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EXECUTIVEUMMARY

The EUSysFlex project ainte identify large scale deployment of flexible solutions &Europearpower system
with a high share oRenewable Energy Sourcd®E$ These solutions caimclude technical options, system
servicesand market design The project results will contribute to enhartteystem flexibility coordinating the
use ofboth existing and new technologies.of% Package(WP)2 is the starting point of the project, as its goal is
to evaluate the scarcitiearisingin the future system. Task 2.2 provides the initial assumptionsenaadneet the
EU targets for the development of renewable souréesthe European powersystem These assumptions,
presented as scenarios for the European power system are crucial to Hsydlex projeds they will feed ito
the models and simulationsf the following WP2 tasks.

Thisreport outlines the @velopmentprocess for scenarios and network sensitivities which will be used in the
technical and market modelling analysis for the&$Flex project. The outcornéthis work is a set ofaherent

and transparent scenarios fohe European power systemwvhich areconsistent with the aims and objectives of
the EUSysFlex projectand a number of network sensitivities which examine variousrattvorks of the
European power system in greater detdihe scenarios chosen for the BysFlex project are a crucial starting
point for the technical and market modelling analysis which is central to the project.

In developing scenarios for the B3ysFlex project, two categories of scenarios were defined:

Core Scenariog These are the central scenarios which will defineititstalledgenerationcapacities by fuel type
demand, interconnection ahstorage portfolios to be used@hese scenarios will be used to produotal annual
energydemandas well as tadl annual energy productioby source and fuel typelhese scenarios will be used
throughout the project for technical and production cost simulations on a European basis.

Network Sensitivitiesg These are sensitivities whiglxamine various parts of the European network awilll vary

the capacities andocatiors of demand, generation, interconnection or storage in order to examine various
scenariosin specific countries of the European power systéthese sensitivities will baesed to assess more
specific technical scarcities in certain parts of the European system.

An initial investigation phasef the EUSysFlexscenario developmentook place with a review of European
scenario literature startingin November 2017 to meethe February2018 Milestone of theEUSysFlexroject,
Wa {¢wigreement onCore Modelling Scenarid@® This literature review formed the starting point for theJ
SysFlexscenariosThe review explored using data frofn KS 9 dzNR LISy / 2YYAaaAz2yQa
and EUCO Policy Scenariaad ENTS@& En Year Network DevelopmentPan (TYNDP2018 Scenarios. In
addition,thee-K A AK gl @aunnpn aO0Sy | NKEedtricity jfdin Rerevaabléi Energy’ Soujgenf
European scenario wel@soinvestigated.
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Following this assessment, it was determined that the EU Reference Scenarios 2016 would form the basis for thi
two core scenarioxchosen for the ELBysFlex project. The EU Reference Scenarios 2016 mettdr@aaefined
for the EUSysFlex scenario selection in that:

1 They are consistent with the goals of the-BikFlex project (i.e. they have at least 50%RES the
European power system);

1 They have a yblicly availableand completedataset for each of th scenarios with individual EU28
country breakdowns;

1 They incorporate the targets, policies and directives of the European Union;

1 They are recently developed scenarios as they were published in 2016; and

1 By using two scenario years of the EU Referencaed®ios 2016 horizon 2030 andhorizon 2050 for a
higher RES targgethere is a direcand coherent relationship between the twiore enariosto allow for
easy comparisong with one of the scenarios being more ambitious than the other in terms of thie sca
of the renewables energy production.

The two chosen scenariage basedn the generation and demand portfolios for ttedzNB LISy / 2 YYA &
Reference Scenario 20X6r 2030 and 2050 respectivelysingvarious 2030 Europeanetwork models foreU
SysFlex simulationgnformation from the EU Reference Scenarios 2016 was supplemented with additional
information from other sources for countries outside of the EU, and for obtaining information on profiles for
Hectric Vehicles and Heat Pumps. Thigciuded information from the ENTSOTYNDP 2018 scenarios for Norway
and SwitzerlandFor the purposes of the E8ysFlex project, the two scenarios will be known asHEhergy
Transition scenario, which is based on the EU Reference ScenaridQHiand aad generation portfoliofor

203Q and theRenewable Ambitiord OSY I NA 23X gKAOK A& olaSR 2y (KS 9!
generation portfoliofor 205Q

The Energy TransitiorScenariohas apercentage ofelectricity from renewable energy sows (REE) with
respect to overall demandf 5294 whilethe Renewable AmbitiorScenarichas a REEB percentage of@®a These
RESE figures areonsistent with the goal of the EBysFlex scenari@s examining the European power system at
very high levels of renewable enerdgyhe fact that two different time horizoportfolios from the EU Reference
Scenaris 2016 are used for different ambition levels in the -BYsFlex core scenarios prowsde distinct
advantage in having two linked scenarifs the entire European systemand the suknetworks and power
systemschosen for additional analysi$hese core scenarios and network sensitivitidsbe used throughout all
aspects of the E\$ysFlex proj. The scenarios enable consistency across all modelling tasks in various EU
SysFlex Work Packages which will increase the ease of comparing different analysis across the project.

