ijepes.2021.107132
https://doi.org/10.1016/j.ijepes.2021.107132
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijepes.2021.107132&domain=pdf
http://creativecommons.org/licenses/by/4.0/


International Journal of Electrical Power and Energy Systems 133 (2021) 107132

2

study has gone further than radial project design to evaluate other in-
tegrated connection topologies and quantify potential benefits [14]. 
[15] gives an overview of cumulative total installed capacity, as well as 
the annually installed wind turbine capacity. The results of this research 
show that in 2020 Germany appeared by far as the pioneer in cumulative 
installed wind turbine capacity of 31 [GW] which is larger than the next 
top 3 EU members combined. 

The higher wind speed and stability in far off-shore locations are 
more advantageous for large scale power generation, compared to land- 
based or coastal systems. This has been the subject of a recent study 
optimising layouts based on wind and wave factors [16]. The higher 
costs for construction/maintenance far from shore, however, make 
offshore wind farms less favourable compared to onshore ones [7]. Wind 
turbines generate AC so that transfer losses per kilometre are 40% higher 
than for DC. Installing a high voltage direct current (HVDC) converter 
platform adds to cost [17]. With an energy island nearby, however, the 
converters can be placed on the island [17]. A port on the island also 
provides a logistical advantage for installation and maintenance. 

There are two objectives for the proposed energy island in the North 
Sea. It can be used as a centre to build cheaper largescale offshore wind-
farms on and around it which subsequently distribute electricity to these 
countries – so-called hub generation and distribution (HGD). It is of course 
also used for better interconnection of countries around the North Sea i.e. 
country generation and distribution (CGD) and we start by considering this 
option i.e. only interconnection. The associated research question for the 
country generation distribution scenario (CGD) is: What is the maximum 

value generated by optimum energy flow between North Sea countries 
(NSC) via the hub? For the hub generation distribution (HGD) scenario the 
question is: what is the best distribution for wind energy generated at the 
hub that leads to the maximum value at each hour? Associated questions 
produce the amounts of energy flow between NSCs for each scenario and 
the associated cable size for each objective. A previous study [18] exam-
ined a combined distribution and interconnection scenario but only with 
average electricity prices. Some approaches have used bottom-up esti-
mates for modelling combined heat and power scheduling of energy hubs 
[19]. However, the preferred approach is a phenomenological one that 
develops a pricing strategy in response to dynamic load development [20] 
and this is what is used in this study. 

In Section 2 a model for electricity price simulation is introduced. 
Section 3 presents optimisation strategies for each scenario followed by 
a model in Section 4 to find optimum energy flows between all 6-NSCs. 
The optimization aims for the highest value generated and uses the 
historic data as initial market status (price and load). The new market 
status after optimum interconnection (CGD) is used as input for opti-
mum wind generation (HGD) which gives the final market status. 

2. Price model 

With the import of power from neighbouring countries, [21] has 
shown that the electricity price will drop from initial status (market 
clearing price) to final status (competitive benchmark price). An Italian 
case study by [22], has used piece-wise linear functions to model the 

Nomenclature 

Symbols 
a slope of price quantity line 
b intercept of price quantity line 
k energy exchanged between supplier and receiver country 
Lg generation limit of a country 
LR receiver limit of a country 
LS excess generation capacity of a supplier 
P price 
ΔP initial price difference between trading countries 
Q energy 
V value generated at hub 
W amount of sold wind energy 

sub/superscripts 
0 initial price in a country 
‘ subsequent state when selling to the second country starts 

‘’ subsequent state when selling to the third country starts 
d demand 
i supplier 
j receiver 
s supply 

abbreviations 
NSC North Sea Countries (GB, NO, DK, DE, NL, BE) 
NC Not Connected 
CGD Country Generation Distribution 
HGD Hub Generation Distribution 
GB Great Britain 
DE Germany 
DK Denmark 
NL The Netherlands 
BE Belgium 
NO Norway  

Fig. 1. Power Link Island [1] with schematization of the hub and spoke concept.  
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market clearing process aiming for optimal hourly zonal electricity 
prices. Following this research, a linear price function has been used to 
model the effect of power import on the electricity market. 

We start from the assumption that each country individually is able 
to supply its own demand. i.e. the supply quantity is equal to demand 
quantity resolved on an hourly basis (Qs = Qd). This implicitly includes 
already existing interconnections that do not go through the proposed 
hub. After connection with the hub, the demand per country will not 
change, but import or export via the hub (Qs) will affect the supply price 
(Ps). Since we only consider supply price and supply quantity in our 
calculations the subscript “s” referring to the supply side are eliminated 
from here on for simplicity. 

The price-supply correlation determines what happens to electricity 
price in a country as different quantities are supplied. Providing we are 
not near the capacity of the country; this can be modelled linearly based 
on the data averaged over a year (see Fig. 2 based on 2016) [23,24]. 

