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1 EXECUTIVE SUMMARY

1.1 Regional investment plans as foundation for the TYNDP 2018

The TenYear Network Development®Plan (TYNDP) for Electricity is the most comprehensive andodp
date planning reference for the paaropean transmission electricity network, prepared by the ENE.SD
presents and assesses all relevantEpaopean projestat a specific time horizon as defined by a set of
different scenarios to describe the future development and transitiomedéctricity market.

The TYNDP is a biennial report published every even year by ENE.3Cacts as an essential basis toweri
the Projects of Common Interest (PCI) list. Presently the TYNDP 2018 is under preparation.

ENTSOE is structured into six regional groups for grid planning and other system development tasks. The
countries belonging to each regional group are showigure1-1.

Figure 1-1 ENTSO-E System Development Regions

The six Regional Investment PlafigeglPs)are part of the TYNDP 2018 packadéheyare supported by
regional and pafturopean analyses and take into account feedback received from institutions and
stakeholder associations.

The ReglPsaddress challengesié system needs at the regional level. They are bas@dreBuropean

market study results combined with European and/or regional network studies. They present the present
situation of the region as well as future regional challeng@ssidering differenscenarios in a 2040 time
horizon.

Beside showing the 2040 challenges and proper scenario grid capacities to solve many of these challenges
theReglPalso showall relevant regional projects from the TYNDP project collection. The benefits of each
of the® projects will be assessed and presented in the final TYNDP publication package later in 2018.

Available regional sensitivities and other available studies are included irRe# to illustrate
circumstances especially relevant for the region. The tipegh functioning of the regional system and
future challenges regarding tlaise alsassessed and described in the reports.

Due to the fact that the ReglPs are published every second year, the Regional Investment Plan 2017 builds
on the previous investent plans and describes changes and updates compared to earlier publications. Since
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the ReglPs give a regional insight into future challenges, the main messages will also be highlighésd in a
European Systemeed reportThe studies of the regional plans and the-Pamopean System Need report
are based on the scenarios described in the scenario report.

The ReglP will strongly support one of the main challenges for ENESO establish the most efficientdan
collaborative way to reach all defined targets of a working Internal Energy Market and a sustainable and
secure electricity system for all European consumers.

1.2 Key messages of the region

The North Sed&egion faces major challenges over the coming decades. The large increase in renewable
generation across the region needed to meet European targets, coupled with the requirement to integrate th
European electricity market, results in a numberhailengesummarised below.

1.2.1 Structural changes to the generation portfolio

There wil!/ be substantial change t o astlescribectirgthison 6 s
report. Changes are already occurring, @hdpter 3.1 highlights certairemds by comparing the years 2010

and 2016. These trends are expected to continue; however, how they progress to the year 2040 is uncertair
and a number of ENTS@& scenarios have been developed to reflect this, which are analy3eapirer 3.2.

The following changes are expected in the generation portfolio across the region:

1. A shift from thermal to renewable generation The integration of renewable energy sources is
fundamental to enable the decarbonisation of society. There is an abundance of rexrevghkources
across the North Sé&egiord onshore and offshore wind, solar and hypioave® that can be exploited.
Ther mal aticad hours diecraage ioveritismedmany plants are ojdoth developments indicate
that some plants might disappear from the market in the medium term.

2. Areduction in nuclear generation.Despite a planned increase in nuclear capacity@aBritain (GB)
ther e g i owenab teend is for a reduction in nedr capacity, with planned phase outs in Belgium and
Germany, and a partial phase out in France.

3. A shift from coal to gas generationExisting coalfired power plants are being phased out due to a
combination of reaching their technical end of life anlicpgs put in place to enable tharbon emission
reductionof the generation portfolio. The phasing out of the existing coal and the aforementioned nuclear
generation requires replacement capacity to be built in order to guarantee an adequate slestiitity
andthe provision of certain system servicddexible gadired generation takes a central role in this
replacement capacity

1.2.2 Power flows across the region

The future generation portfolio will drive large power flows across the NortRR&gian. Tle diverse nature
of the generation is a major factor, avas the following characteristics:

1 Norway predominantly consists of hydroelectric generation, with its associated seasonal dispatch
patterns.

1 Renewable generation in GB and Irelandasninated by wind generation, with its hourly variable
output.

1 Continental Europe has both a mix of wind and solar generation and a substantial shafieeaf gas
generation.

1 The generation portfolio in France is dominated by nuclear power.
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This generatiordiversity across the region drivesarket exchange opportunities and consequgraiyer
flows between the four synchronous areas and also between the Member States. These power flows resulte
in a number of main boundaries bep@gviouslyidentified in TYNDP 2016:

1 Between Ireland an@B and Continental Europe;

1 BetweenGB and Continental Europe and Nordics; and

1 Between Nordics and Continental Europe West (Denmark, Netherlands and Germany)

1 As described in this reporadditional needs for wider areaossborder reinforcements have been
identified around theorth-easterrpart of France

1.2.3 Arequirement for new interconnection

Additional interconnection capacity is required across the region between synchronoushdrivksmber
States. This additional capacity:

1 Allows for the integration of renewable generation, by enabling-¢yosfer exchanges and therefore
minimising curtailment;

Hel ps security of supply t o b edrasticailychanges;ned as

Enablesmaximum decarbonisatiorthrough the sharing of energy from the diverse renewable
generation sources a European level,

Aids market price convergence through the sharing of available generation resources; and

Provides the possibilityor policymakers toreachadequacy through the sharing of generation
resourcesn a more cosefficient manneas opposed to each country acting independently.

This additional capacity will drive | ar duare.Apower
a result, existing transmission corridors widledto be reinforced, or neworridors developed tapgradehe
internal gridgso accommodate these developments

1.2.4 Offshore RES and offshore infrastructure development

The Northern Seas comprise a number of marine -atlead\North Sea, the English Channel, the Irish Sea,
Skagerrak and Kattegat. These seas experience high wind speeds and areas of shallow water. Bott
characteristics mean therepistential forthe developrant ofsignificant quantities of offsholRES

A consequence of this potential generation would be the requirement for significant offshore infrastructure
development in the Northern Seas; alreaaiwbitious offshoregrid initiativesin the regionare beng
investigated. These initiatives include:

1 Collaborations at a political level,
1 New research projects; and
9 Industry level collaboration on visionary projects.

The integration of this offshore generation was analysed previously in studies carried odd iby20
NSCOGI. Although, at a country level, expectatioheffshore RES development are lower than during the
NSCOGI investigations, the political awareness and stakeholder expectations towards offshore infrastructure
developmengre high. Previous reswdtfrom the NSCOGI studies are still valid in principle; however, the
location of some of the elements and the year of realisation may change.

The ENTSOE TYNDP18 includs the next version of the Northern Séai$shoreGrid infrastructure. This
collatesthe individual foreseen subsea projects into one building plumkever,the single projects will
ultimately be developed by the various project promoters on a modular basis.
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1.2.5 Ensuring security of supply

The expected chamg inthe regionalgenerationfleet might challenge the security of supply of all the
synchronous systems of the region.

Firstly, the weather wilhave a higher impact dhe futureenergy systerthan it has todaywWhile the Nordic
systemcontinues to bebuilt on very high hydropower capacity including large hydro reservoirs, the
Continental and the British syste@re in all ENTSGE scenarios composedla mixof high sharavind and
solargeneration unitplus some thermal plan®ftenwhen there is lowvind or solamgenerationn one area,
power can beémported from other areawith a greater productiomdm wind/solar/hydre thus helping the
situation. However, there are instances whereR@®production occurén multiple adjacent countries.

Secondly to reach the adequacy standards new flexible thermal generation is assumed in the scenarios. This
new thermal generation is not necessarily economically viable in an emd@ggynarket hence (partially)
relying upon capacity remuneration mechanisms.

To balance crosgegionalproduction and consumption exploiting lower correlations of the same RES type
and sharing the available thermal resourggsrconnectorare supposed to contributegnsue security of

supply (adequacy and reliability)Thanks to the sharing of resources, interconnectors ensure security of
supply in a more cogffective manner compared to an isolated approach requiring more installed generation
capacity on individual country level.

Reliability issues due to increasing system complexity and dumftareseen interactions ebntrol and
protection systemmustbe avoidedBlackouts in nofEuropean systems have shown that the coordination
of market rules and network codes is a must.

1.2.6 Ensuring flexibility in the region

The increases in renewable generation can result in significant load ramps being experienced within countries.
These large ramps in load result from fast changes to variable generation output occurring at the same time
as changes tthe load profile. A present day example of thisisthesl | ed O6duck cur ve
associated with the impact of solar generation. With the quantities of renewable generation described in the
scenarios, TSOs will subsequently face challenges intaiaing system balance, as the size of the load

ramps observed iSection3-3c oul d not solely be met with a count

There is thereforan increased need for flexibility across the region, which could be provided by various
sources, including additional interconnection, storage, fast acting peaking generation and sldenand
response. Storage could be beneficiathe system particularly whenever nevinterconnectionis not
economically efficient. Bortterm storagéfor example batteriesand flywheel¥and demand responkave

the potential to aidhe system in terms of flexibilityThese howevertend to respond to localised events.
Achieving full decarbonisation in the longer run (cldseor beyond 2050) could requitdarger scale
solutions, such as Compressed Air Energy Stoameer to gasndpower to heat

1.3 Future infrastructure capacity needs

The changes to the generation portfolio and the resultant power flows across the regidhedniged for
new transmission capacitfo enable this, the transmission network will require reinforcesmieoth on
crossborder and internal level This ReglP investigates the potential for additicaraksbordercapacity
increases and their impaat thetransmission network in general

The initial phases of the TYNDP 2018 process considered the development of new scen2di2s, 230

and 2040 andhssesseduture system needs for the leteym 2040 horizon. Part of this work involved
identifying crossborder capacity increases for the 2040 scenarios. These capacity increases have a positive
impact on the system. A European overview of these increases is presented in the European System Neet
report [ink] developed by ENTS in parallel with the Re§s2017.

Identified capacity increases for the North Segjionare shown irFigure 1.2. The system needs for the
2040 horizon are beingevaluated with respect to (1) markietegration/socieeconomic welfare, (2)

—
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integration ofenewables and (Zecurity ofsupply. For the North Seleegionthe 2046needs ar@rimarily
described through:

9 Further integratiotetweerNorwayandGreat Britain due to pricalifferences and due to the need
for flexibility to optimise the REQyeneration (hydro/wind).

9 Further integration between Norway and the synchronous Continental system (Denmark and
Netherlands), due t) price differencesji) the need forléxibility to optimise the RESyeneration
(hydro/wind) andiii) provision of support toDanish and Dutch security of supply in lawnd
periods.

1 Further integration between Great Britain and the Continental system (France, Belgium,
Netherlands), due t9 price differences,ii) better optimsation of the RESyeneration andii)
challengedsecurity of supply imigh demandéw variableRES (vind and solarperiods.

1 Further integration between Germany and France, BelgindrtheNetherlands (eastest) due ta)
optimisation of the productiosystem andi) challengedsecurity of supply itigh demand ankbw
variable RESWind and solarperiods.

9 Further integration between Ireland and Great Britain/France dug poice differences,ii)
optimisation of the REQeneration andi) challengedsecurity of supply in lovwind periods.

NOm

Increases of capacities from 2020 to 2040
Summary

Figure 1.2: Cross-border capacity increases in the North Sea Region?

The identified cros®order capacity increases allow renewable energy tshiaged across the region.
However, the consumer can only truly benefit if the transmission network is able to transport the
corresponding power flows. This is a significant challenge since the power flows:

1 Become more international as thestance betweethe consumer and the location where the
cheapest available energy is being produced increases; and,

1 Become increasingly volatile and less predictable as a result vhtiadlenature of the renewable
energy sources.e. the locatiowhere the cheapestqauction is available can quickly change.

These changes bring ab@uparadignshift in the role of the griddectricity grids will play acrucialrole in
facilitating RES integration oa European scale, enabling the transformatiotheenergymix. Ultimately

1 "Increases already identified in TYNDP2016" refers to the reference capacities of TYNDP 2016 for 2030 , which for some borders had
been adjusted for the TYNDP18 purpose. Projects commissioned in 2020 are not included as increases.
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it will allow European 2050 climate and energy policy objectives to be aming to maximise the
decarbonisation of our society.

The network analysis performed on the 2040 scenarios identified the congested areas of the grid, and the
corresponding need to develop new transmission capacity. W&ih highly meshed structuredense
populationand central location, the congestionsmaest pronounced in théentralWestern Europeaarea.

These congestions will require internal reinforcermemtomplement the additional crelssrder capacities.

RGNS is on the way to clogy the gap between 0 d a y 6 s theg204i0 deeds-igunte 1-3 showsprojects
alreadydn the pipeling i.e. with statusrom under consideratia being realised in the medium term.

Figure 1.3: Promoted projects

9
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2 INTRODUCTION
2.1 Legal requirements

The present publication is part of the TYNDP package and ceswith Regulation (EC) 714/2009 Article
8 and 12, where it is requested that TSOs shall establish regional cooperation within-ENIR8Ghall
publish a Rell? every two years. TSOs may take investment decisions based on tHatIREGSOE shall
provide a nonbinding communitywide tenyear network development plan which is built on national
investment plans and reasonable needs of all systens anddentifies investment gaps.

The TYNDP package complies with Reguwltautrieo Re(giuU)at:
regulation defines new European governance and organisational structures, which shall promote transmissior
grid development.

RedPs are to provide detailed and comprehensive overview on future European transmission needs and
projects in a regional context to a wide range of audiences:

1 The Agency for the Cooperation of Energy Regulators (ACER)ich has a crucial role in
coordinating regulatory views on national plans, providing an opinion on the TYNDP itself and its
coherence with at i onal plans, and giving an opinion

1 European institutions (EC, Parliament, Council) who have acknowledged infrastructure targets as a
crucial part of patEuropean energy goals, to give insightbihow various targets influence and
complement each other;

1 The energy industryincluding network asset owners (within ENTSperimeter and the periphery)
and system users (generators, demand facilities and energy service companies);

1 National regulatoryathorities and ministries, to place national energy matters in an overall European
common context;

1 Organgations having a key function to disseminate energy related information (sectosatigasi
NGOs, press) for whn this plan serves asGeommunicatbn toolkitg

1 The general public, to understand what drives infrastructure investments in the context of new energy
goals (RES, market integration) while maintaining system adequacy and facilitating secure system
operation.

2.2 The scope of the report

The presnt Redp is part of a set of documents, showririgure 21, comprising in a first step the following
reports: a Mid Term Adequacy Forecast report (MAF), a Scenario report-BuPgmean Systems needs
report and six Rdgs.

‘_—M
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Figure 2-1: Document structure overview TYNDP2018

The general scope of R&s is to describe the present situation and actual as well as future regional
challenges. The TYNDP process proposes solutismsch can help mitigat future challenges. This
approaclhis basedn five essential steggesented ifrigure2- below:

Regional Market
capacity and
in- Network

Description of the Future Regional

Project

present situation regional

and scenarios challenges list
creases results

Figure 2-2: Mitigating future challenges i TYNDP Methodology.

As one of the solutianto the future challenges, the TYNDP puijénas performed market and network
studies for the longerm 2040 time horizon scenarios to identify investment needs, i.e-boss capacity
increases and related necessary reinforcements of the internal grid that dgamitedating these challegyes.

The current document comprises seven chapters with detailed informatiemesgional level:
Chapter 1 gathers the key messages of the region.

1 Chapter 2 sets out in detail the general and legal basis of the TYNDP work and a short summary of
thegeneral methodology used by all ENT-&EJegions.

1 Chapter 3 covers a general description of the present situation of the Fegioe.challenges of the
region arealsopresented in i chapter when describing the evolution of generation and demand
profileswith a2040 horizorin consideration oé grid as expected by 2020.
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1 Chapter 4 includes an overview of regional needs in terms of capacity increasbsaaic results
from market and network pombf view.

1 Chapter 5 is dedicated to additional analyses carried out inside the regional group or by parties
external tahe core TYNDP process.

Chapter 6 links to the different NDPs of the countries of the region.

Chapter 7 contains the list of projects proposegtoynoters in the region atpan-European level
as well as important regional projects not part of the European TYNDP process.

1 Finally, Chapter 8 Appendix) includes abbreviations and terminology used in the whole raport
well as additional content and detailed results.

The current edition of this Region Investment Plan takes into account the experience from the last processes
including improvements, in most cases received from stakeholders guewiguspublic consitations
such as:

1 Improved general methodology (current methodology includes other specific factors relevant to
investigation of RES integration and security of supply needs)

A more detailed approach to determine demand profiles for each zone
A more refned approach of demasdie response and electric vehicles
For the first timeseveral climate conditions have been considered as well.