In addition to the percentage of RIESiIn the two core scenarios, the pentage of variable nosynchronous
renewable resources is of particular interest to the-&$Flex project. As highlighted in the-&$Flex D2.&
Stateof-the-Art Literature Review of SysteStarcitiesat High Levels of Renewabldéle challenges of inggating
high levels of renewable generation are primarily seen at times of higksywochronous generation penetration.
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Therefore,within the two core scenarioghe hours which havehe highestlevels of nossynchronous generation
will be examined imetail through technical simulations to understand future system scarcities.

Tablel provides a summary of the renewaldeneration production, eladcity demand and REE levels seen for
each European country in the two EysFlex scenario3.able 2 provides a summary of thecarbonfree
generation anchon-synchronousrariable renewablgeneration for eaclof the EU member statesonsidered in

the EUSysFlex scenarios.

TABLHE: PERCENTAGESRENEWABLE ENERGYRROTIONN THEENERGY TRANSITIONDAREN®WABLE AMBITION
SCENARIOS AS A PER®ESE OF DEMAND

Energy Transition Renewable Ambition

RES production Demand %RES RES productior  Demand %RES

country |~ Ty, (TWh) (TWh) (TWh)
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TABLE: CHARACTERISTICS BE ELBYSFLEX SCENARIGS HIE 28UMEMBER STATESNITZERLAND AND
NORWAYFORCARBOMNREE ELECTRICITY YXARIABLE NOSYNCHRONOUS RENEVWVABNERGYRERASA
PERCENTAGE BIEECTRICITY PRODOWQTI

Energy Transition Renewable Ambition

0 VREof which 0 VREof which
Country % carbon % VRE % carbon % VRE

- free % Wind % Solar - free % Wind % Solar

EU28
AT
BE
BG
CH
CY
Ccz
DE
DK
EE
ES
Fl
FR
GR
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In addition to theEnergy Transitiorand Renewable Ambitiorscenariosvarious Network Sensitivities have been
developed whichseek to stress particular parts of the European netwiorlorder to examine further technical
scarcities in greater detail. These Network Sensitivities are usaw/éstigate more onerousr more ambitious
generation and demangortfolios for specific areas and countries. The Network Sensitivitiesfocusedn the

areas of the European power system which will undergo increased analysis and simulations. Therefore, the area
which wereprimarily chosen for Network Sensitivities are theland and Northern Irelandower system and a
sub-network of the Continenal European power system centred on the Poland network. Additioralfyirther
sensitivity for the Nordic systeimas beerdeveloped.

A summary of the scenarios and Network Sensitivities considered by all partners for further analysis is given ir
Table3 below.

TABLB: SUMMARY OF THE SIBRIOS AND NETWORIKENSITIVITIEEEVELOPED FOR THESEBFLEX PROJECT

System

Partner ] CoreXenarios Network Sensitivities
considered
Continental Energy Renewable
system Transition Ambition

Energy Renewable
Transition Ambition

Nordic system

Poland and Energy Renewable Distributed
neighbours Transition Ambition Renewables

EirGrid& Ireland and Energy Renewable Steady Consumer  Low Carbon
SONI Northern Ireland BEEE )] Ambition Evolution Action Living

The two core scenariosEnergy Transitionand Renewable Ambition and the various Network Sensitivities
presented within this report will be used throughout the £S\sFlex project.

TheCore $enarios and Network Sensitivitiegere developed usingnit Commitmentsoftware whichseeks to
optimally schedulghe generation ofboth thermal and hydro generatiomplants to meet system net demand
(taking account of renewable generation and interconnect@ns)l indicates the number of hours of unserved
energy in the system. The initial data set is adjusted iteratively to obtain thleemergy targets as close as
possible to the annual targets of the EU Reference Scenarios as well as a number of unserved energy hours th
meet acriterion of 3 hours of unserved energy on average for all European countries. This iterative process
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requires a lot offine-tuning to deviate only marginally frorthe initial values from the EBeferencescenarios at
horizon2030 and 205@n orderto develop theEnergy Transitiond Renewable Ambition scenarios

The total annual power production by primaryergy resource foEnergy Transitiorand Renewable Ambitioris
obtained from averaging the hourly production for each country by primary energy resource oveejéate
yearlong simulations Each of these simulations represents year with different climatic conditions and
generator outagesThe model includes technical generator constraints as well as locational reserve constraints.
There is excellent alignment between the energy production values as quoted in the EU References Scenarios ar
the two EUSysFlex scenario§nergy Transitiomnd Renewable Ambition

The output of this detailed modelling of the European power system is production schedtles hourly
resolution for a large range of climate yeassmilarly, models have been developed for the Network Sensitivities
for the various sulmetworks of the European power systeifhis will allow theEUSysFlexproject to carry out
state-of-the-art technical and economic studies of a system with a large amofivariable renewablesand
make key contributions to the final flexibility roadmapthe EUSysFlex project

The dispatches from these models will be used wobnation with the technical models developed in Task 2.3
This willform the startingpoint for the technical simulations which will identify the future system scarcities of the
European power system within Task 2.4. These scenarios will also be used in Task 2.5 to enable a valuation
future System Services to help solve the scarcitiaadowithin Task 2.4.

