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Introduction

Since the mieb0s, wind power in Denmark has increased from covering just under 5% of the domestic ele
demand to approximately 33% in 2013, and roughly 40% in 2015. According to Energinet.dk, the target of reaching 50%
by 2020 from the Danish Energy Agreement of March 2012 will beamleéeved and the trend is expected to continue

up to 2035, where wind power will account for up to 84% of the classic electricity consumption. Classic electricity
consumption refers to consumption without district heating, individual heat pumps and electrical vehicles. Moreover,

the utilisation of renewable energy sources will increase significantly in the countries surrounding Denmark if the
development follows their national plans for deployment of renewable energy. The electricity production from wind
power depends on how much the wind blows, and it is a-wadwn fact that the challenges of integrating wind power

into the electricity system increases as the wind power share increases.

Integration of wind power requires a flexible power system with sufficient capacity to meet electricity demand with a
high degree of security, also when there is no wind. The lower wind price compared to the average electricity price of
other electricity generators can be seen as a measure of the cost of integrating wind. Energinet.dk h&aBsleegy
Analyses to analyse the impact of various initiatives to integrate wind power, including the Viking connection, heat
pumps and other initiatives. The internal dependencies of the initiatives are furthermore investigated.

It can be concluded that the Viking connection and large heat pumps separately have a posithezgnciic impact
and that the two wind integration initiatives do not significantly affect the other economically. Thus, the benefit of
implementing both initiatives is greater than simply implementing just one of them. A strategy involving both can
therefore serve as a cosfffective solution to integrate wind power in the long run.
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Method

Model calculations

The main part of the analysis is based on calculations with the heat and power market Baldebre! The model

includes a representation of the power market and the district heating system in Scandinavia and most of Europe. The
model calculates generation, transmission and electricity prices based on assumptions for the development of fuel
prices, deployment of renewable energy and other essential parameters.

The analysis is structured around a baseline scenario that describes a likely development of electricity and district
heating systems. In this scenario, the development of all production units (and thereby investments) is estimated with
an aggregated time resolution. Subsequently, calculations are performed on an hourly time basis to analyse how well
wind power is integrated. That is, all results for operation and economics of the system are based on hourly
calculations. A central indicator for measuring successful integration of wind power is the difference between the
market value of electricity captured by wind power and the average electricity price. Whether an initiative is
advantageous or not is evaluated based on the secionomic impact on the entire region.

Scenario
(The abbreviated scenario name is listed in
parentheses)

Scenario analyses
(Changes compared to the base scenario)

Base scenario
(Base)

Viking Link
(VikingLink

Deployment of large heat pumps
(Heatpump$

Increased flexibility on larggrower plants
(CPP_flex

Increased flexibility of individudleat pumps
(Indiv_heatpump}

Combination of Viking Link and deployment of
large heat pumps (Combi 1)

Combination of Viking Link and increased
flexibility on larger power plants (Combi 2))

Combination of Viking Link and deployment of
large heat pumps and increased flexibility on
larger power plantsGombi3)

A

)
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Likely development of heat and power systems when planned and
approved energy policy is taken into account. The approach is
somewhat similar to the methodology for IEA's New Policy Scenario
which is used in the annual publication World Energy Outlook (WEO
The base scenario is calculated without the Viking cable

Viking Link is constructed in 2022. The production capacity is
maintained at the same level as for the base scenario

Gradual phasingn of large heat pumps in the Danish district heating
system. Heat pumps provide 20% of the district heating demand by
2030 (model optimised)

Installation of electric boilers/steam turbine bypass in 2020 at the
larger power plants in Denmark. A total of 3,500 MW of heat (not
model optimised)

Increased flexibility of electricity consumption of individual heat pum
by reducing heat storage to about 4 hours

Same development of production capacity as in the heat pump scen
Viking Link is constructed in 2022

Same development of production capacity as in @®P_flescenario
Viking Link is constructed in 2022

Development of production capacity as in the heat pump scenario +
CPP_flex
Viking Link is constructed in 2022




Results

Base scenario

Calculationgor 2014, 2020, 2030 and
2040.

With the selected assumptionthe energy system in the base scenario is significantly transformedravidwables
becoming increasingly important. In 2040, 2/3 of the total heat and pgweduction comes from renewables,
compared toroughly 1/3in 2014. Fluctuating renewable energy from wind and solar accoumbtmhly 4846 in2040
for the entire region, while thehare is over 65% in Denmark.

Inthe short term, the stagnant fuel and ¢@ricescausethe electricity price in 2020 to stay at the same les@én in
2014(the electricity prices in 2015 are lowpartly dueli 2 W& S 19488 200, the prices are expected to increase
becauseof increasing fuel and G@rices. After 2030, the electricity price does not experience the same growth,
despite the increasing fuel and g@ices since the constantly increasing amounts of renewables affect the prices in
the opposite direction. However, more hours with either very low and very high electricity pricegeeted.

Asa result of the increased quantities of wind power, thid price doesnot increase as much as the average

electricity price.In Western Denmark, the averageicesfor onshore and offshore wind power are expected to be

more than 25%elowthe average spot price in the lomgn (a price gap appear8efore 2030, the model result

shows a price gap below 20%. It should be noted however, that the npodsiblyunderestimates the price gap, as

the model has complete information on production and consumption conditions (there are no discrepancies between
plans and actual operation). For instance, in 2014 the model shows a dewgatibout 8% whereas theealised

deviation was roughly 2.

