aL¢LD!'¢Lhb hcC ¢
¢9/Ub[ {/!w/LGCL:¢
1 {{h/L!¢95 2L¢|I
[9+9[{ hC w9boz!
¢19 9'wht9lb t h?
{.{¢9a

D26

- U-SysFlex

© Copyright 2018 Th&USysFlexConsortium




)‘ MITIGATION OF THECHINCIAL SCARCITIES@CIATED WIFHGH EVELS OF RENEWABDESHE EUROPEAN PRV STEM
DELIVERABLR.6

EU-SysFlex

PROGRAMME H2020 COMPETITIVE LOW CARBON ENER&@YSROARTGRIDS

GRANT AGREEMENUMBER 773505

PROJECT ACRONYM EUSYSFLEX

DOCUMENT D2.6

TYPE (DISTRIBUTION LEVEL) 'H Public
f Confidential
f Restricted

DATE OF DELIVERY 24" June 2021

STATUS AND VERSION V1

NUMBER OF PAGES 252

Work Package/ TASK RELATED WP2/ Task 26

Work Package/ TASK RESPONSIBLE Sheila Nolan (EirGrid)David CorcorafEirGrid

AUTHORSY) Sheila Nolan (EirGrid)David Corcoran (EirGridpusko Nedic
(EirGrid), Ismail Ibrahim (EirGrid), Houriyeh Shadmehr (EirG
Arijit Bagchi (EirGrid), Priyanko Thakurta (EirGAdiNJ S Y &
Kacprzak (PSEJacek Wasilewski (PSEi), Artur Mirowski ijP
Mateusz SkwarskfPSEi),Ye Wang (EDF), Grégoire Prime (E
Nicolas Boussonniere (EDF), Maél Desmartin (EDF), Juliette
(EDF), Caroline Bono (EDF), Camille Cany (EDF), Dominique
(EDF), Anne DebregedEDF) Slimane Noceir (EDF)arie-Ann
Evans (EDRyjaik Staudt iitnetz-Strom)

DOCUMENT HISTORY
VERS ISSUE DATE CONTENT AND CHANGES
1 24" June 2021 First versiorpublished

DOCUMENT APPROVERS
PARTNER APPROVER
EirGrid Sheila Nolan (Work Package Leader)
EDF Marie-Ann Evans (Techniddlanager)
EirGrid John Lowry{Project Coordinator), upon PMB review