In addition to their use iNWWP2, the Core Scenarios and Network Sensitives will also be used in other Work
Packages of the ESysFlex project. This includes Work Package 3, which will define new System Services ant
market designs fothe future European power system, and Work Package 10 which will outline a roadmap for
adapting the learnings of the entire EXysFlex project to enable the European power system to reach ambitious
levels of renewable generation. As demonstrated, the Carenarios and Network Sensitivities documented in
this report are central to the ESysFlex project.
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1. INTRODUCTION

The ELBysFlex project seeks to enable theropearpower system to utilise efficient, coordinated flexibilities in
order to integratehighlevelsof renewable energy source®ne of the primary goalsf the projectis to examine
the Europearmpower system with at least 5086 electricitycomingfrom renewable energy sources (RES

In order to reach at least 50% RE®n aEuropeanscale, it will be necessary to integratereasingly highevels
of variablenon-synchronousenewable technologies such as wind and solaansitioning from power systems
which havetraditionally been dominated by large synchronous generating unitsystesns with ligh levels of
variable non-synchronousrenewable technologietiasbeen shown to result in challenges for operating power
systens safely and reliably. This is due to thensynchronous nature of these technologias well asthe
variable and wncertain nature of the underlying resourceghe integration ofnon-synchronousrenewable
generation results in the displacement of synchronous generafdhis can consequently lead to technical
scarcities in power systenas the new technologies do nogplicate all of the traditional resilience functions of
synchronous generators which they are replacifite displacement of the synchronous generatalsoleads to
brand new technical scarcities which have never been seen before. Addressing thesegelsailieat the core of
the EUSysFlex project.

In this regard Work PackagéWP)2 forms a crucial starting point for the E3ysFlex projectWP2 will perform
detailed technical power system simulations in orderdentify the technicakcarcitiesof the European power
system with high levels of renewable generatias well ashigh levels of electrificationinteractions between
WP2 and the other W&In the project can baeen inFigurel.

The first deliverable of WP2 was completed as part of Task P21 - Stateof-the-Art Literature Review of
System Scarcities at High Levels of Renewable Gene(hliglysFlex, 2018Task 2.2 and this report, Deliverable
2.2,aim to define a set of pragmatic and ambitiosenaris for renewable generation deployment in Europe.
The scenario development process was mindful of the findings fDailiverable2.1 and the likely technoal
scarcities that the project seeks to explore in detélle scenarioswill be utilisednot only withinWP2 but also
throughout the entire ELBysFlex projeand are central to the project. This ensumnsistencyin the analysis
that is performed across the various WPs in the project.

In parallel to the development of these scenarios, Task 2.3 seeks to develop detailed models of the power system
These models will be utilised in Task 2.4, in conjunction withsttemarios, to perform detailed studieshé’
studies will encompass several geographicakaswith different characteristics This includes &ontinental
European modelencompassing?20 countries which will focus primarily on frequency stabilitand further
subsystems which will be used forore detailed analysisThese subsystems atiee Nordic power system, the
Irelandand Northernirelandpower systemand a suknetwork of the Continental European system focussing on
Poland andhe surrounding countrig The aim of these simulations is to evaluate a range of technical scarcities.
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The technical scarcities identified in WP2 are central to theSi#Flex project as they will feed into WP3 which
will develop innovative system services and market and regolaiptions to address them.

\

WPI1 EIRGRID
Management
/ - VIto /
WP2 EIRGRID WP3 ‘L%\. WP4 SONI
New approaches Market Design and Integraticon of services
for System Operation Regulatory Opticns into System Operator
with high RES / for innovative services Control Centers “/
— AR \ O \
NS wp7 \[ wpre wWPs  elering
Coordination of Coordination [] R
Centralized and of flexibilities .
Decentralized connected to Innogy Data management
Flexibilities distribution

b

wpo  elering

Cross-borders
and sectors data

Qhange

wpio ‘%~ E€DF || wpn

y

Flexibility Roadmap Dissemination

_4

WP12 EIRGRID

Ethics requirements ‘)

FIGURE: EUSYSFLEX WORK PLAN

Concurrent to the technical studies in Task 2.4, production cost modelling, based on the scenarios documented ir
this report, will be performed in Task 2.5 for bdtie Continental European power system and the Ireland and
Northern Ireland power system. These modelling studies will assess potential revenues for new technologies a:
well as identify financial gaps in the energy market. These gaps would need to béyilleelv or increased
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revenue streams from system services in order to create sufficient investment signals for new technologies to be
realised.

The final task in WP2, Task 2.6, will seek to incorporate the findings from other WPs inSlysH&k project and
incorporate proposed solutions to the scarcities identified based on the learnings from the project.

The power system assumptions utiliséal WP2 for the technicakimulations and production cost modellirend

the assumptions iINWP3 for advancedelectricity market modelling studiesvill be based on the EBysFlex
scenariosThe scenarios chosen for the BysFlex project are a crucial starting point for the technical and market
modelling analysis which is central to the project.
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2. METHODOLOGY FORFININEUSYSFLEX SCENARIOS

| 2.1 OVERVIEW OF SCENARIANNING

One of the most fadamental parts of planning the development of power system is forecasting how electricity
generation and consumption will change over tirse,as to determine which invesents are needed to ensure a
system with the safety and reliability that people has@me to expect. It can also be the most difficult part of the
process. There are a lot of different factors that effect changes in electricity generation and consumption. These
factors include economic performance, population growth, government politdéetinology developments and
changes in consumer behaviour and attitudes. As a result, planning for our energy future can be a complex task
Scenario planning is a method of planning for an uncertain future.

Many Transmission System Operators (TS®%) Dstribution System Operators (DSQs)s well as other
stakeholders, now engage in scenario development and planning as part of their planning process for the future
of the power system. The extent of the detail that is incorporated in the scenario devehipmnecess varies
acrossstakeholdersand varies depending on the need for the scenarios.