Electricityandwind prices(Western Denmark)
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Results

Integration ofwind power

Each scenario is evaluated on how well wind power is integrated The scenarios influence the production patterns in

by measuring and comparing the price gap. fphiee gap is the overall electricity and district heating system.
defined as the difference between the wipdiceand the The main impacts are:

average spot price in Denmark measured as a percentagkis

analysis, the main focus is on the integratmfrwind powerin Viking Link

the scenarios, however, it should kenphasized thathe g .
initiatives also serveother purposesAs such, Viking Lin&not A Short term effects: Re_duced produt_:tlon

only used for export and import of wirgbwer electricity but based on natural gasin Great Brltaln_.

import and export of electricity in generafreincreasedln 2022 Increa_sed production based on coal in other
asViking Link is introducedhe price gap is reduced by almost countries

4%points. At the same time, thaverage spot pricencreasesin A Long term effects: Less curtailment of wind
the long run,the pricegapis reduced by2-2.5% points. In the power

shortterm, the effects from large heat pumps is limited, but with Heat pump scenario

an extended time horizon (2040¢rger heat pumps cause the A Short term effects: Reduced production
reduction of the price gap be more than 4% points. based on biomass CHP in Denmark. Increased
In the combination scenarios, the reduction of the price gap production from coal and natural gas in other
corresponds more or less to the swofithe impacts from each of countries

the scenarios it consists of (Viking Link, the heat pump scenario A Lower costs for heat production in Denmark.
and flexibility orlargerpower plants). In the short term, electric A Long term effects: Less curtailment of wind
boilers / turbine bypass olargerpower plantshave the greatest

’ ' ) : | Flexibility of larger power plants
influence on the price gap with a reduction dfofoints. Small A

S . . R ion f i HP i
individual heat pumps have practically no effecttba pricegap. educed production from biomass CHP in

Denmark. Increased production from lignite
and natural gas in other countries (Less
evident than in the heat pump scenario)

T 40%
=, ’ A Less curtailment of wind
t‘cg A Lower costs for heat production in Denmark
= Flexibility of individual heat pumps
T 20% A Limited effect on the overall system
Q. . .
S A Less curtailment of wind
©
.
o 0%
2010 2020 2030 2040
Base VikingLink
Heatpumps CPP_flex
Indiv_heatpumps Combi 1

*For 2014, statistical data is shown



Results

Economics

Generally speaking, all scenarios have a positive smmoomic
impact on the overall system when a longer time period is

considered. The socieconomic benefits are caused not only by &
improved integration of wind power, but also result from changéa
production costs in the electricity and district heating system in=
general. Comparing the various scenarios, it follows that a £
combination of Viking Link and heat pumps is economically an &,
advantageous strategy to integrate wind power in the long run..S
Deployment of heat pumps in Denmark and the construction of @
VkingLinkare both initiatives that separately have positive effectgl
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on wind power integration without impairing the economy of theg "
other substantially. 9 2020 2022 2030
-1000
m VikingLink

Particularly for the Viking Link scenario, the heat pump scenario
and the combination of the two, the socgconomic benefits are

largest in the long run (2030 onwards), while the scenarios in thd® Kombinationsscenarie 1
m Kombinationsscenarie 3

short run are associated with soeszonomic losses. The
calculated socieeconomic impact applies to the entire region,

is especially true for the Viking Link scenario, as the transmission

m Fleksibilitet store kraftveerker
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Store varmepumper
Fleksibilitet indiv. VP
m Kombinationsscenarie 2

e . . Light blue shows flexibility of larger power plants, green shows large
however, the country specific impacts varies across countries. Thigat pumps, orange shows flexibility of individual heat pumps

expansion affects the countries rather differently. For Denmark,
the socieeconomic impact is positive throughout the entire time

Scenario

NPV

[bilion DKK]_

period, whereas short term losses are imposed to other countrie
These differences are caused mainly by different generation mi
in other countries and the way UK prices,@@issions.

For the scenario with increased flexibility on individual heat
pumps, the soci@conomic impact depends on induced costs su
as costs for individual heat storage facilities and control. These
costs are not included here

Viking Link
Deployment of large heat pumps

Increased flexibilityf larger power plants|

Increased flexibility of individual heat
pumps

Combination of Vikingink and
deployment of large heat pumps

Combination of Vikingink and increased
flexibility oflarger power plants

Combination of Vikingtink,deployment
of large heat pumps anlshcreased
flexibility of larger power plants

5.6
20.2
5.1
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22.8

7.6

25.3

*Costs for potential individual heat storage facilities etc. are

not included
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The Nordic Power Market

Nord Pool Spot Market

The Nord Pool Spalily competitive auction at 12:00 establishes a price for each hour of

the next day (24 houjsPrices are created for each bidding area, as well as an overall

waeal Y LINROS

A bid states prices for each hour and corresponding volumes in a spee#ic

I'NBI LINAOSa RAFTTFSNI TNRY (GKS waeadSy LINAOSQ R«
capacity.TheDK1larea represent&Vestern Denmark.

The system price (SYS) is the market clearing price which disregards transo@psioity.

SYS is the basis for financial powerivatives.

Nord Pool covers the Nordic Countriele¢land) and the BaltiStates.
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Continental connections S 00
The Nordic power market is interconnected with contineriarope. é 300
Market based flows between Nord Pool and Northwest European markets 200
result from iterative price calculationrsnarketcoupling. 100

Absent ofcongestionpids from a generator in Norway essentially compete -
with bids from a power plant ifrance. aiieidaiaion2iid 2l siTo S S at e T ol A iz n2d BT OIBH S A BN LA O A i1 2

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 20142015
e DK -\West = Germany = AV(g. System price (nordpool)

Data sourceNordpoolspot.com. Nominal prices.
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HistoricaWestern Danis®pot Price
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100
80
60
40
20

0

Hydrological conditions have a significant impact on the Nordic foizeation.

A Indry years, Sweden, Finland and Norway increasénmgorts to compensate for
lack of hydrageneration.

A In wet years abundance of hydro allows plant owners to lower the prices of their
supplyoffers.

Besides the availability of hydro power, the main driver of sitemn movements in the
power price are fuel prices and the price@d.

Reservoir filling%)
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200220032004200520062007200820092010201120122012014
Norwegian hydro reservoir storage levels in percgmapacity.
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Average Prices by generator type

Captured prices vary by generation technologies

Danish power generatorsare primarily large
power stations, decentralisedCHPsand wind
turbines Recent years have also see an
increasen distributed solarPV.