The actual Rel§ does not include th€ostBenefitAnalysis (CBA)-based assessment of projects. These
analyses will beleveloped in a second step and presented in the final TYNDP 2018 package.

2.3 General methodology

ThepresentRéBsbui | d on the results of st ud,whkchwetexdrrlee d fil
out by a European team of market and network experts coming from the six regional groups of ERTSO
System Development Committee. The results of these studies have been coromantkth some cases
extended with additional regiohstudies by the regional groups to cover all relevant aspects in the regions.
The aim of the joint study was to identify investment needs in thetengtime horizon triggered by market
integration, RES integration, security of supply and interconmetdi@ets in a coordinated p&uropean
manner also building on the grid plannersd exper

A more detailed description of such a methodology is available in the TYNDP 20dBuRapean System
Needs Report.
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2.4 Introduction to the region

TheRegional Group North Sea (R&) under the scope of the ENTSOSystem Development Committee
is among thesix regional groups for grid planning and system development tasks. The countries belonging
to each group are shown2r3 below.

North Sea

fz @ ¢ Baltic Sea
A

Continental
South West

R

-~

Continental Central East

Continental South East

Continental
U Central South '

-
Figure 2-3: ENTSO-E regions (System Development Committee)

The Regional Group North Sea comprisescamtries which are listed, along with their representative TSO,

in Table 21.
Table 2-1: ENTSO-E Regional Group North Sea membership
Country Company/TSO

Belgium ELIA

France RTE

The Netherlands TENNET
Germany AMPRION, TENNET
Great Britain NATIONAL GRID
Ireland EIRGRID/ SONI
Northern Ireland EIRGRID/ SONI
Denmark ENERGINET
Norway STATNETT
Luxembourg CREOS
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3 REGIONAL CONTEXT

3.1 Present situation

The Regional Group North Sea comprises four separate synchronous systems, stiguva Bil. The four
synchronous areas are linked with HVDC interconnechdost of the countries in the region are part of the
Continental system (purple). Norway and Hashmark are part of the Nordic system (blue), while Great
Britain (orange) and the island of Ireland (green) form their own islanded synchronous systems.

The majority of the grid is comprised of 220/275/380/400 kV overhead transmission lines. Norway also
makes use of 300 kV circuits. 1180 kV circuits are extensively used in the Danish and Irish transmission
systems.

Figure 3-1: Synchronous areas of the North Sea Region
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3.1.1 Generation capacity in the region

Figure 32 compares the installed generation capacities in the countries in the North Sea Region in 2010 and
2016. This provides a simple overview of how the generation portfolio has changed in the countries in recent
years. Figure 2 alsouses these figures to pide a regional overview.

The notable trend in the region is a decline in the installed capacity of fossil fuel and nuclear based generation
and an increase in the installation of renewable generation. In 2010, these types comprised 68% ofthe region
generation capacity. By 2016, that figure had declined to 54%. There has been a reduction in the capacity of
fossitfuel-based generation in most countries, with the exception of Germany and the Netherlands. In
Germary, there has been a closurel&@fGW of ruclear generation.

This reduction in capacity is being met with renewable generation across the region. The dominant renewable
generation sources in the region are wisalarand hydre which have gone from comprisii81% of the

regi onods g etyie 2040tta4®% in 2046pvidhcvariable RES (wind and solar increasing from

14% to 29%. In particular, there have been large increasesfble RESn Germany and Great Britain.

There have been significant increases in wind generation in Denméakgdirdlorthern Ireland (NI) and the
Netherlands.

Norway continues to have a generation porfalominated by hydro generatiampwever, there has also
been some increase in wind generation in the country.

Comparison Capacities 2010 and 2016 Total Installed capacities RGNS 2016
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Figure 3-2: Installed generation and maximum consumption in the North Sea Region in 2010 and 2016
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3.1.2 Energy production and consumption in the region

Figure 33 displays the annual energy production and consumption in the countries in the North Sea Region
in 2010 and 2016. Figu®3 also shows the energy production for the region in 2010 and 2016.

As the generation portfolio has changed across the region from 2010 to 2016 with an increase in renewable
generation, more countries are sharing their generation capacity via inestonnThis trend can be
observed in Figure-8, comparing 2010 crogsorder flows to 2015 crodsorder flows.

Energy from fossil fuels and nuclear still suppl
from 81% in 2010 to 70% in 2016HS generation has increased from 19% to 30%, with variable \RE& (
and solar) having increased from 5% to 12% in this same period.

In general, theotal demand has slightly increased across the region, however, in some cqBatigasm,
Denmark and Frace the demand has reduced between 2010 and 2016. As consumption in France is highly
thermosensitive, consumption appears almost stable comparing 2010 and 2016 (around 470TWh) when
adjusted values with climate conditions are considered.

Comparison Production/Consumption Total Production RGNS 2016
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Wind
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Total Production RGNS 2010
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Figure 3-3: Annual generation by fuel type and annual consumption in the North Sea Region in 2010 and 2016
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3.1.3 Interconnection capacity in the region

Figure 34 shows the level of Net Transfer Capacity (NTIC2016within the North Sea Region. Ts&NTC
valuesreflect that from a market integration perspectivecthinental system is strongly interconnected via
AC interconnectorswhile there are a number of offshore HVDC interconnediaisng Ireland and Great
Britain, and also the Nordic systeto the continent.

= HVAC INTERCONNECTION
B H\VDC INTERCONNECTION

LUXEMBOURG AREA

Luxembourg
area

Figure 3-4: Current transfer capacities in the North Sea Region (source: derived from MAF2017?)

Figure 35 shows the change in annual physical flows in GWh across the borders in the NdrégiRea
comparing 2010 and 2015.

2 transfer capacities as published in the MAF17 for 2020 time horizon  minus the projects being commissioned between 2017 and 2020
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There has been an increase in flows from Norway towards the continental system. Within the continental
system, France continues to mostlport to neighbouring countries. There has been a large increase in
imports into the Netherlands, mainly from Germany, where the large increase in renewables is driving an
increase in exports from the country. From the Netherlands, there is an inaréasesito Belgium and,

with the introduction of interconnection, to GB. Exchanges from France to GB have significantly increased.
Flows to GB are likely driven by the closure of coal plants. With the introduction of interconnection, there
are now exchangebetween GB and Ireland. Exports from GB to NI reduced in 2015 compared to 2010,
primarily due to a reduced availability of the interconnector in that year.

NS Border Exchanges
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Figure 3-5: Annual cross-border flows, in GWh, in the region for 2010 and 2015 (source: ENTSO-E fact sheets)
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3.2 Description of the scenarios

A detailed description of the scenario creation is available in the TYNDP 2018 Scenarid.Répodhapter
summarises the process and puts it into regional context.

The Figure3-6 gives a overview dout the timely related classification and interdependencies of the
scenarios in the TYNDP 20X@portand shows thé&ansition from the actual situatipimcluding the time
points 2025 an@03Q to the year 2040.

I S D

2020 2025 2030 2035 2040 2045 2050
Sustainable Transition Sustainable Transition
. . . External from European
Commission
§a5% #2.3% §53% #3% @ ENTSO-E/ENTSOG
Scenario
Distributed
CBG Generation Global Climate Action
. . . . ﬁ Total electricity
renewables
39% 0.8% 43% 2.5% 51% 3.6% 75% 11.3% Total gas
£ 39% % Fa3% % §51% % 5 75% % A g
renewables
The EUCO Distributed
GBC scenario Generation
® ® o
ba19% y22%  §47% #5.1% fe5% B67%

Figure 3-6: Scenario building framework indicating Bottom up and Top Down scenarios.

During the scenario building process two types of optimisaieapplied:

1. Thermal optimisation of the thermal plant portfolio. Power plants which are not earning enough to
cover their operating cost are removed. New power plants are added subject to a cost and benefit
analysis. The methodology ensures a minimum adequacy of production capacity in the system with
a maximum ofallowedthreehours energy not served (ENS) per country.

2. RES optimisation of the location of RES generation (P¥hshore andoffshore wind) in the
electricity system to maximise the value of RES production. This methodology was previously used
in TYNDP 2016;however, it has been improved upon by utilising higiewgraphical granularity
(additional nodes in the market model) and by assessing more climate years.

All 2040 scenarios are built using a top down approach with the data derived from the 2030 data set, as
demonstrated ifigure 36. Boundary conditions dahe scenarios are outlined in the following subsections.

3 TYNDP 2018 Scenario Report: https://tyndp.entsoe.eu/tyndp2018/scenario -report
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3.2.1 Global Climate Action

Scenar i Climt€Acabaolno i s based on a high growth of
technologies with the goal to keep the global climate effortsamk with the EU 2050 target.

The nGlimateAxlt i onodo story | i ne c oAssumptiong ase thgtipal methodsc | i m
regarding CO2 reductions are in place, and the EU is on track towards its 2030 amnt:@bonisation
targets. An efficiehEuropean Tradingystem ETS)issupposedtob®# key enabl er in the

success in contributing lobal/EU decarbonisation policy objectives. In genamtewables are located

across Europe wherbd best windandsolar resources are fouadd capacity for development is available
As anonvariablerenewablebio methane is also developed. Due to the focus on environmental issues
significant investment in shale gas is expected.

2025, EUCO (2030) and Global Climate Action (2040)

GW
350

300

250

{

2025 2030 2040 2025 2030 2040 2025 2030 2040 2025 2030 2040

DK IE LU N
B NGC nuclear B NGC Fossil fuels
NGC Other sources B NGC Hydro power
B NGC Wind Onshore NGC Wind Offshore
NGC Solar W NGC Other renewable energy sources

Figure 3-7: Installed generation capacities for scenario Global Climate Action?

The high growth of renewable generation for this scenario is very evident across thelitegimost notable
increase is observed in tle@ge growth of solar generation by 20@&rmany, France, Great Britain and the
Netherlandssee large increases in installed solar capacity, gothr also more prominetin Denmark,
Ireland Northern Irelandnd Belgium. There is a largeciease in wid generation, botbnshore (Germany,

4 From 2025 to 2040, evolution could be non -linear as the approach to define each scenario can slightly differ: Bottom Up for 2025,
External for 2030 and Top Down for 2040.
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Ireland and Norway) and offshore (Germany, France, Great Brigalgiumand the Netherlands). By 2040,
the offshore windgeneration capacity increases to T2, the majority of which is located in the North Sea
itsdf. This magnitude of developmemntaylead to coordinated development amongst countries in the future.
Several possiblsuchscenarios are discusseddhapter 5.

Between 2025 and 2040, there is a significant reduction in thermal and nuclear basedgeAdmaticlear
generation iphased ouin Germanyand Belgiumby 2025,alongsidea reduction in nuclear capacity in
France. In Great Britain there is averallmodest increase in nuclear generation by 2040. Thermal generation
capacity has reduced in adst all countries by 204@verall, production fleets in the area will increasingly
diverge between the countries.

Hydro remains the dominant source of generation in Norway by 2040, but there is development of onshore
wind and solar generation.

Both Ireland and Northern Irelandeea decrease in thermal generatlmn2040, and a notable increase in
renewable generation capacifthis growth is driven btheaforementioneihcreaseof solargeneration, but
alsoof hydro generation in both countries aignificant development of offshore wind in Ireland.

Scenari o AEUCOO

Additionally,f or t he year 2030 there is a third scenar:i
Scenario for 2030 (EUCO 30). The EUCO scenario is designed to reach the 2030faari@etsCQ and
energy savingwhile taking in to account current national policies, like German nuclear phase out.

The ECb6s scenario EUCO 30 was an external core p
EU Reference Scenario 2016 as atistgrpoint and as part of the EC impact assessment work in 2016. The
EUCO 30 already models the achievement of the 2030 climate and energy targets aspyrbgdhe
European Council in 2014 but including eneedfjciency target of 30%.

3.2.2 Sustainable Transition

Scenari o fASust primarily bdsumesiodesate sncreéases of tenewable energy sources and
moderate growth of new technologies in line with the EU 2030 target, but slightly behind the EU 2050 target.

In the scenario"Sustainable Trangon" story line, climate action is achieved with a mixture of national
regulation, emission trading schemes and subsidies. National regulation takes the shape of legislation that
imposes binding emission targeOverall, the EU i®n track with 2030 taeg butresulting slightly behind

the 2050 decarbonisation goals. Howeveargets are still achievable if rapid progress is made in
decarbonising the power sector durthg2040's.

The trends observed in the region in the Global Climate Action (GCA)adoeare also seen ithe
Sustainable Transitioscenari¢ but not to the same extent. Solar generation capacity increases in most
countries but not at the scale seen in the GCA scenario. Onshore and offshore wind development continues
across the regiomwith 163 GW and 86 GW of capacity installed of each type respectively. Onshore wind
provides the largest capacity of any generation type in Ireland, Northern Ireland and Denmark by 2040.

There is a reduction in thermal generation capacity across the gRO10, but not to the same extent as
observed in GCA. Nuclear again follows a similar patterdecrease in capacity in France and a modest
increase in capacity in Great Britaidnce again, there is no nuclear gatien capacity in Germany and
Belgiumacross altime horizons

Overall, in all countries, renewable generation capacity forms the majority of the full generation portfolio.
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Figure 3-8: Installed generation capacities for scenario Sustainable Transition®

3.2.3 Distributed Generation

Scenario fADistributed

Ge n e r a-size and decentmalized often ranewable y

based energy generation and energy storages including an increase of new technologies in the related are

andis also largely in line wh both the EU 2030 and 2050 goals.

In the "DistributedGeneration" story line, significant leaps in innovation of sraa#lle generation and
residential/commercial storage technologies are a key driver in climate action. An increase-stamall

generaon keepgsheEU on track to 2030

and

2050

energy marketssosociety is engaged and empowered to help achieve a decagface to live. As a

result no significant investment in shale gas is expected.

5 From 2025 to 2040, evolution could be non
Top Down for 2030 and 2040.

-linear as the approach to define ea
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Figure 3-9: Installed generation capacities for scenario Distributed Generation®

In this scenario, there is a large increase in renewable generation across the region. With consumers playing
a largerrole in the energy market, domestic scale generation has increased significantly, and this tends to
take the form of PV. As a result, all countries in the region see a large increase in the penetration of solar
generation. Indeed, by 2040, it is the latgastalled technology type in Belgium, Germany and Great Britain.

The increase in other RES generation in France, Great Britain and the Netherlands is also indicative of the
increased role of the consumer, as this generation irechmdallscale biomasand biofuels.

The development of wind generation in the rediooth onshore and offshgr@nd also thermal and nuclear
generationfollows a similar pattern to that of the Sustainable Transition scenario.

6 From 2025 to 2040, evolution could be non
Top Down for 2030 and 2040

-linear as the approach to define each scenario can slightly differ: Bottom Up for 2025,
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3.3 Future challenges in the region

The European Market and Network Study Teams have carried out simulatpping the2040 scenarios
against theexpected®020grid.

These simulations reveal thhallenges the future energy system would face without additional investments
in electricity nfrastructure beyond 2020

1 Poor integration of renewables (high amounts of curtailed energy);
1 High CO2 emissions;

9 High price differences between market areas;

1

Modest Adequacyssuesin several countries, (with the accepted ENS limit being violated in DE,
GB, IE, NL);

Flexibility issuesand,;
Grid congestions: ditlenecks between market areas and inside these areas

3.3.1 Market simulations on 2020 grid

The2020 gridand its capability to support market exchanigagpresented in the market model through the
useof NTCs. TheNTCs used as assumptfior the available market exchanges in 2020 are listed in Table
4-1. The chartdn Figure 310 describe the regional challenges identified by rtteeket simulationsThe

charts illustrateaverage results and ranges of simulations of three different climate years for all of the three
long-term 2040 scenarios.

RGNS, Curtailed energy RGNS, CO2 emissions
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Figure 3-10: Results of Curtailed energy, CO2 emissions and Marginal Yearly Cost average
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Poor integration of renewables

Figure 310 shows the average curtailed energy in the countries across the region for all scenarios. It also
shows the range of curtailed energy across the scenaricgvedage, countries are seeing between 3 TWh

and 10 TWh of annual curtailed generation. In one case, Germany experiences almost 80 TWh of generation
curtailment. This would equate to an average of over 9 GW of generation curtailment every hour of the year

CO2 emissions

In the region, the highest emissions are to be found in Germany, as sHeéiguran310. Between 25% and

33% of German production is based on fossil fuels, as detailed in Appendix | of the Scenario Report.
However, there is a largange of values for emissions depending on the scenario. Given the high curtailment
of renewable generation in Germartlgere is potentially a driver for new cressrder interconnection
capacity to Germany. All other countries in the region see much lewessionsand a much tighter range
across the scenarios.