Ps(Q) = aQs + b (1a) 

The coefficient a is the slope of the supply price against quantity and 
measures the sensitivity. This is the main sensitivity factor we use in our 
analysis below. The constant term b is the effective marginal cost of 
electricity as it refers to the cost when there is no supply. As noted above 
we have used the values from the year 2016. We justify this by the 
observation that the spread of the annual average values a and b, be-
tween years is much smaller than the spread within a year as charac-
terised by the root mean square (rms) deviation of the price. Explicitly 
this is quantitatively stated as follows: Fig. 2 shows a widespread in 
prices for each country. We drop the subscript for supply s and replace it 
with a subscript denoting year k which is the straight-line fit: 

Pk(Q) = akQ+ bk (1b) 

There is a rms (root mean square) deviation in the price within a year 
given by δPk. Correspondingly between different years k there is a rms 
deviation in the price given by ΔP. This rms variation in the price line 
between different years ΔP is a lot less than δPkthe rms variation of price 
within a year i.e. δPk≫ ΔP. This is simply a quantification of the 
observation that seasonal variations within a year are always consider-
ably more than a variation of the annual average between years. For this 
reason, a consideration of just the spread over a single year is sufficient 
to model the system. 

We have to avoid being near the generational capacity limit of the 
country where severe non-linearity is to be expected. Our method for 
doing this is discussed in 3.1 below after we have extracted what these 
limits are. The limits on the quantity that can be supplied for each 
country are obtained along with the a and b factors of Eq. (1) above, 
from the hourly historical market data (demand and electricity price) for 

all 6-NSCs [23,24]. It is noted that our optimization takes place for each 
hour separately and is based on historic data either for 2016 or fore-
casted for 2016. As discussed above, we have assumed that – before 
optimisation - supply equals demand at any hour. We fit the coefficients 
from Eq. (1) by regression analysis to hourly resolved data for all 6 NSC 
(Table 1 shows coefficients a and b for all 6 NSCs). Having these supply 
price lines, we can estimate what happens to the supply price of elec-
tricity in each country if the supply deviates from the demand (see next 
section). As can be seen from Fig. 2, not all the historic data are on the 
characteristic line associated with each country. To avoid this becoming 
a source of error, only the linear fits have been used to simulate the price 
when supply varies. 

A final point in Fig. 2 is the finite potential of supply as given by the 
extent of quantity along the x-axis i.e. the quantity range that one 
country can supply to another. In any kind of trade, there are two limits:  

1. Supplier limit (LS): The supplier, in general, cannot sell any more than 
its generation capacity. Since country i is supplying power, it can 
support the excess generation capacity left from supporting its own 
demand (LS = Lg − Qi). Generation limit (Lg) in this formula is the 
highest recorded demand in our historic data. Although countries, in 
general, can support more than their highest recorded demand (due 
to security of supply) [24], because of the exponential increase in 
supply price close to its limit, we have used these values so that our 
constant slope approach is more realistic.  

2. Receiver limit (LR): The receiver cannot receiver any more than its 
demand. Since country j is receiving the energy we have LR = Qj.

Although the receiver country (which is also the more expensive one) 
might have some storage capacity to store cheap electricity for later 
use, in this report it has not been considered. Thus, the most country j 
can benefit from cheap electricity provided by country i, is theoret-
ically from its total demand. 

Considering these two basic limits, the energy flow between the 
traders is restricted by the minimum of these (LS and LR). Consequently, 

Fig. 2. Supply price vs. demand for all 6 NSCs [23,24]  

Table 1 
Price quantity coefficients with power generation limits based on the highest 
recorded demand flows between countries.  

Country abbr. code 103a(€/ (MWh)2) b(€/MWh)  Lg(GWh) 

Great Britain GB 1  1.6 − 1.8  77.9 
Norway NO 2  0.7 15.2  24.5 
Denmark DK 3  5.4 6.8  6.6 
Germany DE 4  0.5 − 2.0  79.2 
Netherlands NL 5  3.4 − 10.1  18.6 
Belgium BE 6  4.7 2.0  13.7  
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calculated values for energy exchanged (see below) cannot exceed the 
limits given in Table 1. 

As can be seen in Fig. 2, some countries like Germany have lower 
slopes (a) since their electricity markets are well prepared to meet 
higher demands and their electricity price is relatively stable throughout 
the whole spectrum – see Table 1. Germany has a large scale generation 
of renewables (such as wind) with zero marginal cost. Thus, the cost of 
bringing in extra energy to a secondary country is low – this is reflected 
by the low (and negative) value of b as well as the large generation limit. 
These factors allow the supply price to be lower. 

