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Abstract

United Kingdom and the Nordic power market havagle interlink directly through a sub-
sea power transmission line in The North Sea. $wster market couplings have complicated
implications for the interconnected energy systantsfor different agents in the common power
market. We analyse this case by modelling the fiapération of the Nordic-UK power market
coupling, considering the local district heatingH)Dsystem in each country as well. According
to the results, after the operation of the newraatenection between Norway and the UK (North
Sea Link), the overall socio-economic benefits itdogelfare) in the region will likely improve
by 220-230 million euro per year, without considgrthe cost of the interconnector itself. The
UK-Nordic market coupling enhances the flexibiligf the UK power system in wind
integration, irrespective of the share of windhe Nordic countries. However, increasing wind
capacity in the UK will diminish the economic betgefbf the link. The merit order effect of
wind integration in the UK will reduce the pricepghetween UK and Norway, and so the
congestion income of the link in many hours a yehen the link is congested from Norway
towards the UK.

Keywords

Energy systems model, European energy market, enmiicy, power market coupling,
renewable energy integration.
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1 Introduction

The expansion of cross-border power transmissi@s land creating an integrated electricity
market is one of the solutions for improving enesggurity and resource efficiency across
Europe [1]. An integrated European power market gHear significant economic savings,
approximately 1 billion €/y only by coupling of tlday-ahead markets [2]. Accordingly, the
European Network of Transmission System Operator&lectricity (ENTSO-E) identifies the
grid expansion projects with the priority for rageg economic and policy support to enhance
the smooth and reliable transmission of electriaityoss European borders [3]. Based on the
latest 10-year development plan published by ENES@ie UK is one of the areas with a
relatively low interconnectivity to the neighbolgipower systems.

In this respect, the governmental regulator in e — the Office of Gas and Electricity
Markets (Ofgem) — has approved the planning andgtaoaction of several links with a total
capacity of 7.7 GW to increase the current 5 GWradnnection capacity of the island mainly to
North-West Europe (NWE) [4]. The Nordic and the Pp&wer markets have ongoing plans to
interconnect directly through different submarirghesnes in the North Sea. The national
transmission system operators (TSOs) in NorwaythedJK have agreed to proceed with a
high-voltage direct current (HVDC) transmissiorelifNorth Sea Link (NSL) [5]. The planning
and preparation phase of the project was compleyed017 and NSL will interlink the two
markets for the first time by 2021. The impact &-Nordic interconnectors on power prices in
the UK [6], on social welfare gain [7], and on wimtiegration [8] has proved to be positive for
the UK. Despite the Brexit Lockwood et al. [9] aeguhat the UK should pursue the planned
interconnections to reduce the costs and losséatiedy low and stable electricity prices in the
Nordic power market can potentially reduce the rfeedhermal power plants at peak hours in
the UK. Moreover, the large amount of hydro reseimethe north can be a reliable solution for
absorbing fluctuations of variable renewable endMiRE), namely wind and solar PV, in a
high-renewable UK power system [10].

Nevertheless, power market couplings have complicahd interlinked implications for the
market participants and stakeholders in each pey&tem [11]. The integration of solar and
wind power will intensify the volatility in electity prices, a market outcome that may be
transferred to the neighbouring regions in a compumer market [12,13]. In the predominance
of energy-only electricity markets in Europe, powdces are one of the most important signals
for mobilizing or postponing investment in powenggation capacity. Hence, the planning and
construction of cross-border interconnectors caterpg@ally complicate the feasibility of
investment in domestic power generation capacity feexibility options such as storage [14].
This may result in the intersection of national rggeplanning with energy transitions in
neighbouring interconnected countries, especially, regions with a high level of
interconnection, such as the Nordic countries, (Nerway, Sweden, Denmark, and Finland)
[15]. On the other hand, these cross-border liaksicrease social welfare and can contribute to
the integration of VRE in the coupled regions [I&jerefore, these multiple impacts of a cross-
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border interconnection should be investigated frdifferent aspects under different energy
scenarios to understand the implications of inmgst such capital-intensive infrastructure [17].

1.1 Contribution of This Study

This study investigates the case of the directantenection between the UK and Norway in
order to provide insights on the following:

I. The social welfare impact of the line under high levels of wind energy: Reviewing the costs
and benefits of the UK interconnections [6] suggisat higher renewable capacity in the UK
will lead to a greater socio-economic gain from ititerconnection to continental Europe, and
especially to Norway. Based on Ref. [18], the UKaMay interconnector will potentially boost
the social welfare by 80% in a future UK power sgstwith a high share of VRE compared to a
base case with less renewable generation. In & byuoorman and Frgystad [19], the socio-
economic gain of the UK-Norway link in higher VREesarios shows mixed results depending
on the geographical connection point to the UK. [Hiter examines future scenarios with higher
renewable energy capacity in several countries antiNWest Europe (NWE), for example,
Germany, France, and the UK, which makes it impdessio monitor the impact of one
parameter like wind capacity in the UK. To underdtéghe impact of interconnection on wind
integration in the UK, we investigate higher wirapacities in the UK and Nordic countries in
separate scenarios with and without interconnectioncontrast with most of the reviewed
studies [6,7], our findings suggest that a highiedvwpenetration in the UK has a negative impact
on the socio-economic gain of the NSL link compai@dhe case of the link operating under
today’s conditions.

[I. Impact of the line on each Nordic country separately: Most of the reviewed studies have
investigated the impact of the UK-Norway intercoctoe with respect to the cost and benefits
for the UK and Norway (for example, [18-21]). Thea® countries are directly connected by
the link and have higher interests in the econompacts of it. However, the possible impact of
this interconnector on other Nordic countries ,(i8weden, Denmark, and Finland) is not
quantitatively analysed in the literature. The Nombuntries are among highly interconnected
countries in Europe, with an export-to-peak powagacity ratio between 28-45%. Therefore,
any future changes in the availability and pricé&Nofwegian hydropower can potentially affect
other Nordic countries importing electricity fronoNvay. In this contribution, we investigate the
impact of Norway-UK interconnector on Sweden, Derknand Finland to scale the possible
benefits and losses of these countries after tetpn of NSL.