High price differences

Figure 310 shows the average annual marginal cost considering all scenarios, and the range of average
marginal costs across all the scenarios. There is a notable pricegaomoeeivhen simply considering the
average price, with the maHogeven thése rices dre stibfedt to chamge wi
depending on the scenario. Nowhere is this more obvious than Norway, where there is a large range of costs
depenihg on whether a wet or dry climate year is considered and its resulting impact on the hydro generation
dispatch.

Figure 311 shows the average hourly price differences across the borders in the NoRbagg®afor all
scenarios, and the range of pricBatiences. These differences are examined in more defaguness-11,
8-12and8-13in AppendixA.
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Figure 3-11: Average hourly price differences in the region for 2040 scenarios with 2020 grid

All three scenarios exhibit a common theme; namely, the highest average price differences are found betweer
the more isolated systems of Great Britain, Ireland and Norway and the continental system.

Norway in particular sees some very high price diffeesrio Great Britain in the Sustainable Transition and
Di stri buted Generation scenari os. Unsurprisingl
climate year of 1982. Norway also sees high price differecmeparedo the Netherlands and Geany.
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All three scenarios demonstrate significant price differences between Great Britain and the island of Ireland,
and the continental system. This is unsurprising, due to the large quantities of renewable generation located
in these islanded systems.

Thecontinental system itself, being highly meshed and interconnected, exhibits much lower price differences
between countries. At times there are still g ni f i ¢ a n t prige diffelefcesbétwedK/DE; DK-
NL; DE-FR; BEFR.

Security of supply

Figure 3-12 shows the unserved energy for all countries in the redibaleft-handgraph showshe total
unserved energy in GWh in each countkgain, both the average value and the reogall the scenarios

are shownTheright-handgraph shows thenserved energys a percentagef each countryods
As demonstrated iRigure 315, unserved energy is not a significant concern. The highest, 6al@&WVh in

GB, represents approximately20% o f the countryds annudhereidaomand.
significant security of supply issue is the fact that the scenarios are constructed to be in line with adequacy
standards. To reach these adequacy standardsflexible thermal generation is assumed in the scenarios.
This new thermal generati is not necessarily economically viable in an enemngy market, hence,
(partially) relying upon capacity remuneration mechanisms.

Thanks to the sharing of resources, interconnectors ensure security of supply in a reffeatogt manner
compared taan isolated approach, which requires greater installed generation capacity at an individual
country level.

Alternatively, if the level of installed generation capacity is maintained, the addition of additional
interconnection capacity will reduce the ambahunserved energy. This effect is illustratedCimapter 4
when comparing the unserved energy betweetetlatsof interconnection capacity assumed in 2020 and in
2040.
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Figure 3-12: Unserved energy in the region, in energy terms (left) and as percent of demand (right)

Flexibility

Figure 313 highlights the challenge facing TSOs in maintaining system balance with large quantities of
installed variable renewable generation. The load ramps shown represeimettverst hours of the year.

All countries experience large ramps when considering their peak load. In Germany, there is an average load
ramp of 41GW across the scenarios for the percentile studied. This compares to the peak load in Germany of
~85GW. Denmark experiences an average loagrai®.9 GW for the same scenarios, compared to a peak
load of ~6,5 GW. These large ramps result from the sudden change in variable generation coupled with a
change in load. This type of phenomenon is already observed with the installation of solaiogenerat
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resulting in theso-calledduck curve of daily demand; solar generation output at midday leads to a large drop
in load requirements, while the drop in solar output in the late afternoon coupled with the rise in evening
demand leads to a steep ramgrugemand.

The resultshow load ramps that could not be met wittoantryGs installed thermal generati@ndindicate
an increased need for flexibility across the region, which coulgrddded by various sources, including
additional interconnectiqgrstorage, fast acting peaking generation and dersal@esponse.

RGNS, Residual load ramps (percentile 99.9%)
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Figure 3-13: Residual ramp loads in the region for 2040 scenarios with 2020 grid
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3.3.2 Network simulations on 2020 grid

Network studies carried out during ttiehtification of Systemleeds (loSNhave been focused time ability
of crossbordertesand i nter nal TSOsd6 networks are able to
the scenarios at stake.

The market simulations deliver the hourly load and generation dispatch, which is used as an input by the
network simulations to estimate the resulting power flows in the grid. The network simulations subsequently
evaluate these power flows against theiighilf the grid to transport them. This leads to the identificadifon
congested areas in the grige. areas wherg¢he grid is not strong enough to transport the pofi@wvs and
consequentlycts as a bottlenedtr the energy transitioifrigure 314ill ustrates the state of the crdssrder
connections, whd Figure 315 highlights the state of the internal grids.

The result of the application of 2040 scenarios to 2020 grids can be analysed as follows:

1. Crossborder exchange capacities turn out to beegaly insufficient to allow optimal crodsorder
exchanges resulting from economical operatibthe European generation mix.

2. At the same timeeven in the absence of additional crbssder capacity increasethe internal
networks need reinforcemertts accommodate the flows resulting from the new generation mixes
described in the scenarios and leadinigitger and more volatile flows crossing Europe

3. Due to its highly meshed structure, dense population and central location within the North Sea area,
the congestions are most pronounced in the Camesktern Europe area. The fact that congestions
are observed with a fully intact netwoile. a network in N condition with no planned or unplanned
outagesis a strong signal that investment in the gsideéquired

The maps below show network study results of the 2040 scenario market data implemented in a 2020 network
model.Figure 314 shows overloads on crebsrder lines. In general, the interconnections are challenged in

the 2040 scenarios by largand more volatile flows and higher distances flows crossing Europe, due to the
intermittent renewable generations. Thaps inFigure 315 showthe needor internal reinforcements for

some of the same reasons as for the dnosder connections and to integrate the considerable amounts of
additional renewable power generation.

= No overload or cccasionsl bottienecks
structurzl bottiznacks in N-1

— Eaottlenscks in N

Future Challenges on AC borders ,‘§‘
North Sea region &
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Figure 3-14: Future Challenges on AC Borders
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Figure 3-15: Future challenges inside the countries
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4 REGIONAL RESULTS

This chapter shows and explains the resoftshe regional studieand is divided intdfour sections A
description of the methodology can be found in g&Nreport

Subchaptent.1 provides futurecapacity needbetween market areas identified by the market simulations
during the bSNprocess.

Subchapter4.2 explains the regional market results in detail, wher&abchapter4.3 delivers a
complementary view on the future capacity ndsgtsreen and within market areasoughnetwork analysis

Subchapter 4.4 introduces a methodological improvemend&N. Theimprovement consisti® fostering
an enhanced representation of giigl within the market simulations. In general terms this is referred to
flow-based market modellinas used in thée-Highway 2050 studyhttp://www.ehighway2050.eute

highway2050).

4.1 Future additional cross-border infrastructure needs

The energy system of the North S®egion is undergoing a transformation. Over recent years, onshore wind
capacity has been developed atiatreasing rate. More recently, in parts of the region, offshore wind
generation and solar generation are being developed in significant quantities. This development of renewable
generation provides the regi on wilntddditionntoerteeansle d a
generation might be phased ard partly replaced by new peak units in the models during the thermal
optimisation procesg$-inally, the nuclear generati@tross the regionndergoes a major restructuri(sge

Chapter 3).

In addiion, energy consumptionacross the regioris undergoing a transformation, both regarding
electrification in industry and transportatias well as consumers dmmingpart of the production system
(prosumers).

The potential changes of both theneration and consumption are described in the first phase of the TYNDP
2018 process, building new scenarios for 2030 and @@#Chapter 3, building on the scenario repbr])

and asessing system needs for the ldagn horizon 2040. As part of this work, crdssrder capacity
increases, whichdve a positive impact on the system, were identified. A European overview of these
increases is presented in the European System Need[tepdrieveloped by ENTSEE in parallel with the
RedPs. Identifiedinfrastructurecapacity increasdsetween market arefs the North Se&egionare shown

in Figure 4-1. The system needs for the 284@izon were identified with respect to (1) market
integration/socieeconomic welfare, (2ntegration ofrenewables and (3ecurity of supply. For the North

Sea Regionthe 240needs are mainly being described through:

1 Further integratiotetweerNorway andGreat Britain, due to pricdifferences and due to the need
for flexibility to optimise the RESQyeneration (hydro/wind).

9 Further integration between Norway and the synobus Continental system (Denmark and
Netherlands), due to pricifferences, due to the need for flexibility to opathe RESyeneration
(hydro/wind) and due tohallengedDanish and Dutch security of supply high demand antbw
variable RESWind andsolar)periods.

1 Further integration between Great Britain and the Continental system (France, Belgium,
Netherlands), due to pricifferences, due to better optisation of the RESQ)eneration and due to
challengedsecurity of supplyduring periods with lgh demand antbw variable RES Wind and
solar)

1 Further integration between Germany and France, Beldgiurembourgand theNetherlands (east
westand northsoutl) due to pricedifferences, better optirmtion of the RESjeneration and the

‘__”
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potential to optinge the sharing of resources in order to ensure security of supply in the mest cost
effective manner within CWE

9 Further integration between Ireland and Great Britain/France due todiferences, optingation
of theRESgeneration andhallengedsecurity of supply in lovwvind periods.

Figure 41 showsthe needs for crodsorder capacity increases beyond the expected 2020 ged¢h2040

scenario. While mate projects from earlier TYNDPhave been added directbther increases are shown
together withthe need(s) theyulfl a c c or d i no$Nmeot htohdeo Ifolgy 0 . eeddtiiggered o mp r
by market integration (SEW) ithefirst instanceandsubsequent and furtheeeds triggeretly security of
supply(SoS) and/or renewable integration (RES) requirements

The ratio between costs and benefit can be decisiveptwsuing the development of thepetential
reinforcementsAn overview of thestandard costssed during this procesan be found if\ppendix8.1.5.

Increases from 2020 to Scenario Grid 0 buttcation Increases from 2020 to Scenario Grid 9. Laitation
“Sustainable Transition 2040” RES “Distributed Generation 2040” n — RES
SoS Y \ SoS

— RESandSoS

m— SEW andRES
Increases identified
in TYNDP2016

Level of increase

—  <500MW

m— 501101500 MW

= >1500MwW

RES and So5
5 SEW and RES s
Increases identified
in TYNDP2016
| of increase
<500 MW
501 to 1500 MW
> 1500 MW

2100

L

Increases from 2020 to Scenario Grid i nv_w'vwm
“Global Climate Action 2040” j

= RES

505

RES and SoS

SEW and RES

e Increases identified
inTYNDP2016

Level of increase

—  s500MW

m— 50101500 MW

= >1500MwW

5

Figure 4-1: Identified capacity increase needs in the three studied 2040 scenarios in NS Region’

7 "Increases identifi ed in TYNDP2016" refers to the reference capacities of TYNDP 2016 for 2030 , which for some borders had been
adjusted for the TYNDP18. Projects commissioned in 2020 are not included in capacity increases.
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The pathway towards 2030402050 is not set in stone and therefore the approach to develop the future
grid is a modular on@elivering optionality to policy makers and incorporating flexibility to manage changes
as they come alon@his principle is shown ifrigure 42.

Increase interconnection
key boundaries ~
Price convergence through
RES integration on EU scale

Extending the offshore grid
Harvest energy potential
North Sea

Leads to higher

Facilitates
power flows

Develop new corridors
\ Fill in missing links to enable increased west-east and north-south
power flows and complete the meshed backbone to support further
evolutions

Maximize potential of the existing grid via upgrades
Stronger and more volatile power flows require a fundamental upgrade of the
existing grid

Figure 4-2: Future grid development pathway

The basis of the modular approach is looking dpportunities to maxinse the potential of existing
infrastructurethus upgrading the capacity of existing substations and knigical example of reinforcing
existing substations is the integration of phase shifting transformers, ingléime flowswhile making use
of a continuouly growing level of international coordination in grid operation.

Reinforcing the substations is a relatively toast investment enabling more efficient usage of the existing
grid capacities. Yet in many casdéise existiig connections simply require more capacity to transport the
power flows. Recent evolutions in technology have made it possible to reinforce existing overhead lines in a
costefficient manner. Thanks to the udtion of higher capacity conductors, the aety of existing
overhead lines can be significantly increased up to double its capacity.

The development of new corridors is put forward if there remains a residual need for additional capacity. The
analysis has indicated thalje to the scale and magrde of the energy transition, reinforcing the existing
substations and connections will not always be sufficient. In regions without existing infrastructure or high
energy transfemew corridors may be required.

From an acceptability poitf-view, newcorridors are preferably developed as underground cable solutions.
However, depending on the length of the connection, the vadtadehe required transport capacity, this
proceeding is not technically or economically viable. In many cases new overhegdedventually in
combination with partial undergrounding, are the most appropriate solution. Subsequent studies will continue
to monitor the needs and define the most appropriate solutions. This will be done in harmony with
policymaking on European andtional levelswhich will continue to give shape to the (speed of) the energy
transition, and in harmony with technological evolutions such as fongbe in the field on storage.

Table 4.1 shows different croskorder capacities as identified during tA&/NDP 2018 process.

The first columns show the expected 2020 capacities. The next columns show the capacities relevant for the
CBA, which will be carried out on the time horizons 2025 and 2030. These columns show the capacities of
the reference gridand the capacities if all projects ep border are added together.

The last three (doubfecolumns show the proper capacities for each of the three 2040 scenarios. These
capacities have been identified during th8N phase and are dependent on the scenari
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Table 4-1: Cross-border capacities expected in 2020, for the reference grid and identified during the loSN phase

CBA Capacitie Scenario Capacities
NTC 2020 INTC 2027 . NTC ST2040 NTC DG2040 | NTC GCA2040
(reference grid)

Border => <= => <= => <= => <= => <=
BEDE 1000/ 1000/ 1000 1000( 1000( 1000f 2000| 2000/ 2000| 2000
BEFR 1800/ 3300/ 2800 4300( 4300f 5800f 3800/ 5300| 4300| 5800
BEGB 1000/ 1000/ 1000f 1000( 2500( 2500{ 2000/ 2000/ 2000| 2000
BELUG 300 180 300 180 300 180 300 180 800 680
BENL 2400( 1400| 3400| 3400| 4900/ 4900| 4400| 4400| 4900| 4900
CHDE 4600| 2700| 5600{ 3300/ 6500{ 4100/ 6500/ 4100| 6500 4100
CHFR 1300/ 3150/ 1300f 3700( 2800( 5200f 3800/ 6200| 3800, 6200
CZDE 2100( 1500f 2600| 2000| 2600/ 2000{ 2600/ 2000| 2600| 2000
DEDKe 600 585 600 585 600 600 600 600 600 600
DEDKw 1500/ 1780/ 3000( 3000( 3000( 3000{ 3000| 3000/ 3000| 3000
DEGB 0 0 1400( 1400| 1400( 1400( 1400/ 1400| 1400| 1400
DEFR 2300( 1800| 4500| 4500| 4800, 4800| 5800/ 5800| 4800| 4800
DELUG 1000/ 1000/ 1000 1000( 2000( 2000f 2000| 2000/ 3000/ 3000
DELUvV 1300/ 1300/ 1300 1300( 1300( 1300f 1300/ 1300/ 1300/ 1300
DENL 4250| 4250| 5000{ 5000/ 5000{ 5000/ 5000/ 5000/ 5000/ 5000
DENOs 1400 1400 1400 1400 1400 1400 1400 1400 1400 1400
DEPLE 0 2500 0 3000 0 3000 0 3000 0 3000
DEPLI 500 0 2000 0| 4500 0 3500 0| 4500 0
DESE4 615 615| 1315/ 1300 1815 1815/ 2315| 2315| 2315| 2315
DKeSE4 1700/ 1300f 1700( 1300( 1700( 1300f 2700| 2300/ 2700| 2300
DKwGB 0 0 1400( 1400 1400 1400| 1400/ 1400| 1400| 1400
DKwNL 700 700 700 700 700 700 700 700 700 700
DKwNOs 1640 1640 1700 1640 2140 2140 1640 1640 2640 2640
DKwSE3 740 680 740 680 740 680 740 680 740 680
ESFRGB 0 0 0 0 0 0 0 0 0 0
ITcrITCO 300 300 400 400 400 400 400 400 400 400
FRGB 2000( 2000| 6800| 6800| 6900/ 6900 5900/ 5900| 5900/ 5900
FRIE 0 0 0 0 700 700| 1200/ 1200 1200 1200
FRITNn 4350 2160 4350 2160 4350 2160 4350 2160 5350 3160
GBIE 500 500 500 500 1500 1500 500 500 500 500
GBIS 0 0 0 0 0 0 0 0 0 0
GBNI 450 80 450 280 500 500 500 500 500 500
GBNOs 0 0 2800( 2800 1400 1400f 2900/ 2900| 2400| 2400
IENI 300 300 1250 1200( 1100( 1100( 1100/ 1100| 1100| 1100
NL-NOs 700 700 700 700 1700/ 1700/ 1700( 1700( 1700( 1700
PL-SE4 600 600 600 600 600 600 600 600 1100( 1100

* This capacitys usedto connectheindustrial gridin Luxemburg
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4.2 Market results

This chapter shows the average results of the market simulations of all three 2040 scenarios with the 2040
scenarios grids in place. They complement those resi8estion 3.3 and illustratitne impact of the increase

in NTCs from 2020 values to 2040 values. These increases are shdwahlén4l. The nethodology is
describeditheil dent i fi cati on @f System Needs Report

RGNS, Curtailed energy [GWh] RGNS, CO2 Emissions [ktons]
60000 120000
50000 100000
40000 80000
30000 60000 -
20000 40000
10000 - — 20000 I .
= - =
0,.‘ .- - . . — - e . [
BE DE DK FR GB IE Ly NI NL NO BE DE DK FR GB IE Lu NI NL NO
+ Avg. 2040 with 2040NTC (all scenarios) = Avg. 2040 with 2020NTC (all scenarios) * Avg. 2040 with 2040NTC (all scenarios) = Avg. 2040 with 2020NTC (all scenarios)
Figure 4-3: Curtailed energy in the three 2040 Figure 4-4: CO2 emissions in the three 2040
scenarios with identified capacity increases scenarios with identified capacity increases
RGNS, Marginal Cost Yearly Average [€] RGNS, Unserved energy [GWh]
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Figure 4-5: Yearly marginal cost average in the three Figure 4-6: Unserved energy in the three 2040
2040 scenarios with identified capacity increases scenarios with identified capacity increases
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Figure 4-7: Net annual country balance in the three
2040 scenarios with identified capacity increases
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4.2.1 Animproved utilisation of renewables

Figure 43 demonstrates that curtailment has decreased across theiféiggoproposed grideinforcements
towards 2040 are reatid The most notable reduction is in Germany, where the average curtaéioness

the scenarios has dropped from 40 TWh with just the 2020 grid in place to 23 TWh when considering the
2040 grid. This is to be expected; additional interconnection between countries coupled with stronger internal
grids allows countries to securaychange power at times of surplus renewable output.