Countries like Germany and Denmark have some negative values in 
their electricity price range. This is an indication of substantial amounts 
of renewables in their grid. For these sources, the marginal costs of 
generation are almost zero. A major factor in determining electricity cost 
is the regional balancing of the grid [25]. If there is too much renewable 
energy, the costs associated with balancing the grid would increase 
rapidly. This in turn causes the spot price to drop below zero simply 
because the grid balance measures in place cannot deal with overloaded 
inflexible supply. Hence for the grid to stabilize at those instances dis-
tribution service operators (DSO) pay their clients to use electricity to 
avoid overloads and damage to infrastructure. The reason why they do 
not stop generating at those times of oversupply is either inflexibility in 
baseload (i.e. shutdown and start-up of generating power plants) and/or 
government subsidies for renewables. 

By contrast, countries like the United Kingdom and Belgium show 
larger variations in their electricity price. This is due to insufficient 
national gas-fired power plants which can fire up quickly and avoid 
price spikes. The second cause of large price variations is poor inter-
connectivity inside a country. 

Last but not least, it is important to keep in mind that the simplified 
price function used in this study is merely used for comparison of rela-
tive electricity price response of different countries to find out the 
profitable ones. 

Now that the dynamic electricity price for each country has been 
described, we proceed to our analysis of the effects of interconnectivity 
which is demonstrated by initially analysing a 2-country model which 
we then generalise to all 6 countries with which we are concerned. 

3. Methodology 

3.1. Country generation and distribution (CGD) 

Consider two countries i and j which trade electricity. Each country 
has its own supply price line. At any point in time, one country has a 
lower electricity price and can supply the other. However, as energy is 
transferred from the cheaper supply country i (source) to the more 
expensive customer country j (sink), the price in the supplier country i 
(source) goes up and the price in the customer country j (sink) goes 
down. In an ideal model, and providing supply and receiving limits are 
not exceeded, then the 2 prices will eventually meet, although non-
linearities normally occur before this point to which we will not go on 
this study – see the previous section. Now we can proceed to calculate 
that optimum energy flow in the ideal case by setting the new prices at 
each side of the energy exchange to be the same. 

Each country has its own specific slope a to characterize their price 
changes as the quantities demanded and supplied change for the source i 
and sink j respectively. Representing the initial and final (within the 
context of the CGD situation) status by unprimed and primed variables 
respectively, then after an exchange of energy k, defined by 

Q’
i − Qi = Qj− Q’

j = k (2)  

where i is a supplier and j a receiver. Recalling from Eq. (1) 

P’
i − Pi

Q’
i − Qi

= ai;
P’

j − Pj

Q’
j − Qj

= aj (3)  

and solving for pi’ and pj’, then inserting Eq. (2) into Eq. (3) gives 

P’
i = P+ aik;P’

j = Pj − ajk (4)  

the energy transfer process stops when Pi’ = Pj’ so that the amount of 
energy exchanged is given by 

k =
Pj − Pi

ai + aj
(5)  

which shows the amount of energy exchanged in terms of the initial 
price in the source and sink countries. Recalling the definitions in Eq. 
(1), k can also be expressed in terms of the initial quantity of supplies in 
each country before exchange: 

k =
(ajQj − aiQi)

ai + aj
+
(bj − bi)

ai + aj
(6) 

Note that this value is based on an average change in price with 
respect to the quantity of supply. However, as Fig. 2 shows, there is a 
significant spread around the straight-line approximation (In effect we 
have taken a sequence of time values and used their average to give a 
demand line). The initial status used for estimating the transfer potential 
is by definition, almost never on the average line. In other words, 
specifying a and b rarely gives a market status and also unduly con-
strains the optimisation process. In our analysis, we are mainly con-
cerned with the average rate (i.e. the factors) at which the change occurs 
- the first term on the right-hand side of Eq. (6). For this reason, in the 
analysis that follows, we ignore the second term on the right-hand side. 
The b terms which determine the second smaller term in Eq. (6) only 
have physical meaning at Q = 0 – the lower extreme for supply which is 
beyond the limit of the linearity of the model (as in the case of gener-
ation limit discussed in the previous section.) Thus, instead of using the 
exact line that we found through regression, we can ignore the b coef-
ficient and simply look at the average price change with quantity of 
supply as measured by the slope a i.e. the first term on the right-hand 
side of Eq. (6). 

A parameter for the value from energy exchange is derived from 
averaging the sales income for the source and the generating saving for 
the sink [17,25]. The net benefits for each side of the energy exchange 
are given in equations for the supplier and receiver respectively. It is 
important to realize that this net benefit is in reality the gross social 
benefit and the marginal generation costs (such as maintenance 
etcetera) are not taken into account. 