[1l. Impact of the line on the flexibility of the two coupled power systems. We investigate the
impact of NSL on wind integration in the UK and terdic countries. We calculate the amount
of wind curtailment avoided due to the operationNBL. The scale of this impact is not
quantified in the examined body of research [12223]. As such, the results of this study can
provide a key insight to inform the policy discassion the provision of flexibility by the



interconnector, compared to other domestic flekybdlternatives such as storage and internal
transmission expansions [24].

We employ an hourly, multi-area, operation-dispatadel of the Nordic-UK power market
and the district heating (DH) system in each aguiitherefore, the analysis of the future energy
scenarios in the NWE power market with this appnozan capture the dynamics of both power
and DH markets [25,26]. The results of this contrdn will help regulators, policy makers,
energy producers, and energy experts to understargbcial welfare and flexibility implications
of the UK-Nordic interconnector. The following dfi$ paper is structured as follows. In Section
2, the modelling method and data are presentedioS8e® discusses the results, followed by
concluding remarks presented in Section 4.

2 Methodsand Data

The Nordic power market has a relatively high shafr@ydropower, accounting for more
than half of the electricity supply. In this hydiominant market, the availability of hydropower
and the pricing strategy of hydropower produceay jal key role in settled prices. Furthermore,
combined heat and power (CHP) plants comprise 20¥tedotal installed power capacity in the
Nordic region [27]. These CHP plants act as anrlinkage between an international,
deregulated power market and local DH systems ¢h eauntry. The pricing strategy of CHP
producers thus influenced by their respective Dirhaled and DH prices. We apply a novel
method to represent these two characteristics efiNordic power market, by considering a
myopic, adaptive pricing strategy for power prodadey simulation of hydro water value and
power prices from CHP plants. This approach isampt in [28] in detail and will be briefly
discussed as follows.

2.1 Moddling Approach

The modelling approach in this study is a combomatf optimization and simulation in
representing the market behaviour of power produicea day-ahead power market. The model
used for applying this structure is called Energ@R], which is a multi-area operation and
dispatch model of the Nordic power market and taatihg sector in each ate@he model is
hourly and deterministic, simulating the operatafrthe power and DH market for a desirable
period usually for a year (8760 h). Enerallt is antinvestment optimization model; hence, the

! The “Area” can be a country or an individual pracea. Each area is represented by a separate pgstem
and the connected DH sector. The areas of Enerilis study include NO, SE, DK1, DK2, FI, and UK.



capacity mix in each scenario is defined by the.udee model output is the most likely hourly
operation of the system in question consideringléfaed input parameters and assumptions.

Unlike other multi-area operation-dispatch moddistr® Nordic power market, namely,
EMPS [29] and Balmorel [30], the optimization andpatch is based on a myopic foresight
about the future amount of load, availability of EResources, hydro inflow, and the behaviour
of other producers in the market. The productiomtatyy of each producer is modelled
separately at each modelling run for the next Z¥ased on the respective parameters of that
producer, and by considering the outcome of theketan the previous runs. This adaptive
approach is deemed as one of the efficient wayssifoulating a multi-agent power market
model [31]. The aim of the modelling is not to fitlee most optimal solution of the system in a
yearlong horizon, but to simulate the behaviounafket participants in a real life power market
when they plan with a limited knowledge. Figureetnbnstrates the main modelling steps in one
run of the model, i.e., a period of 24 h, resengpdirtypical day-ahead market.

S " A Multi-Area Power Market and DH Sector Modelling | e
Approach (Eneralit)

2) CHP-DH simulation in each area

i 1) Input data 5 (. Planning of the day-ahead (24 h) power and ) 5) Output results
| / ™~ heat production from CHP ~
i Hourly heat demand \ »| * Availability and cost of other heating plants ./ * Final DH heat production mix \
i | * Heatand CHP technology data ¥| + Energy storage possibilities v for 24 h ahead

(capacity, efficiency, fuel mix, . - « Fuel usage mix in DH

emission factors, costs, taxes

| . » Cost and emission in DH
etc.) 4) International power Il

+ Data of distributed heat < market
generation versus DH

« Final power production mix for
’/- Receiving power supply curve and load ) 24 h ahead

- from each region * Fuel use in the power sector
» Hourly electricity demand . Receivi J K - + Cost and emission of power
« Hourly availability of VRE eceiving network capacities -
« Hourly electricity trade with »| + Determining day-ahead “system price’ » production )
external markets Y| + Clearing day-ahead “area prices” "l ;?CU:SV system price and area
+ Weekly data of hydro inflow - P C ici
] % Applving market optimization + Cross-border electricity trade
+ Power-only production ) \” ppying P 4 and congestion rates
technology data (capacity, 1" + Congestion income
efficiency, fuel mix, emission | 1] « Producer and consumer
factors, costs, taxes etc.) . . surplus after trade
+ Transmission network 3) Hydropower simulation . HycrIJro storage levels
capaciies ] . [+ Hydropower planning (based on mid- + Excess power (possibly from
oo Share of stabilizing units, | term hydro inflow data, and short-term VRE) and required flexibility
| \\ inflexible generation, etc. / data of electricity demand and VRE \\ /
I — - availability) — —

Notes

1) Initial power supply curve is sent to the power market
*~.. II} The market outcome is used for the production planning of the following day (adaptive planning)

Figure 1. The modelling process for each markatopation step (24 h) in an adaptive approach. ftwer
producers make their bids for the day-ahead mafkety adopt their strategy with a myopic knowledgeut
the future and based on the outcome of the mamkiéiei past.

In this modelling approach, the bidding strategyCéfP producers is based on an integral
planning both for the DH and electricity productidn this context, the difference between
market-economic behaviour of different CHP prodsi¢ee., small, large, and auto-producers) in
each country is taken into account (explained ioti®&e 2.2 in [28]). Because small CHP
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producers are typically heat-demand following, eHdrge CHP producers exert optimization

based on both heat and power prices. The markategies of hydropower producers are
modelled based on the concept of “water value”. Aiy@ropower producers try to optimize their

production with an outlook over the possible lexehydro reserves in upcoming weeks, and by
considering the opportunity cost of supplying oné of hydropower now compared to saving

that for future demand. This method is implemeigdonsidering:

- Time of the year: for a hydropower producer, phecise forecast of the water inflow in the
whole year is not possible. Hence, the produceatgsdtheir bidding strategy by observing the
inflow at each time of the year, and by considethmgdata of the past years. Based on this, we
estimate different water values for each seasora(aeekly basis) to simulate the amount and
the price of hydropower supply to the common pawarket.