Despite the reduction in curtailed energy, it should be noted that there is still a significant amount of
curtailment across the region, even with the 2040 NTCs in place. At times, surplus enengy csitiailed
simultaneously in many countries across the region. In these instances, additional grid infrastructure may not
be the optimal solution, and other options such as storage or power to gas may need to be considered.

Of course, the variable na&iof most renewable generation, coupled with the large installed capacities in
these 2040 scenarios, means that some level of energy curtailment will occur, as it is not economically viable
to develop a system capable of exploiting the full annual oofpthis generation.

4.2.2 Decreased CO2 emissions

Figure 44 shows the impact on CO2 emissidirthe proposed griceinforcements towards 2040 are readls

Higher interconnector capacity will have semiffects on the CO2 emissions, by allowlrajterintegration

of zeroemission renewables, as wellasincreased use of gas instead of coal in thermal generatien.
deployment of renewables hakigherimpactthan interconnectomsn the CO2 emissions.

4.2.3 Improved market integration and decreased average price

On average, the price level of the countries in the NorthRegion are fairly close to each other in 2040 if
the proposed 204¢rid is realied as shown inFigure 45. Based a the scenariassumptios, Norway is
expected to have a lower prideah the other countrigés the region. If the proposed 2040 reinforcements
were not to be fully developethe price differencebetween different countries are expected to be much
higher.

As shown inFigure 48, the average price difference decreasethef 2040 grid is implemented. More
interconnector capacity between countries will reduce price diffeserrak develop a more effective and
integrated market. Hence, it will be possible to import/export more power within a shorter period when the
price diferencesrehigh, for example in dry years with higher price lesvelthe Nordic, or in periods when

the variation in renewable productiahigh. Thehydro based power market in the Nordics will be more
integrated with the more thermal based markebitinental Europe, and the price variation between dry and
wet years will be lower.

‘—dﬂ
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Figure 4-8: Average hourly price differences in NS region in the three studied 2040 scenarios with identified
capacity increases

4.2.4 Capacity increases improving the security of supply

Figure 46 shows the impact on security of supply, measured through unserved energy, if the proposed grid
reinforcements towards 2040 akevelopedin line withthescenario desigrtheunserved energy was already
insignificant when cosidering the 2026ITCs (the highest recorded occurrence iB@ccounting for @%

of t he c¢ ounMerthedesesullstllMemombstrate the principle that intennectors contribute to
ensuringadequacy through the sharing of resourBased ontie small numbers, unserved energy is not a
very important indicator fagreateiinterconnector capacity. There mightlbss epensivesolutions to solve

the unserved energy issue, e.g. investment in more production capacity, batteries odsioagdresponse

or load management.

Figure 47 shows the annual country balances (i.e. the remaining balance once all imports and exports into a
country are considered). The results shbased on the scenario assumptions, that Germany, France and
Norway ae the main exporters within the North Sea Region. The annual country balance varies in wide range
dependingnthe scenario, weather year (wet or dry) and the assumptions set for the study.
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4.3 Network results

Chapter 3 illustratethatthe grid is heavilycongested in the new 2040 scenarios even before adding any
further increase in crodsorder capacitiedn this chapterthe state of the grid is analysed for the resulting
2040 scenario capacitieghus including the increase in crdssrder capacitiessaidentifiedby the market
studies.

The key findings are
1 The grid is heavily congested, especially in the CWE,a®#&needdo accommodate both north
south and westast power flows
I These congestions are too strong to be solved only thaptghisation of controllable devices

9 Structural grid reinforcements are thus needed to accommodate the expectefiiopmrar204Q

o Fromnorth tosouth: additional corridors in DE, combined with upgrades of existing AC
corridors (HTLS and PST measure)tbaDE-NL and BENL borders, could evacuate more
powerflows. Reinforcement betweamrthern DE to NL are even more useful when PSTs
at the border &tween these countries are used to control the flovilseddL-DE border.

0 West to Northeast: fronthe NL/BE/FR coast further inland and onwards to DE/CH to
evacuate power flows from the North Sea area (wind, UK/IE interconnections) and nuclear
energy wherR is exporting, i.e. not in winter.

The next iterations of TYNDPs will give further shape to the 2040 grid architecture, identifying the most
appropriate solution to alleviate the congestions. During this process it remains fundamental that the evolution
of the interconnectors as well as the internal grids is synchronized across the region

4.3.1 Expected power flows

The maps inFigure 49 andFigure4-10 illustrate the power flowsesulting from the 204GCA scenario

capacities
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Figure 4-9: Expected power flows in 2040 GCA scenario i 5th percentile (for both direction in MW) resulting
from the 2040 scenario capacities
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Figure 4-10: Expected power flows in 2040 GCA scenario i Yearly energy transfer (sum of physical flows, TWh)
resulting from the 2040 scenario capacities

These figures illustrate that for the 2040 GCA scenario

1 Atleast 10% ofhetime (5th percentile values in each directighg market uses the full capacity of
the HVDC interconneors. These are the connections between Ireland, Briain, the Nordics
and theContinentas well as the connection between Belgium and Germany;

1 The interconnectors betwetre Nordics Great Britainand theContinentare predominantly used in
export direction. Between Ireland, Gréitain and theContinentthere is aquite balancedenergy
transfer orayearly basis;

i The AC interconnectors on the ENEL, BE-NL, FR-BE and FRDE borders are facing high flows,
with 5th percentile values around 5 to 8 GW. These flows are higher than the market capacities on
the borders due to transit and loop flows odogrin ameshed network. Compared to the situation
in 2015 Figure 36), the yearly exchanges on these AC interconneatmongly increase from ~10
25 TWh to ~2535 TWh.

The power flows for the ST and DG 2040 scenarios are presemgpéndix 8.1.6. The power flows of the
DG 2040 scenario are quite similar to the 2040 GCA scevelite the power flows ithe ST 2040&enario
are notas highfor every bordeanddirectionas in the 2040 GCA scenario.
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4.3.2 Cross-border and internal congestions

Themapsbeloware illustrativeof the congestions detected on the Contimétit the scenario capacities as
displayed inTable 41. The gravity of the angestionss scaled using theS’ criterig these criteriwombines
the frequency of aongestior(F) with the square of its severi(§$?).

The congestions displayed in Figurel4 are based upon the power flows from the ST 2040 scenario
capacitiesand are for France, Belgium and the Netherlagelserallyrepresentativeof the powerflows
resulting fromthe DG 2040 and GCA 2040 scenario capacifiée key message is thaith highermarket
capacitiesthe congestions becommore pronounced

The congestions in the Danish grid are more variable according to the scenario under aithlyss
congestions in N state, and congestions-ih ijainly occuring in the GCA 2040 scenarigee Appendiy.

A further elaboration of these congestions and potential reinforcement measures can be aatidnn
434

Figure 4-11: Congestions in the Continental grid in N state (left) and N-1 state (right) for the power flows
resulting from the ST 2040 scenario capacities
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4.3.3 Controllable devices

Controllable devices such as phasift transformers (PSTs) help to reduce congestion. An analysis has been
performedupon the power flows resulting from the ST2040 scenario capacisey) the PSTs on the
BelgiumFrance, BelgiunNetherlands, and BelgirLuxemburg and GermarnMetherlands borders in a
coordinated manneFor the sake of the exercise the full range of tap positions has been used

Figure 412 illustrates the congestion®oth without (map on the left) and with (map on the right) PST
optimisation. Congestios areagainrepresented with the F8riteria

The key findings of the analysis are

1. PSTs optinsation allows for an alternate distribution of flows in the region ogiigithe use of
interconnectors as well as the internal gridmustbe noticed that no PSTs are yet installedhan
FR-DE border which explairs why congestion is still active in the same range when comparing
these two maps.

2. PST optimsation alone is insufficient to address the amount of congestions we are facing

As congestion patterns are quite similar betwdesST and DG and GCA scenarios, these findings are valid
for all 2040 scenarios.

Figure 4-12: Effect of PSTs optimisation on grid congestion in CWE area (N situation for ST2040)
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4.3.4 Description of the needed reinforcements

Due to a different mix of power plants and an increase of renewable energy plants being installed, the grid is
already stressed in many parts even before adding thebmoassr capacjt needsidentified by theloSN
study. Hencestructural reinforcements are needed to make the 2040 scenarios safe.

The mapsn Figure 413 give an appreciation of thedditionalamount ofreinforcements required when

adding the crosborder capacity needs as identified by th&N study. The reinforements envisioned to

make the 2040 scenarios safe can already incorporate (a large part of) the required transmission capacity tc
absorb the additional crob®rder capacity increases. This explains the cases where countries are coloured
red/orange irfChager 3 and green here below.

Additional internal reinforcements needs following
cross-border capacity increases identified in scenario
“Sustainable Transition 2040”

No data available

Some reinforcements needed
unt of reinforcements.

@ Huee forcements
o heavy reinforcements needed

Additional internal reinforcements needs follo
cross-border capacity increases identified in-
“Global Climate Action 2040” ’

Additional internal reinforcements needs following
cross-border capacity increases identified in scenario
“Distributed Generation 2040”

No data available

Some reinforcements needed
unt of reinfarcements

infarcements
ments needed

No data available
Some reinforcements needed
Important amount of reinforcements
needed

@ Huge amountofreinforcements
or heavy reinforcements needed

Figure 4-13: Impact of identified capacity increases on internal grid reinforcement needs in the three studied
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Belgium

The Elia grid is highly loaded on both therth-south axis NetherlaneBelgium-France, and theesteast

axis GBBelgiumGermany, in both directions, combined with a significant increase of offshore wind power.
Multiple reinforcements are being studied for implementation over the next 10 to 15 years.

These reinforcements, both internal grid and on the borders, will be integrated within the new national
development plan which Elia is preparing for consultation aroune26i@.

Extending the 2% HVDC links Rilland Maasbracht
offshore grid toGB &DE —
H Price convergence —
arnvestenergy - .
otential Morth Sea through RES integration .
P on EU scale I I Zandvlig

Mercator an Eyck
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Figure 4-14: Evolution of the Belgian grid

power flows and complete the meshed backbone to support
further evolutions

New corridor Avelgem-Center
A missinglinkto enable increased west-east and north-south

Maximize potential existing grid via upgrades (P5Ts & HTLS)
Stronger and more volatile power flows require a fundamental
upgrade ofthe existing grid

Internal grid reinforcements
1 An HTLS upgrade is studied for the VanEyGkammeCourcellesMercatorVanEyck loop.

1 A new ~6GW corridor between the Avelgem area to the Bru@gatcelles area allows alleviiai
of the high loading on the Avelgehiorta-Mercator axis

1 Conneting the additional offshore wind requires the development of offshore infrastr@et@
II) as well as an additional ~6GW corridor from Avelgem area to the coast, which should be linked
with the first axis (Stevin).

1 A possible increase of the pumpedrag®e plant in Coo (connected to Brume, mainly in GCA2040)
requires upgrades around Brume, on the GraiBrnene- Aubange axis

France-Belgium: The first steplalready included in the grid modelpnsists of an HTLS upgrade on the
western 380 kV lines HBE and PSTs on the 220 kV lines. From ~2025 onwards, the eastern 380 kV line
FR-BE alsowill be overloaded after the planned closure of the nuclear power plants in Belgium. A short
term measure cddiconsist of a PST to control the flows on this lifikis is not a longerm solution, since

the flow would be pushed towards the equally highly loaded bordddER.ongterm solutions are being
analysed in a bilateral study with FH and includefurther HTLS upgradesand potentially new
interconnections.

Netherlands-Belgium: The western bottleneakose to the bordenside Belgium can be covered by proper
PST operation and topological measures. But opiigiithe existing PSTs NBE does not suffice ithe
longterm for the border itself. Already included in the grid model is a reinforcement of the western
interconnectior{ZandvlietRilland) with HTLS and additional PST#\ similar reinforcement on the eastern
axis(Van EyckMaasbracht)s to be studiednd coordinated with further evolution on the-NE border.

DE-BE Il and GB-BE II: 2"HVDC interconnectorsare under study building upon the internal grid
reinforcements to accommodate their additional power flows
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Denmark

Concerninghe wesDanish power system (DKwjhe studiegarried outighlight the following:

Danish-German border

The technical rating of the crebsrder lines which define the DaniGerman bordeseems to be appropriate
for handling the expected creberder flows inthe future, since nmelevant congestions were identified for
the three scenarios that were considered in the I0SN process.

Internal grid

In generalfor the internal gricho major congestionseedto beunderlined in N condition among the three
scenariostudied. However, it is true is that in a scenario where the interconnection capacity with Norway is
increased and large wind poweapacity is accommodatén the northern part afutland as defined in the
GCA2040, the NL situation canead to frequenbverloads in the norteouth corridor between the Danish
substations of Tjele and Revsirithe details can be found in Eigs 4-12 and 413.

France

This sectionmainly focugson northern anceastern part of the territoryurther comments can be found in
both CCS and CSW Regional Investments Plans.

After grid studies analysis theN and N1 situatiors, corridors concerned by congestion (on interconnectors
and even internal grid) are located in the same area whate\gfi4@escenario.

Concerning interconnectors with Belgium, the situatiomdslescribed justbove,and it is relevant to
highlight the combined influence between flowstba FranceBelgium border and flowsn theFrance
Germany border. Despithe projectsthat are yetto beidentified in the portfolio for these two borders,
coordinated use of PSTguld probablynot solve these congest®at that time horizonAs mentioned in

the AGermanyd paragraph, addi ti onalse congegimarenent s
confirmed in futurgpanEuropearstudies.

Taking into account the main increase of capacity between France to Ireland and Great Britain (starting fr
2GW in 2020 up to more thanG¥ or even BGW in 204Q depending on the scenario), no critical
congestios are detected otineinternal grid

Congestion detected in the aregl@Muhlbach substation close tite German border can be managed using
new PSTs commissioned in 2016.

Congestion identified in theoBth of Paris Region is mainly driven Ingrth-south (or southrnorth) bulk
flows across France as a corridor between Spain and Northern Europe (GB and Germany), to integrate RES
generation. Reinforcementsychas upgranhg existing grid (substations armverhead lines (OHD)are
already identified and can be reali step by steglepending o the global increase of RES generation.

Germany

Due to the high amount of renewable installed capacity expected to be installed in 2030 and 2040, internal
reinforcemats in the German transmission grid are necessary. To evaluate which reinforcements are needed
to be implemented, the German TSOs (50Hertz, Amprion, TenneT DE and TransnetBW) are working
together on the German National Development Plan (NDP, German: Netdéumngsplan, NEP), which
mustbe published by law every second year. To allow all stakeholders to participate in this process, two
consultation phases are included. After publishing th&Nhe German regulator Bundesnetzagentur decides
which projectsare confirmed. As the German NDP published in 2017 focusses on 2030 and 2035, some
additional reinforcements, which are not yet identified, may be required until 2040. All internal German
bottlenecks will be resolved in this process.
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The NDP takes alsotim account the results of the latest TYNDP to ensure that the German grid is prepared
to provide the capacities needed for the TYNDP projects. For example, there is a discussion ongoing about
additional DC linkson thenorth/south axis for the timborizon 2035 to integrate the RES generation capacity.