In developing scenarios for the B3ysFlex project, two categories of scenarios were defined:

Core Scenariog These are the central scenarios which will defineittstalledgenerationcapacities by fuel type
demand, interconnection ahstorage portfolios to be use@hese scenarios will be used to produotal annual
energydemandas well as total annual energy productibg source and fuel typelhese scenariowill be used
throughout the project for technical and production cost simulations on a European basis.

Network Sensitivitiesg These are sensitivities whiglxamine various parts of the European network awilll vary

the capacities andocatiors of demand, generation, interconnection or storage in order to examine various
scenariosin specific countries of the European power systéthese sensitivities will be used to assess more
specific technical scarcities in certain parts of the Europearsyst

An initial investigation phasef the EUSysFlexscenario developmentook place with a review of European
scenario literature, starting in November 2017 to meet the February 2018 Milestone of #&y&Hlex project,

Wa {¢Mgreement on Core Modelth { O S yThisNtegatur® deview formed the starting point for the EU
SysFlex ScenarigBhe review explored using data fromK S 9 dzNR LISy [/ 2YYAaairzyQa 9
(European Commission, 2018&)d EUCO PoliS§cenariogE3MLab & IIASA, 201&6nd ENTSE@ En Year Network
Development Plan (TYNDPPRO18 ScenariodENTSE, 2018) In addition, ehighways 2050 scenarios(e-
Highway2050, 2013) Y R 9 5 C Q &E CenfifientalE@dpean scenarigBurtin & Silva, 2015ere also
investigated Brief overviews of the reviewedscenariosare providedbelow.
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2.1.1EUREFERENCEENARIOZ016

The EWReference Scenas@016are utilised by the European Commission as a vital tool for analysis in the areas
of energy, transport and climate change.s intended that theEUReference Scenasact as a benchmark of
current policy and market trendand they aim to assist poliesnakers perform longerm economic, energy and
climate analysigEuropean Commission, 201@)he scenarioses out a trajectoryfrom 2020 to 2050 and are
based on the current policy framewqnith defined scenarios every five yeaihe scenarios integrate all of the
European policies and directivegiich have been adopted at EU level and in Member States by December 2014,
and meet the2020 RESE targets set by the European Commissidhe scenarios acount for thesuccedul
implementation ofthe EUEmissions Trading Scheme (ETS)smadsignificanCQ reduction over the projected
scenarioyears.A suite of interlinked modelgere uilised to produce projectionfor the energy sector and the
agricultural and forestry sector for each of tB#}28 countries The scenarios includéQ emission assumptions

and outline projections fogeneration, demand, storage and interconnection portfolios.

2.1.2BJROPEANIOMMISSION (EUCODRICYSCENARIOS

The European Commission (EU®OIjcyenarios build upon thaforementionedEU Reference Scenariand

all of the EUCCPolicy Scenariosare built from the same stéing point; the EU Reference Scenario 2016.
Additional targets and polcassumption & then incorporatedto further enhance the projectionslhese extra
assumptions include an increase in the EU i#ic8 and additional RES and energy efficiency polidisswith the
EU Reference Scenarios, the EUCO PS8tiegariosprovide gojections for all Ek28 countries.However, he
EUCO scenarios provide projecsoonly up to the year 2030. Several sensities are developed relating to
varying levels of energy efficiency and renewable energy increases.

2.1.3ENTSEETEN YEAR NETWORK/EEOPMENT PLANYNDPSCENARIO®18

The ENTSE Ten Year Network Development Plan (TYNDIP 2018 usesdifferent scenarios at different time
horizons from 2020 up to 2040 in order to gav&iew on whatdditionalgrid infrastructureis neededandwhere.

Each scenariprovidesa storyline for different possible futureshich aim toachieveEurope'sdecarbonisation
objectives. These scenarios are then used in transmission network analysis to identify areas of the network which
will require furtherinvestment. These scenarios are used to assess Projects of Common Interest (PCI) betweer
different EU member states. The outputs of TYNDP 2018 show tkatwdth decentralisedyeneration, demand
response, storage and energy efficiency pigyan increasig role, an extension of the current grid is needed to
allow the shift of large quantities of renewables to the main consumption centres.

TheTYNDR018 senarios consist dbur scenariodor 2030 and 2040 which are summarised in the TYNDP 2018
ScenaridReport as follows
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9 Distributed generation (2030 and 2040Prosumers at the centre smallscale generation, batteries and
fuel switching society engaged and empowered.

1 Sustainable Transitioi2030 and 2040j Targets reached through national regulati@mission trading
schemes and subsidies, maximising the use of existing infrastructure.

1 The EUCO Scenario (2080\n external scenario, EUCO 30, which was developed by the European
Commission. This is documented in secoh2above.

1 Global Climate Action (204G)Full speed global decarbonisation, laigmale renewables development in
both electricity and gas sectors.