- Reservoir level: we estimate hydropower supply&un each country as a price function of
reservoir level. The level of hydro in reservesirtes the pricing strategy of hydropower
producers with respect to other producers.

- Time of the day: Ultimately, the bids of hydropawproducers are modelled by considering
the residual load in each hour of the day ahead.

This novel approach simulates the bids of hydropgweducers on a rolling basis, where the
decisions are updated at the end of each modellimbased on the outcome of the market in the
previous run. The procedure of hydropower simutaiio our model is explained in detail in
Section 2.4 and Appendix B in [28]. Figure 2 shaavsypical hourly outcome of the model
compared to actual hydropower production. This h®maulation approach gives a more
realistic on production of hydropower as opposedptimization models with a yearlong
planning horizon, where it is assumed that hydragoproducers help the system reduce the
costs whenever needed by benefiting from a fuddmht.

The cross-border transmission links between Denipiack areas and Germany are modelled
by assigning a price-dependent import functionh®e links (see Section 2.5 in [28]). Other
external cross-border links, for example, from & to Russia, are modelled with a fixed
hourly power flow as the recorded one in the bass.yThe output of the model is validated
against the recorded statistics for a reference (y@a 2014). The results of validation suggest
that annual power prices show a relative error-8%d.compared to the statistics c. The hour-to-
hour comparison shows that the model is able talste the variations in power prices and
production in many hours a year, yet the modelnmaprecise representation of shocks in real
time prices. An hourly comparison of the model attpnd historical data for hydropower
production in Sweden is demonstrated in Figure Be Timitations causing these hourly
differences includenter alia, considering a fixed maximum net transmission ciypdor the
cross-border links throughout the year, considettiggshort-term marginal cost for condensing
plants, and not considering within-country transmois bottlenecks in Sweden and Norway.
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Figure 2. Comparison between model results andrigsd records of hourly hydropower production in
Sweden [28].

2.2 Dataand Assumptions

The input data to the model include power and Diregation capacity mix, technology data
(efficiency, fuel mix, carbon emission factors, govwo heat ratios, etc.), fuel costs and taxes,
DH prices, transmission network capacities, andtatime series. The time series are hourly
distribution of power and DH demand, hourly avdligbof VRE resources, hourly power
exchange with the external markets, periods of teaance downtime of nuclear power plants,
and weekly level of hydro reserves in each area. ddpacities and fuel mixes are based on
national statistics, and power market data are Ipndased on Nordpool [32] and ENTSO-E
Transparency Platform [33]. For calculating thersterm marginal costs, a carbon emission
price of 8 €/tonne is used for the reference y&ae. full range of the input data for the Nordic
countries is presented in Appendix A in [28].

Figure 3 shows the layout and capacity of crosgdrotransmission lines including in the
model. The dashed transmission lines are those mreelelled with a static hourly power flow as
the base year for any scenario examined throudhisuypaper.
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Figure 3. The layout of the power transmission ekvwstudied in this paper (own illustration usirejal
from Nord Pool [32]). Note: the dash lines haveadis hourly power flow equal the base year.

2.3 Examined Energy Scenarios

The interconnector NSL is a 1400 MW HVDC line betwevilldal in Norway and Blyth in
the UK, connecting the two market for the firstéinThe planning and preparation phase of the
project completed in 2017, and it is expecteditimatine become operational in 2021.

The Nordic power system has a high share of lowerageneration. In a system with total
installed power capacity of 104 GW and the annoagy generation of 375 TWh, more than
50% of electricity is produced from hydropower ptarThe rest of the generation capacity is
mainly CHP power, nuclear, and wind with 20, 12} 40 GW installed capacity, respectively.
The average electricity price in the Nordic systgas 26-32 €/ MWh in 2014-2017. However,
the power production mix in each country is widdifferent. The electricity system in Norway
is almost 100% renewable with 35 GW hydropower ciypaenefiting from a huge storage size
of 83.4 TWh. Sweden and Finland have a mix of rarcleydro, and thermal power plants, but
Sweden benefits from a bigger hydro reserves. Theepsystem in Denmark is mainly wind
power with the rest of the system CHP thermal popVents (for more details on the Nordic
power and DH capacities see Appendix of Ref. [28he Nordic countries are highly
interconnected; the share of cross-border capaglfijive to the size of the power system is
between 28-45% in these countries.

The power system in the UK is mainly a thermal posyestem. In a system with a yearly
electricity demand of 300 TWh, the generation capas approximately 87 GW, more than
8



60% of which is coal and gas power plants. The Olwgr system has a nuclear capacity of 9.5
GW with wind and solar PV making up 16 and 12 GWh# generation capacity by 2016,
respectively. The UK energy policy seeks to inceghe share of renewables, mainly wind and
solar PV accompanied with the reduction of carlsdensive coal generation. The UK remains
one of the few countries in Europe with a crossibotransmission capacity less than 10% of
the size of the power system. Hence, the interatimmeto neighbouring countries has been a
policy option, including an interconnection to Naeryv Other input data related to the UK power
system are summarized in Appendix A.

In this paper, we study a set of future energy @wes to illustrate the impact of the
interconnection with respect to the research questised. Our method is based on a “static
scenario analysis”, in which only one parametechanged at a time to investigate the sole
impact of that specific parameter. First, we bailetference model based on the data of 2014 for
the UK and the Nordic systems. This will be ourdfenark model, and we compare the energy
transitions in different scenarios with this refere scenario. Next, we investigate the operation
of NSL by modelling of the link added to the refere energy system. This way, we illustrate
the sole impact of the operation of the line, notbe mixed with other possible energy
transitions. This is NSL-only Scenario. In the negenarios, we consider the case of wind
integration in the UK (called Wind Scenario), as well as the replacement of coal img w
energy in the UK (called Coal-WindScenario). Finally, we model a scenario to investighe
simultaneous integration of wind energy in the Uil &ordic countries, called NSL-WiR@e.