2| 252



EU-

)‘ MITIGATION OF THECHINCIAL SCARCITIES@CIATED WIFHGH EVELS OF RENEWABDESHE EUROPEAN PRV STEM
DELIVERABDR.6

SysfFlex

TABLE OF CONTENTS

1. EXECUTIVE SUMMARY. ...ttt ettt et e e e et e e oottt e o4 o2t eme e e 2o ook et e e e oo e oa s e et oo e e m s s e e e e e e e asnne e e e e e e eatne e e e emeeeesnnees 9
2. INTRODUGCTIQN. ...ttt ittt ettt e e sttt e o2 b et e 4 b s e e o mb e £ e 44k b e e e s b e e 4o s s e e e 42 b e e e sma e e e e b e e ek e e s e bbb e e s b e rme e sa e e e e nee e 24
B2 O 1 I = OSSP PPUPREPPRRPIN 24
2.2WORK PACKAGE 2 AMBK 2.6 WITHIN EBY SFLEX........eetiiiiiieiiiii it 25
2.33UMMARY OF KEY FINGBNFROM TASK 2.4 AIMEBK 2.5, ... et 26
2. 40UTLINE OF THE REPRPQIR ... oottt ettt et e e e e s b e e e s e e e s e e e e s b b e e s aara e e e nann s 27
3. OVERVIEW OF SCRIN2S, MODELS AND NHEIDOLOGIES..... ..ottt 28
3.LEVALUATED SCENARIQS......co ittt ettt ettt e s e ettt e st e e s b et e e e et e s s et e s se et e e esn e e e snneeesaanree s 28
3.2SUMMARY OF ANALYBISDELS AND METHODGLES............cooiiiiiiiiiiiiii e 29
4. FREQUENCY STABILMITIGATIONS. ... s b e e e e s e e e e s s amas e e e e e sannaee s 31
4. 1CONTINENTAL EURORPRE....... oottt oottt e ettt e e e e e e et e e e e e s ettt e e e e e s s e e et eee e e e s tnneeeeeeeanannnneneeenenanens 31
4.1.1  SUMMARY OF ISSUES......coiiiiiiiiiiii ittt st et s et e s sk e e e s st e e s b e e e et sb e e e e s tn e e snn e e e snaeeeas 31
411.1 BACKGROUND...... ..ottt bbb e e b s s b e e s s 31
4.11.2 CONCLUSIONS DRAWRINIRASK 2.4 .....ciiiiiieiiiiie ittt sttt e s e e s e e e s ssnenenne 33
4.1.2 METHODOLOGY AND A8BUIONS TO ENSURHE SYSTEM FRE@YESITABILITY IN THSE OF A SPLIT BVEN..35
4121 IMPLEMENTATION ORMNEOCAL INERTIAL GORAINTS WITHIN TBENTINENTAL TQOL ....ooivviiiiieeeciienee 35
4.1.2.1.1 CONSTRAINT DEFININLLOL.....ttttteiiiiiiieeieeeee e e e e s et e e e e s e e e e e st e ee e e e s s nnen e e e e e e s e esnneeeeeaeaasnnnnneeeeeenannnnees 35
4.1.2.1.2 SECURING A SINGLEZOAN IMPLY SEVERKERTIAL CONSTRAINFEIBRATION......coiiiiiiiiiiceireee e 37
4.1.2.1.3 CHOSEN SPLIT CONRUBIUIONS.......coiciiiiiiiiiiiiiiie st 38
41.2.2 DEVELOPMENT OF AMESTMENT LOOP TOI®RLLY ADJUST THEGNRONOUS CONDENSERS................. 39
4.1.2.2.1 GOAL OF THE METHODGK ...ttt e et e e e e ettt e e e e e et e e e e e e st e e e e e e et e e e e e e s nannnrneeas 39
4.1.2.2.2 ASSESSMENT OF THENEIMIC IMPACT OF TTNERTIAL CONSTRAMTH CONTINENTAL.........ccoooiiiiiiinnnn. 39
4.1.2.2.3 SCS CHARACTERISTICS......ooiiiiiiiiii s bbb 40
4.1.2.2.4 VALUE ASSESSMENBOE.........coiiiiiiiiii e e e e anraen s 41
4.1.3 RESULTS: EVIDENCHEIDFESATIONS...... ..o A2
4.13.1 INVESTMENT IN SYNONRUS CONDENSERS el 42
4.1.3.2 SYSTENMMPLICATIONS OF INERR CONSTRAINTS......c e 43
4.1.3.3 INERTIA DURATION HB ANALYSES.......oiiiiiiiiiii e e e 45
4.1.3.4 DYNAMIC SIMULATIOBESRILTS. ...ttt e ettt e e e s e e e e e e e s s a e e e e e e e s snren e e e e s e e sanens 48
4.1.3.4.1 SIMULATION RESULIELIT OF THE IBERPENINSULA.........ooiiiiiiiiiiiiiie s 49
4.1.3.4.2 SIMULATION RESULIRLIT OF ITALY ..ot
4.1.3.4.3 SIMULATION RESULIRELIT OF EUROPE INHBEE.............coccciiiiiiiiiii i
4.1.4 KEY MESSAGASD DISCUSSION: CINENTAL EURQRPE ...
4.21RELAND AND NORTHEREELAND........cttiiiiiitiiitteeeeaeisie et e e s sttt e e e e s st e e e e s ae e e e e e e e e s s e e et e e e e e assb e e et e e e nasnermneeeeenesnrreeeeeens 58
421 METHODOLOGY AND SUMRW OF ISSUES FRABKT2.4: IRELAND ANDRTHERN IRELAND.............oooiiiiinennnn. 59
4.2.2 RESULTS: EVIDENCHEIDFSATIONS........oiiiiiiiiiiiii i nrnn e 62
4221 INCREASING SYSTHBERINA LEVELS ... 63
4.2.2.2 INCREASING THE LEMEEAST FREQUENGIPREISE PROVISION.......coiiiiiiiiiiiiii i 67
4223 RESERVE PROVISIGMFRR/IND GENERATION. ...t e e 73
4.2.2.4 OPERATIONAL POLIOXSIDERATIONS
4.2.2.41 DECREASING THE MAGIDE OF THE LSL....cooi e 76

3| 252



)‘ MITIGATION OF THECHINCIAL SCARCITIES@CIATED WIHHGH EVELS OF RENEWABDESHE EUROPEAN PGV STEM
DELIVERABDR.6

EU-SysFlex

4.2.2.4.2 MINIMUM NUMBER OF UNE ONLINE.......ccoiiiiii et enmnee e e snnneee e e eeenen o
4.2.3 MITIGATING FREQUENKSCILLATIONS IN ALINERTIA HIGH SNBFSTEM......coiiiiiiiiiieiiiiene e 80
424 KEY MESSAGES: IRELAND NORTHERN IREHDA ...
4.3LINK TO DEMONSTRANSAND THE QUALIANON TRIAL PROCEREQUENCY......ooiiiiiiiiiiiie i 84
4.4SUMMARY OF FREQUEMUOYGATIONS. ... .ottt ettt e e e ettt e e e e e ettt e e e e e e st et e e e s e s e e e e e e e e annnnneas 85
5. VOLTAGE STABILMIVIGATIONS. ...ttt itttk ret et s bt e bt eme b e e skt e b e e e e b e e e sa b ame e e s e e e et e 88
5.1CONTINENTAL EURCFIATIC VOLTAGE SIIABL...... ..ottt eee et e e et e e e e e e s e e e e e e s e e e e e e s s nnnneeeas 88
5.1.1 RESULTS: EVIDENCHEIIFESATIONS........cooiiiiiiiie ittt e st e e e e n e 90
5111 ADDITIONAL REACTIMBNVER RESOURCES......cciiiiiiiiie et e e e e e 20
5.1.1.2 RELEASING REACTIMW[PR RESERVES OF-SIMNMCHRONOUS ENEREDORIRCES........oooviviiiiiiic e 92
5.2IRELAND AND NORTHHRBLANESTATIC VOLTAGE SR .....ceciiiiiiiiiiiee it e e ennreeeee e
5.2.1 METHODOLOGY: STEADXTE VOLTAGE/ @QNALYSIS
522 RESULTS: EVIDENCHIDRESATIONS. ..ottt e e e e et e e e s e st e e e e e e aenr e e e e e e nanennnes