Furtherinformation on these scenariamnbe found inthe TYNDFScenarios 2018 port (ENTSEE, 2018)

2.1.AEHIGHNAY2050SCENARIOS

The eHighway050 project aims to develop a methodology to support network planning of the Continental
European transmissionetwork (e-Highway2050, 2013)Jnder pinning the 4lighways project is the EU energy
policy. The project adopted a top dowapproachfor development of the eéHighway2050 scenarios. This
approach as illustrated irrigure2, included the following steps:

1 Identification of relevant uncontrollableincertainties(e.g. costs of technology, economic growth) and
controllableoptions(e.g. subsidies/support schemes)
Combining uncertainties intb Se#of Future@and Options intddt of Strategie®
Combining coherent Futures and Strategies into coheBanariosand

1 Reducinghe number ofScenariody combining Senarios that have similar effect

Intheel AAKgl @8unpn NBLR2NISX FAOBS TFdzidzNBa 6SNBE R&EIOSK 2 0IS:
W, A3 Aad o0StdziAFdA Q YR W{YlIff GKAYy3Ia YIGGSNRDe LY
Wal NJ SG fSRQY W[IFINHBHS aoFtS wo9{ A&aA2ENBS2VERQZII WR 2 DHzO1
ydzOf S NR® / 2Y0AyAy3d (GKSaS FTAGS FdzidzaNBa FyR ,dheE& &GN
Highways 2050 project finally produced 5 scenarios:

1 Large scale RES & no emissiqrthis scenario is characterised by deployment of large scale RES
technologies, e.g. large scale off shore wind parks.

f 100% RE§ in thisa OSy I NR 2 9 dzNEmI® @dtirels yaset Bnérenéwdlie energyl00 %
Greenhouse gas (GHG) reduction, both large scale and small scale are used.

1 Big & Marketg Europe relies mainly on a market based strategy to achieve GHG reduction, moreover in
this scenario, there is a sgatinterest on large scale centralized solutions, especially for RES deployment
and storage.
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1 Large fossil fuel witiCarbon Capture and Storag€C¥$and nuclear¢ Europe is mainly following non
RES strategy to reach GHG reductiarget and this is achived though nuclear generation and carbon
capture and storage.

1 Small and locag Europe is following GHG reduction mostly via sisedlle/local solutions.

In each scenario Europe is fully committed to meetingdB® GHG reduction, except in the 100% &iEBario,
where a 100% reduction in GHG emissions is envisidhgther information on these scenarios can be found in
the e-Highway2050 publication®-Highway2050, 2013)

1.
Detailed specification of Uncertainties and Options
and corresponding Boundary Conditions

|

71
Identification and assessment of main
Uncertainties and Options (hi/low, strong/weak etc)

3. 4.
Narrative of possible Futures Identification of relevant Strategies
=

Combination of coherent
Futures and Strategies into possible Scenarios

6.
Eliminate scenarios
due to inconsistencies and similarities

7.
Final e-HIGHWAY2050 Scenarios

FIGURR: EHIGHWAY2058CENARIO DEVELOPMERDCES&HIGHWAY2050, 2013)

2.1.560% REE&

EDF developed a scenafimr the European power systemith 60% RE&in 2030to look at the technical and
economic implication of a massive deployment of EEBEuropean leveBurtin & Silva, 2015 he scenario was
developed using the targets for the 2030-RES scenario of th#050 Energy Roadmap from European Union
(European Commission, 201Zheshare of REE reaches 60%which includes a VRiIBareconsistingof wind and
solar, of 40%. Figure 3 shows the installed capacity of RESn the sceario. Overall, 705GW of variable
renewable energies (wind and solar) are installédingthe aggregated European targets in the scenario, EDF
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built a dataset that is on an hourly basis for an entire year for each country arappooximately30 differert
occurrences of climatgears InstalledRESapacitieswere placed in thelocationswith the bestcapacity factor
potentials and RES generation was computed using a betiprapproach.Therefore, his dataset keeps the
spatial and temporal correlation exss the European system. The assumptions @sdits for this study were
published inBurtin & Silva, 2015)

60 % EnR
(generation)

High RES 2030 GW Load factor (h/yr)

@ Solar (PV) 220 1100
Onshore wind 280 1900
Offshore wind 205 3200
. Hydro 120 3800
mm \Vind mmmm Nuclear
PV EEN Thermal
B Hydro
EEE Biomass

FIGURB: INSTALLED RESAPACITY FOR Tt REE SCENARIBURTIN & SILVA, 291

2.2 AIMS AND OBJECTIMBFISTHE EBYSFLEX SCENARIOS

The scenarios developed as part of Task hdst adhere to one key criteriofior the EUSysFlex project a
European power system with at least 5@ectricity from renewable energy sourceBhe Core Scenarioand
Network Sensitivitieswill be used throughout all aspects of the -BysFlex project. The scenarios enable
consistency across all modelling tasks in variousSiEFlex WPs which will increabe ease of comparing
different analysis across the project.