In all the mentioned scenarios, other parametethefpower and DH systems remain as the
reference scenario. For example, the nuclear dgpacd the DH demand remain unchanged.
Table 1 summarizes the main parameters changeatimexamined scenario.

Table 1. The main changes in the input data of é@anscenarios

Reference .
Future scenarios
Year
NSL- Windyk NSL- NSL- NSL- NSL-
Name of scenario - Only (without Wind Wind CoalWwindy | CoalWind,
NSL) UK NWE +Windnordic
Wind, UK (GW) 12.4 124 | 124> 324 | 324 324 324 324
NSL (NO-UK) (GW) Not built 14 Not built 1.4 1.4 1.4 1.4
Nordic wind (GW) 11.7 11.7 11.7 11.7 1;]'_77? 117 117> 317
Coal, UK (GW) 19.9 19.9 19.9 19.9 19.9 199> 95 9.5
1376w Sweden, 9.2 GW Denmark, 6.3 GW Finland, and 2.5 GW Norway




3 Reaultsand Discussion

This Section demonstrates the results for the lplessicenarios depicted in Table 1. The
results show the impact of the line if it was opieral today, and in future wind integration
scenarios in NEW.

3.1 Impact of North-Sea Link on Wholesale Electricity Prices

First, we examine the impact of NSL on power priceSIWE and power trade between the
regions. The yearly average price of electricitythe UK was much higher than the Nordic
power market in the reference year, 51.7 € MWh amegh with a Nordic system price of 32.4
€/MWh. The results indicate that NSL would conttéoto lowering power prices in the UK by
5.5%, while increasing the Nordic price by approxiety 3%. NSL facilitates the import of
lower-price electricity from the Nordic region tioet UK totalling 11.8 TWh/a. This will make
the line congested from north to south approxing&@8Ps of the hours in the examined year.

Transferring electricity from Norway to the UK eitdanew conditions for other Nordic
countries. According to our analysis, the eledfriprices will grow in all the Nordic countries
after the operation of NSL. Finland will experientte lowest price increase equal to 0.6
€/MWh, while Norwegian electricity consumers hawe pay 3% higher prices when their
country is connected to the UK. Table 2. summanmas impact of the operation of NSL on
electricity prices in the region. The higher prioethe Nordic region is the direct impact of
export to the new market and the higher scarcitgwfprice hydropower from Norway to other
Nordic countries.

3.2 Social Wefarelmpactsof North-Sea Link

We use the ternsocial welfare as an agreed indicator for evaluating the tramstiin an
energy market [34]. The social welfare or sociorernic gain comprises of the three revenue
lines, including the consumer’s surplus, producestsplus, and congestion rent [17]. A
transition in a market will entail changes in eamimgains of the market participants, and the
social welfare as well.

Table 2. Impact of interconnection between UK Bladway on average power prices

UK Finland | Sweden | Denmark® | Norway
Power price in the reference year
(E/MWh) 515 33.9 32.0 32.1 31.8
Power price after NSL (€/MWh) 48.7 34.5 32.9 33.0 32.8
Difference (€/MWh) -2.8 +0.6 +0.9 +0.9 +1.0
Relative difference (%) -55% | +1.6% | +2.8% +2.9 % +3.0%

a Weighted average of DK1 and DK2
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Importing electricity from the Nordic power markiet the UK will change the economic
surplus of the market participants in both regiofisanks to lower power prices in the UK,
British electricity consumers enjoy a higher ecomosurplus compared to their situation today.
This makes electricity consumers in UK the biggestner of the Nordic-UK power market
coupling. Nordic power producers also improve themonomic surplus due to exporting
electricity to the coupled market with higher psc&he gain of Nordic power producers totals
350 million euros a year (M€/a) after the operattdrNSL, which is 36 M€/a higher than the
economic loss of Nordic power consumers. The I6$doodic consumer surplus is due to +1.1
€/MWh price increase in the Nordic System Pricee Nordic TSOs will make an additional
income of 83 M€/a due to the congestion rent.

Figure 4 illustrates the main changes in economiplgs of the stakeholders after the
operation of NSL (NSL-only scenario) compared teirtlsituation in the reference year. The
operation of NSL will contribute to the social waett gain in both the UK and the Nordic power
systems, by 109 and 118 M€/a, respectively. Howekiereconomic impact of the operation of
NSL is not uniform across different Nordic courdri€-or example, the Norwegian TSO will
increase their congestion income by almost 100 M#fich is half of the total congestion
income collected from NSL.

~ Change in economic gain (M€/a) after NSL

1000

500

+118 +109

-500

-1000 ' '
MNordic UK

|- Consumer surplus I Producer surplus -Congestian income [_]Social welfare |

Figure 4. Impact of the operation of the North &gk (NSL) on the economic gain of the Nordic ahd t
UK power market participants, as well as on théaagelfare compared to the reference year

Other Nordic TSOs will collect lower congestion ante from the cross-border
interconnectors after the operation of NSL. This lsa due to the emergence of a new electricity
customer for the Norwegian hydropower, resultingaihigher price tag on hydropower from
Norway to other Nordic countries. Other Nordic cioes will import slightly lower electricity
from Norway at some hours, resulting in a slightlys congestion rate from west to east in the
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Nordic region. Table 3. shows the detailed impdcNSL on each Nordic country. Finnish

consumers experience the second lowest loss obetgosurplus after NSL. However, since the
economic gain of Finnish producers is not high ghowand the Finnish TSO collects lower
congestion income as well; the social welfare inldfid diminishes after the deal between
Norway and the UK. Sweden experiences a marginalanement in the social welfare, which

leaves the biggest part of welfare gain to Norwidye social welfare in Norway stands at 120
Mé€/a, which can be an indication for the Norwegiaxpayers who will eventually undertake
half of the investment in the line (the other twalmes from the British TSO).

Table 3. Impact of UK-Norway interconnector on #wwnomic gain of market participants in each Nordic
country. The numbers show the change between theoXy scenario and the reference year.