5.2.3 KEY MESSAGES: IRBLAND NORTHERN IREDASTATIC VOLTAGE SIAB]

5.3IRELAND AND NORTHHRELANEDYNAMIC VOLTAGE. ......cii ittt e e s e e e s e
5.3.1 METHODOLOGY: DYNAMGLTAGE SCARCITIES
5.3.2 LIMITATIONS OF METBBED IN TASK 2.4....cco ittt e et e e e et e e e e e innneeeeeeenaen 105
5.3.3 IMPROVED METRICTREK 2.6....ceiiiiiiiiiiiiie ettt e et e e sttt e e e e e s e e e e e e e s e e e e e e s e snrrneeeeeeeennanns 109
5.34 PROPOSED THRESH@WEONTINGENCIESIERINIG. .......ccoiiiiiiiiiieiiiie e 111
535 SUMMARY OF INDICBEDATHRESHOLD USED.........oiiiiiiiiiiiiiiie ettt e e 111
5.3.6 RESULTS: MITIGATIONDYNAMIC VOLTAGINTROL SCARCITIHSG®YNAMIC REACTABVER PRODUCT...112
5.3.7  KEY MESSAGES...... oottt ettt ettt et e e e e e ettt e e e e e e e e et e e e e e R e et e e e e e n e e e e e e e e e e e e e n e 115
5.4LINK TO DEMONSTRAISGAND THE QUALIAMOMN TRIAL PROCBESHRTAGE.........cciiiii e 116
5.5SUMMARY OF VOLTAGEIATIONS . ...cci ettt e e e et e et e e e e e n ettt e e e s e e et e e e e s e aanrr e e e e e e e assnnnreeeaeeeeannnneeas 117
6. ROTOR ANGLE STABY MITIGATIONS. ...t i e e s e e s e e s e 119
6. LCONTINENTAL BEUROPRE.......cci ittt ettt e e ettt e e e e e e ettt e e e e et e et e e e e e e amen e e e e e e e e nannrneeeeenanemnnnnes 119
6.1.1 RESULTS: EVIDENCHEIDFSATIONS. ... e nanes 126
6.1.2 KEY MESSAGES: COBRNTMAL EURORPE....... .ottt e e e e s e e eeeees 133
6.2IRELAND AND NORTHERIELAND.......ccoiiiitiii et s e e s s e e e e e e e e e s e s e e e e e s s e sne e e e e e e e e e e snnreneaeeas
6.2.1 METHODOLOGY: DAMPINGRQUE SCARCITIES
6.2.2 METHODOLOGY: SYNOHRMG TRQUE SCARCITIES ...
6.2.3 RESULTS: DAMPING QOR SCARCITIES.......coiiiiiiiiiii i
6.2.3.1 INTRODUCTIQN.. ..o e e s s oot e e e s s e e e e e e s s s e e e e e e e e e s e snna e e e e e e s asnnneeeaas
6.2.3.2 MITIGATION MEASUREIR DAMPING TORQURBCITIES.........cociiiiiiiieiiiii i
6.2.4 RESULTS: SYNCHROISIORQUE SCARCIRESLE MARGIN)...................
6.24.1 INTRODUCTIQN. ..ttt tittteet ettt ettt e e e et e e e ettt e e e e s e e e et e e e e s e s e b e ettt e e e e b e st eeeeeenasnereeeeeesasnrneeeeas
6.2.4.2 MITIGATIONS MEASURBER SYNCHRONISINBQUE SCARCITIES (ANKBARGIN).......ccviiiiiiiie e 144
6.2.5 RESULTSYNCHRONISING TORQUAERCITIES (CRITMAARANCE TIME).....ccciiiiiiieiii i 145
6.251 MITIGATIONS FOR SMRONISING TORQUERTAIES (CRITICAEARANCE TIME)......cccciiieieiii e 146
6.2.6 KEY MESSAGES: IRBLAND NORTHERN IREDA..........cooiiiiiiiiiiiiii s 147
6.3SUMMARY OF ROTOR AEGHTIGATIONS. ... e e e e e e s m e e e e e e e e mn e e e e e s e e e eaeeens 148
7. CONGESTION MITITBBINS. ...t ei ettt ettt ettt e o4ttt oo 4o a bt mt e e £ 444 o2kt te 4412k b e e e o444 e e et e 4442 e kb et e e 4o s kbt bt e et a2 e et et e e e e nbbneeeeennn 150