Since 2002, prices captured by generatorsin
Western Denmark have in relation to the
averagehourly pricebeen

A Centralpower stations +8%
A DecentralisedCHP+9%

A Windpower-10%

A Solarpower +5%

DKK/MWh

Simple time-weighted averagesprovide a first indication of the market potential for various
generationtechnologiesto capture prices but sincewholesalepricesvary hour-by-hour, average
quarterlyandyearlypricesdiffer betweentechnologies

A Dispatchablegenerationwith high short-run marginalcostscapturehigher (albeit fewer) prices
onaverage

A Technologiesvith low short-run marginalcostscapturelower prices,but havemore operating
hours

A Intermittent generationgenerallycaptureslower prices, particularly when the resource(e.g.
wind) is simultaneoushabundantacrossa wide region Solarpower generallyhasan advantage
of coincidencébetweengenerationand highdemand Thiswill erodewith a significantincrease
in penetration

700
600
500
400
300
200
100

0
159159159159159159159159159159159159i1l59I(

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 20142015

DK-West: Time average DK-West: Central DK-West: Decentral

DK-West: Wind eeeeee DK-West Consumption

Calculations based on dafeom Energinet.dk. Nominal prices.
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TheBalmoreModel

Balmorelis used for analysinglectricity, CHP and heat

in internationally integratednarkets.Applications are MOde"ing power and diStriCt heatimStemS

longterm planning,as well as detailed shoeterm or
operationalanalysis.

The model can be used to calculageneration,
transmission and consumption of power aneating
on hourly basis as well as to optimize the electricity,
heat and transmission capacity in the system.

Prices are generated from system marginal costs,
emulating optimal competitive biding and clearing of
the market.

Maln mOdeI InPUtS A Existinggeneration capacities,respectivedzy” Atécknicaland
il T economicdata, investmentoptions (incl. refurbishments)and

: technologydevelopment

Transmissiorsysteminfrastructure, and options and costsfor

capacityexpansion

Projecteddemandfor powerandheating

Projectedfuel and CQ-prices

Policiestaxesandsupportschemes

T

T Do o

Hourlydispatchoptimisation
Optimalinvestmentsin generationandtransmission

Price formation in partial equilibrium price formation
allowingfor marketand stakeholderanalysis

Areasof applicationinclude

Internationalpower marketdevelopment
Analysef wind integration

Securityof electricity supply

Therole of demandresponse

Therole of naturalgas

Expansiorof electricity transmission
Marketsfor greencertificates
Electricvehiclesin the power system
Environmentapolicyevaluation

To To T I o o o o I»



Representation of the international power market

Transmissiogrid 2014

Traiarrisaion capac Ly (5%
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Modelling power transmission and price areas

Development in the international and interconnected power and energy system has
significant implications on the development in any singular paiea.

A Theanalysis described in this report includes calculations in the regions shown on
the map. Most relevant are Denmark and Great Britain (note that Northern Ireland
is included in the Ireland price area and not in Great Britain), the Nordic countries,
Germany, France the Netherlands and Belgium.

A Individual countries are subdivided into regions, between which the most
significant power transmissiotongestions occur.

A In theNordpoolcountries, these regions coincide with the price zonesdndpool
Presently, the German power market has only one pzimee (together with
Austria),in spite ofcongestion in the internal grid. Modellifgermany as one price
region without consideration of internal congestion@ermanywould lead to
unrealistic power flows and export opportunities.g.for Danish poweplants
however, therefore 4 price regions are modelled for Germany.
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Representation of Denmark's district heating and CHP

g L o
4 - Individual and aggregated district heating systems
™ T vl '“:" e In Denmark,there are approximately420 different district heatingnetworks, with numerousplants and
y » i G - heatproducingunits containedin thesesystems
W B & . P
.:‘ “ it B, iy Al s 1 11 centralisedareasaccountfor approx 62%of the total district heatingdemand,roughly 10%is located
i T in mediumscaleareas(more than 1 PJannualheat demand),and 28%are locatedin smalldecentralised

o b heatingareas
5 S s O :
g The centralised and medium sized areas are represented individually, while the small areas are

° =] aggregatedaccordingio the type of supply. However all areaspartially suppliedby municipalsolid waste
ey i~ —— arerepresentedindividually,regardlesof their size

A A me e A

Units connected to centralised heating areas in DK

P _— (ot e

L Pty M5 M S e
” o s W T e
Apart from district heating units and systems, commercial CHP 120 A & sS4 = ST et
plants supplying local industry heat demands are also mcludedgn 100 - 2 L s
two separate areas in Western and EastBenmark. < o Frivenst sl Ve R
GE) 80 Vg RR ol Y i te
Data for existing power plants and district heating demands ar& IR RO e e
based on annual statistics reported by all producers to the Dan%’h‘ﬁo SRR X 5 - N T A Bt
Energy Agency f&011. 5 240 Wy T R~ B
= >> - S ® i ALIE
Forecasts for heat demand factor in both energy savings and 3 &5, G oAUV O N
expansion of the respective district heatingtworksare based on#z e A - Lol
analyses of the Danish district heating systdip&aEnergy E 0 o b & UL
Analyses and COWI for the Danish Energy Agency d20i®) %’ 2013 2020 2025 2035 Ao Tl e o o) s
m Small areas ® Medium scale Ry (e S -
B Centralised areas Units connected to medium scale DH systems individually
represented
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Power consumption development

Nordics:Powerdemandis based on national forecasts where available.
Otherwise, forecasts are based biational Renewable Energy Action Plans
(NREAPsg)ntil 2020.Developmenafter 2020 is based on a BASFHly with

input from participatingcountries.