As can be seen frorRigure4 and Figureb, the Core Scenarios, which are implemented in the EDF Continental
model, are the starting point for the technicaimulations withinWP2 In addition, theinstalled capacity
projections and otherassumptionsfrom the Core Scenarios will be fundamentalthe simulations that will be
undertaken inWP3 As can be seen irigure4, there are numeous diverse models developed as part of Task 2.3
which are documented in the ESysFlex D2.3 repofEUSysFlex, 2018Yhe models areonnectedthrough the
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use of the installed generation and demand portfolios of @uee Scenarios Consequently, it is importarthat
these scenarios are robust and pragmatic, but also ambitious and optimistic in terms of renewable energy

development assumptions.
EDF

Paladyn model
European Power System

EDF
CONTINENTAL Model
European Power System

VTT VTT

WILMAR Model Frequency Stability Model
Nordic Power System Nordic Power System

PSE
PowerFactory Model
Sub-network of the Continental
European Power System

EirGrid & SONI

EirGrid & SONI WSAT model
PLEXOS model Ireland and Northern Ireland Power
Ireland and Northern Ireland Power System
SYStem EirGrid & SONI
—— : Unit commitment models Single Frequency Model
— : Frequency stability models Ireland and Northern Ireland Power
—— : Transient/voltage stability models ST

FIGURE: OVERVIEW OF THRUBTES WORKFLOW ROR2 RELYING ONHE CORE SCENARIOS

Continental European System
Core Scenarios

Nordic System
Network Sensitivities

Sub-network of the Continental
European System Network Sensitivities

Ireland and Northern Ireland System
Network Sensitivities

Power System and Market Modelling
Studies in WP3

FIGURE: OVERVIEW OF THEPARCATIONS OF THESMESFLEX SCENARIOS
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| 2.2.1CRITERIA F@ROOSING SCENARIOS

Following the review of scenarititerature outlined in section2.1, the following important criteria were
determined for choosinghe source data for th&eUSysFlex scenarios:

1 The scenarios are consistent with the goals of theSgbFlex project (i.e. dast 50% RES for the
European power system);

1 A publicly availableand completedataset for each of the scenarios with individual-Z8J country
breakdowns;

1 The senarios incorporat the targets, policies and directive$the European Union;

1 The senaios are recerly developedand

1 There is a direcand coherent relationship between the twore Senariosto allow for easy comparisons
¢ with one of the scenarios being more ambitious than the other in terms of the scale of the renewable
energy productio.

2.30OVERVIEW OHERU-SYSFLEX SCENARIOS

Following a reviewof the scenarios discussed in sectidrd against the criteria outlined in sectidgh2.], it was
determined to base the tw€ore Scenarioor EUSy$lex2 y G KS 9 dzNRBLISIHY [/ 2YYAaarzy
2016 (European Commission, 2016¥ they meet all of theaforementioned criteria. Furthermore, he EU
Reference Scenario 2016 as official scenai of the European Commission, arelJSysFlex is a European
Commissiorsupportedproject The EU Reference Scenario 2016 was prepared by national experts across all EU
countries. It sets out a trajectorfrom 2020¢ 2050, based on theEuropeanpolicy frameworkas of December
2014,with defined scenarios every five yealhey integrate all of the European policies and directives, and meet
the 2020 renewable energtargets set by the European Commissionatidition, they assume the successful
implemerntation of the EU ETS amdeet the C@reduction targets for the projected year$his ties in well with

the EUSysFlex projecas theproject was fundedfrom the competitive lowcarbon energy callThescenarios
developed in the EU Reference Scenario 28¥6the result of a series of interlinked models combining technical
and economic methods that have been paeviewed and/or have been used for numerous publications in peer
reviewed journals. Theget out generation, demand, storage and interconnectiantiplios which will be used in

the development of EA$ysFlex scenario&n overview of the E\3ysFlex scenarios is presented able4.

Given thetime horizon under consideration in the EBysFlexproject, the 2030 scenario from the European

I 2YYAEAA2YQa 9! wSwaS dBdyadOtfie bpsis e IfirblE2Sysklexnsaenario. Thesenario
wasadaptedfor the purposeof the EUSysFleprojectand iscalledEnergy TransitionFor the secondgcenario,

the9 dzNR LIS+Y [/ 2YYA&daA2yQa 9! thewbodtamdBigUERES Her@BayidwakiciBosen n M ¢
CKAA 61 & GKS 9dzNRPLISEHY [ 2YYAa3and fedéw EDSyFlexSandrindhigh0sS { O
derived fromit is calledRenewable Ambition
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It is important that there is a direct relationship and coherence between harmonized scenaoi@slow for an

easy and direct comparison between the twore scenariosTheEnergyTransitionscenario is 65.5% carbdree

for the EU28 countries. This include®5% of energywhich wasproduced from norsynchronous VREources
(wind and solageneration. The Renewable Ambitiorscenaricassumed 3.1%of generation comes from carben

free sourceswith 36%from nonsynchronous VRE sources in theZBJcountries While, these figures are the
average E28 percentagestheycan be much higher for some individual member states. The percentages-of RES
Eas a proportion of demanecross Europfor the two scenarios ar&2%for the Energy Transitiorscenarioand

66% for theRenewableAmbition scenario.

TABLE: OVERVIEW OF THEERGY TRANSITION ARENEWABLE AMBITIOCENARIOS

EU 28 + CH + NO Energy Transition ‘ Renewable Ambition ‘
Overall Demand 3262TWh 3741 TWh

Overall NorSynchronous VRE 859 TWh 1441 TWh

Overall Renewable Generation 1713 TWh 2469TWh

RESE 52.%% 66.0%

2.3.1EUROPEAN SUWNETWORK SENSITIVETAND OTHER NETWCGHEINSITIVITIES

The power system studies and assessments utilisingGbee Scenario&nergy Transitionand Renewable
Ambition in WP2 will be complemented by additional Network SensitivitiBlse Network Sensitivitiehave been
developedto stress particular parts of thEuropean networkn order to examine further technical scarcities in
greater detail. These Network Sensitivities are usetht@stigate more onerousr more ambitiousgeneration
and demandortfolios for specific areas and countries.