Great Britain

Interconnection to Central Europe is connected alongstiiheast coast and this interconnection has
significant influence on power flows in the region by being able to both imporiaod @ower with Europe.

Most of the interconnectors will be connected south of boundary. Interconnection to Denmark is connected
via the east coast and interconnection to Norway is connecigdhe rorthern region both having the
potential to drive in@ased power flows across the east coast and north region.

European interconnector developments along the south coast and east coast could potentially drive very high
circuit flows, causing both circuit overloads and voltage management issues.

Southern Regbn

In the future, the southern network could potentially see a number of issues driven by future connections and
behaviour. If the interconnectors export power to Europe at the same time that high demand power is drawn
both into and through Londothen the northern circuits feeding London will be thermally overloaded. The
high demand and power flows may also lead to voltage depression in London Sadittieast.

If the South-East interconnectors are importing from @entinent and there is a dale circuit fault south of
Kemsley, then th&outh-East circuits may overload and there could be significant voltage depression along
the circuits to LovedeaiThis situation maylao increase the thermal constrainttbae ©utheast circuit.

Eastern Region

With the large amount of generatjgredominantly offshore wind, nuclear and interconnection to Denmark,
contracted to be connectigdthe area, supply may significantly exceed the local demwvamidh could cause

heavy circuit loading. The East Anglia transmission network to which the future generation will connect has
eight 400kV double circuits. The potential future increase in generation within this regmuoding the

impact of interconneor flows, couldcausehe network to experience very heavy circuit loading.

Northern Region

Presently, most of the northern transmission network is oriented for-gmrth power flows with
connections for demand and generation along the way. At tinieghoivind generation the power flow will
mostly be from north to south, with power coming from both internal boundary generation and generation
further north in Scotland. When most of this area and Scofleyknerating power, transmission capability

can be very limited. Furthermormterconnection flow between GB and Norway tieepotential to influence

the power flow across the noettmarea.

Western Region

Future nuclear generation connecting in North Wales;dason and the new interconnectorshmireland
have the potential to drive increased power flows eastward into the Midlands where power plant closures are
set to occyrand demandk set to remain fairly high.

With future additional interconnector connections, the south and east regiquoteititially be unable to
support all interconnectors importing or exporting simultaneously without network reinforcement.
Overloading can be expected on many of the southern and eastern circuits.

Ireland and Northern Ireland

In Ireland, a Transmission Dde@pment Plan (TDP) is prepared annyaihd submitted to consultation
Additionally, new transmission project proposals are subject to a rigorous assessment and consultation
process. In Northern Ireland (NI), a process for delivering a TDP is undeands development framework

for transmission projects is being prepared.
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As a result, any bottlenecks identified as part of the analysis in this report would be required to be identified
as part of the aforementioned processes before being considered fopaiere.

The results of the network analysis indicate that, with the large increase in installed renewable capacity by
2040, the internal transmission network in both Ireland and NI comes under pressure in all scenarios. The
location and severity of oveidds is dependent on where the new generation is located, for example, the large
increase of offshore wind generation in Ireland in the GCA scenario would stress the transmission network
in the east of the country.

Generally, the main issue in Ireland and\ransporting remotely located renewable generation to the main
backbone transmission system; this may be achievable with upgrades to the existing Retgandinghe

large volume of renewable generation in the GCA scenario, the analysis highligbted on the
transmission network. Additionally, further interconnection into Ireland and NI would impact on the results
depending on where it is located, it could stress or reduce power flows.

Luxembourg

The interconnector IC BeDeLux betweeamxembourg and Belgium was putaoperation in October 2017.

A 220 kV phaseshift transformer is integrated at Schifflange (LU) and the Luxembourg network is being
reinforced by creating a loop around LuxemboGity, including substations for in feeat lower voltage
levels, hereby enabling the existing line Aubange {B&)ifflange (LU) to figure as interconnector and thus
improve the security of supply of the region.

The recently published Luxemburgish Network development plan NPD Lux 2040 noticgdranansition

of the energy system in Luxembourg. The current heavy industry is evolving to smaller, specialized and
energyefficient industries. These new industries announced their establishment in Luxembourg in the

coming years. In additigrthe growng digitalization observed in different areas like logistiespmmerce

and electronic data storage and management will heavily impact the transmission and distribution networks.
The number of electric and phig hybrid vehicles, including electric busésrising due to public incentives.

The electricity consumption and peak load of Luxembourg is currently rising faster than expected. The load
and consumption of Luxembourg is expected to further increase until 2050 from currently 700MW to
1300MW (depenithg on the scenarios).

Luxembourg is almost completely depending on energy imports. In order to accommodate these additional
flows due tothe load increase expected in Luxembourg and additional transit flows on théJerder

towards Belgium, reinforceemt is planned on the BDBJ border comprising the construction of two new

380 kV substations in Germany (Aach) and Luxemburg (Bofferdange). The new substations will be
connected via a new Alk to allow higher cros®order capacity between Germany anddmbourg.

The 2040GCA scenario market and network simulations identify the need to reinforce th& B&rder in
addition to the already planned 400 kV reinforcement on theé DBorder in order to accommodate the
flows on thewesteast axis GBBelgiumGermany. Further studies are needed to aseapotential internal
reinforcementsacross the area. For Luxemburg this could include reinforcenoendas400 kV level in
addition to the 220 kV loop around the city of Luxembourg ¢Rimg) put irio operation ir2017.

The Netherlands

The network analysis for the 2040ST scerssimowshighly loaded locations ithe NL 380kV grid. The
main reasons for @sehighly loaded locationare the transit flowbetweenGermany BelgiumandFrance
as well as theonnection of new offshore wind generation, mainly on the west coast.

Internal lines

Essential for further increase of interconnection capamityhe Dutch bordens the strengthening of the
central 380kV ring in the Netherlands. The transit flows frddermany to Belgium and even to France
contribute significantly to the observed overloading of internal B80ines in 2040. The corridor mostly
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affected by these transit flows is the northern part of the centrdd\8&0g which facilitates transportdm
North Germany to the west side of Belgiamd passes Amsterdam

Even the planned upgrade of these circuits using HTLS conductorgoes not completely solve the
congestions resulting from the 2040enaris. Additional measures need to Hevelopedto solve the
remaining congestions

The eagtrn part of the central 38RV ring becomesnore highly loaded due to the new interconnection
DoetincherANiederrheinlocated in the middle of the NDE border The planned se of HTLS conductors
in this part of the central 38KV ring appears to be sufficiefdr solving theobserved 2048ongestions.

The connection of offshore wind generation, mainly on the west coast of the Netherlands, results in a large
power flow from wet to east (coast to mainlan®epending on the amount of connected offshore winisl, t

can lead to overloads in tlveestern380 kV lines between the cdaand the main 380 kV ringA more
distributed selection of connection points for the offshore wind parks to tHe/3#d is important to reduce

the overloads observed towards 2040

One part of the west side of the main &80ring, KrimpenGeertruidenbergs affected by the tresit flows
connected offshore wind and possible increase of the interconnection capacity towards Thes \pirt of
the main 38&V ring is heavily loadedTheplannedupgrade by using high capac#yf LS conductors is not
enough to mitigatéhe overload towards 20400ther solutionsieedbe examined.

NL-DE border

Relevant crosdorder projectgresently under constructionere taken into accouritheseare the new 380
kV crossborder line Niederrheiboetinchemin the middleand theupgradeof the exsting 380kV cross
border line Meedeielein the north

Based on the network study results, it is concludedgbati coordinatiorof the PSTs in MeedeDiele is

beneficial andeduceghe frequency of overloar this crossborder line For 2040 he PS's, however, do
not suffice on their own to completely prevent overldadke northern part of the NDE border even with
utilisation of the full range of the PSTs.

Studies with the neighlbong TSO Amprion have been startedo optimise the remaining two
interconnectionsHengeleGronau in the north and Maasbra&iersdorf in the southwhich, under the
analysed conditionshow overloads towards 2040.

NL-BE border:

Theplannedupgrade of the crodsorder connection Rillandandvlietin thewestwith two additional PSTs
and increased line capacity is taken into accouanhalysing the 2040 scenarios

The upgradedPST configurationin Zandvlietin the westand present PSTconfigurationin the east
interconnection Maasbraekian Eyck helpto reduce the frequency of overload the crossborder lines
between Belgium and the Netherlandihe upgradedPST regulation in Zandvliehowever increases the
northrsouth andsouthnorth flows between Belgium and theestof the Netherlanddeading to increasing
overloads in the soutest part of theNL main 380 kV ring, especially between Krimpen and
GeertruidenberdAlthoughPST regulatiordecreases the observed overlaaat all overloadsowards 2040
can be avoidedadditional solutionseed tde studied.

NL-GB and NL-NO interconnections

To improve the Dutclsecurity ofsupply and RES integratioperformance towards 2048 need to further
increase the NTC between Norway ahé Netherlands and Great Britain aheé Netherland$ias bep
identified The increase of NTCs for these borders can be implemented only via the construction of new
HVDC lines between the countries.

The increase of the NTC between Great Britain and the Nethetasdsubstantiakffect on the internal
Dutch grid as itfurther increases the power flows from west to @dmgn it is connected in the same area as
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the offshore wind connectionBhe connection point aheNL-UK HVDC connectiorto the internal 38RV
grid will determine theseverityand location of possible overloads towards 2040.

The NTC increase between Norway and the Netherlands increases the flowsiftlorto south and vice
versa Depending on the connection pqititis couldaggravate the congestion in therthern part of the
central 38V ring. As mentioned earliethe planneddTLS conductors in this corridor are rsatfficientto
solveall congestionsowards 2040and additional measures will be studied

Norway

To evaluate which internal reinforcements are needed, theddgan TSO (Statnett) devekime Norwegian

Grid Development Plan, which by lawustbe published every second year. If high amsohtenewables

are installed, like in scenario Global Climate Action, huge internal reinforcements in the Norwegian
transnission grid are necessary. In scenaBastainable Transition and Distributed Generatioanumber

of new renewableis lower, hence lower need for internal reinforcements.

4.4 Alternative approach based on a flow-based market model

During the loSN process ENTSGE experimented in parallel with a new method based on alfased
approach similar to the one used within thélighway 2050 project. The tested method relies on the
integration of a simplified model of the physical grid directly intortterket model, which allows the main
congestions on the grid be identified directlyandtherefordacilitates quick analysig.he simplifed model

is shown inFigure 415.

AC link between zones of a
same country

AC link between zones of
different countries

DC link between zones of a
same country

DC link between zones of
different countries

AC link modeled as a DC
link (no grid data)

Figure 4-15: Flow-based market model structure
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As this method is described in tleSN report, onlythe main conclusions are presented here:

1 Flow-based market modehccount forthe physical grid when using new scenarios for which
NTCs are not well known

1 Flow-based market modemake the link beteen the different reinforcements: which one tdindt
first, whatare thecorrelations between the congestions, etc.

1 Flow-based market modsgive a first indication othe economic value @f physicalyrid congestion
and helps focuenthe mitigation ottherelatedmost important bottlenecks

1 For modelling purpose flow-basedmarket moded arebased oma division ofexisting market nodes
into smaller market nodethis leads to ae-allocationof the simulated power plant dispatch and
therefore talifferent flows.

Figure 416 showsanexample otheidentifiedset of reinforcemestusing flowbasednarketmodellingfor
the ST2040 scenario and indicates the potential changes in geneeagiomore RES can be exploited
replacing parts of the therinideet. The identified needs are consistent with the needs descril@hpier

4.3.

Generation shifts (TWhiy)
[ 0 cost generation

I nuclear
[ thermal 40 to 60 £/MWh

B thermal 60 to 80 €MWh
B thermal = 80 €MWh

Reinforcements
— 500 MW
w000 MW
500 MW

| 2500 MW

Figure 4-16: System needs identified and impact on generation mix in ST 2040 with a flow-based market model

FortheNorth Sea Regiowith many HVDC subsea connectiotise example shows thttis methodgives
relevant and consistent resulidoteworthy is thehigher level of needo connect GB and Ireland titne
Continentin comparison to th€EW loop of thelefault bSN-methodology.
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5 Additional regional studies

The integration of the large volume of renewable generation proposed for the NoRkdb@a presents a
number of operational challenges requiring innovative solutions. Several such studies are ongoiag and ar
discussed in this section.

5.1 Challenges of operation with high RES

The island of Ireland comprises two jurisdictipireland and Northern Irelan@vhich are operated as one
electricity marketthe Single Electricity Market (SEM). The SEM is a small sysaehis not synchronously
connected to either Great Britain or continental Europe. When considering synchronous systems across
Europe, the SEM will have the highest penetration ofsyarthronous renewable generation by 2020, as
shown inFigure 51. Thesevalues are based on targets defined in the 2010 National Reneuvedyigy

Action Plans (NREAP).

As asmall island with a high penetration of renewable generation, the issues experienced and identified in
IE and NI may also become relevant to other coestin the region as their generation portfolios develop.
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Figure 5-1: Penetration of non-synchronous renewables in each European synchronous system 20100 2020
The large increase in penetration of asynchronous renewable generation has thedletorseveral
challenges. Issues with operating with a high penetration of edsleygeneration include:
1 Higher Rate of Change of Frequency (RoCoF) on the system;
1 Reduced transient stability of the system;
1 Voltage dips arising from slow post fault recovery of wind farms leading to frequency dips; and
1

A need for crediblereliable performance®m thermal generation.

5.1.1 System non-synchronous penetration

To simplfy matters, a metric was derived to take into account all operation constraints. This metric is referred
to as the System NeBynchronous Penetration (SNSP). Th&ltamount of norsynchronous generation
(renewable generation and HVDC interconnection imports) is considered against the total synchronous
generation operating at all times. To simply meet 2020 renewable energy targets, there is a requirement for
at leas 75% SNSP. This would allow curtailment to be kept low enough to allow renewable generation to
remain investable.

A report in 2010 investigated the operational range of the SEM synchronous system in 2020, and the results
are shown irFigure 52. The greerarea represents a range where there are no technical challenges, and
therefore up to 50% SNSP could be achieved. The red area represents a range where technical issue
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jeopardise stable operation, i.e. beyond 75% SNSP. The report concluded that oppraiid®®% SNSP
could be achieved wi number o 6additional a

t h a f

7000 7
6000 / / // /
vy
4000 / A/ / / “
yys

.
1000 2000 3000 4000 5000 6000 7000 8000
Pwing + Pimport (MW)

8000

Pload + Pexporl (MW)

3000

2000

Figure 5-2: Allowable operation range of the SEM synchronous system by 2020

The DS3 (Delivering a Secure Sustainable Power Systegjdnme was set up by the Irish TSOs to manage
the challenges of operating a system with a high penetration of renewable generation. Ultimately, it will
achieve the need for a 75% SNSP. A number of requirements were identified to meet this target:

1 Anincrease in the allowable RoCoF limit from 0.5 Hz/s to 1.0 Hz/s;

1 A reduction in the number of minimum thermal generators dispatched at all times;

1 A reduction in the minimum inertia required at all times;

1 The introduction of a Fast Frequency Response (FFR)nsystevice;

1 Animproved voltage control strategy at both transmission and distribution levels; and
1 Better management of voltage induced frequency dips at high levels of SNSP.

5.1.2 Operation beyond current limits

Consideration is being given to how to ultimately operate the system with a SNSP beyorgevs#al
developments have occurred in recent years to suggest this target may be possible. These include:

1 Animproved dynamic reactive response from wind farms;

1 The extensive use of appropriately located synchronous compensators;

1 A change in the renewable energy portfolio due to an increase in PV applications; and

1 New technologies, such as demand side management, energy storage and rotating stabilisers.

Further interconnection with neighbouring systems will also potentially be a requirement. A large set of
studies, similar to the aforementioned DS3 programme, will ultimately be needed to determine whether such
aspirations can be met. Increased coordindiEtween transmission and distribution system operators along
with enhanced regulatory and policy support will also likely be required. This is particularly true given that
customers will become more active participants in the future, with domestigenal@tion and technologies

like electric vehicles havinglarger impact on the generation and demand balance.
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5.2 Controllable devices

The results of the 10SN screening show importaorth-south and westeast flows across the North Sea
Region. These floware driven by RES generation locatecharthern Europenorthern Germany, Ireland,

the UK andnorthern France. Congestions are frequently observed on the 2030 reference grid when the 2040
scenarios are applied; this is despite infrastructure projectentiyr under construction or under
consideration to facilitate RES integration and to connect isolated areas in the region.