Denmark:Developmentfor Denmark based on assumptions from the Danish
TSO Energinet.dk (Includes moderate introduction of EVs and individual heat
pumps)

Great Britain:Basedon DEC@rojection (Updatedenergy and emissions
projections2014) excluding Northern Island armsuto-generators. According to

the DECC projection electricity usage increases by roughly 23% between 2020
and 2035, mainly due to higher demand in the residential and service and
agriculture sector, in parts due to declining impact of current efficiency policies.
Other EUStatistic data based on ENT&(forecasts based on statistic data and

the trendin EU Energy, Transport and GHG Emisgjdiends to 2050y the
EuropeanCommission

PowerdemandDenmark
50.000

40.000

30.000
20.000

10.000

0

2015 2017 2019 2021 2023 2025 2027 2029 2031 2033 2035
m Classical consumption m Individual heatpumps

u Electric vehicles m Electrification of railway

*source:Energinetforudsaetninger May 2015; including losses; excluding demand for large heat
pumps and electric boilers (determined endogenouslyBajmore)

Annual power consumption*
[GWh]

PowerDemand\ordics and NortiWest Europe
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Power transmission capacities

Development of the overall transmission grid is based on the Ten Yegiransmission expansion between
Network Development Plan 2014, developed by the transmission 54514 and 2040
system operators within ENTSO The planned capacities are
supplemented information by TSOs, where updated information is
available

Tranamissinn expanaion (O]

Significant changes for Denmark (excluding the Viking Link). o i

A Nordlink 1.4 GW (D&EIO) by 2020 -
A CobraCable0.7 GW (DHIL) by 2020

A Kriegers Flaladds transmission option between Eastern DK and DE
by 2019 (not shown on map) “

A Germaninternal grid, basedon the TSOSatestgrid development
plan (NEP2014), scenario B. Datdil 2020wasdirectly
implemented expansiorbeyond2020appearedoptimisticwith
regardsto the controverseongoingdiscussionsTherefore, the mos™ .. f._"“
controversial expansion corridors were assumed to be delayed & 7
2025. Transmission capachgtween North WesDEand Southern=-""
DEincreases significantly between 2020 and 20R5therexpansion
beyond2025betweenSouthandNorth DE

A Danish internal gridd).6 GW (DK EaBtK West) by 2030

18 I'-_ o .".!:' .



Fossil fueprice development
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e Historical - Natural gas
FWD - Natural gas
e |EA price points

IEA - Natural gas
Convergence - Natural gas

Prices are projected to converge frdm2 RIG @ @& NR &

Oil prices reclining from bottom

The oil market was bottomed out at the beginning of 2015 having
reached the lowest level since the onset of the financieis. Tight oil
plays in the Uy t 9 feldiance (inability) to curbupplies
accompanied with wealemand- created a significant shift the
supplydemand balanceJS inventories have only recently started to
decline, putting upward pressure on the forward curve, indicating a
modestrecovery.

Natural gas

In recent years, shale gas developments, especially in the US, have led to
a glut in the LNG markets and a trend towaaddecouplingf natural

gas and oil prices has depressed natural gas prices on European trading
hubs. Replication of the US shale gas has so far not been very successful.
In spite of pressure from new technology bringing additional reserves on
stream, and stagnant growth, eventuafijobalcompetition for access to
energy commodities and pricing by scard#yikely to recur.

Coal prices at historic lows

Coal prices are also at historic lows. Cheaper natural gas in the US,
increase of renewable energy and weak power demand in the EU and
not least a stagnation athinese coal consumption growth are key
reasons fotthe slide of coal prices. Coal prices are now lower than at the
bottom of the financial crisis.

{i Kpfojedtich be@een 2024 afid 2030.



CQ-emissiongprice development (EUA & Denmjark
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Driving the green transition

At current levels, the C@mission prices alone cannot drive the green transition of the
European Energy Systems.,@@uresNB Ff SOG G KS Odz2NNBy G LINK OS
allowance$. Thesecan be banked from year to year (free storage

ThelEA WEQO014 statesCQ-pricesin the EUETS 020USD/ton in 2020ising to 40

USD/ton in2040(in real2013valueg. By comparison, the EU impact assessment assumes
a 40 EUR/toiCQ-price by 2030 to attain the 40% @@duction target. Adding energy
saving measures reduces the 2030 price to 22 EUR/ton and adding support for RE
deployment and EE reduces the price to 11 EUR/ton. In a conservative scenario without
enabling polices for technological development the 2@&-price is 53 EUR/ton if the
same reduction target has to be met. Tkey question is if the C&ricewill be brought

on track, or if the Rifansition will be driven bgubsidies.

¢KS o6Fa&asS |aadzYLIXiAz2y 2y folldNdfdvGaid priees 20 andda Ay
after this it is assumed that policy will drive prices to converge towards the IEA WEO 2014
New Policies scenario, with prices intersecting@®30. This corresponds to assuming a

continued mix between supporting RE by subsidies and a driviggi@®, with an

emerging importance of the G@rice.

In 2013, the UK introduced a carbon price floor, aiming at ensuring a minimyrpric®

of £16/tCQin 2013 to £70/tCQin 2030 (2009rices). The system is implemented by
adding a national tax on GECPS, Carbon Price Support), which should cover the
difference between the EU ETS price and the total target. However, in 2014 the UK
introduced a cap on the national tax of £18/tCf0r 20162019 to limit the difference
between the EU ETS price and the total nationag}-a& Currently, no policies for such a
cap beyond 2019 are in place, and in principal CPS will rise again after 2019. However, in
this report it has been assumed, that the national tax will be phased out between 2020
and 2030, and thus the effective carbon price in the UK will be the same as in the rest of
Europe as of 2030. The reasoning behind this is twofold: 1) It is not desirable to base the
economic value of an interconnector between Denmark and the UK on a difference in the
CO2regulation system, which by its nature is uncertain. 2) With increasing connection of
the power systems in the UK and continental Europe, it becomes less likely, that a large

UK total (DKK2015/ton) UK total target (DKK2015/tondifference in the effective CG@rice will be acceptable for power producers in

20

international competition.
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Scenario setup