)‘

DELIVERABDR.6
EU-SysFlex
7.1IRELAND AND NORTHERIELAND.......ceeiiiiieeiie ettt e e et e e e e e et e e e e e e s e e e e e e e e e e s s s e e e e e e e e snnneeeeeeeseannrnneeeens 150
7.1.1 METHODOLOGY: IRELAND NORTHERN IRELAND.........coiiiiiiiiiiiiie it 153
7111 METHODOLOGY: NETWEBEKNFORCEMENTS ... 155
7.1.1.2 METHODOLOGY: OPERANAL MITIGATION MEARES.........cciiiiiiiiie it 158
7.1.2 RESULTS: NETWORKNRBRCEMENDUBLIN REGION.......ooiiiiiiiiiii e 161
7.1.2.1 TOP TEN CRITICAL RSBFOR THE DUBLIBIRE........ccoiiiiiiiiiiiiiiiee it 161
7122 SELECTION OF THSBREINFORCEMENNBIBATES FOR THE DNHEREGION........cccviiiieeiieeeeee e 162
7.1.2.3 LESS CRITICAL HODBBLIN REGION........utiiiiiiiiiiiiiie it 165
7.1.3
7.1.3.1 OPERATIONAL MITIGANIMEASURES FOR ICRIT HOURDUBLIN REGION, INTATASE..........cocoveeiiiiienee, 166
7.132 OPERATIONAL MITIG2NIMEASURES FOR IEHSICIAL HOURBUBLIN REGION, INTATASE...........coccvveeee. 167
7.1.3.3 OPERATIONAL MITIGANIMEASURES FOR ICRIT HOURSUBLIN REGION, CONWNIENCY CASE.........ccve.... 169
7.134 OPERATIONAL MITIG2NIMEASURES FOR IHSSICAL HOURBUBLIN REGION, COWIENCY CASE............ 172
7.1.4 RESULTS: NETWORKNRERCEMENTSIORTHNEST REGION........ciiiiiiiiiiiieiiiieie e 174
7141 TOP TEN CRICIAL HOBRR THE NORMEST REGION.......coiiiiiiiieiiiiieie et 175
7.14.2 SELECTION OF THEFBEESNFORCEMENT ABKRDE FOR THE NORTH WHRESGION.......cccvoiiiiieiiieeee e 175
7.1.43 LESS CRITICAL HONBRTHFWEST REGIQN.......cciiiiiiiiiee et e e e e e e e e e 179
7.1.5 RESULTS: OPERATIOWAIGATION MEASURB®R'H WEST REGIQN.
7.151 OPERATIONAL MITIGANIMEASURES FOR ICRIT HOURS FOR TERMNHWEST REGIQN..........ccooveeeiiiiienes 180
7.152 OPERATIONAL MITTBAN MEASURES FO8S.ERITICAL HOURR FOE NORTMEST REGIQN.........ccovevinnee 182
7.1.6 RESULTS: INVESTIN&TIMPACTS OF INCORRTING SMART POWHROW CONTROL DEVIEBE® MANAGING
CONGESTION. 1.ttt ettt ettt e e e e e ettt e e e e e et e et e e e e e e a e b e et e e e e e aa e e s e et e e e e ea s atn e et e e e e e aae e et e e e e ee e ennreeeeeeenasnnnes
7.1.7 DEMONSTRATION ORP#BEE LOAD
7171 FLEXIBLE LOAD DEMURISTION CONFIGURANTLO. ......cociiiiiiie ettt neree e e 187
7.1.7.2 FLEXIBLE LOAD DEMUORISTION RESULTS.......oiiiiiiiii e 187
7.1.8 DEMANESIDE MANAGEMENT IRED MODEL ..ottt e e e 188
7.181 REPRESENTING DEMAIE MANAGEMENT. ... 189
7.1.82 DEMANBESIDE MANAGEMENT REERL....
7.1.8.3 INTACT NETWORK RESUL.....ooiiiiiiiiiiiii e
7.1.84 N-1 CONTINGENCIES RHETIU.....coeiiiiiiiiiiiee ettt e e sttt e e e e e e e e e e e s bn e e e e e s e snrrneeeeeneenanens
7.2LINK TO DEMONSTRAISGAND THE QUALIAMOMN TRIAL PROCESINGESTION......oooiiiiiiiiii s 200
7.2.1 CONGESTION MANAGEVWERERMANY....
7.2.2 CONGESTION MANAGEMEN ALY... ..ot ar e annne
7.3SUMMARY OF CONGESITMDTIGATIONS. ...ttt ettt ettt e e e e s st e e e e e e st e et e e e e e sasbner e e e e e e ssbrrreeaeeeeeaanns 202
8. USE OF DISTRIBDTEECHNOLOGIES TONAIN GENERATIONEQ@UACY AND SUPPORNRWABLES INTEGRATIO......... 204
B.LSUMMARY OF ISSUES. ...ttt ettt e oot e e e e e et et e e e e e e a e e et e e e e e sn e b ettt e e e aaeane e et e e e e e s s n e e e e e e s neannsrnne s 205
B.2METHODOLOGY. ...t oot e e oo e s e e b e e e oo s s s b e e e et oo e s s ss e e e e e e e e s s s be e e e e e e s s s ann e e e e e e e e s nnranr e e e e e s s e 206
8.2.1 SUBSCENARIO DESIGN BERSITIVITY STUDY.....otitiiiiiiiiiieee ettt e s st e e s s e e e e s sesnnrneeee e s e 206
8.2.11 VRES PROVIDING REEERSCENARIOS ABBMES.........cooii e 207
8.2.1.2 FLEXIBILITY SOLUBOBCENARIOS ANUESS. ... ...ciiieiiteiieitie e e et e e st e e s e et e e e s e e e e e e s e aenn s 208
8.2.2 MODELLING OF THE BBRAN POWER SYSTEM........ouiiiie e 211
8.3RESULTS AND EVIDEBIERAINTAINING SYBTADEQUACY AND SURPIIG RES INTEGRATIO.........cooviiiiiiiiiieeeees 214
8.3.1 IMPACT OF VREBOVIDING RESERVES ... ... e 214
8.3.2 IMPACT OF CRGEBSRDER INTERCONNBRFION SYSTEM ADEQUIA.........oooiiiiiiiiiiien e 218
8.3.3 IMPACT OF DEPLOYBYG TERIES AND EMART CHARGINGE@ENERATION CAPAGTIE.......oooiiiiieeee 218
8.3.4 IMPACT OF INTEGRAV [@F BATTERIES ANCSEIART CHARGING@MIRTAILMENT ... 220