To transfer high volumes of energy across long distances, HVDC projects appear as gosdaiptinly
when considering o$horeinfrastructure.

To enhance market integration amelp TSOs safely operate the ggittlose to real time, additional systems
such agphaseshifting transformers (PST) are used. They allow the optimisation of capacity calculation by
regulating flows on maipower lines, while taking into consideration hourly updated patterns for load and
generation. This optimisatiomust be considered when interpreting market results and for maintaining
security of supply.

PSTs and, to an extent, HVDC enable TSOs to copwaler flows and use the existing system more
efficiently, also potentially avoiding redispatch associated with congestion management. As a result, the
installation of such control devices could delay or avoid the need for ne@IC by improving the
reliability of the system and making optitruse of the existing transmission capability.

5.2.1 Phase Shifting Transformers (PSTs) for controlling cross-border flows

PSTs are usually installed at existing substations. In the NortRR&gan, they argrimariy installed to
control flows on 380 kV and 220 kV overhead line AC interconnectors.

When considering 220 kV interconnection, the main purpose of PSTs instadldmbater is to manage the
power flow across the interconnector itself, while also considering any parallel 380 kV interconnection. This
is particularly important duringreN-1 situation. Overall, any powéshifteddto other lines is limited, while

the tdal transfer capacity across the concerned border is increased.

For 380 kV PSTs installed at a border, their main purpose is to guarantee the safety of both-boedanss
interconnector and the internal grid. They achieve this by limiting loop flowsétlby high power flows
crossing the regional grid. At the 380 kV leux@hifteddpower will affect other 380 kV interconnectors, even
those on neighbouring borders. PST optimisation therefioitbe considered with a coordinated approach

to guaranteeexurity completion and allow a relevant capacity calculation on a particular region. This is true
no matter what planning horizon is being investigated. An example of this consideratioflesvtbased
calculation used in the CWE area.

PSTs can be relatly quickly deployed. They can help to optémicapacity calculation and secure system
operation. They can also help maintain a certain level of tasker capacity, for example during long
periods of infrastructure outagédthough PSTs enable the daonl of power flowing along a line, the actual
power flow itself is still a function of the meshed grid situation, and the power flow can oddhiftedbto
alternative path$2STs must be seen as an addition and ultimately do not replace the needde egigting
transmission lines and/or build new transmission lines.

An upgrade with PSTs can be particularly interesting wdmenbined with an upgrade of existingerhead
lines (for examplean upgradeo higher capacity conductoitke HTLS). This conbination delivers both
flexibility and additional transmission capacdya relativly low investment cost.

5.2.2 High Voltage Direct Current (HVDC) system

As the regional grid is not a O0copper pl bdtwveén and
two bidding areas frequently induaenplanne@power flows in other areas. TSOs must manage these flows
which are not controlled by markbased capacity allocation mechanisms. To fitifd criteria for secure

system operatignt may be necessato decrease crodmrder capacities available for the market on borders
affected by these loop flows.
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To alleviate this problem of unplanned flows, market design could be part of the sadutthras making
use of the aforementiondbbw-based allocatin. In addition, the flexibility of the power system could be
increased by taking advantage of controllable devices such as HVDC connections.

Unlike PSTs, the power flow through an HVDC line is fully controllable and not influenced by the power
system. Theefore, as a remedial action, rescheduling of HVDC connections could be implemented to relieve
congestion on the regional grid. This would be dependent on the HVDC connections having any required
spare capacity. This would reduce the influence of marksgtept and lead to possible schedule changes
between TSOs overriding the market schedule. An example of this would be the multilateral cooperation
agreement between PSE 50Hz, EnDK and SvKin place since 2008.

Considering the large number of planned HVIDRs in the North SeaRegion, similar agreements could be
envisaged involving relevant parties.

5.3 Northern Seas Offshore Grid infrastructure

The following subchapters give a short overviewf activities and projectselated tothe Northern Seas
Offshore Grid infrastructure, where Northern Seas TSOs are involved. rihggfrom Member State
activitiesandresearch project® joint investigations on a new concept for a hybrid approach.

5.3.1 A bit of history

In Europe, debates atectricity offshore grid infrastructure startegdound the yea2007following earlier
changes in the European power sectog. an increased focus amerconnections between countries.
European Energy Market liberalization packages (1996, 2003 and @089d for discussions of existing
high electricity price differences between tlemberStates and market regionaused bylifferent power
production portfolios and fuel mixes, calling for crds®der connections ems well as offshore.

From 2009, T®s and regulators started cooperating intensely inside their newly established associations,
ENTSOE and ACER, on tasks defined by European politeech asEuropean grid planning. Already
ENTSOEO&6s f i r st Tendeat NetwarksDewvelbpmenh RgimYNDP) showed a number of subsea
interconnections crossing the Northern Séaerconnections to large hydropower capacity in Scandinavia
had been identified as well as a beneficial complement, introducing more generation flexibility to the
continental ad UK power systems.

The European Energy Policy Directjwecluding thebindingRES target§rom 2009 calledfor further cross

border interconnections facilitating the balancing of variationstl@dharing of reserve#t that time it
became clearthat the connection of offshore wind might face challenges in terms of cost, available onshore
grid connection apacity and marine spatial restrictiodglditionally, the lower utilsation rates of OWP
connection cables called for new ideas and-efisttive methods of connection. The idea of offshore grids
became a matter of interesidthefirst EU offshore grigprojects started, e.g. a Greenpeace study from 2008
and EWEA6s 2009 offshore report.

5.3.2 Offshore grid studies and policy development

An offshore gridnterconnecting offshore wind and national power systems was now assumeahto be a
importantelementowardsreaching th&european energy polidgargets

TheEnergy Infrastructure Packad&IP), published by the European Commission (#C201Q includeda
specific communication on offshore grisgiich wassetting the framework for further policy actiohsthis
context, thelntelligent Energy Europdéunded OffshoreGrid study delivered important inspiration
concerning the benefits of clustering wind plant connections into hubs.

At the same timeat a regional level the energy ministries of the ten countrimsnd theNorthernSeas
(Belgium, Denmark, France, Germany, Ireland, Luxembourg, the Netherlands, Norway, Sweden and the
United Kingdom) signed a memorandum of understanding in December 2010 forming the North Seas
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Countries6 Offshorel)GriWi tlhniint itahii ssr ef r( d&NBeCVOGr K t
(ministries, TSOs and national regulators, together with the EC) gathededtify ajoint regional basis for
offshoreinfrastructure developmerih December 2012hefirst outcome®n grid intgrationwerepublished
andfinal reportsfocusing on market and regulatory issdelfowed in 2015 At that time, ENTSGE 6 s
Regional Group Northern Seas supported NSCOGI with its technical expertise concerning the grid
integration.Today, in generaht a country level, expectatiofer offshore RES development are lower than

they had been at times of BOGI investigations, but the political awareness and stakeholder expectations
towards offshore infrastructure developmentdiacreased.

5.3.3 ENTSO-E offshore grid studies

Due to former studies looking at higher offshore wind level, conclusions made atihaitrdi still valid and
are briefly recalled below.All studies looked at a time horizon of 2030, which implies that the level
investigated at that time might materialize even later

In February 2011, ENTSOE producedits first analysis of potential offshomgrid development in the
NorthernSeas for 2030, concluding that the investigated scenario, with 83 GW of offshore wind, would
benefit from a coordinated integrate@néshed design. Such a scenario would save investment costs,
maximise the utilsation oflargescale assets, and increase the security of energy supply. It would also be
technicallymore complex than classical radial solutions. Consideringtheabeva t i oned st udi e
NSCOGI 6s compr e hen s ianalgsedwd designadial vegsusimeéshesl {seed-igure 9),
evaluating investment costs, savings in electricity production costs, effects on CO2 emissions and country
by-country changes for electricity imports and exports.

Approach and Results

The 2012NSCOGI study compared different desigrgadial and meshédThe meshed design had the same
interconnection level as the radial design but included hybrid prpject€ombinations of offshore wind

farms and interconnectors in single projentadditional to sing? offshore meshe$he studyassumed 55

GW of offshore wind The assumptions were provided by the ten governments, together with assumptions
about all other fuel types. The NSGOGI grid study showed only marginal differences in costs and production
cost saings between the two design types for th&48 scenario, whereas a sensitivity analysis with roughly
twice as much offshore wind (113W) presented increased advantages for a meshed soBtittndesigns
resulted in rather similar infrastructure expenées 30 bna) , showing a slight
including hybrid projects with respect to benefi
expenses to reach the 20@Bartinglevel of the study identified in the TYNDP12. The 1G&W offshore

wind sensitivity in the same stu@yreadyshowed differences in identified -0oand offshore infrastructure

i nvest ment s ( eduettdhsaved kB frastnuctute Tengths) Between 2020 and 2030.

These high volumearenot expected befe 2020 and are still quite uncertain for 2030, as political targets
have not yet been defined.

The studyconcluded that offshore grimhfrastructurewill be built in a modular way, with every step
influencing existing and future projeciBhus,it is nat possible to identify a final efficient design a priori.

Moreover it was concluded thaven if an offshore grits preferable as a general concept, it may not offer
the best solution for all offshore generation projects. A final determination wilhdepetheir locations and
on possible connection optianghus, these hybrid projects will be subject to dagease studies

In the TYNDP14 edtion comparison was made between the NSCOGI grid study, the TYNDP14ianalys
itself and a study launched by the EC. Conclusions drawn from this comparison were that the Northern Seas
Offshore Grid Infrastructure will be composed of various kinds of techn¢gf@yand DC technologies) and

of various designs as well. The studies had used thedeeshedin different ways, thus ENTS@& closed

this discussionENTSOE assumes a parallel developmémtweendifferent designs: i) pointo-point
interconnections, Jiradial offshore wind connections (single or via hubs), iii) hybrid projects (combination

of offshore wind connections and interconnections) and iv) multiterminal offshore platforms combining
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interconnections. ENTS@E foresees a modular and stepwise affelgrid development with choices being
made on a caday-case basis evaluating technical and economic parameters. A compact hybrid offshore
design could be envisaged in cases where scheduling and technologgmeqtsfor interconnection and

wind connetion (DC or AC / voltage level) match. In any case, the cooperation between all stakeholders of
all countries involved is essential.

TYNDP16: Comparing the results for the differevitsions, it was observed that no matter what future
evolves, the North SeRegion aims at building a robust infrastructure fulfilling the needs of the different
Visions While the infrastructure in TYNDP16, Vision was merely used for the transport of conventional
energy (i.e.regional CO2 savings emissions increase, regiB&s integration is smallest), the SEW/GTC
benefits were in the same order of size magnitude as for the other three Visions. The results illustrate the
complementariness between the different projects integrated in the offshore grid infrastructure, jointly
delivering a substantial market and RES integration benefit in line with the assumptions and corresponding
needs of the differentisions.

It was concluded that the project package proposed by the Regional Group North Sea TSOs and Third Parties
is fit for the purpose.

The ENTSGE TYNDPl16summarsed the foreseen individual subsea projects into one single project and
evaluated its costs and benefits. This appraaétilowed up in theTYNDP18, where individual elements
might have been adjusted, as theviwiial modules each follow their own project pl&igure 5.3 givesra
indication of the current status of promottsea and supporting onshprejects until 203Q@vith, in total,
fewerprojects being submitted to the TYNDP process compartdaibY NDP16.

1 r* ok \L-——i i
reond <A\
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Netharlands
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Belgvum 4
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existing new infrastructure

Figure 5-3: Draft Offshore Grid Infrastructure TYNDP18

Table: Projects developing the offshore potential in the NortBeas towards 2030
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FR, GB 25 IFA 2 2020 1000
FR, GB 153 France i Alderney i Britain (FAB) 2022 1400
FR, GB 172 Eleclink 2019 1000
BE, GB 74 Thames Estuary Cluster (NEMO) 2019 1000
BE, GB 121 Nautilus: 2" link Belgium 7 UK Earliest 2028 1400
FR, IE 107 Celtic Interconnector 20265 700
GB, NO 110 North Sea Link 2021 1400
GB, NO 190 NorthConnect 2022 1400
DE, NO 37 NordLink 2020 1400
DKW, NL 71 COBRA Cable 2019 700
DKW, GB 167 VIKING link 2022 1400
FR, GB 247 AQUIND Interconnector 2022 2000
FR, GB 285 Gridlink 2022 1400
GB-NL 260 New GB i NL interconnector 2030 1000-2000
IE-GB 286 Greenlink 2023 500
GB-NO 294 Maali 2025 600
BE 75 Modular Offshore Grid 2020 1000
BE 120 Modular Offshore Grid 2 2030 2000
+329 + New onshore corridor + 2028
GB-DE 309 NeuConnect 2022 1400
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534 North Seas Countries6é Energy Collaboration

The Northern Seas Countriesdé Ener gWMenberSiaes arcandi o n
the Northern Seas (Belgium, Denmark, France, Germany, Ireland, Luxembourg, the Netherlands, Norway,
Sweden and the United Kingdortiat wasestablishedn 2016 It can be considered as the folloyy to the
NSCOGilcollaboration, which had been established in 2009. While NSCOGI was owned and organised by
the Member States, NSCEC is jointly chaired by the European Commission and Member States and is basec
onapolitical declaratiorsetting the scene for offshodevelopment. The NSCES aims to:

1 Facilitate the costffective deployment of offshore renewable energy, in particular wind; and,

1 Promote interconnection between the countries in the NortR&gian.
The collaboration is divided into four support groupsuing on different fields:
Maritime spatial planning;
Development and regulation of offshore grids and other offshore infrastructure;

Support framework and finance for offshore wind projects and,

A wDdPE

Standards, technical rules and regulations in the offshioick sector.
The work plans for the period 2016 to 2019 of each support group are publishedN@THBE homepage

Theprimaryfocus of the North SeBegim 6 s TS Os i s i n GupmreGroud 2npgovidinge wo
input on request. This infrastructure support group observes offshore developments concerning
interconnections and offshore wind in order to identify potential hybrid project clusters.

5.3.5 PROMOTioN

The PROMOTIioN (PROgress on Meshed HVDC Offshore Transmission Networks) project is a research
project funded by the European O6Horizon 202006
collaborate for a period of four years, with the aim ofrtgkihe concept of meshed HVDC infrastructure a

step further. The PROMOTIioN consortium consists of wind turbine manufacturers, TSOs in the North Sea
Region, offshore wind developers, asset providers, academia and consulting companies.

The project focussemn eliminating the technical and regulatory barriers associated with a meshed offshore
HVDC grid. Identification of potential cost reductions for converter technology is one of the fields of
investigations.

The project starts with the assumption that esagy international regulation and financial support
instruments are underdevelopdidalso assumes that there is a lack of operational experience with the
required protection and fault clearance technologies associated with HVDC grids. The PROMOTgoN proj
aims to demonstrate the following two essential technologies:

1 HVDC grid protection systems An HVDC grid protection system will be developed and
demonstrated utding multi-vendor methods within a full scale of Multerminal Test Environment.
The muti-vendor approach will ensure interoperability with regards to DC grid protection.

1 HVDC circuit breakers. The project will for the first time demonstrdte performance of existing
HVDC circuit breaker prototypes to provide confidence and demonstratetegy readiness of this
crucial network component.

Additionally, a Diode Rectifier Unit is being considered as a possible cost reducing technology. This
technology concept challenges the need for the more complex VSC converters, thus reducing ireestment
maintenance costs and increasing availability.
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On top of this technology development, the PROMOTIioN project aims to deaeilioigrnational regulatory
and financial framework, essential fitre funding, deployment and operation of meshed offshor®@V
grids.

The PROMOTIioN project commenced in January 2016 and will be completed in January 2020. Intermediate
publications are all available on th#ficial website

5.3.6 The North Sea Wind Power Hub

The North Sea Wind Power Hub (NSWPH) is a joint initiative started by TSOgdafrinvolving further
partners as well. Cost saving potergtiglated to offshore platforms are assumed to be activated by building
artificial islands insteagyerhapanerging cosssectorial assets as well.

To help realise the Paris Climate agreement, the development of offshore wind will be an essential element.
Currently, the wind industry is promoting a stabl&W/year pipeline to make and keep the wider offshore
industry canpetitive® According to them,d meet the 2050 projections would require an increase in build rate

to at least 6GW/year.

However, offshore wind farm developments will increasingly be located further from shore, thus requiring
innovative solutions to limit the costs of construction, maintenance and infrastructure.

In March 2017TenneT TSO B.V. (Netherlands), Energinet (Damnki and TenneT TSO GmbH (Germany)
put forward a joint vision on how to make the transition to remote ‘sggke offshore wind feasible and
affordable via the SWPHconcept.