V =
1
2
(k
(
P’

i − Pi
)
+ k(P’

j − Pj (7) 

In the ideal case prices after the power trades meet (P’
i = P’

j). The 
total value generated is only a function of the initial price difference 
between traders (ΔP) and the a coefficients. Thus 

V =
k
2
(
Pj − Pi

)
=

k
2

ΔP (8)  

3.2. Hub generation and distribution (HGD) 

In the foregoing country generation distribution (CGD) scenario, the 
hub only acted as infrastructure connecting the countries which gener-
ated electricity. We now look at the effect of adding generational ca-
pacity in the hub itself. The market status of a country at any time is 
represented by a point. If there is no hub generation, the local price 
moves up and down the characteristic lines with slope a as soon as power 
is injected (less need for self-supply) or taken out of its grid (export to 
another country). In the case of hub generation, only a price decrease 
occurs because the marginal cost of renewable energy generation is very 
small compared to traditional sources – the only marginal cost is 
maintenance. We have not looked at the hub as a separate actor in terms 
of having its own price line. 

S. Alavirad et al.                                                                                                                                                                                                                                
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The highest value from hub generation is not achieved by simply 
selling to the country with the highest electricity price at any moment as 
we did for a country generation. In CGD we linked the countries to 
maximise value. However, in reality, the value comes not just from price 
difference but is also limited by the transfer limits from the supplier and 
receiver side. In the current model, the dynamic price lines respond to 
the quantity of self-supplied electricity (which decreases as soon as 
external power enters their national grid and vice versa). It does not 
correctly model externally supplied electrical energy. The whole price 
modelling system is only valid for CGD while the same price modelling 
system (the same line and slope) holds in all cases. We aim to sell 
generated wind energy at the highest local instantaneous prices. 

We address this problem by using the concept of merit order which 
looks only at sink price levels. This is the order in which power plants get 
used as suppliers for a given demand. This starts with the power plants 
with the lowest marginal costs. Our linear model follows the same 
principle as all the slopes (a) in Table 1 are positive. We begin by selling 
wind power to the country (1) with the highest price P0

1. Due to dynamic 
pricing, as energy is received from the hub the electricity price of that 
country drops to P’

1 as it is receiving energy from the hub. This drop 
P0

1 − P’
1continues until the next highest price country (2) is reached i.e. 

the point is reached where P’
1 = P0

2 (see Fig. 3). 
At this point, wind power is sold to both countries in a way that the 

price drop is the same amongst both (as shown in Fig. 3): 

P’
1 − P’’

1 = P0
2 − P’

2 (9) 

Note that the quantities of energy transferred are different due to the 
different price response ai for country i. This process continues until both 
prices meet the next highest priced country (3). At this point, wind 
power is sold to all 3 countries 1, 2 and 3. These 3 countries again would 
receive wind power in a way that all would have the same price 
decrease. The same strategy continues until all wind energy generated at 
the hub is sold. Therefore, all countries receiving wind power from the 
hub for an hour would have the same electricity price after generation 
distribution is finished for that hour. For an amount of wind energy (W) 
sold to a country j, the value generated is the same as in Eq. (7) above. i. 
e. the area under the supply line from the initial price Pi to the final price 
Pf . 

V = W*(
Pi − Pf

2
) (10) 

The total value generated at each hour is the sum of all such values 
for all the receiving (“sink”) countries. We now turn to the model for 
interconnecting countries. 

4. Interconnection model 

In the previous section, we described the two scenarios we wish to 
study. We also described in the introduction that the hub and spoke 
interconnection reduces the interconnection from 15 to 6 points. We 

now define how we define which of the links are “active” at any hour - i. 
e. which links generate the most value. There are 6 potential sources/ 
sinks (“nodes”) to be pairwise connected corresponding to a total of 6C2 
= 15 possible combinations. All these links go through the hub. At any 
hour, any of these links could be chosen to exchange electricity between 
the two countries on either side. We have simplified our model in a way 
that if two countries are interconnected, they cannot exchange with a 
third country. In other words, for any supplier (source) of the electricity, 
there is only one receiver (sink) i.e. one source one sink. 

The question is: What is the best independent combination of these 
links that leads to the most value generated from interconnection? To 
find that optimum combination we define several scenarios whereby we 
include only the links that are independent of each other. In other words, 
if a link is chosen in a scenario, the other links chosen should not overlap 
with them. This leads to 3 links out of all 15 possible since there are only 
6 countries in our model. Considering this simplification, from combi-
nation theory we reduce the number of scenarios for each hour to as low 
as 15. In Fig. 4, a sample scenario is given to visualize the links and the 
direction of power. The direction of the energy is not considered in the 
scenarios (Table 2) since theoretically, only one direction is profitable – 
thus defining the energy flow direction. 