Change (cf. to the reference year) FI SE DK? NO
Consumer surplus (M€/a) -39 | -117 | -29 -129
Producer surplus (M€/a) +28 | +139 | +31 | +151
Grid income (M€/a) -5 -7 -2 +100
Social welfare (M€/a) -16 +14 0 +120
a Weighted average of DK1 and DK2

3.3 North-SeaLink and Wind Integration in the UK

Next, we analyse scenarios that the installed dgpat wind energy in the UK grows
incrementally. This type of analysis is suitable focusing on the implications of only one
parameter, here wind capacity, on the system. dkpected that wind capacity in the UK will
reach 30-35 GW in 2020s [35]. For illustrative pases, we model wind capacity additions in
steps of 4 GW to analyze the impact of this en&mgysition on social welfare in the region, both
before and after NSL. The results show that undésreint wind capacities for the UK, the
social welfare improves in both the UK and the Noaystem, compared to today. However, the
magnitude of this gain in both systems diminisindsigher wind capacities in the UK compared
to the wind capacity today (see Figure 5). Accagdim the results, in higher wind capacities in
the UK, the power prices declines significantiytive Island. Therefore, the interconnection to
the Nordic region will not offer the same scaléefefits as the connection of the two systems
could do today. For example, in the scenario \MWin@dding 20 GW wind capacity to the UK
system will naturally reduce electricity pricesrrd1.5 to 38.9 €/ MWh in the British power
market. The role of interconnector can be stillifpasin the scenario NSL-Wing, bringing the
UK power prices further down to 38.2 €/ MWh, a stighduction of 1.8%. These results were
partly expected due to the near zero marginal @ostectricity from wind and no changes in
other aspects of the UK power system, such agielgctlemand in our analysis.
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Socio-economic gain after the interconnector

~ 40 || —*—Social Welfare (Nordic)

20 || —e—Social welfare (UK)

(M€lyear)
compared to the case of no
line
(o))
o

84 124 164 204 244 284 324
Wind capacity in the UK (GW)

Figure 5. The impact of the UK wind capacity on ghefitability of the UK-Norway interconnector féaoth
the UK and Nordic power systems. The results shmretonomic surplus in NSL-Wipd scenario compared
to the respective case of no interconnector, i.edy¢ scenario.

The social welfare in NSL-Wingt compared to the respective case without NSL (i.e.,
scenario Wingk) is approximately +74 M€/a for the UK. Howeveristhain is 32% lower than
the benefits of the interconnector under todayigldmns (see Table 4).

The reduction in socio-economic gain of the intarextor in higher wind capacities in the
UK is mainly reflected in the lower grid income rinothe link. The congestion income,
calculated by Eqg. (1), totals 120 M€/a in the sdenbSL-Wind k, of which 60 M€/a is the
share of the British TSO. This income shows a dedaif 40% from the expected revenues of the
line if it was operational under present conditi(gee Table 4). In Eq. (10, is the net capacity
of the line (MW),H,,,. is the congested hours in both directions per, y@atAP is the price

gap between the UK and Norway.

Annual congestion income = z Tn X |AP|y, (D

h € Heong.

In higher wind capacities in the UK, the intercattoe will be congested in greater number of
hours per year, compared to today. However, siheeptice difference between the UK and
Norway diminishes significantly, the congestioname would not grow proportional to the rise
in the congested hours. Eqg. (2) shows this relati@isimple way.

Hcong. = Hyg-no + Hyo-uk 2)

Even, under 32.4 GW installed wind capacity in th€, the line will be congested 70% of
the year from Norway to the UKy, _.,x, While only 13% in the opposite direction. The 8ara
price gap due to the “merit order effect” of wiml the UK will in particular diminish the
congestion income in the hours that the line iggested from north to south direction, importing
hydropower to the UK.
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The results show that the rest of the UK poweresgdtas still enough flexible capacity (gas
thermal plants) to follow the fluctuations from wigeneration, not leaving the power system
with excess wind and extremely low or negativeggidHowever, in wind capacities higher than
32-34 GW, the congestion income starts to groth@snumber of hours with excess wind in the
UK slightly overcomes the loss of income due todoprice gap between the two countries.

The overall impact of such a high wind capacityha UK is not significant on the Nordic
power prices. Figure 6 shows the impact of diffesaenarios on the power prices in Norway
(the aggregate of Norwegian price areas). The teedlustrate that in many peak hours, the
interconnection lifts the power price in Norway.i§ kituation continues to occur in some peak
hours even after addition of 20 GW wind to the iBlippower production mix.

Table 4. Impact of NSL parallel to future wind sagos in the region on the UK power market. Thengjes
are compared to the reference year (i.e., no addetiand without NSL).

Changes compared to the reference year ':lj:; (WII::/!;::L;\T s V,\\/llﬁlauk NSL-Windywe
Power price, UK (€/MWh) -2.8 -12.6 -13.3 -13.4
Consumer surplus, UK (M€/a) +878 +3761 +4041 +4071
Producer surplus, UK (M€/a) -870 -1356 -1623 -1653
Grid income from NSL, UK (M€/a) +99 0 +60 +75
Social welfare, UK (M€/a) +109 +2405 +2479 +2492
Net social welfare impact of NSL* (M€/a) | +109 0 +74 +87
4 This is the change in social welfare only due to the addition of NSL
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Figure 6. The electricity prices in Norway in edaur of one month (January) modelled for three aides:
() The reference year in blue, (1) After interemttion (NSL-only scenario) in red line, and (&fter NSL and
in 34.4 GW wind in the UK (NSL-Wing scenario) in black dashed line.

Only after addition of this amount of wind in th&the simulation shows a decline in power
prices in Norway, mainly at off-peak hours. Consitgthe marginal cost of nuclear assumed in
this study (see Appendix A), this import from th& Wo Norway can be considered as the
storage of low-price baseload electricity in Nonaeghydropower reserves. This swing of
electricity prices between peak and off-peak m#kesverage prices seem almost unchanged in
Norway (see Table 5). However, the grid congesidhprevails from north to south with 70%
of the hours per year, compared to 14% congestiom in the opposite direction (from UK to
Norway).