A Baseline investmentModel opimized power and heat capacity in all modelled countries.
A Base Hourly baseline run, dispatch optimization.
A Viking Link Identical to the Base scenario, but with an added 1.4 GW transmission link between Great Britain and Denmark.
A Heat pumps Generation capacities of the Baseline investment for all countries but Denmark. Capacities in Denmark are
optimized by the model after lowering the tariff on electricity for district heat generation to a value of 150 DKK/MWh.
A Flexible CPRGeneration capacities from baseenario, but installation of electric boilers at larger CPP plants in Denmark.
Some of this effect could be achieved by using turbine bypass.
A Individual heat pumps Generation capacities from base scenario, but increased flexibility of individual heat pumps. Assumed
option to move demand by approximately 4 hours
A Combil: Identical to theHeat pumpsscenario but with added Viking Link.
A Combi 2 Identical to Flexible CPP but with added Viking Link
A Combi 3 Identical to Heatpumps scenario but with added Flexible CPP and Viking Link
Baseline Investment run
I I I | I I I
N _ _ Individual Combil Combi2 Combi3
Base Viking Link Heat pumps Flexible CPP Heat pumps Heat pumps + CPP fle?< + Heat pumps +
Viking Link Viking Link CPP flex +
Viking Link
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BASELINRVESTMENT RUN
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Investment approach

In the Baseline investment run the electricity and heat capacities are optimized by the Mioel¢hble below shows the

general approach with respect to which generation is included exogenously and which generation capacity is decided on by

model optimization.

Renewable capacity Other capacity
Denmark Exogenous until 2035. Investment beyond Decommissioning + Investments
Nordics Exogenous until 2030. Investment beyond Decommissioning + Investments. Nuclear
Exogenous
GratBritain Exogenous until 2035. Investment beyond Decommissioning + Investments. Nuclear
Exogenous
Germany Exogenous until 2035. Investment beyond Decommissioning + Investments. Nuclear
Exogenous
Other EU Exogenous until 2020 (NREAP). Investment bey Decommissioning + Investments. Nuclear
Exogenous
Transmission Exogenous until 2030 (TYNDP). Constant beyond




Capacity development

Great Britain Denmark

180.000 solar In Denmark, investments are made endogenously for

160.000 Wwind thermal capacity based on the current tax and subsidy

z 140.000 mBiogas schemes. Capacities for wind and solar power are given
= B Wase exogenously up to 203&8nd based on Energinet.dk
2 120.000 :
g - . forecasts. However, due to the recent price development of
lI0mass - g
g 100.000 solar power, the generation of one larger offshore wind farm
; e ® Pumped hydro has been replaced by solar power.
% ' m Hydro T
. 60.000 H Other fossils .
40.000 W Natural gas LAt
— Solar
20.000 mCoal < 12.000
S Wind
0 W Nuclear > 10.000 mBiogas
2014 2020 2022 2030 2040 S
g 8.000 m Waste
Renewable capacity is modelled exogenously until 2035. ; 6.000 W Biomass
Development of nuclear capacity is based on the average of = ' m Other fossils
the Referencescenario and thé&xisting policiescenario of % 4.000 ]
the Updated Energy and Emission projections 2014 (UEP p— E—
2014) by the Department of Energy and Climate Change ' I
(DECC). Investment and decommissioning decisions for fossil 0
fuels are modelled endogenously. As a result@dll capacity 2014 2020 2022 2030 2040

is decommissionedy 2020.
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Capacity development

Nordics and NortiWest Europe

3000
2500
2000
&
@
o 1500
©
O
S
3]
=
g
1000
500 ||||
OCNOOONOOONOOONOOONOOONO O
AN AN M AN ANOTANANNDTANANOT NN NN
OO0 0000000000000 01O
AN AN AN AN AN NN AN AN NN NN NN AN NN NN ANANANNNN

BELGIUM FRANCE GERMANY

I

OLLAND NORWAY SWEDEN

26

A Nuclear generation for France and Belgium
includes plans for phaseut (by 2025 for
Belgium) and decrease in capacity (50% of
generation by 2025 in France)
Sokr A Development in Germany is determined by the

wind so-calledEnergiewendewhich aimdor 80%of
mBiogas the generation to be suppliedy renewable
B Waste energy in 2050. The assumptions in the present
mBiomass analysis are based on the analysis framework
mHydro from the German network development plan for
mOther fossils 2015, Nuclear power is phased out by 2023.
mLignite A Norway: Builcbut of wind and expansionf

W Natural gas

hydro.

A Sweden: Closure of two nuclear blocksé@ghals
and two blocks aOskarshammuntil 2020.
Constant nuclear capacity beyond 2020.
Increasing capacity of wind.

m Coal

H Nuclear



RE generation [TWh]
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Generation

Great Britain renewable
generation

| 3adzYLJiA2ya F2NJ a2t NI ISYSNIGAz2zy Ay
Future Energy Scenario (FES)ow progression. The biomass and biogas
capacities are based on the Updated Energy and Emissions projections report
2013 (UEP 2013), generation in the actual model runs can be lower than
YSyGA2ySR Ay GKS a2dz2NOS AF I LILX ASR
sufficient amount of full load hours. Onshore/Offshore wind capacities are
based on the UEP 2013 generation and scaled to fit the total generatibe of
UEP2014 . Maximum onshore wind (204€)e model is allowed to invest in is
basedon FES gone green scenario. All RE capacities have been reducad with
2,4%factor toaccount for capacitin Northern Ireland, which is not included in
the model runs.

Comparisorof sourcedor developmentof RE in the UK

Qx

300 H Biogas
250 = H Biomass
200
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5 [ |
100 m i H = B Renewable
50 m = Other
o £ B = - < - = 5 < 5 Solar
2 § 2 <'>03 2 § 2 °>03 2 § Offshore wind
(] () (O] () (O]
> 3§ » ¢ ® = 2 & © W .
S 9o 9 o 9 g 9 a 9 q Onshore wind
o @ o © [=} © o © o <
z © |z Oz O} O O
2 2 2 2 2 e UEP 2014
n 0 n 0 n
%) n ) n )
i i i i i
2014 2020 2022 2030 2040

Overall generation

3500
) ~ ~ . ; ~ i Solar .
UKS | Y INB o0lFlaSR 2y U0KS bluoA2ylf 3INARQA
‘= 300D Wind
= _
= HBiogas
S_290Q - F ” A . A .
@oa)\RAS FNBYyQu KAIK Sy2z2dzaK mivdsteSy a dzNB
@©
E 2000 MW Biomass
()
? W Hydro
()
% 1500 m Other fossils
& 1000 W Natural gas
HLignite
500 H Coal
0 B Nuclear
2014 2020 2022 2030 2040