Table 2 shows the country codes and Table 3 shows all the scenarios 
in terms of country codes. For instance, in scenario 1 from Table 3, Link 
1 shows Great Britain and Norway are connected, Link 2 shows Denmark 
and Germany are interconnected, and Link 3 shows the Netherlands and 
Belgium as interconnected. The direction of the energy flow depends on 
the hourly electricity price. The results are optimised by choosing the 
scenario that generates the most benefit and calculates the corre-
sponding energy transfer and value. Knowing the mechanism of opti-
mization for each objective of the hub, we can proceed to the results 
section. 

5. Results and discussion 

Based on the model presented for country generation distribution 
(CGD) and hub generation distribution (HGD) of the island, the results 
split into 2 sections for each objective. Recall the two assumptions: there 
is only pair coupling between one source and one sink, and these are 
mutually exclusive with no overlap. One last assumption made in this 
report is the sequence of optimization (which is possible due to linear 
modelling). We assume that first the interconnection of the NSC are 
optimized CGD (to generate most value), then the hub generation dis-
tribution (HGD) of the island is optimized (for the same goal). We then 
determine the incremental value of hub generation. Although this order 
can play a role in value generated, the reverse order (generation dis-
tribution first and interconnection second), would essentially lose most 
of CGD’s impact due to levelized prices between all the countries 
receiving wind power. This levelized prices would basically contribute 
to the existence of less potential for CGD. Hence to see the effect of both, 

Fig. 3. Selling strategy for hub generation distribution (HGD).  Fig. 4. Sample scenario for interconnection.  
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we chose interconnection to take place first (stabilizing the prices be-
tween links) and then generation distribution (stabilizing the prices 
between the ones receiving wind power). 

5.1. Interconnection (CGD) 

Recalling from the modelling section for interconnection, we have 
defined 15 scenarios for each hour that chooses 3 independent links. The 
optimization function finds the scenario in which the highest total value 
(from the 3-chosen link) is generated and returns the energy flows and 
total value for that hour. Table 4 shows the occurrence of the scenarios 
(counts for the number of [hours/year] they occurred). In Table 5 on the 
other hand, we show link occurrence based on the percentage of hours it 
has been included in the best scenario (thus taking part in energy 
exchange). 

According to Table 4, scenario number 9 is the most profitable one 
with 31.7% occurrence over a year. Thus for 32% of the time electricity 
flow from Germany to Great Britain, from Norway to Belgium and from 
Denmark to the Netherlands. This is in accordance with the fact that the 
average electricity price in GB and BE is generally higher than that of DE 
and NO respectively (Fig. 2). Considering that in general Germany and 
Norway have high shares of renewable electricity (including hydro-
power) compared with the United Kingdom and Belgium respectively 
[26,27], and the marginal costs of renewable power are insignificant, 
the two links in the most occurring scenario suggests the potential of 
interconnection between countries with more renewable share to the 
lower ones. In terms of most profitable links, however, from Table 5, it 
appears that the link between Great Britain and Germany occurs the 
most often in the interconnection. This is also following the fact that 2 of 
the most profitable scenarios (number 8 and 9) both include these links. 
Note that although there can be overlap in terms of links between 2 
different scenarios, they cannot overlap for any more than one link. (If 2 
links are determined, the third one follows.) Therefore, the two sce-
narios are unique. The same logic applies to the link between Denmark 
and the Netherlands. Both links are included in scenario number 2 and 8. 
These both occur for 21% of the time in both most profitable scenarios 
respectively (Table 4). In total, an average energy flow of 82.1 [GW] and 
an average value of 0.275 [M€/hour] are found from optimizing 
interconnection. 

5.2. Generation distribution (HGD) 

For any amount of generation, the selling strategy is as explained 
above. 1000 SeaTitan wind turbines, each having a capacity of 10 [MW], 

have been considered for a hypothetical offshore wind farm at the hub. 
From weather data for 2016 and the geographic location of (54.5;2.0), 
we estimate a wind speed at 125 m above sea level in order to calculate 
the actual hourly energy production. Hence, the maximum hub gener-
ation in our optimization is at most considered to be 10 [GW]. For 
comparison, a recent public study regarding a hydrogen electrolyser 
facility in this energy island [28] has reported scalability of 3.5 up to 20 
[GW] Hydrogen production capacity which at times of no possible HGD 
the excess electricity generation can be stored in the form of power to 
hydrogen. 