MITIGATION OF THECHINCIAL SCARCITIES@CIATED WIHHGH EVELS OF RENEWABDESHE EUROPEAN PGV STEM

5| 252



)‘ MITIGATION OF THECHINCIAL SCARCITIES@CIATED WIFHGH EVELS OF RENEWABDESHE EUROPEAN PRV STEM

DELIVERABDR.6
EU-SysFlex
8.3.5 IMPACT OF STORAGR FOTIGATING GCEMISSIONS ......oveuieeeeeeeeteeeteeeeeeeeeeeeeeeeee et s et et et eeeees s s s e eeeneneereeens 224
8.3.6 RESULTS ON ECONOMEIICATORS .. ot eeeteeeeeeeeeeeeeeeeeee e e et et et et et et et et eeeeeeeeeeeeee et et et et et et et eeseeeeteeeeeeeneeeeeee et et et eeens 225
8.3.6.1  IMPACT ON OVERALSTEMV PRODUCTIGOST ...t e oeeeeeeeeeeeeeeeeeee et eeee et ee e e e sereseeseseeee s s e eeeeeeeeeeseneeeenes 226
8.3.6.2  IMPACT ON AVERAGERBANAL COSIT...ouieieieteeeeeeeeeeeeeseeeeeeeseeeeeeeee et et eseeseeaeseeseeeseseeeeeees et eaeeseseeeeeeneeeeeeeeens 227
8.3.6.3 IMPACT ON VRES REVESBIFROM THE ENERIBRKET ... . eeeeeeeeee oot eeeeeeeeeeeeee et seeeeeeeeeeseseeeeeneneesneeeaens 228
8.4SUMMARY AND KEY MAISS.......cveveeeeeeteteteteeeeeeeeeeseseseseseeeeeeetstetateseeeseseeeeseseesesesee st ateseseeeeeeeseeseseeeeeseeeateseseseseeseeeseeeeeens 231
9. DISCUSSION ANDNETDLUSIONS ... eeeeeeeeeee e e e eee e e e e e eeeeeeeeeme e e et et et es e e et e e et es et es et e e oee e e e e e e e e e e e e e s s oes s s s eseeeseseneeen. 234
9.1 DISCUSSION ON OTISERRCITIES. ...t eeeeeeeeeeeeeeeeeeeee et eeet et et et et et et et eeee e e ee e et et et et et et ee et et es et eeeeeeeee e et et et st et et et es et eeeeeeenereeererees
9.1.1 SYSTEM RESTORATION.....
0.1.2  ADEQUAGCY. .. eeeeeee ettt eeee et e e ee e et e e s e seeseeee et et et eeeeetet ettt e e e et e e et et et et e e e e e et et et e et et et et et e et ee et et e et enees 235
TR T T = Y =11 3ROSR 236
.2 FUTURE WORK. ...ttt ettt et eeeee e et et et et e e et eeeeeeseseseeeeeeee et et et et eeeeeeeeseeeeeeeeeea et et et et et eeeeeeeeseeeeeneeeere e e ee et eeeeeesenenenneen 236
Lo T Tote ] NTot IU 10 N A= 237
0T e10) =27 =111 o TR 239
=Y =T [0 1T =N =T N TSRS 240
12. ANNEX |: PSCOBENSITIVITY STUDIES. .. oo e eueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeesseass et et eses et et es et s et et eeeeeen s seseeeseseeesesesesesee e emeeeeeeeeens 244
12.1RESULTS @BCOPF SENSITIVESURTS. ...vcveeeeeeeeeeeeeeeeeeeeeeeeeenen,
1211 SIMULATION SETUP MBDOLOGY. ... oeeeeeeeeeeeeeeeeeeeeeeeteeeseeeeeeeeee e eeeeseeeeeeseeseeeseeeesesessereseesesesessseeeeseesaas 244
12,12 SIMULATION RESULTS. ... oeettetetee oot ee e eeeeeeeeeee e et et et et et et eeseseseeeeeseeeee et et ee et et et eeeeeeeeeeseseseseeee e e se et eeeeeesesesesaneees 245
12.2INVESTIGATION OF BBE INFEASIBILITIES ...t eeeeeeeeeeeee e et eeeeee et e e e et e e eeeeeeeeeeesee e eeeesee et eeseeesseses et easeeeseesneeeeeeeees 247
13. ANNEX II: COSUSED FOR TECHNOLGBRECHAPTER.S. ...ttt eeee ettt e et eeees et et et eeeeeteeeeesee e et eseseneenenenenenes 252

6| 252



)‘ MITIGATION OF THECHINCIAL SCARCITIES@CIATED WIHHGH EVELS OF RENEWABDESHE EUROPEAN PGV STEM
DELIVERABDR.6

EU-SysFlex

ABBREVIATIONS ANDRXONYMS

APC Active power control

BAU Business as Usual

BESS Battery Energy Storage System
CCGT Combined Cycle Gas Turbine

CE Continental Europe

CHP Combined Heat and Power

CRM Capacity Remuneration Mechanisms
DER Distributed Energy Resource

DRR Dynamic Ractive Response

DSM DemandSide Management

DSO Distribution System Operator

DSU Demand side unit

EAC Equivalent Asset Cost

EFR Enhanced Frequency Response
EHV Extra High Voltage

ENTSeE European Network of Transmission System Operators for Eigctric
EOC Enhanced Operational Capability
EU European Union

EV Electric vehicles

FFR Fast Frequency Response

HV High Voltage

HVDC High Voltage Direct Current

o]l Impact Overload Index

LEU Large Energy User

LFSM Limited Frequency Sensitive Mode
LSAT LookAhead Security Assessment Tool
LSI Largest Single Infeed

MSC Mechanically Switchable Capacitor
MV Medium Voltage

MVA Mega Volt Ampere

MVAr Mega Volt Ampere Reactive

NC Nodal Controller

NI Northern Ireland

OCGT Open Cycle Gas Turbine

ol Overbad Index

PPM Power Park Module

7| 252



j.