The overall generation in the modelled part of Europe shows a trend of
decreasing fossil fuel generation, compensated by a growth in renewable
generation- especially wind and solar power.
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Wind generation in Europe

Totalwind generation TWH
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Wind power generation in Europe
doubles in the modelled area between
2014 and 2020. By 2040, wind
generation as increased to 54 #&cthe
2014 value. A large share of that is wind
power generation in Great Britain,
France and Germany. The large share of
wind power creates challenges for the
system to ensure a high value of the
generated wind power. Curtailment of
wind power occurs, but is less than 2%
by 2040.
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Electricity price [DKK/MWh]
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Electricity prices and prices captured by wind power

Denmark
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The base scenario shows stable electricity prices until
2020, mainly attributedo the stable fuel and C&prices.
After 2020, increasing fuedind CQ-priceslead to
increasingaverage electricity prices in Denmark until
2030. After 2040, electricity prices do not increase
further, even though fuel and G@rices continue to
increase. This is explained by the increased generation
from renewable energies, leading to more hours with
lower prices, thereby compensating for the higher
electricity prices at times, when fossil fuel fired power
plants set the market price. Thus, even though average
electricity prices stay stable after 2030, the price profile
shows more volatile prices.

Prices captured by wind power are approximately 18%
below the average electricity price by 2020. This gap
increases to almost 29% by 2040, when the share of wind
in Denmark and in the overall system is highest. The
increasing volatility after 2030 is also reflected by an
increasing gap from 2030 to 2040.



By 2020 the difference between average electricity prices in
Denmark and Great Britain is large (about 140 DKK/MWh). As

Electricity prices

Comparison DK_WhdGB

Electricity price [DKK/MWh]
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Absolute difference

the electricity price in Denmark rises towards 2030 the
difference with British prices decreases over the years.

Between 2030 and 2040 the Danish price remains constant while

[DKK/MWh]

a drop in British prices lowers difference between average

electricity prices further.
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The decrease in price difference can be partly explained by the
decreasing difference in GPrices. The UK has a carbon price
support (CPS) of currently £18/ton C4olded to the ELETS

carbon prices. As of 2030, the CPS is assumed to be zero, resulting
in the same C@prices for the UK and Europe. A continuation of

the current level of the CPS would result in increasing electricity
prices in Great Britain, thereby increasing the price difference to
Denmark and increasing the value of a link between the two
regions for both Denmark and Great Britain from a merchant line
perspective.

Depending on the marginal emission factor in continental Europe
and Great Britain, the G@rice difference of around 200 DKK/ton
in 2020 can explain differences in the electricity price of around
85 DKK/MWh. All else equal, the price difference would therefore
be reduced by this value by 2030.
350
300
250
200
150
100

50

Carbon price [DKK/ton]



Duration curves for electricity prices

a Great Britain

= 950
% 750 The number of negative prices depenglamongst
5 others¢ on the subsidy schemes for variable
O 550 renewable generation. In the model runs, a
g ——— ﬁi\ simplified assumption on a constant RE subsidy has
= 350 been applied. Subsidy schemes are expected to
> evolve over the years to not pay a subsidy at times
5 150 with zero or negative prices (as it is the case for
*8‘ = offshore wind power in Denmark already). In this
| R N i U e I e B P e U =t case, fewer hours with negative than shown on the
250 S e 9 oy Byt DS el By o Tl P e g S0 () (e (o) R ARl Bl bl 0 ) 12 (3 B () (e s duration curves will occur. However, prices will still
2020 2022 2030 =——2040 be close to zero, as the negative prices reflect
situations with excess generation.
West Denmari S0
S
The duration curves for the electricity pri in both S 750
y prices in both
Denmark and Great Britain show a trend towards é 550
more hours with both higher and lower electricity o
prices. A difference between average prices can be .2 350
one important driver for connecting regions. i —
However, since the low and high prices occur at S 150
different times in Denmark and Great Britain, 5
connecting th_e regions can be beneficial even UQJ -50 N N e A
though the price difference between average 250 S e o) e T Ry o
electricity priceslescreasedetween 2014 and
2040. 2020 2022 2030 2040

32




Price difference DK West and GB duration curve Base scenario

1.500

Electricity price [DKK/MWAh]

1.000

500 L\\

O e T e T e T e T I I e T e O O e O o O O
MOOANLOATNOMO©OD
N OO dMOWWO ML~
" AN AN N AN N
-500
Numberof | Number of Averageof
hourshigher| hourshigher| absolute price
GB price | DK_W price difference
2020 8469 197 148.3
2022 8204 387 110.8
2030 6081 2260 98.4
2040 5109 3356 168.8
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In the base scenario without the Viking Link, greee is initially

higher in Great Britain for virtually all the hours of the year. In later
years this distribution becomes more balancé&tie average of the
absolute price difference decreases between 2020 and 2030, then
rises drastically in 2040, where Great Britain shows lower prices for
more than 3000 hours.
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VIKING LINK SCENARIO
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Overall changes
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The introduction of the Viking Link in the system has an impact on the generation patterns across Europe. The biggest absolut
changes are seen in Great Britain with a reduction in natural gas and biomass, especially in 2022. Initially, the Vsulgslimk

higher coal generation in Germany. This effect is reversed by 2040, where several countries, among which Great Britakn, Denma
and Germany show less wind power curtailment due to better integration. Changes in hydro generation are due to the model
setup, and are accounted for in the economic calculations.
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+A1lAY3 [AY1Q4a ISYSNIiGA2Y AYLI Of

Great Britain

Introduction of the Viking Link leads to changes in the overall
electricity generation. In Great Britain, a large decrease of natural
gas generation is seen especially for the year 2022. Biomass
generation decreases to a lesser extent in 2022 and 2030. By
2040, the improved options for electricity export lead to a
reduction of wind curtailmenand increased generation from
nuclear power.
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For Demark, the implementaion of Viking Link leads to reduced
curtailment of wind for all years. A rise in natural gas and coal
generation can be seen in 2022. In 2022 and 2030 biomass
production increases as well.