Fig. 5 shows the effect of the hub on the average electricity supply for 
each country. For reference, we show the electricity price for the 
countries when they are not connected (“NC”) for comparison with the 
CGD and HGD scenarios identified above. From Fig. 5, Germany and 
Great Britain are receiving the most wind power. This is due to the 
optimization of interconnection first. After interconnection, the 
receiving wind power is incorporated in the hub generation distribution 
(HGD) scenario. The average price (Fig. 6) in Denmark is slightly higher 
than in Norway. In addition, Denmark’s price/supply response is more 
sensitive (Table 1) with a slope of aDK = 0.0054 compared to that of 
Norway aNO = 0.0007. Corresponding wholesale prices (Fig. 6) (i.e. 
excluding the sustainable energy mark-up) of electricity in Great Britain 
and Germany are still the highest. This gives them priority over other 
countries. Following our value maximisation distribution strategy 
shown schematically in Fig. 3, it gets a bigger share from hub generation 
distribution (HGD) for this reason. Fig. 7 shows the fraction of hub 
generated wind energy imported per country. For Norway, this is 26% 
compared to 3% for Denmark. Our selling strategy effectively caps the 
highest prices within all NSCs. This does not take away from the fact – as 
we shall see below – that Norway is of course a net exporter of energy. 
We need to bear in mind that hub generation and distribution is small 
compared to country generation and distribution. 

Based on optimum generation distribution (HGD) of a 10 [GW] wind 
park at the hub, an average generated value of 0.573 [M€/hour] is 
found. Comparing this with CGD we can see that for about several times 
larger energy flow through the hub (under HGD), about another 50% of 
the value is generated. This is because the incremental generation at the 
hub has no extra OPEX. It is selling power to the receiver country and its 
supply price decreases while selling wind power, due to the dynamic 
pricing of the receiver. 

Table 2 
Country codes for scenario definition.  

Country GB NO DK DE NL BE 

Code 1 2 3 4 5 6  

Table 3 
All 15-scenarios including 3 independent links.  

Scenario 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Link 1 1–2 1–2 1–2 1–3 1–3 1–3 1–4 1–4 1–4 1–5 1–5 1–5 1–6 1–6 1–6 
Link 2 3–4 3–5 3–6 2–4 2–5 2–6 2 3 2–5 2–6 2–3 2–4 2–6 2–3 2–4 2–5 
Link 3 5–6 4–6 4–5 5–6 4–6 4–5 5–6 3–6 3–5 4–6 3–6 3–4 4–5 3–5 3–4  

Table 4 
Scenario occurrence hour and percentage over a year of optimized interconnection.  

Scenario 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Count 513 1803 499 116 114 84 650 1808 2778 36 72 65 17 152 78 
% 5.8 20.5 5.7 1.3 1.3 1.0 7.4 20.6 31.7 0.4 0.8 0.7 0.2 1.7 0.9  

Table 5 
Link occurrence percentage over a year of optimized interconnection.  

Country GB NO DK DE NL BE 

GB – 32% 4% 60% 2% 3% 
NO – – 8% 4% 23% 33% 
DK – – – 7% 54% 27% 
DE – – – – 7% 22% 
NL – – – – – 15% 
BE – – – – – –  
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5.3. Discussion 

Tables 6 and 7 show supply and price changes for each objective 
compared to its input market status. A negative value indicates a supply/ 
price drop and vice versa. In our chosen optimization sequence, the 
input market status for CGD is the real market data. Outputs of CGD are 
then used as the input market status for HGD.  

• Average price (and thus average supply) values are negative for 
Great Britain for whom the hub is thus most beneficial. This again is 
due to price instabilities and a high average price in recorded his-
torical data. 

Fig. 5. Hub’s effect on average electricity self-supplied per country for not connected (NC), country generation distribution (CGD) and hub generation distribu-
tion (HGD). 

Fig. 6. Hub’s effect on average electricity price per country not connected (NC), country generation distribution (CGD) and hub generation distribution (HGD).  

Fig. 7. Wind power imported per country.  

Table 6 
Average electricity supply percentage change per objective.  

Country GB NO DK DE NL BE 

Average supply change (CGD) − 26% 25% 9% 11% − 6% − 13% 
Average supply change (HGD) 5% 9% 5% 5% 3% 3%  
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• The Netherlands is also one of the countries benefiting from the hub, 
although not as much as Great Britain and Belgium from CGD (-8% or 
the Netherlands versus − 16% and − 27% for Belgium and Great 
Britain respectively).  

• For German customers, however, CGD is not beneficial. (i.e. As we 
have already established it would be mostly supplying cheap elec-
tricity to Great Britain). For HGD on the other hand, Germany re-
ceives wind power more often as its price was increased from 
interconnection. This is also supported by the fact that Germany has 
a relatively more stable electricity market that responds less severe 
to imported electricity. The same logic applies to Norway and 
Denmark.  

• For HGB, we see an average price drop of approximately − 5% across 
different countries. This price reduction effect is in line with findings 
of [7] which compared the onshore and offshore wind power effect 
on the market price of electricity. 

Table 7 
Average electricity price percentage change per objective.  