Many factors will #ect deployment ofrenewables inthe future including renewable support policies, siting
requirements, costs and social acceptance. In addition, different types of renewable generating technologies may
have different impacts on technical scarcities agsult of differences in generation patter(s.g. wind and solar

are primarily weather dependent, while hydro generation can vary seasonafiyvell as technologgpecific
capabilities (e.g. hydro generation and biomasse synchronougeneration typeswhile PV and wind araon-
synchronouys Therefore,the Network Sensitivities have been tailored to further stress tgropeanpower

system in specifiareas which will undergo increased analysis and simulations.

It is intended that, in conjunction withhe two consistentscenarios these supplementary and complementary
Network Sensitivities will ensure that all technical scarcities that can be expected in specific areas of the Europeat
grid are identified.In particular, theseNetwork Sensitivitiesvill, by increasing the levels of renewablésither

stress theNordic power system, subetwork of the Continental Europsystemfocusedspecificallyon the Polish
system and neighbouringpuntries as well as théreland and Northern Ireland power system
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These additionaNetwork Sensitivitiesvill enable investigation of the impacts of specific portfolio changes on the
power system. The different portfolios that will be assessed as part oN#te/ork Sensitivitiegnclude detailed
projections relating toeconomic growth, uptake of energy efficiency measures and new technologies on the
demandside, further variable renewable generation integration and conversion of conventional fossil fuel
generating plants to renewable generating plarisr example, mployment of these specific scenarios will result

in a representation of thelreland and Northernlreland power system with instantaneous RESpenetrations
reaching up to 100%. These portfolios will form the basis of production cost simulations, which wviliupoe
utilised for detailed steadgtate analysis, as well dsequency, dynamic, voltage and angular stabifitudies
which will be used tadentify technical scarcities.

Figure6 provides a brief overview of the systespecific Network Sensitivities and each of these sensitivities is
discussed in more detail later in this report. The development of these Network ti8#iesi entailed
consultation with additional scenarios such @ ENTS@&E TYNDP 2018 scenariasd the e-highway2050
scenarios.These scenariowere used to check the consistency of the data used and to complethenEU
Reference scenarios in develongiother possible portfolios.

Network Sensitivities

Sub-network of Ireland and
Nordic System the Continental Northern
European System Ireland System

Steady

— Going Green Evolution

Distributed
Renewables

Low Carbon

Living

Consumer
Action

FIGURB: OVERVIEW OF THEEYBFLEX NETWORK SEMISIES
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3. EUSYSFLEXCENARIGEUROPEAN POWER SYBTE

The EUSy$#ex scenariosare based on th&U Referencé&cenario2016. Therefore, thestarting point for these
scenarios are thassumptios that all legally bindingreenhouse ga§GHG and RES targets for 2020 achieved

and that the policies agreed at EU and Member State level until Decembera28l1dhplemented, as well as
directivesfrom early 2015. Thealevelopment of the ElReference Scenario 20J6cluded interactions with
expertsfrom EU28 Member States through a specific European Commission Reference Scenario expert group,
namely for the modelling of energy, €€&missions, transprt, and sectorial activity projectiond.he underlying
assumptions used in their development are also incorporated into th&¥dFlex scenarios.

3.1 OVERVIEW OF THEFSYFLEX SCENARIOS

Thissectiongives abrief overview of the key policiethat are integrated irto the EUSysFlextnergy Transition
andRenewable Ambitiorscenarios.

3.1.1CARBONBMISSIONTARGETS

The modelling of the EU ETS includes the Market Stability Reserve adopted in 20$8efdris assume that

the ETS emissiontargets for 2020 have beenachieved. A wide variety of additional policies are being
implemented alongside ETS prices which influence the ETS sector such as RES support policies or energy efficie
measures. From 2040 onwards, the ETS price increases signifiddmlysing costs of emitting G@romote

further investment in renewable technologieBhe ETS emissions and ETS prices are gigure7. The 2030

ETS pce is used for thénergy Transitiorscenario and the 2050 ETS price is used fofRtheewable Ambition
scenario.

———— Emissions in Mt CO2 eq. S
) price
MtCO2 eq. ———ETS carbon price €/tC0O2eq.
2500 T 100
- 90
\ = 70
1500 — - 60
- 50
1000 - 40
- 30
500 20
— - 10

0 R 1 5 L L L L 0 3 2 U P T s

2015 2020 2025 2030 2035 2040 2045 2050
FIGURE: ETS EMISSIONS ARTS CARBON PRIBSSUMED IN THE EIFRRENCE SCENARI®G 2BUROPEAN
COMMISSION2016)
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The Energy Transitiorscenariohas a total power generation that 85.5% carbn-free for the EU28 countries
and theRenewable Ambitiorscenariohas a73.1%carbonfree production While these figures are the average
EU28 percentages, they can be much higher for some individual member staitgsown irFigures.