Electricity prices

Comparison DK_WhdGB

The inclusion of the Viking Link in the system raises the electricity

prices in Denmark by approx. 15 DKK/MWh in 2022 while
reducing average prices in Great Britain.

Electricity price [DKK/MWHh]
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Danislelectricity and wind prices
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Both the average electricity prices and the wind prices are higher
with the Viking Link in operation, the increase in the wind prices is

Wind price difference Viking

more pronounced however, and the percentage difference

between electricity and wind price therefore decreases, showing

better integration.



Price difference DK West and GB duration curve Viking Link scenario
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Number of | Number of Average of | Congestion The price differences between Denmankd Great Britain are
hours higher hours higher) ~ absolute price | rent [billion lower when the Viking Link is used. The same trends as in the
GB price | DK_W price _difference DKK] base scenario remain with a decreasing absolute average until

2020 8469 197 148.3 - 2030 and a steep increase in 2040.
2022 8097 505 83.0 0.9 The sum of all hourly price differences shows the annual
2030 6017 2317 76.4 08 congestion rent when multiplied by the flow.
2040 5090 3397 138.7 1.5
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Vikinglink import and export

2020

Viking link import to DK
N

@ VikingLink - Import @ VikingLink - Export A VikingLink - Net Import

In the figure above, the greenrepresentsthe annual transmissionfrom Great Britain to Denmark,where orange showsthe
transmissionn the oppositedirection. Theblue line representsthe sumof the two. In 2022the transmissionin the VikingLinkis
primarily usedfor exportfrom Denmarkto GreatBritainasthe electricitypricesin GreatBritainare higherthan in Denmarkaround
the year Towards2040the link is usedincreasinglyfor transmissionn both directionsas more and more hours occurwhere the
electricity pricesare higherin Denmarkthan in Great Britain. Thisis a result of the increasedvolatility of the hourly electricity
pricesandthe different generationprofilesfor wind powerin GreatBritainand Denmark
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HEAT PUMPS SCENARIO
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Heat pump capacity

Heat pumps scenario

Installed heat Capacityin natural
. FLH
capacity[MW] gas areas
Heatpumps
2020 369 96% 6,242
2022 490 97% 5,769
2030 2,299 40% 3,313
2040 3,976 24% 3,271
Electricboilers
2020 149 68% 1,210
2022 133 66% 732
2030 281 11% 512
2040 251 0% 752
g 5000
% =, 4000
o ¥
& O 3000
g £
S 2 2000
jo )
8 S 1000
St il |
0 | |
2014 2020 2022 2030 2040
Year 2014 H Base Heatpumps

In the heat pump scenariothe heat pump capacityis found by reducing
the total tax andtariff for electricity usagefor district heatinggeneration
to 150 DKK/MWhand letting the model optimize investmentsin the
power and district heating sectorin Denmark The level of the chosen
tariff is meant to reflect the sociceconomictariff of using electricity.

However,no detailedanalysison this matter hasbeencarriedout in this
project, and 150 DKK/MWhis a bit lower, than the sociceconomictariff

of around 160 DKK/MWh(excludinglosses)}he DanishEnergyAgencyis
using for industrial consumers However, heat pumps can have
production patterns better suited for the grid capacity compared to

industrial consumerswhich might be able to justify even lower socic

economictariffs.

In order to ensurea reasonablepaceof introduction of heat pumpsand
electric boilers, the maximum allowed capacity in 2020 and 2022 is
cappedat 300 and 500 MW heat capacity,comparedto the capacityin
2014 The total heat pump and boiler capacitiesin the Heatpumps
scenarioare givenin the left table, alongwith their resulting full load
hours

Technical data for the heat pumps are based on the Technology
catalogueby the DanishEnergyAgencyand Energinetdk.

Investment cost| O&M variable | O&M Exogenous
COP | [mio. DKK/MWh| [DKK/MWh heat| [DKK/MW heat
heat] gen.] cap.]
2020 2.9 5.0 2.4 14,500
2030 3.0 4.6 2.4 14,500




Generation

_ 160 Solar Initially, mainly heat generation by natural gas and solar is
o 140 - - — replaced by the new heat pumps. From 2030 onwards heat
— | ectric c o .
S 120 [ | I . generation from biomass is replaced.
T 100 m Bio-oil
)
& 80 mBiogas 50
= 40
© 60 Wood pellets
(]
T 40 Straw = 30
20 R %. 20 Solar
0 © W Electric
g 8 2 2 3 & g 8 wmoi g 10
Ecg = 58 £ 0‘8 £ ES S () - . Wood pellets
2 2 2 2 mNatural gas = 0 — | Staw
3 2 2 2 g .
£ T T T mCoal < -10 m Wood
=
2020 2022 2030 2040 mWaste o -20 mNatural gas
(@]
Surplus heat f__cu -30 B Waste
@)
-40
The heat generation in Denmark shows a gradual increase in heat 50
generation by heat pumps in théeatpumpsscenario. In 2020 2020 2022 2030 2040

the heat generation from boilers and heat pumps is only 6.5% of
the total heat generation. By 2040 36% of heat generation is from

electricity.
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Electricity prices

Comparison DK_WhdGB

The Heat pumps scenario raises the electricity prices in
Denmark in the longer term with approx. B0 DKK/MWh by
2030 and 2040, while prices in Great Britain are largely
unaffected. All else equal, the decreasing gap could slightly
decrease the potential for connecting the two regions.

Electricity price [DKK/MWh]
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Both electricity and the wind prices are higher in the Heat
pumps scenario, the increase in the wind prices is more
pronounced however, and the percentage difference
between electricity and wind price therefore decreases

compared to the base scenario.