County GB NO DK DE NL BE 

average price change (CGD) − 27% 10% 6% 11% − 8% − 16% 
average price change (HGD) − 6% − 4% − 4% − 5% − 4% − 4%  

Fig. 8. Power flowing between each country and the hub for both per objective.  
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• According to [4], for a 100% renewable power system in Europe, the 
levelized cost of electricity drops from 69 [€/MWh] to 56 [€/MWh] is 
expected which correlates to a − 19% price reduction. In our case, 
since the generation share of renewables between countries are 
different, one country experiences a more severe price response than 
the other. For example, Germany and the UK were shown to be one of 
the most profitable links while on average UK experiences − 27% 

price drop and Germany experiences only +11% price increase. This 
is caused due to different characteristic lines defined per country 
with coefficient a. 

The histogram of energy flows between the hub and the countries are 
given in Fig. 8. For each country, the graphs on the left side show 
optimized interconnection in terms of exported energy from their 

Fig. 8. (continued). 
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national grid (which flows through the hub) to the receiver country i.e. 
CGD. The graphs on the right side, however, represent optimized 
country generation distribution (CGD) in terms of imported wind energy 
from the hub (into their national grid). Negative export implies import 
and vice-versa. 

Initially, there was no limit for energy flowing between countries as 
we were aiming at the highest value generation for both objectives. 
Using Fig. 8 we can optimise cable size to cover almost all the traffic. For 
instance, for CGD in the case of GB, power imports of up to 30 [GWh] 
can be seen, however, by increasing the infrastructure from 20 to 30 
[GW], the extra power trades made possible are negligible. On the other 
hand, in the case of CGD for NO, an infrastructure of 5 [GW] could cover 
most of the traffic, yet this country has a considerable amount of hy-
dropower storage which caused choosing to double the cable size. 
However, a limit on cable size affects the value generated from energy 
flow. Thus, there is a trade-off between the value generated and the 
infrastructure size. If the cable sizes are designed for extreme cases, then 
the value generated for each objective is not affected (this was our 
assumption in value generation calculations). Since infrastructure costs 
are high, and in order to have cable size for each objective, it is wise to 
choose a value that can cover most cases, to avoid impacting the 
generated value. Table 8 shows optimum cable sizes between each 
country and the hub. 

The cable size required for CGD is much larger than for HGD. This is 
due to maximum wind power generation at the hub (which we set at 10 
[GW]). We must also allow for the fact that power losses are larger for 
CGD because energy must first be delivered to the hub and then flow to a 
receiver country. Considering that most of the profit is generated from 
HGD, the most cost-effective solution is to design the hub for optimum 
HGD and use the infrastructure for CGD when there is less wind. By 
doing so, the designed infrastructure can always be fully used as well as 
lowering the hub’s construction costs [18]. 

6. Conclusion 

The effects of a proposed offshore wind park in the Dogger Bank area 
of the North Sea on the electricity market of countries surrounding the 
North Sea has been researched. Two objectives for the hub were defined; 
interconnection and generation distribution. First, interconnection is 
modelled and then the resulting market status is used as input for hub 
generation distribution. A linear regression analysis on the historic 
market data for each country was performed to simulate the supply price 
for higher or lower self-supplied power. The interconnection model 
aimed to find the most profitable combination of mutually exclusive 
links between NSCs. The hub generation distribution model aimed to 
find the most profitable destination for the generated wind power at the 
hub. Using the historic market and weather data for 2016, the following 
results were found. 

• The results suggest by interconnecting the comparably sized elec-
tricity markets where one has a higher renewable electricity share, 
such as the UK and DE or DK and BE, the most price stabilization and 
profit is generated.  

• For country generation distribution (CGD) using the hub merely as 
an interconnection point, for an average power flow is 82.1 [GW] an 
average value of 0.275 [M€/hour] is generated.  

• For hub generation and distribution from a 10 [GW] capacity wind 
park at the hub which on average generates 6.3 [GW] wind power, 
the average value generation is 0.573 [M€/hour].  

• Optimum cable capacities for the spokes were calculated for both 
scenarios; CGD and HGD.  

• For country generation distribution, on average UK experiences the 
most severe price drop of − 27% and Germany the most sever price 
increase of +11%. For HGD, electricity prices on average reduce by 
− 4% to − 6%. 

There were several assumptions in our model which can be used for 
future research:  

• This interconnection model was restricted to find mutually exclusive 
links at any hour. Scenarios of 1 country supplying to n countries 
were not considered. The hub could be modelled as an independent 
“actor” by which all countries sell or receive to the hub at a certain 
hour so that the whole system reaches price equilibrium. A more 
advanced optimization method could define a global electricity price 
(which would be a function of all electricity prices) and aim to 
minimize that global price for CGD and HGD.  