Table 5. Impact of the UK-Norway interconnectortba economic gain of market participants in each

Nordic country under the high wind scenario in th€. The numbers show the change between the NSLdy¥in
scenario and the reference year.

Change (cf. to the reference

FI SE DK?* NO
year)

Electricity price (€/MWh) +0.8 | +0.3 | +0.4 | +0.3

Consumer surplus (M€/a) -1 -27 -5 -29
Producer surplus (M€/a) -5 +43 +3 +55
Grid income (M£€/a) -4 -5 -3 +58
Social welfare (M€/a) -10 +11 -5 +84

a Weighted average of DK1 and DK2
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The impact of high-wind scenario in the UK on therdiic countries is not uniform neither it
follows the same pattern as NSL-only scenario. Ui3@4 GW wind capacity in the UK, the
interconnector is still employed mostly to transédectricity from north to the south. Hence,
power prices in the Nordic countries slightly groiis amount of wind in the UK reduces the
electricity prices by 12.6 €/ MWh in the British sidA high wind capacity in the UK slightly
improves the social welfare in Finland, comparedh® NSL-only case, but diminishing the
social welfare gain in the other Nordic countrids. electricity prices in the UK decline, the
Norwegian hydropower producers will not enjoy thepa@t such as the case of NSL-only,
resulting in 30% lower social welfare gain in Noywas discussed earlier, this amount of wind
in the UK suggest lower grid income for the Norveegf SO, a sum of 58 M€/a, which is 42%
lower income if the line was operational today. Tesults confirm the notion that the income
from a cross-border is uncertain and it dependghenenergy transitions in the connected
countries. In this case, higher wins in one sidiheflink significantly reduces the income of the
interconnector compared to the feasibility of ihe under today’s conditions.

3.3.1 High Wind Scenariosboth in the UK and the Nordic system

Next, we examine NSL-Wingye scenario. This case compares the role of NSL when
Nordic countries increase their installed wind cityaas well, according to the respective
national renewable energy plans. The addition o520 wind capacity to the present Nordic
system would result in -13.4 €/ MWh in power pricesthe UK if the systems will be
interconnected. However, if this addition occurgtiat with 20 GW more wind capacity in the
UK (scenario NSL-Wingl), it has a minor impact on power prices in the U&§s than 1
€/MWh. According to the results, this significam@unt of wind capacity in the Nordic region,
a total capacity of 31.7 GW, offers little improvent in the economic gain of the British side; a
social welfare increase of only +13 M€/a (see TdbldHowever, the higher VRE in the Nordic
region results in higher congestion in NSL. The gastion income grows by 25% in this
scenario reaching +75 M€/a for each TSO, comparéuetcase of NSL-Wind

3.4 North-SeaLink and theFlexibility of the Inter connected Power Systems

The direct access to Nordic hydro reserves fornoatg VRE in the UK is one of the
motivations for interconnecting the two regionsisEiwe examine the impact of the line on
providing flexibility for the UK power system by alysing an incremental growth in the wind
capacity in the UK up to 32.4 GW. We estimate tim@ant of excess wind on the national level
power system without calculating the internal draitienecks and other locational constraints
inside the UK. A minimum share of 30% of the loadeach hour is assumed to be met by
stabilizing and dispatchable power plants suchuakear and other thermal plants (similar to the
approach applied in [36]). Therefore, the “excessdivrefers to the amount of wind energy
production in each hour that is both greater than7/0% of the load in that hour and is beyond
the export capacity. Figure 7 demonstrates the ituaign of excess wind in the UK power
system before and after the operation of NSL uddfarent installed capacities for wind power.
The excess wind is presented as the percentageabimind generation in the respective wind
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capacity over a period of one year. As the reslitav, the UK power system has potential to
absorb wind power as twice as today’s capacityaitimajor challenges in system integration.
However, the wind penetration beyond 20 GW leahes UK with some amount of excess
electricity to be handled either by flexibility stibns or curtailed. NSL can help the UK power
system to absorb higher amounts of wind, reduchey éxcess wind by 30-50% in wind

capacities below 32.4 GW in the UK.

Impact of interconnector on wind integration in the UK

16%
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>
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Installed wind power in the UK

Figure 7. Excess wind in the UK before and afteritiierconnection to Norway

However, the size of the link is not significantrqgeared to the UK power system to alleviate
the need for flexibility. For example, in 30 GW wirtapacity in the UK (scenarios NSL-
Winduk), NSL will contribute to absorb 2040 GWh/a of exxekectric, which corresponds to the
annual power generation of 720 MWe onshore windacap in the UK. In this set of
calculations, we assume that the share of windottgpa fixed as today in the Nordic countries.

Next, we monitor the impact of NSL on the flexityilof the Nordic energy system. In wind
capacities up to 31.7 GW in the Nordic region,hlghest amount examined in this analysis, the
Nordic countries have to deal with different amooinéxcess wind in each country. While there
is no significant excess electricity in Sweden &lmiway, Finland and Denmark need to deal
with up to 5% and 11% of excess wind, respectivggrertheless, the interconnector to the UK
has approximately no positive or negative impacthenflexibility of the Nordic energy system.
This indicates that the link can contribute to flegibility of the UK power system, but not vice
versa. The main reason for this one-way benefit lmarthe Norwegian hydro reserves as an
intermediate, and other flexibility options the thothat absorb wind variations in the high wind
producing counties like Demark, leaving the intargector helpless in this respect. The share of
wind was considered unchanged in this case study.
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Finally, we examine the case of simultaneous gramwthe wind capacity in the UK and the
Nordic countries up to 32.4 and 31.7 GW, respelgtiiszenario scenarios NSL-Wikge). The
results show that the need for flexibility in tluigse is very similar to the previous sensitivities.
The installed wind capacity in the Nordic countriess negligible impact on the provision of
flexibility by the link towards the UK power systeithis implies that the UK power system can
rely on the link to balance out a share of windatams in the UK without facing uncertainty
due to future wind capacities in the north.