Model results

FLEXIBILITY ON LARGER POWER
PLANTS SCENARIO



Capacity

Added boiler capacity in Denmark

Theboilersthat were addedto the centralareasin Denmarkhave
the followingcharacteristics

4.000
2 3500 Efficienc O&M variable Investment
2; 2000 y [DKK/MWh heat gen.]| [DKK/MW heat cap.]
2 99% 4.0 0,5
S 2500
S|
$ 2.000 . .
° Thetotal heat capacityandthe FLHof the boiler are shownfor the
8 1500 four yearsin the table below. In 2040about 400 MW wasalready
3 in the systemin the basescenarioand is addedto the additional
© 1.000 capacity Thelow number of full load hours indicatesthe limited
2 500 usageof the electricboilers
o
o
=5 0 Totalinstalled heat o

2020 2022 2030 2040 capacity[MW]

On the larger power plants in Denmark, additional electric boiler 2020 232; ;22
capacity is installed to ensure more flexibility. To some extent, a 2022 C
similar measure can be achieved by adding the option of turbine 2030 2,989 444
bypass to the power plants. Therefore, no taxes and tariffs on 2040 2,431 818

electricity usage by the electric boilers are assumed. However, it
should be noted that the electric boilers can also run when the power
plants are not in operation and thus do not only act like turbine
bypass.
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Change in generation in Denmark

Electricity generation
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In Denmark, the changes in the electricity production show a clear
trend to less curtailment and a reduction of power generation
from biomass CHP. In the earlier years some changes in natural
gas and coal are also seen.

Heat generation

The added boilers generate heat that replaces mainly biomass,
natural gas and coal in the system. The displaced biomass is
mainly CHP production.
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Change in overall electricity generation

Overall electricity generation

Change in power generation [GWh]
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The changes in the electricity generation in the entire model
for the increased flexibility on central power plants are for a
large part a reduction in curtailment of wind power.




Boiler generation and electricity price

Boiler generation (2020)
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The electric boilers generate more heat at low electricity prices,

while heat generation is based on CHP at higher electricity prices.

Compared to the base scenario, the number of hours with very
low or negative electricity prices in Denmark in 2020 is reduced
significantly, which leads to a relative large impact on the
electricity prices captured by wind power.
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Boiler electricity price (2020)
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The graph above shows the electricity price duration curve and
the duration curve of the electricity price when the electric boilers
are in operation. It can be seen that the boilers are only in
operation for a maximum of 2000 hours a year at low electricity
prices. The graph does not indicate whether boilers run at full
capacity all over Denmark, and thus the 2000 hours are not
equivalent to the number of full load hours.



Electricity prices

Comparison DK_WhdGB

The flexibility on the central power plantsin Denmarkraisesthe
electricity prices in Denmark, while pricesin Great Britain are
unaffected The gap between the two countries is therefore
loweredin the CPHlex scenario

500 160
m
= 4 14083
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Danish electricity and wind prices
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Wind price Base = « = Wind price CPP_flex
Wind price difference Base Wind price difference CPP_flex

Both electricity and the wind prices are higher in the CPPflex
scenariocomparedto the Basecase The increasein the wind
pricesis more pronounced,especiallyin the early yearsand the
percentage difference between electricity and wind price
therefore decreasesomparedo the basescenario
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Capacity

Added storage capacity in Denmark
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In the Individual Heat pumps scenario, electricity usage for
individual heat pumps has increased flexibility. While the electricity
demand for individual heat pumps follows the heat demand in the
base scenario, the model has the option to shift demand around 4
hours in time in the individual heat pump scenario. This represents
the option to use local hot water tanks and the heat stored in
buildings to use the heat pumps at times with lower power prices.

Thegraphon the left illustratesthe amount of electricity,
that canbe & & (i 2 ByBdmgthe heat pumpsin a more
flexible way. During summer, the lower heat demand
limits the option to & & (i 2IdBigity, which is taken into
account by using a seasonalvariation of the maximum
storagecapacity,llustratedon the graphbelow.
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Change in generation in Denmark
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The changes in the electricity generation in Denmark for the
Individual heat pumps scenario are limited. In 2022 and 2030
small some reduction in wind curtailment is seen. The limited

impact on the overall power system also limits the impact on wind

power integration and system economy.




Electricity prices
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Additionalpowerdemand exportandflexibility

To some extent, the effect of the different scenarios on the overall power system and the integration of wind power dstyntiite sizeof the
integration measure. The different scenarios do not necessarily compare in terms of size of the integration measure edgthoreswer capacity,
power demand or associated investment costs. The table below gives an overview on the size of the different integratioesineasa power
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interpretation of the effects for the Danish power system. As an example, export from Denmark through Viking Link is stuovtiorze demand,
even though the total demand in the overall system is unchanged. Please see the notes for further details. The values fempand are based
on the actual model results and not an a priori assumption.

Additional potential LJ2 ¢ Si&dasE D 2

VikingLink Heatpumps CPP flex Indiv heatpumps Combi 1 Combi 2 Combi 3
2020 0.00 0.09 3.65 0.15 0.09 3.65 3.74
2022 1.40 0.13 3.81 0.18 1.53 5.21 5.34
2030 1.40 0.49 3.04 0.34 1.89 4.44 4.93
2040 1.40 1.00 2.04 0.56 2.40 3.44 4.44

Additional L2 ¢ Riéfaid' [TWh]

VikingLink* Heatpumps CPP flex Indiv heatpumps** Combil*** Combi2**** Combi3*****
2020 0.00 0.62 0.97 0.42 0.62 0.97 1.52
2022 9.78 0.81 0.99 0.53 10.49 10.34 10.99
2030 4.40 1.58 1.34 0.99 5.43 5.44 6.29
2040 1.89 3.30 1.76 1.64 4.45 2.96 4.98

*Power demandshows net export from Denmark to Great Britain on an anbaais

**Power demand shows amount of power demand, that is made flexible. Annual power demand does not change.

***Power demandshows combination of net export from Denmark to Great Britain on an annual basis and additional annuadgmaedfor heat pumps.
**xx Power demandshows combination of net export from Denmark to Great Britain on an annual basis and additional annuall@masdfor electric boilers.
*xxxPower demand shows combination of net export from Denmark to Great Britain on an annual basis and additioanl powed demmaheatpumps and electric boilers
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