• A follow-up study can look at situations where cable capacity is 
limited or where the countries or the hub can store electricity for 
trade or consumption at a later moment. This particularly in the case 
of Norway with large hydro storage capacity can bring new insight.  

• The price modelling system can be enhanced to include more time 
resolution and spatial location within zones of a country.  

• Linear models for price estimation were used to calculate changes in 
electricity supply price. A non-linear estimation model, particularly 
near the generational limits, can discover a new power trade 
dynamic.  

• This research assumes that there are no limits to power injection 
capacity. The main aim of this research was the highest price stabi-
lization. This can be addressed in the model by restricting cable sizes.  

• The transfer losses were not modelled in this research. A follow-up 
study can investigate various transfer approaches with different 
transmission loss modelling. 
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[15] Bórawski P, Bełdycka-Bórawska A, Jankowski KJ, Dubis B, Dunn JW. Development 
of wind energy market in the European Union. Renew. Energy 2020;161:691–700. 

[16] Bak T, et al. Baseline layout and design of a 0.8 GW reference wind farm in the 
North Sea. Wind Energy 2017;20(9):1665–83. 

[17] Stevens J, Rogers D. Control of multiple VSC-HVDC converters within an offshore 
AC-hub. In: 2013 IEEE Energytech, Energytech 2013; 2013. 

[18] Gerrits S. Feasibility Study of the Hub and Spoke Concept in the North Sea: 
Developing a Site Selection Model to Determine the Optimal Location; 2017. 

[19] Bahrami S, Toulabi M, Ranjbar S, Moeini-Aghtaie M, Ranjbar AM. A decentralized 
energy management framework for energy hubs in dynamic pricing markets. IEEE 
Trans Smart Grid 2018;9(6):6780–92. 

[20] Xu Z, Zhang Y, Wang G. Real-time pricing strategy of micro-grid energy centre 
considering price-based demand response. IOP Conf Ser: Mater Sci Eng 2017;222 
(1):012018. 

[21] Khan KR, Rahman M, Masrur H, Alam MS. Electric energy exchanges in 
interconnected regional utilities: A case study for a growing power system. Int J 
Electr Power Energy Syst 2019;107(September 2018):715–25. 

[22] Vespucci MT, Innorta M, Cervigni G. A Mixed Integer Linear Programming model 
of a zonal electricity market with a dominant producer. Energy Econ 2013;35: 
35–41. 

[23] Bach PF. Time Series Tree. International time series; 2016. [Online]. http://www. 
pfbach.dk/firma_pfb/time_series/ts.php [Accessed 12-Mar-2021]. 

[24] Nordpool. Historical Market Data. Historical market data; 2017. [Online]. http 
s://www.nordpoolgroup.com/historical-market-data/ [Accessed 12-Mar-2021]. 

[25] Turvey R. Interconnector economics. Energy Policy 2006;34(13):1457–72. 
[26] Zhong J, Bollen M. Towards a 100 % renewable energy electricity generation 

system in, vol. 171; 2021. 
[27] Ryan L. Towards renewable electricity in Europe: Revisiting the determinants of 

renewable electricity in the European Union, vol. 154; 2020. 
[28] Tebodin B. 3.5 GW Green Hydrogen Electrolyser; 2020. [Online]. https://www. 

tebodin.bilfinger.com/news/news-overview/news-detail/article/8030/ [Accessed 
12-Mar-2021]. 

S. Alavirad et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0142-0615(21)00371-9/h0015
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0015
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0015
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0020
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0020
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0020
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0025
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0025
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0025
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0030
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0030
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0035
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0035
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0040
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0040
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0040
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0045
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0045
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0050
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0050
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0050
https://www.oedigital.com/news/446663-e-p-goes-green
https://www.oedigital.com/news/446663-e-p-goes-green
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0070
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0070
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0075
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0075
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0080
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0080
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0095
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0095
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0095
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0100
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0100
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0100
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0105
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0105
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0105
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0110
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0110
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0110
http://www.pfbach.dk/firma_pfb/time_series/ts.php
http://www.pfbach.dk/firma_pfb/time_series/ts.php
https://www.nordpoolgroup.com/historical-market-data/
https://www.nordpoolgroup.com/historical-market-data/
http://refhub.elsevier.com/S0142-0615(21)00371-9/h0125
https://www.tebodin.bilfinger.com/news/news-overview/news-detail/article/8030/
https://www.tebodin.bilfinger.com/news/news-overview/news-detail/article/8030/

	Interconnection and generation from a North Sea power hub – A linear electricity model
	1 Introduction
	2 Price model
	3 Methodology
	3.1 Country generation and distribution (CGD)
	3.2 Hub generation and distribution (HGD)

	4 Interconnection model
	5 Results and discussion
	5.1 Interconnection (CGD)
	5.2 Generation distribution (HGD)
	5.3 Discussion

	6 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