EU-SysFlex

MITIGATION OF THECHINCIAL SCARCITIES@CIATED WIHHGH EVELS OF RENEWABDESHE EUROPEAN PGV STEM

DELIVERABDR.6

PSS Power Systen$tabilisers

PSS/E Power System Simulation for Engineers
PU Per unit

PV Photovoltaic

RES Renewable Energy Sources

RESE Renewable Energy Sources for Electricity
RoCoF Rate Of Change Of Frequency

SIR Synchronous Inertial Response

SFM Singlebus Frequency Model

SNSP System NofSynchronous Penetration
SvC Static VAR Compensator

TES C2Y2NNR s Qa 9ySNHeEe {OSyYyl NR2a
TIOI Total Impact Overload Index

TOI Total Overload Index

TSAT Transient Security Assessnt Tool

TSO Transmission System Operator

TYNDP TenYear Network Development Plan

uc Unit Commitment

UCED Unit Commitment and Economic Dispatch
VPP Virtual Power Plant

VRES Variable Renewable Energy Sources
VSAT Voltage Security Assessment Tool

WP Work Package

WTG Wind Turbine Generator

8| 252



)‘ MITIGATION OF THECHINCIAL SCARCITIES@CIATED WIHHGH EVELS OF RENEWABDESHE EUROPEAN PGV STEM
DELIVERABDR.6

EU-SysFlex

1. EXECUTIVEUMMARY

The EWBysFlex project aims to identifye challengeshat will befaced by the European Power Systeith the
transition to high levels of variable, n@ynchronous Renewable Energy Sour@ES). In addition, ERysFlex
seeks to propose mitigations and solutions to those challenges to ensurdhth&uropean power systeroan
continue to be operated safely securelyand efficiently These solutions can include technical options,
procurementof system servicefoth new and existingpperational strategies antgew market designs.

Work Package (WP) 2 is the starting point of the project as its goal is to evaluatbaltenges, both technical

and financialarising in the futureEuropeanpower system Task 2.1 reviewethe state of the art literature to
identify the potentialtechnical scarcitiesthat could arisewhen operatingpower systemswith high levels of
renewablegeneration and in particular with high levels of variable, decenssdi andnon-synchronoussources

A scarcity can be loosely defined as a shortage of something that the power system has traditionally had in gooc
supply; for example, inertia is a commonly cited scarcity in high renewable syidtems

The scarcitiesidentified through the literature reviewwere grouped into six categories stability issues
(frequency, voltage and rotesingle), congestions issues, operating processes such asshdacland system
restoration issues and balanainand system adequacy issuekhe subsequentstudies which would seek to
determine if these technical scarcities are likely to materialise in the future European power systesip be
scenario driven andhus scenariosand network sensitivities werdeveloped in Task 2.2Detailed modelsand
methodologieswere developed in Task 2.2nd Task2.4 then utilised the developed scenarios and modmtel
identified thetechnicalscarcitiesand challengethat will be faced by the European power system whenrapiag
with high shares of non-synchronousenewable generatiopenetration. Studies were also carried out to identify
the changes in power flows and their impact on congestions withddgentralisedand distributed aspects of
these power sourceslask 5 evaluated issueassociated with incorporating high levels ohesvables into the
energyonly marketand revealed thatfinancial gapgould occur for many technologies in the toftio with high
levels of renewablesSystem services were identified inska2.5 as having the potential to provide an additional
revenue stream to generating technologies and service providers, thereby mitigating the financial gap challenges

Task 2.6 is the final task of WP2 d@adhe focus of this reporfTask 2.6aimsto demonstrate, via simulations,
potential mitigations and technology optionsthat could be utilised to provide the eeded system services
capability to solve the technicalssues,when possible based on thechnologiesdemonstrated within the EU
SysFlex piiect. The primary objective is taé€ilitate the modelling of thecapabilitiesthat are needed to solve
these technical scarcities rather thdocussingon the technologies themselvesike the scarcitiesbserved in
Task 2.4the mitigation of scarcitiess power system specifidnvestigationsfor combinations of system and
proposed mitigationgre preformed usingletailed modes of the Ireland and Northern Ireland power systdéon
all scarcitiesobservedin Task 2.4a detailed model of the Polish tranfsion system that is connected to an
approximate model of neighbouring countsimbservingvoltage and rotor anglecarcities and areduced six
nodes model of continental Europer frequencyscarcitesin conjunction with a detailed dispatch model
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Thi report successfully demonste through simulations, and utilisation of specific technologies as a means of
representing capability, the ability to mitigate some of the key technical scarcities identified in Task 2.4.

In general, each technology oritigation measure is largely demonstrated in isolation, but it should be
acknowledged that in reality a range of solutions will be needéd mix of solutionsvhich will be requiredwill

need to be assessed holistically in order to take accourdgngfinteractions and synergies. The reason is that
some scarcities, as is shown in this report, can be mitigated by a range of different technologies and strategies
while some technologies can be effective in mitigating a selection of different issues. ThdlKey twidentify

the mix of technologies that will be needed to ensure safety and reliability of the system and to deliver value to
consumers.

The most efficient way to deliver the right mix of technologies would be to develop the correct electréickgts
and incentivise investment, providing choidéor more information the reader is directed to both the Task[3]1
and the Task 3.13] reports, which detail a range of different innowad system services products and potential
market designs for procuring, activating and remunerating innovation system services products, respectively.