The NSWPH is centred around building an artificial island in the North Sea. &lm@énts of offshore wind
located nearby could be connected to this island via AC technology and, from the island, multiple HVYDC
connections will connect into surrounding North Sea countries. The advantages of this conceptual idea,
according to the promateinclude:

1 Allowing for synergies in infrastructure by combining wind farm connections and regional
interconnectors;

1 Enabling the construction of traditionally costly offshore equipment in an onshore envirpfanent
example offshore HVDC platforms.; and

1 The allocation of offshore wind farm logistics, assembly centres and crew on the island.

The DoggerBank area seems to be a potentiahtion as there five countries
shallow,and more countries might wish to participate. Thal @b the project is to collaborate with regional
parties and allow both the cesffective connection of remote offshore wind in the Dogger Bank area and the
development of a resilient, interconnected, regional transmission system. The concept is dgddnstr

Figure 54.
8 http://www.greenpeace.org/international/Global/international/publications/climate/2015/Energy -Revolution -2015 -Full.pdf
http://www.ewea.org/fileadmin/files/library/publications/position -papers/EWEA_2050_50_wind_energy.pdf
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Power Link Island

Figure 5-4: North Sea Wind Power Hub with Energy Island concept (left) and the option of increased regional
interconnection (right)

The promotersd present concept would involve up
creation of these islands would involve the dredging of 200 million cubic metres of sand. Each island is
anticipated to facilitate approximately 30 GW of offshore wind generation, connected via AC connections.
The islands themselves would be interconneeted5 HVDC links, each of 2 GW in size. Overall, between

70 GW and 100 GW of offshore wind generation, covering an area of between 11,000 km2 and 20,000 km2,
could be connected to these islands. Hard substrates would cover an area of about 4.4 kanteigquiv
about 0.02 % of the total Dogger Bank area. This area is presently part of the Natura2000 network. The
implementation of a project of this scale would require considerable studies into the environmental impact of
such infrastructure.

Potential costs and benefits

The NSWPH concept aims to facilitate the efficient connection of large volumes of offshore wind generation
and interconnect it to countries in the North Begion. It would contribute to a reduction in carbon emissions
and avoid RES curtailments. By bringing a significant increase in interconnection cap#uoityNorth Sea
Region, it would be expected to contribute to SEW taxftexibility in the regional pwer system.

The NSWPH concept targets a reduction in investment costs so that the overall costs are comparable to thos
of AC based connections of near to shore wind farms, when considering the both wind farm and connection
to shore costs.

According to poject promoters, the 8WPHconcept is estimated to provide a 7% LCOE (levelized cost of
energy) reduction for offshore wind when compared to present close to shore AC connected offshore wind.

Promoters emphasize that NSWPH is still a conceptual projeathwvill be further studied and refined

Aside from the considerable engineering challenge to deliver this type of project, work is required to ensure
market arrangements can cope with such hub concepts in the middle of the North Sea without unduly
restrcting capacities, and that regulatory frameworks can cover the transmission investments needed.

The project will continue to further analyse investigating the flexihiétyuiredof a power system targeting
decarbonisation before 2050 and the potent@icgon in costs associated with the concept.

The NSWPHconcepthas been submitteas Project Candidate theTYNDP 2018

5.4 PLEF generation adequacy assessment

The Pentalateral Energy Forum is the framework for regional cooperattemtiral western Euspe (AT
BE-DE-FR-LU-NL-CH) towards improved electricity market integration and security of supply. The further
development of a coordinated approach to security of supply in the Pentalateral region was defined as one of
the key objectives by the governmewof the PLEF countries.
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In this framework, Transmission System Operators of the PLEF countries htaedaist four years carried
out two Generation Adequacy Assessments studies.

The first PLEF Generation Adequacy Assessment, issued in 201inaad on the Political Declaration of

the Pentalateral Energy Forum of 7 June 2013 in which the Ministers of Energy requested a Pentalateral
Generation Adequacy Assessment, provided a first probabilistic andlydesctricity security of supply in
Europeconducted from a regional perspective, thus making it possible to better assess generation adequacy
jointly, on a regional scale covering the Penta countries. The-koamnon methodology as developed by the
Penta TSOs hasnce therbeen transferred anghglied within the association of European electricity TSOs

in ENTSOE in the Midterm Adequacy Forecast (MAF).

In June 2015, the Penta ministers defined in their 2nd Political Declaration further milestones on security of
supply, on market integration and 8exibility, including the aim for further improvements of the common
methodology to assess security of supply on the regional level as developed by th&Hey©sntinue to
publisha bi-annual report on the status of security of supply in the cemg@rsiern European regiofirst
appearingn 2017.

The declaration was followed by a roadmap prepared together with the Penta TSOs defining the contents of
the next adequacy study, taking into account important insights gained from the first studydoytdhES®Os
ontheneed to further improvethe methodology of the assessmer@icethe completion of the roadmap

Penta TSO have intensively worked together to carry out the new study establishing an improved level in
adequacy assessment.

The second Pentalateral Generation Adequacy Assessment, published in Januam2048§izesvo main
aspects. The first goal is the developmendtateof-the-art methodologies, high quality data collection and
enhanced adequacy modelling technigégsplying these methodghe second goal i® provide the best
possible adequacy assessment for the Penta Region on the horizons definenhihistties (short term
2018/2019 and medium term2023/2024). These results provide decisieakers with a moréolistic
assessment of potential capacity scarcities in the Regfian.

One of the main achievements of the study is the implementation of tliel®M8Based)approach at the
regional level. The approach for FBarketCoupling (FBMC) is a significant &p towards more realistic
modelling ofthe operational planningurrentlyin practice Moreover, the futur@otentialof Demand Side
Flexibilities and their contribution to generation adequacy has been studied in more detail.

The results of the study shakat adequacy margins will become tighter on the midterm horizon (2023/2024).

The study also highlights the key role played by planned interconnection projects, which not only enhance
market integration but also increase the security of supply. The mijitfs considered in the PLEF region

up to 2023/24 clearly improve the level of security of supply within the region, more specifically in Belgium
and France. Without them, the LOLE from these two countries in 2023/24 would exceedvi®toshree

times morethanthe LOLE of the base case.

Furthermore, probabilistic approaches such as the ones used in this PLEF GAA are key itwy dlsess
contributionto security of supplyf future interconnectors. A method based on probabilistic assessments is
currently being evaluatedithin the framework of the ENTS@ CBA.

‘__”

ENTSO-Easse,A Avenue de Cortenbergh 100 A 1000 Brussels A Belgium A Tentsoeteu 32



Regional Investment Plan 2017 e n t S O@

Regional Group North Sea

6 Links to national development plans

Table 61 provides a link to the development plan of all countries in the NortiR&gan, where available.
No development plan is currently published in Northern Ireland.

Table 6-1: ENTSO-E Regional Group North Sea countries national development plans
Country Company/TSO

http://www.elia.be/nl/griedata/griddevelopment/investeringsplannen/federal
developmenplan20152025

FrenchNDP 2016 websitehttp://www.rtefrance.com/fr/article/transition
energetiguest-revolutionrnumerigueplus-de-10-milliards-d-eurosd

Summary:
https://www.tennet.eu/fileadmin/user_upload/Company/Publications/Technic:
blications/Dutch/TenneT KCD2017 sametiivey.pdf

General:
https://www.tennet.eu/fileadmin/user_upload/Company/Publications/Technic:
blications/Dutch/TaneT_KCD2017 Deel | web.pdf

Onshore:
https://www.tennet.eu/fileadmin/user_upload/Company/Publications/Technic:
blications/Dutch/TenneT KCD2017 Deel Il.pdf

Offshore:
https://www.tennet.eu/fileadmin/user_upload/Company/Publications/Technic:
blications/Dutch/TenneT KCD2017 Deel lll.pdf

Belgium

France

The Netherlands

Germany https://www.netzentwicklungsplan.de/

http://www?2.nationalgrid.com/UK/Industfynformation/Futureof-
Energy/Electricitytenyearstatement/

http://www?2.nationalgrid.com/UK/Industsynformation/Futureof-
Energy/NetworkOptionsAssessment/

Great Britain

http://www?2.nationalgrid.com/UK/Industiynformation/Futureof-Enerqy/System
OperabilityFramework/

http://www.eirgridgroup.com/sitéiles/library/EirGrid/TDR2015CER-Approved
(2).pdf

Northern Ireland N/A

Ireland

https://en.energinet.dk/Abocwur-reports/Reports/Summanf-RUS-Plan2016

https://www.energinet.dkimedia/Energinet/ProjektéfTR-

Denmark HFEV/Dokumenter/Netplanlaegning/Reinvesterigdsddbygnings-og-
Saneringspla2016.pdf?la=da
http://www.statnett.no/Global/Dokumenter/NUP%202017

Norway endelig/Nettutviklingsplan%202017.pdf

https://assets.ilr.lu/energie/Consultations/20141103 d%C3%A9veloppement
Luxembourg d%C3%A9cennaRT/Etudereseatr?0132035220
kV.pdfftsearch=%C3%A9%tude%20r%C3%Aas!

‘__m

ENTSO-Easse,A Avenue de Cortenbergh 100 A 1000 Brussels A Belgium A Tentsoeteu 32



http://www.elia.be/nl/grid-data/grid-development/investeringsplannen/federal-development-plan-2015-2025
http://www.elia.be/nl/grid-data/grid-development/investeringsplannen/federal-development-plan-2015-2025
http://www.rte-france.com/fr/article/transition-energetique-et-revolution-numerique-plus-de-10-milliards-d-euros-d
http://www.rte-france.com/fr/article/transition-energetique-et-revolution-numerique-plus-de-10-milliards-d-euros-d
http://www.rte-france.com/fr/article/transition-energetique-et-revolution-numerique-plus-de-10-milliards-d-euros-d
https://www.tennet.eu/fileadmin/user_upload/Company/Publications/Technical_Publications/Dutch/TenneT_KCD2017_samenvatting.pdf
https://www.tennet.eu/fileadmin/user_upload/Company/Publications/Technical_Publications/Dutch/TenneT_KCD2017_samenvatting.pdf
https://www.tennet.eu/fileadmin/user_upload/Company/Publications/Technical_Publications/Dutch/TenneT_KCD2017_Deel_I_web.pdf
https://www.tennet.eu/fileadmin/user_upload/Company/Publications/Technical_Publications/Dutch/TenneT_KCD2017_Deel_I_web.pdf
https://www.tennet.eu/fileadmin/user_upload/Company/Publications/Technical_Publications/Dutch/TenneT_KCD2017_Deel_II.pdf
https://www.tennet.eu/fileadmin/user_upload/Company/Publications/Technical_Publications/Dutch/TenneT_KCD2017_Deel_II.pdf
https://www.tennet.eu/fileadmin/user_upload/Company/Publications/Technical_Publications/Dutch/TenneT_KCD2017_Deel_III.pdf
https://www.tennet.eu/fileadmin/user_upload/Company/Publications/Technical_Publications/Dutch/TenneT_KCD2017_Deel_III.pdf
https://www.netzentwicklungsplan.de/
http://www2.nationalgrid.com/UK/Industry-information/Future-of-Energy/Electricity-ten-year-statement/
http://www2.nationalgrid.com/UK/Industry-information/Future-of-Energy/Electricity-ten-year-statement/
http://www2.nationalgrid.com/UK/Industry-information/Future-of-Energy/Network-Options-Assessment/
http://www2.nationalgrid.com/UK/Industry-information/Future-of-Energy/Network-Options-Assessment/
http://www2.nationalgrid.com/UK/Industry-information/Future-of-Energy/System-Operability-Framework/
http://www2.nationalgrid.com/UK/Industry-information/Future-of-Energy/System-Operability-Framework/
http://www.eirgridgroup.com/site-files/library/EirGrid/TDP-2015-CER-Approved-(2).pdf
http://www.eirgridgroup.com/site-files/library/EirGrid/TDP-2015-CER-Approved-(2).pdf
https://en.energinet.dk/About-our-reports/Reports/Summary-of-RUS-Plan-2016
https://www.energinet.dk/-/media/Energinet/Projekter-KTR-HFV/Dokumenter/Netplanlaegning/Reinvesterings---Udbygnings--og-Saneringsplan-2016.pdf?la=da
https://www.energinet.dk/-/media/Energinet/Projekter-KTR-HFV/Dokumenter/Netplanlaegning/Reinvesterings---Udbygnings--og-Saneringsplan-2016.pdf?la=da
https://www.energinet.dk/-/media/Energinet/Projekter-KTR-HFV/Dokumenter/Netplanlaegning/Reinvesterings---Udbygnings--og-Saneringsplan-2016.pdf?la=da
http://www.statnett.no/Global/Dokumenter/NUP%202017-endelig/Nettutviklingsplan%202017.pdf
http://www.statnett.no/Global/Dokumenter/NUP%202017-endelig/Nettutviklingsplan%202017.pdf
https://assets.ilr.lu/energie/Consultations/20141103_d%C3%A9veloppement-d%C3%A9cennal-RT/Etude-reseau-2013-2035-220-kV.pdf#search=%C3%A9tude%20r%C3%A9seau
https://assets.ilr.lu/energie/Consultations/20141103_d%C3%A9veloppement-d%C3%A9cennal-RT/Etude-reseau-2013-2035-220-kV.pdf#search=%C3%A9tude%20r%C3%A9seau
https://assets.ilr.lu/energie/Consultations/20141103_d%C3%A9veloppement-d%C3%A9cennal-RT/Etude-reseau-2013-2035-220-kV.pdf#search=%C3%A9tude%20r%C3%A9seau
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7 PROJECTS

The following projects were collected during the project calls. They represent the most important projects for
the region. To include a project in the analysimuistfit several criteria. These criteria are described in the
ENTSGOE practical implementation of the guidelines for inclusion in TYNDP 20LBe chapter is divided
betweerpanEuropean and regional projects.

7.1 Pan-European projects

The map below shoswall project applicantssubmitted by project promoters during the TYNE®L8 call
for projects.In the final version of this document (after the consultation phase) the map will be updated,
showing the approved projecBrojects are in different states, whiak described in the CB4uideline:

1 Planned but not permitting

9  Under Construction

Depending on the state of a project, it will be assessed according to the Cost Benefit Analysis.

Figure 7-1 TYNDP 2018Projects: Regional Group NS

9 https://thales.entsoe.eu/sites/tyndp2018/Steering Group and CoordinatioD@eaments/170822_ENTSE practical implementation of the
guideliens for inclof proj in TYNDP 2018 _after webinar 22 Aug 2017.docx

‘____M
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7.2 Regional projects

In this chapter the NS projects @€gionab and nationab significance are listed, as they are neefbedsubstantial and inherent support of fl@European projecis
inclusion into the future transmission systems. All these projects include appropriate desaiptitre main driver,e., why they are deghed to be reaed in the future
scenarios, together with the expected commissioning dates and evolution drihesswere introduced in the past Regional Investment Plans.

There are no criteria for the regional significance profgatdusion in thg

to be included.
In the table below

Country

Investment

Project Name

From

i st

projects of regional and national significandeeiNS region are listed.