3.5 North-SeaLink and Retirement of Coal Power Plantsin the UK

In this Section, we examine the intersection of dperation of NSL with other possible
transitions in the UK power market. First, we assuhat wind integration in the UK coincides
with the retirement and decommissioning of a pacbal power capacity. This can be due to the
aging of these plants or more stringent environaiglicies in the UK. We simulate a case of
replacement of coal generation with the equivalgimd energy (TWh/a). In this case, the
capacity of wind in the UK is increased by 20 G\&aahing 32.4 GW. In parallel, the UK coal
capacity is reduced from 19.9 today to 9.5 GW, ducgon equivalent to the added electric
energy from wind. Table 6 summarizes the resulthisfcase.

The average power price slightly grows in the Uterafhe coal replacement with wind. This
can be attributed to the decommissioning of coalvgroplants as a low-price baseload
generation, leading to the higher operating hotimhare expensive generating plants like gas.
At the same time, the added wind capacity is nte tbreplace the reduction of baseload coal
during many hours of the year. As a result, thegmat cost of gas power plants sets the power
prices in more hours in a year. Due to the higherage power price, producers improve their
surplus in the UK significantly, an increase of 7Wl€/a compared to the base year. The
replacement of coal with wind in the UK improves gocial welfare in the UK by +1250 M€/a
(see Table 6). In other words, although Britistcieleity consumers pay slightly more for the
same amount of product, the total gain by produmsvers the loss of consumers improving
the net social welfare. This additional producempkis can be seen as an indication for the
suppliers who would be the ones making the investimenew capacity.

Next, we investigate the role of NSL in this higimd low-coal UK case, i.e., scenario NSL-
CoalWindk. Under thisscenario, the operation of NSL offers improvemensacial welfare
equivalent to the case NSL-only. It means the gnteamsition depicted in this scenario has no
significant impact on the net social welfare gaibgdhe operation of NSL. However, the grid
income on each side significantly increases frontd®44 M€/a, when the high-wind scenario
coincides with some lower coal-based electricitpegation in the UK. Comparing two high
wind scenarios for the UK, one with the equal azgdacity as today (NSL-Wing and another
with much lower coal capacity (NSL-CoalWipp reveal interesting results. The congestion
income in lower-coal scenario is 140% greater coetdo the case of NSL-Wipdwith a
congestion income of 60 M€/a.
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Table 6. Impact of NSL in future wind scenariogtia UK coinciding with retirement of some of coal
capacity. The changes are compared to the benchtaaek2014 (i.e., no added wind and without NSkg S
Table 1 for the definition of scenarios.

NSL-
Changes compared to the reference | NSL- | CoalWindyxk NSL- Coalwind,
year only (No NSL) | CoalWindy +
Windnordic
Power price, UK (€/MWh) -2.8 +2.2 +1.1 +1.1
Consumer surplus, UK (M€/a) +878 -529 -227 -220
Producer surplus, UK (M€/a) -870 +1779 +1443 +1436
Grid income from NSL, UK (M€/a) +99 0 +144 +161
Social welfare, UK (M€/a) +109 +1250 +1360 +1377
. . a
Net social welfare impact of NSL +109 0 +110 +127
(M€/a)
& This is the change in social welfare only due to the addition of NSL

This +84 Mé€/a rise in grid income between the tveensrios (NSL-Wingk and NSL-
Coalwindy) happens while the improvement in social welfazgnveen these two cases is only
+36 M€/a. This indicates that the coal replacenrettie UK offers much more profitability for
the investors in the line (here TSOs), comparel wigh wind scenarios in the UK. Hence, the
profitability of the interconnection is not directtlependent of the share of wind energy in the
system, but also on the rest of the power productiox complementing wind generation. While
operation of NSL after adding 20 GW wind in the WNSL-Wind,) suggests a congestion
income of +74 M€/a, the withdrawal of some coaldobslectricity in the same conditions makes
the link more favourable for the UK citizens byesthg a net social welfare gain of 110 M€/a, a
50% growth. Since this improvement in social welfdrappens in the presence of higher
electricity prices, the regulator should decidefow to redistribute the great income of the link
to compensate the loss of electricity consumers.

Finally, if the wind integration in the Nordic caues will be examined under the case of
NSL-CoalWindk + Windvorgic, the grid income grows by 15% to 161 M€/a, whilthie highest
income among the examined scenarios. However |¢etrieity price in the UK is not affected
considerably compared to the case of NSL-CoalWindhis indicate that higher wind
integration in the Nordic countries will not offeonsiderably lower prices in the UK, when the
UK has a high wind capacity too. This observationficms in both high wind scenarios for
NWE, namely, NSL-Wingl,e and NSL-CoalWingk+ Windyordic.

3.6 A Noteon the Cost of the I nter connector

The cost of the link was not considered in theaoeelfare calculations so far, as there is
uncertainty about the total costs. To estimatecttst of the link, we refer to the 1400 MW
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HVDC interconnector under construction between Geryrand Norway, called NordLink [37].
The initial cost estimations suggest an investmeeed of 1.5-2 billion € (f0euro).for
NordLink. Since the capacity of NSL is equal to tlank, while the length of NSL is 20%
longer than NordLink (748 km cf. 623 km), the coBINSL may reach the upper limit, i.e., 2
billion €. Under examined scenarios in this stutlg,income of the link can vary between 122-
320 Mé€/a, depending on the future scenarios foretergy systems in NWE. Considering the
operation of the link under today’s conditions,aglpack period of 10-12 years can compensate
the capital costs. In this simple calculation, @M costs and other potential income sources
for the link are not taken into account. Howevhg payback period can be as long as 18-22
years, if the electricity prices in future faceoaér gap between two sides of the line compared
to today.

4 Conclusions

This contribution employs a market-based multi-ggeaer and DH market model (Enerallt)
to study different implications of the operationaoprospective interconnection between the UK
and Norway (NSL). The results show that the opamaif the link can reduce average electricity
prices in the UK, improving the economic gain of tbK electricity consumers. While the UK
power producers may lose a big slice of their enoasurplus after NSL, the social welfare will
improve in both the UK and the Nordic power systdmsl10 and 118 M€/a, respectively,
without considering the cost of the link. The liokfers no profitability to the UK power
producers even in higher wind capacities, eithénénUK or in the Nordic countries.