Network technologies, such as synchronous condensers, STATCOM&GENYAr CompensatorSYG), aswell

as renewable technologiesich as wind and solar generation, plus batteries tmddemandside, are found to

be suitable technologies for mitigating a range of scarcities that will manifest themselves at high levels of
renewables. This ia critical result as these are the technologies that are inherently goindpemnline and
operating at times of high renewables and it will become more and more unlikely that conventional synchronous
will be online at such instance®hile some aspects of the econara of the various technologies have been
touched upon, thespecifics arelargely out of scope of this studyHowever, it has been demonstrated in
Deliverable2.5 of EUSysFlex that there is significant value to the power system in utilising system service
capability in order to enable the evolution of the system operafiin

A range of system services that provide support in mitigating a number of syssearcitiesidentified in Task
2.4 were represented by the utilisationof specific technologiesSystem services havyaroven that they can
incentivise investment in new technologies that can provide a needed capabiigyimportant to note that the
technologies discussed in thisport are not exhaustive; they are typicaxamples of technologies thahay
provide the needed capabilityn mitigating these scarcitieghe high level outcomes of these investigations are
summarised below.

Frequency f&bility Control:

A number ofdifferent mitigations and technologidsave be&n demonstrated for both the Continental European
power system and the Ireland andorthern Ireland power syste to help with the significant frequency issues
that were identified in Tsk 2.4. Cruciallymany of the technologies which are modelled to tllage those
mitigations are norconventional and thus would bmitigation measures that would be available at times of high
renewable generation.
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Synchronous inertial response (SIR) capability fr@&gnchronous Condensernd conventional synchronous
gererators are demonstrated in both the Continental European system and the Ireland Biodthern Ireland

power system.Synchronous Condensersare shown to be good alternatives to conventional synchronous
generaing plants for inertia provisiomithe Continetal Europeanpower system,while, in the Ireland and
Northern Irelandpower systemthey are found to be effective in slowing the rate of RoQ@ekKulting in a delayed
nadirtherebyfacilitatingT NS |j dzSy O& NBEO2 GSNE LINE JA & A Buyhped IN@ror NB a 2 dzN.

It is important to note that Synchronous Condensers alone cannot mitigate frequency stability issues, but in
combination with other mitigation measusghey can be very beneficighynchronousondenserscontribute to

the system inertia whout impinging upon the generation levels of nmsynchronous renewables. More
importantly still is the fact that synchronous condensers are very cost effective technologies for providing
synchronous inertial response.

Whilst the use ofcarbon intensiveconventional synchronous generators to provide inertia is counter to the
overall objective of progressing along the path to decarbonisation of the power system, it is important to
acknowledge the significant role conventional plants still have to play tecaming years in the transition to a

more decarbonised system and the huge contribution they make to not only system inertia, but also-tertong
frequency response. It has been proven in Ireland and Northern Ireladdtethat if the right incentive are in

place, and it is technically feasible, it is possible for large synchronous generators to reduce their minimum stable
generation level, thereby enabling greater penetrations of renewables butcalsmally continuingo provide the

same level oinertial response.

Fast frequency response (FFR) capability fr@&attery Energy Storage Systems (BE&S®) wind turbinesare
demonstrated for the Ireland and Northern Ireland power systemAnalysisshows the significance ofFFR
provision in terms of frguency stability especially during times of high SNSP Iddelhas a dual effect in that it
can increase and delay the frequency natliereby enabling other system resources with a slower frequency
response provision to contribute.

Studiesalso indicate that the frequency response capability from wind farms can be beneficial in supporting
frequency stabilityparticularly at times of high SNSP leyéisough the provision of fmary Operating Reserve
(POR . Frequency control of wind farms in Irelaadd Northern Ireland is often used to address over frequency
issues through downward frequency response, however, this frequency control capability could potentially be
used to address under frequency issue by providing additional active power outpuipfeard frequency
response during times where wind is either curtailed or constrained.

A number of considerations for potential operational policées alsoexplored in addition to the demonstration

of system services capabiliip both the Continental Eopean pwer systemand the Ireland and Northern
Ireland power systenmlhe potentialoperational policies thaare exploredinclude

! Frequency Containment Reserve in EGBL
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1. Occasional limitations of the crobsrders flows in the Continental European Power system or the
occasional decreasingf the magnitude of the Largest Single Infe@dsl)in the Ireland and Northern
Ireland power systerfi.e. limitation of flows on interconnector)

2. Maintaining a minimum number afonventionalunits on thelreland and Northern Ireland power system
in order toensure a minimum amount of inertidereby occasionally reducing generation frorariable
renewable resources

Theseoperational mitigations could be effective options for supporting the transition or evolution of the power
system towards decarbonisatim in conjunction with the arrival of system services provision from-non

synchronous technologies and until such technologies are more widespread and prolific.

Voltage Stability Control

It is demonstrated for both the Continental Europepower system ad the Ireland andNorthern Ireland power
system that there are many different mitigations and technologies that can help with the significdtiaigeissues
that wereobservedn Task 2.4.