Expected
Commissi
oning
year

They are included

Description

Main drivers

p ur thatthe piojacsierdlevann  t |

Included
in RegIP
20157

Long Termperspective in Eastern .
FRANCE France >2027 Reconductoring or upgrade 220kV OHL as 400kV Market and RES Integration Yes
SoS, RES integration
. . i ; et il ; The project aims at ensuring th
FRANCE Lille-Arras Avelin Gavrelle An existing 36km 400KV single circuit OHL in Lille area will be ) > Yes
2021 substituted by a new doubdércuit 400kV OHL. security of supplytaking into
account RES generation volatilit
B Upgrade of an existing 3&m 225 kV line to 40&V between Cergy . )
FRANCE Cergyi Persan Cergy Persan 2018 andPersan (nortiwestern Paris area) and connection to Terrier | S0S, Market and RES integratio]  Yes
an existing 400KV line.
FRANCE Havre- Rougemontier Havre Rougemontier Reconductoring of existing 54km double circuit 400kV OHL to| Connection of new generation i Yes
2019 increase itgapaci Le Havre area
pacity.
FRANCE Sud Aveyron 2020 New substation on 400kV GaudiéReieyres for local RES RES integration Yes
integration. 2020 subject to its authorization
. - Security of supply, RES, Market
FRANCE Massif Central South Gaudiere Rueyres >2027 Upgrade of the existing 400 kV overhead line, under study integration No*
FRANCE Eguzon- Marmagne 400kV Eguzon Marmagne 2022 Reconductoring existing 400 kV OHL (maintenance), under stu No*
Facade Atlantique Upgrade of the
North-South 400 kV corridor ; .
FRANCE L Upgrade of the Nort#$outh 400 kV corridor between Nouvelle RES, Markeintegration No*
between Nouvelkhquitaine and 2030 Aquitaine and Vallée de la Loire
Vallée de la Loire, under study
GERMANY Pulgar (DE) Vieselbach 2024 Construction of new 380kV doubgrcuit OHL in existing corridor | RES integration / Security of Yes
(DE) PulgarVieselbach (104 km). Detailed information given in supply
Germanyo6s Grid Devel opment.
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GERMANY Hamburg/Nord (DE) Hamburg/Ost 2024 Reinforcement of existing 380 kV OHL Hamburg/Nerd RES integration Yes
(DE) Hamburg/Ost and Installation oSFsin Hamburg/Ost. Detailed
information gi v ®avelopmentGer many §
GERMANY Krimmel (DE) Hamburg/Nor 2030 Reinforcement of existing 380 kV OHL KrimmeHamburg/Ost RES integration Yes
d (DE)
GERMANY Control area 50Hertz 2024 Constructiorof new substations, Vamompensation and extension ¢ RES integration Yes
(DE) existing substations for integration of newly build power plants ar,
RES in 50HzT control area
GERMANY Elsfleht/West (DE) Ganderkesee 2021 New 380 kV OHL inexisting corridor for RES integration between| RES integration Yes
(DE) Elsfleth/West, Niedervieland and Ganderkesee
GERMANY Irsching (DE) Ottenhofen 2030 new 380kV-OHL in existing corridor between Irsching and RES integration Yes
(DE) Ottenhofen
GERMANY Dollern (DE) Alfstedt (DE) 2024 New 3808kV-OHL in existing corridor in Northern Lower Saxony | RES integration Yes
for RES integration
GERMANY Unterweser (DE) Elsfleth/West 2024 New 3806kV-OHL in existing corridor for RE$tegration in Lower | RES integration Yes
(DE) Saxony
GERMANY Conneforde (DE) Unterweser 2024 New 3806kV-OHL in existing corridor for RES integration in Lowe| RES integration Yes
(DE) Saxony
GERMANY Klostermannsfeld (DE) | Querfurt (DE) 2025 New 380 kVOHL in existing corridor between Klostermannsfeld | RES integration Yes
and Querfurt. Detailed inforn
Development.
GERMANY Niederrhein (DE) Utfort (DE) 2030 New lines and installation of additional circuiéxtension of existing| RES integration / Security of Yes
and erection of several 380/110isdbstations. supply
GERMANY Landesbergen (DE) Wehrendorf 2023 Installation of an additional 38RV circuit between Landesbergen | RES integrabn / Security of Yes
(DE) and Wehrendorf supply
GERMANY Point Kriftel (DE) Farbwerke 2022 The 220kV substation Farbwerke Hoclsstd will be upgraded to RES integration / Security of Yes
HochstSud 380kV and integrated into the existing grid. supply
(DE)
GERMANY Several 2019 This investment includes new 380/220k&nsformersn Walsum, RES integration / Security of Yes
Sechtem, Siegburg, Mettmann and Brauweiler. Some of them ar{ supply
already installed, others are under construction.
GERMANY Lippe (DE) Mengede 2030 Reconductoringf existing 380kV line between LipmndMengede | RES integration / Security of Yes
(DE) supply
GERMANY Several 2019 This investment includes several new 380/110kV transformers in| RES integration / Security of Yes
order to integrate RES in Erbach, Gusenburg, Kottigerhook, supply
Niederstedem, Ochtel, Prim and Waderraddition a new 380kV
substation and transformers in Krefeld Uerdingen are included.
GERMANY Buttel (DE) Wilster (DE) 2021 New 380kV-line in existingcorridor in Schleswig Holstein for RES integration Yes
integration of RESespecially wind onand offshore
GERMANY Junction Mehrum (DE) | Mehrum (DE) 2019 New 380kV-line junction Mehrum (line WahleGrohnde)- RES integration Yes
Mehrum including &880/220kV-transformer in Mehrum
GERMANY Borken (DE) Mecklar (DE) 2021 New 3806kV-line Borken- Mecklar in existing corridor for RES RES integration Yes
integration
GERMANY Borken (DE) Gie3en (DE) 2022 New 380kV-line Borken- GielRen in existing corridor for RES RES integration Yes
integration
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GERMANY Borken (DE) Twistetal 2021 New 3806kV-line Borken- Twistetal in existing corridor for RES RES integration Yes
(DE) integration
GERMANY Wabhle(DE) Klein llsede 2018 New 380kV-line Wahle- Klein lisede in existing corridor for RES | RES integration Yes
(DE) integration
GERMANY Hoheneck (DE) Engstlatt 2022 New 380kV OHL Pulverdinge®berjettingen (45 km) and new Security of supply Yes
(DE) 380kV OHL OberjettingerEngstlatt (34 km) and new 380 kV OHL|
HoheneckPulverdingen (13 km)
GERMANY Birkenfeld (DE) Otisheim 2019 A new 380kV OHL BirkenfeldOtisheim (Mast 115A). Security of supply Yes
(DE) Length:11km.
GERMANY Hamm/Uentrop (DE) Kruckel (DE) 2018 Extension of existing line to a 400 kV single circuit OHL RES integration / Security of Yes
Hamm/Uentrop Kruckel and extension of existing substations. supply
GERMANY Burstadt (DE) BASF (DE) 2021 New line and extension of existing line to 400 kV double circuit RES integration / Security of Yes
OHL Birstadt- BASF including extension of existing substations. | supply
GERMANY Pkt. Metternich (DE) Niederstedem 2021 Construction of nev880kV doublecircuit OHLs, decommissioning | RES integration / Security of Yes
(DE) of existing old 220kV doubleircuit OHLs, extension of existing an{ supply
erection of several 380/110k8Ubstations. Length: 108km.
GERMANY Area of West Germany 2018 Installation of reactive power compensatierg{MSCDN, SVC, RES integration / Security of Yes
(DE) phase shifter). Devices are planned in Kusenhorst, Buscherhof, | supply
WeiBenthurm and Kriftel. Additional reactive power devices will b
evaluated.
GERMANY Neuenhagen (DE) Vierraden 2020 Project of new 380kV doublgrcuit OHL NeuenhageWierraden RES integration / Security of Yes
(DE) Bertikow with 125km length as prerequisite for the planned supply
upgrading of the existing 220kV douldicuit interconnection
Krajnik (PL)1 Vierraden (DEHertz Transmission). Detailed
information given in Germany§@g
GERMANY Neuenhagen (DE) Wustermark 2018 Construction of new 380kV doubgrcuit OHL between the RES integration / Security of Yes
(DE) substations Wustermark and Netagen with 75km length. Suppol supply
of RES and conventional generation integration, maintaining of
security of supply and support of market developmeatailed
information given in Germanygd
GERMANY Pasewalk (DE) Bertikow 2021 Construction of new 380kV doubg#rcuit OHLs innorth-eastern RES integration / Security of Yes
(DE) part of 50HzT control area and decommissioning of existing old | supply
220kV doublecircuit OHLs, incl. 386kV-line Bertikow-Pasewalk
(30km).Support of RES and conventional generation integration
North Germany, maintaining of security of supply and support of
mar ket devel opment . Detail ed
Development.
GERMANY Rohrsdorf (DE) Remptendorf 2025 Construction of new doublgrcuit 380 kV OHL in existing corridor | Security of supply Yes
(DE) RohrsdorfRemptendorf (103 km)
GERMANY Wolmirstedt (DE) Wabhle (DE) 2022 Reinforcement of existing OHL 380 kDetailed information given | RES integration Yes
in Germanyds Grid Devel opment
GERMANY Vieselbach (DE) Mecklar (DE) 2023 New double circuit OHL 380 kV line in existing OHL corridor. RESintegration Yes
Detailed information given in
GERMANY Conneforde (DE) Unterweser 2029 New double circuit OHL 400 kV line in existing OHL corridor (33 | RES integration TYNDP
(DE) km). 2016
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GERMANY Area of Altenfeld (DE) | Area of 2027 New double circuit OHL380 KV in existing corridor (27 km) and RES integration TYNDP
Grafenrheinfe new double circuit OHL 380 kV (81 km). Detailed information giv 2016
Id (DE) in Germanyds Grid Devel opment
GERMANY GielRen/Nord (DE) Karben (DE) 2025 New 380kV-line GieRen/Nord Karben in existig corridor for RES Yes
integration
GERMANY P205 Schworstadt (DE) 2025 Upgrade of the Schwdrstadt station from 220 kV to 380 kV incluq Security of supply No
two transformers 380/110 KV, supply \aa EichstetterKilhmoos
380 kV circuit
GERMANY P206 Herbertingen/Area of Gurtweil/Tien 2025 Upgrade of the existing grid in two circuits between Security of supply No
Constance/Beuren (DE)| gen (DE) Gurtweil/Tiengen and Herbertingen. New substation in the Area
Constance
GERMANY Querfurt (DE) Wolkramshau 2024 New 380 kV OHL in existing corridor between Querfurtian RES integration No
sen (DE) Wol kramshausen. Detailed infg
Development.
GERMANY Marzahn (DE) Teufelsbruch 2030 AC Grid Reinforcement between Marzahn and Teufelsbruch (38( Security of supply No
(DE) kV-Kabeldiagonale Berlin). Detailédformation given in
Ger manyds Grid Devel opment.
GERMANY Gustrow DE) Gemeinden 2025 New 380 kV OHL in existing corridor between Glstrofentwisch | RES integration No
SanitZDettma - Gemeinden Sanitz/Dettmannsdorf. Detailed informatioemgin
nnsdorf (DE) Ger manyds Grid Development.
GERMANY Gustrow (DE) Pasewalk 20252028 | New 380 kV OHL in existing corridor between Gistrbw RES integration No
(DE) Siedenbriinzow Alt Tellin i Iveni Pasewalk. Detailed information
given in Gédevelegpmgntdts Gri d
GERMANY Wolkramshausen (DE) | Vieselbach 2024 New 380 kV OHL in existing corridor between Wolkramshausen | Security of supply No
(DE) EbeleberVi es el bach. Detailed infgdg
Development.
GERMANY Thyrow (DE) Berlin/Siidost 2030 New 380 kV OHL in existing corridor between Thyrow and Security of supply No
(DE) Berlin/ S¢dost. Detailed infor
Development.
GERMANY Several 2023 Several PSTs in the Ampriddrid to allow a higher utifation of RES integration No
parallel lines having different impedances
GERMANY Biirstadt (DE) Kiihmoos 2023 An addtional 380 kV OHL will be installed on an existing power | RES integration / Security of No
(DE) pole supply
GERMANY Oberbachern (DE) Ottenhofen 2025 Upgrade of the existing 380 kV line. Detailed information given il RES integration / Security of No
(DE) Germanyo6s Grid Devel opment pl| supply
GERMANY Wolmirstedt (DE) Wabhle DE) 20272029 | New 380 kV OHL in existing corridor. Detailed information given | RES integration No
Germanyo6s Grid Devel opment .
Denmark Endrupldomlund Endrup (DK) Idomlund 2022 Upgrade of existing 150 kV line to 400 kV RES integration, Security of
(DK) supply
(*) These projects were in the TYNDP2016 list
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8 APPENDIX A
8.1 Additional Figures
8.1.1 Present situation

Generation capacities and energy consumption/production for the region, zoomed in to show smaller
countries.

Comparison Capacities 2010 and 2016

N
w
e et A

B NGC nuclear GW B NGC Fossil fuels GW

® NGC Hydro power GW B NGC Other renewable energy sources GW
m NGC Wind GW m NGC Solar GW

[ NGC Other sources GW 12 Max consumption (2010/2015) GW

Figure 8-1: ENTSO-E regions (System Development Committee)

Comparison Production/Consumption 2010 and 2016

2010 2016 | 2010 2016 | 2010 2016 | 2010 2016 | 2010 2016 2010 2016 | 2010 2016 | 2010 2016 | 2010 2016 | 2010 2016

BE DE DK FR NL NO

M Nuclear thermal TWh M Fossil fuels TWh ® Hydraulic net production Twh
m Other renewable (non-wind or solar) TWh m Wind Twh m Solar TWh

m Non identifiable net production TWh 12 Consumption TWh

Figure 8-1: ENTSO-E regions (System Development Committee)
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8.1.2 Scenarios

2025 and Sustainable Transition (30/40)
350,00
300,00
250,00
200,00
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B NGC nuclear GW B NGC Fossil fuels GW
B NGC Other sources GW = NGC Wind Onshore GW
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B NGC Hydro power GW B NGC Other renewable energy sources GW
Figure 8-3: Sustainable Transition
2025 and Sustainable Transition (30/40)
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m NGC Wind Offshore GW B NGC Solar GW

B NGC Hydro power GW B NGC Other renewable energy sources GW

Figure 8-4: Sustainable Transition, smaller countries in more detail
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2025 and Distributed Generation (30/40)

B NGC nuclear GW B NGC Fossil fuels GW

B NGC Other sources GW = NGC Wind Onshore GW

B NGC Wind Offshore GW B NGC Solar GW

B NGC Hydro power GW B NGC Other renewable energy sources GW

Figure 8-5: Distributed Generation
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Figure 8-6: Distributed Generation, smaller countries in more
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8.1.3 Future challenges

RGNS, Unserved energy [GWh]
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Figure 8-7: Unserved energy in the region

RGNS, Curtailed energy [GWh]
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Figure 8-8: Curtailed energy in the region
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RGNS, CO2 Emissions [ktons]
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Figure 8-9: CO2 emissions in the region

RGNS, Marginal Cost Yearly Average [€]
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Figure 8-10: Average yearly marginal cost in the region
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SUSTAINABLE TRANSITION

€/ MWh
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Figure 8-11: Average price differences 2040 scenarios with 2020 grid, Sustainable Transition

GLOBAL CLIMATE ACTION
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Figure 8-12: Average price differences 2040 scenarios with 2020 grid, Global Climate Action
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DISTRIBUTED GENERATION

920
80
70
60
= 50
2
g
w 40
30 1
20 1
10
0
¥ A SN FF TN NN SN F L PSS
FF YT EEESFSSFEYFEE S FF
=1984 w2007 m1982
Figure 8-13: Average price differences 2040 scenarios with 2020 grid, Distributed Generation
All scenarios
RGNS - Average Hourly Differences of Marginal Costs
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Figure 8-14: Average price differences, all scenarios
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ST2040 (with 2020 grid)
RGNS - Average Hourly Differences of Marginal Costs
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Figure 8-15: Average price differences, Sustainable Transition
DG2040 (with 2020 grid)
RGNS - Average Hourly Differences of Marginal Costs

80
70
60 ¢

€/MWh
5]
(|
[ & |
[ 9]
[ & |
[ & |

30 -

ﬂ

[ ¥ ]
0
na o
0 & ¢ =
¥ ¥ ®» W ¥ ®w ¥ 0 0 Q Y U U U U U U oYU YU YU YU Y g YU 9 9 9 DmI I DI I o600 & Z 2 =
c T T I yTTDRDDRTRRRARAREEEZEEEEEZEZREEREE DO
O I & £ £ zZ 2z © n 9 O D o6 = Z 2 B oL PP 00 & = 3 E = > 2 =z ¢ 2
m 3 3 S S FBZRAIREIRFTEFEFST PR TOL LN 20w ® 75 g FEZEE B 5 g ¥
a z o @ mZ® R s F 5T T @ 7
&

+ Weighted Average

Figure 8-16: Average price differences, Distributed Generation
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GCA2040 (with 2020 grid)
RGNS - Average Hourly Differences of Marginal Costs
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Figure 8-17: Average price differences, Global Climate Action
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8.1.4 Market and network study results

Sustainable Transition 2040

Distributed Generation 2040

Global Climate Action 2040
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Figure 8-18: Detailed scenario results
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8.1.5 Standard cost map

Standard costs for 1000 MW increase
North Sea
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Figure 8-19: Standard cost map
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8.1.6 lllustration of power flows

The graphdelowillustrate the power flows resulting from the 2040 scenario capacities.

Figure 8-20: Bulk power flows (ST2040) i 5th percentile (for both directions) resulting from the 2040 scenario
capacities

Figure 8-21: Bulk power flows (ST2040) i Yearly energy transfer (sum of physical flows, TWh) resulting from
the 2040 scenario capacities
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Figure 8-22: Bulk power flows (DG 2040) i 5th percentile (for both directions) resulting from the 2040 scenario
capacities

- ~) D - '_'r
Figure 8-23: Bulk power flows (DG2040) i Yearly energy transfer (suh1 of physical flows, TWh) resulting from
the 2040 scenario capacities
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8.1.7 lllustration of congestions

Anholt

Anholt

Figure 8-24: Congestions in Danish grid in N state (left) and N-1 state (right) for the power flows resulting from
the DG 2040 scenario capacities

Figure 8-25:
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Congestions in Danish grid in N state (left) and N-1 state (right) for the power flows resulting from

the GCA 2040 scenario capacities
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