Energy Transition Renewable Ambition

A,

0% 100%

FIGURB: SHARE OF CARBEREE ELECTRICITYENERGY TRANSITIOINGNED WITHHE EU REFERENCHEARD
FOR2030 (LEFT) ANRENEWABLE AMBITIGNIGNED WITHHE EU REFERENCE HBR(RIGHT)

3.1.2ENERGY EFFICIENCY

The EUSy$lex Senariosincorporate energy efficiency policies adopted in recent years by the EU and Member
States, including Ecodesign arithergy Labelling, the Energy Efficiency Directive (EED) and the Energy
Performance of Buildings Directive (EPBD). This means that the issenansider a wide range of efficiency
performance standards, as well as the interaction between different sectors. Better labelling and consumer
information is taken into account and incite the consumer to select better technologies and to activelyananag
their energy useFor example the rollout ofsmart metering allowfor demand response so as to better manage
electricity peak andhigh pricesituations which in turnleads to an improved efficiency of the power system. The
scenarios also take into ament building renovation, with the public sector paving the way with best practices
which are inciting private actors to follow.
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3.1.3REJOLICIES

The RES projections from the EU Referé®emarics 2016 taken as the basis for the BBy$lex Senarios stem

from consultations with Member States and integrate their projection trajectories of the RES shares by sector as
expressed in the respective National Renewable Energy Action Plans (NREAPS). The framework integrates kno
direct RES feeth tariffs ard other RES enabling policies, such as priority access, grid development and
streamlined authorisation procedures. The binding targets on RES for 2020 (20% share of gross final energ
consumption from RES by 2020 and 16Pthe transport sectors gross fihanergy consumptiorirom RES by

2020 are assumed to be achieved. Beyond 2020, the RES development continues despite the fact that direc
incentives are phased out because:

1 Some RES technologies are becoming economically compgetitive
1 The carbon price imcreasing through the ETS scheraad
1 The extension of the grid and the improvement in market balancing allow for higher RES penetration

The Energy Transitiorscenario has a share of RESof 2% of the electricity demandand the Renewable
Ambition scenariohas a share of@a While these figures are the average percentages for all countries modelled
as part of the EtBysFlex scenarios, the percentage of-REShigher for some individual countries and lower for
others. Table5 provides a summary of the renewable generation production, electricity demand an& R8s
seenfor all countries modelled in thevo EUSysFlex scenarios

In additionto the percentage of RES in the two core scenarios, the percentage of variable-syarthronous
renewable resources is of particular interest to the-&$Flex project. As highlighted in the-&$Flex D2.¢
Stateof-the-Art Literature Review of Syste8tarcities at High Levels of Renewables, the challenges of integrating
high levels of renewable generation are primarily seen at times of higksyochronous generation penetration
(EUSysFlex, 2018 herefore, within the twocore scenarios, the hours which have the highest levels of non
synchronous generation will be examined in detail through technical simulations to understand future system
scarcities.

Table6 provides a summary of the carbdree generation and nosynchronous variable renewable generation
for each of the European country considered in the$&/dFlex scenarios. This is further illustrate@igure9,
which demonstrates the increase in neynchronous VRE for each European country betweenBhergy
Transitionand Renewable Ambitiorscenarios.
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TABLE: PERCENTAGEF-RENEWABLE ENERGYRROTIONN THEENERGY TRANSITIONDARENEWABLE AMBITION
SCENARIOS AS A PER®SE OBEMAND

Energy Transition Renewable Ambition

RES productior Demand %RES RES productior Demand
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TABLBEB: CHARACTERISTICS BE EWBYSFLEX SCENARIGS HIE 28 MEMBER SESBSWITZERLANAND NORWAY
FOR CARBORREE ELECTRICITY YARIABLE NOEYNCHRONOUS RENEVVABNERGY AS PARTTABE ELECTRICITY
PRODUCTION. (VREARVABLE RENEWABLEE®RY)

Energy Trangion Renewable Ambition

0 VREof which 0 VREof which
Country % carbon % VRE % carbon % VRE

- free % Wind % Solar - free % Wind % Solar

EU28
AT
BE
BG
CH
CY
Ccz
DE
DK
EE
ES
Fl
FR
GR
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FIGURE: SHARE OF VARIABIEN-SYNCHRONOUS RENEVABENERATION (WINRIASOLAR) FOR POWER
GENERATIORORENERGY TRANSITIONGNED WITH THE ELFERENCE SCENARIOZIGR (LEFT) AND REMEBLE
AMBITION ALIGNED VWTHE EU REFERENCE 8RENFOR 2050 (RIGHT)

The EWUSysFlescenarios allow us to identify several decartsation strategies:

1 Decarbonisatiorbased on a power generation mix with a high sharewafriable RESi.e. wind and solar
energies:Wind and solar technologies are replacing non carffrer sources such as coal or gas, as
shownin FigurelO. The share of variable renewables in thes/stems can be very high. Spain, Greece,
Denmark, Portugadnd Ireland reach a share of VRE higher or equal to almost 5@8é¢ enewable
Ambition scenario Portugal has the characteristics to couple a large share of variable renewables with a
large shae of hydro, allowing it to reach a carbdiree level of 96%. In Spain, the carbioee share
reaches 71%, split almost equally between solar and windflemd4% share of gas subsides as the share
of biomass and hydro remains relatively small. The gdimaraplit for Greece is similar to that of Spain.
Denmark and Ireland are relying almost exclusively on \ginkration as well asiomass to lower the
share of non carboifree generation typicallycoal or gadired power plants Belgium, Estonia, German
the Netherlands, and to some extent Italy, rely on a high share of variable renewable energy to lower the
carbon intensity of their power generation mix. Biomass plays an important role for Denmark, Estonia and
Belgium.
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