The grid congestion income from NSL will be apprmoately 200 M€/a if the line was
operational today. However, the congestion incorhéhe line declines significantly in high
wind capacities in the UK. This will be due to lavaverage electricity pieces in the UK, which
will shrink the price gap between Norway and the.W§ such, even in more frequent
congestion hours per year in the future, the cdizgemcome will diminish, as the flow will be
mostly from Norway towards the UK. Hence, the notiof higher profitability from an
interconnector in higher VRE scenarios can be ouresd from this perspective. The addition of
wind capacity in the UK, and simultaneous decomiangsg of coal capacity will slightly
increase the average power prices in the UK. Tiesgy transition in the UK system will make
NSL more economically beneficial for the UK compuhte the base case today.

Our analysis shows that the social welfare gaimftdéSL will vary between 158-295 M€/a
depending on power production mix in both sidegheflink. The congestion income from the
link, however, will be in the range of 122-320 M#&da the same examined scenarios. This can
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be an indicative scale to examine the economidkiis of investing in such infrastructure
from a merchant viewpoint, and to compare withléwel of “cap and floor” regime offered to
the investors by Ofgem It should be noted that other ancillary benetfifsa cross-border
interconnection, such as reserve provision andntipgovement in power adequacy, as well as
O&M costs are not quantified in this study.

The interconnection of the UK and Nordic power neariwill entail different economic
implications for the Nordic countries. Norway wgéin the maximum social welfare from this
coupling. However, other Nordic countries will éeated by the link too, in a range between -
13% and + 12% of the socio-economic gain of Norwkinland seems to be the only country
losing a part of their social welfare. This will bee to an increased demand for Norwegian
hydro in the market, and consequently, higher et#gt prices in the Nordic system. This
finding highlights the possible distributional effe of such interconnections on other
neighbouring countries in the same power market.

The link will have a contradicting impact on thexbility of the interconnected regions.
While the UK power system highly benefits from tpeovided flexibility, there is no
considerable benefit for the Nordic side. This u® do different patterns of power supply and
demand in the two regions, and the role of Norwegidropower as an intermediate battery in
absorbing power variations between the two regidnsmportant insight here is the decoupled
pattern of “flexibility provision” from social wedire. While the social welfare in both the UK
and Norway recovers after the link, this is onlg tBritish side that benefits from flexibility
provisioned by the link. In fact, social welfarenminly a function of price gap and congestion
hours throughout the year, while flexibility reqeiment depend on the power supply mix in the
examined power system.

The EU Energy Policy aims at creating a uniform eownarket with shared, common
benefits. The coupling of different power market for detailed investigation of the impacts on
market participants to provide an informed solution the question of “who gains and who
loses?’[17]. The interconnection of two neighbogrtountries may improve or diminish the
welfare gain and flexibility in other countries ihat power market. This highlights the
importance of more coordinated regional policymgkprocesses as opposed to bilateral and
local decision-making. Otherwise, the social welfand the flexibility in integration of VRE in
the whole system may not improve as expected. Uitueef scenarios of wind integration may

2 In the final assessment, Ofgem (the independesrggmegulator for Great Britain) has proposedavisional
floor level of 60 M€/a (53 M£/a) and a cap levellab M€/a (94.2 M£/a) to the developers of the [B.
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make such interconnections more economically védaepending on the pattern of supply and
demand of electricity in two sides of the link @&hd price gap.

This study assumes that Nordic hydropower produaepdy the same rationale as today in
their bidding strategies with no exercise of mangetwer after connection to the UK. The
representation of price areas in a disaggregatgccarmimprove the results of this analysis. The
inclusion of different pricing strategies of hydowger producers in the future scenarios with
considering uncertainty in weather data and hydsgpanodelling will improve our findings.
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Appendix

A. Dataand Assumptions

Most of the input data, parameters, and assumptiesgecially related to the Nordic
countries, are presented in Appendix of the pap@j: Here, we mainly list the input data used
for the UK power system modelling.

Table A. 1 Input data used for the UK power systemrmodel the reference case in 2014

Unit UK Ref.
Electricity demand TWh/a 294 [39]
DH production TWh/a 11.7 [40]
CHP capacity GW 5.6 [40]
Total installed power capacity GW 87.6 [33]
Wind power (of which offshore wind 4.5 GW) GW 12.4 [33]
Solar PV capacity GW 5.4 [33]
Hydropower capacity GW 1.6 [33]
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Nuclear power capacity GW 9.9 [33]
Biomass and waste power capacity GW 2.2 [33]
Coal power capacity GwW 19.9 [33]
Gas based power capacity GW 33.7 [33]
Oil fuelled power plants GW 25 [33]
Wind capacity factor - 0.33 [41]
Solar PV production estimation KWh/ 920 [42]
kWelyr

Table A. 2 Techno-economic data of generating plaased on the fuel type (data from [28,43,44])

Parameter Unit Waste | Peat | Biomass | Coal Gas Oil

Fuel efficiency of power-only ) 24% 28% 35% 41% 45% 42%

plants®
Carbon emission factor” kg/kkwh | 0.14 | 0.39 0 0.34 0.21 0.26
Fuel cost’ €/MWh 0 14-17 | 20-25 | 10-13 | 28-33 | 30-35

The efficiency of hydropower and nuclear power pkare 85% and 33%, respectively.
PBased on [45]
¢ A range of 0-20 % is applied for each fuel. For hear plants a fuel cost of 3-5 €/ MWh.

List of Abbreviations

CHP Combined heat and power
DH District heating
HDH Heating degree hours
HVDC High voltage direct current
NSL North Sea Link
NWE North-West Europe
TSO Transmission system operator
VRE Variable renewable energy
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Highlights

e A market-based analysis of the interconnector between UK and Norway is provided.

* Nordic hydropower production and prices are simulated on an hourly basis.

* The line has an uncertain congestion income (122-330 million euro/a) in examined energy
scenarios.

e The impact of the interconnector on Sweden, Denmark, and Finland is shown too.

e The line will improve flexibility only in the UK and not in the Nordic power market.