Mitigation of the steady state voltage scarcity will require thgrovision of Steady State Reactive Power support
(SSRPgapabilitiesfrom non-conventional technologies deployed in specific geographical locatidrtge reactive
power reserve activation from wind generation, capacitors and shamsshown to be good altmatives to
conventional synchronous generating plants for reactive power provisioe Continental Europeapower
system. While, in the Ireland and Northern Irelgpower system mitigation to the steady state reactive power
scarcity is established lie results of QV analysis whereby an increased reactive requirement is identified for
weak buses in order to maintain acceptable levels at all nodes under normal operating conditions and following a
system disturbanceStatic and dynamic reactive resoursare found to be effective in mitigating this scarcity
These additional resources may include, but are not limited to Capacitor BaBRATCOMSStatic VAr
Compensators (SVCs), Synchronous Condensers and potentially the reactive capability from scoren&S$€x

wind farmsto complement the existing reactive capability from TSO connected.wind

Task 2.4lsoestablishedhe emergence of a dynamic voltage scarcity during fault recodeeyto a reduction in
system reactive powewith the number ofsynchonous generators decreasing enablehigher shars of RES on

the system, leaihg to degradationin dynamic voltage performanc&hereis a range ofsystem services to
support the voltage stability scarcityDynamic Reactive Response (DRR) capability fr&@ynchronous

/| 2y RSYASNREZ {GFd02Ya I iikelfeland @il Nathein Irdafdvppwed sydidm tefpR
mitigate this dynamic voltage scarcitgynchronous Condensers provide instantaneous reactive power support
while ramping reactive power gpport is obtained from STATCOMs and S\Aslysis showshat the fast
provision of DRR igital in mitigating a dynamic voltage scarciyd al® reveals that the location of a DRR
provision resource i&ey in mitigating the scarcityidentified in Task 2. Additional future studies would be
required in determining the optimal placement of DRRources
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Importantly, many of these reactive power providing technologies will be available at times of high variable
renewable generation and, apart from the mmable technologies themselves, they typically do not provide
active power and so utilising these technologies to provide reactive support wouldlisplacerenewable
generation and thus would support the overall objective of reaching high renewable na¢ines and ultimately
decarbonisation of the power system.

Rotor AngleStability Control
A number ofdifferent mitigations and technologielsave been demonstratedin alleviatingsome of the rotor

angle stability issuesobservedin Task 2.4 inboth the Continental Europeapower system and the Ireland and
Northern Ireland power systa.

The tuning of Power System Stabilisers (PS8) relevant conventional synchronous generators was
demonstratedfor the Continental Europe power system in order to mitaamping oscillation scarcities
Results indica that optimal tuning of power system stabilisers alongside automatic voltage regulators of the
conventional synchronous machines may contribute to the augmentation of the oscillation damping in the power
system. This is important agonventional plantsstill have a crucial roleto play over the coming years in the
transition to a more decarbonised systemnd it is critical that all technologies can work in harmony to deliver
upon the end goal.

A number ofoptions areinvestigatedin the Ireland and Northern Ireland power system focusing on potential
technical solutions and their capabilities including the addition of Power System Stabiliser (P<p8tific
oscillating units and the addition of Synchrondisndenser and STATCOMS to provide the egedpabilities.
Examinations on the Ireland and Northern Irelapower system demonstrate that the addition of PSS or
STATCOM provides significant dampjnghile a slightly morelimited mitigation effect is obsewved for the
Synchronous Condenser.

Dynamic Reactive Response (DRR) capability from Synchronous Conder{sérd ¢ / h a { F$R
demonstratedin the Ireland and Northern Ireland power system foitigating synchronising torque scarcities
Analyss shows large quantities of these technologi@suld berequiredto alleviak this localised issueStudies
reveal thatthe most appropriatemitigation option appears to be consideration of an operational policy under
specific circumstances and system conditionattivould result in the modification of the considered unit
commitment by dispatching down the unit that loses synchnonénd increasing the output @hother generator

to accommodate the shortfall in generation fraime dispatch down process.

The develoment of anew damping product may be necessamyorderto incentivise sufficient capabilis and
performarcesto deal with thisspecificscarcity. System services haakeadyproventhat they can incentivise
investment in new technologies that can prdeia needed capability.
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Congestion:
Indicatiors across Europsuggest thatransmission network congestiomsay becomeone of the most difficult

challengesin dealingwith high levelsof Renewable Energy Sources (RBEfgration Respective cosbeneft
analysesand societal pressurélemonstrate that itmay not be economically viable to develop transmission
networks that would guarantee compliance with the traditional security/planning criteurader all
conditions/scenarios.

The experience of the cotnes dealing with a high level of RES integration undoubtedly shows that the pace of
transmission network developmemhay not be capable ofollowing the pace of RES integratioiihis uneven
balance can at times result in thmposingof constraints on raewable generatiorsuch as windAnalysis carried

out in Task 2.4 to assess the impact of increasing high levels of RESImiathe and Northern Ireland power
system indicated that as SNSP levels incréases will be a significant rise in the frequanof transmission line
overloading above 100% of thermal capability.

A number of mitigationademonstrate potential solibns for the challenge of congestion and illustratee
capability of certain measures or specific technologidthough thestrategyapplied by many TSOs across Europe

in relation to thesystem congestiors to maximise the use of the existing transmission networks and to minimise
new build,results in Task 2.6 indicate that in some ardare may beno alternative except to invest inew
infrastructure Uprating existing lines could be seen to be an alternative to investing in completely new lines or
circuis. Additionally, it should be noted that in the case that no new network can be built for social and/or
environmental reasons, @rnative, novel mitigations would need to be considered for managing congestion.

Results from thdreland and Northern Irelandower system show thad humber ofreinforcements(addition of

110kV & 220kV Circuits) are required in terms of reducingtthal overload index (TOI) anehitigating the
congestionchallengefor some critical hourshowever further reinforcerents or operational mitigation measures

are requiredfor less critical hoursWhile it is evident that these reinforcements have a positisnpact on
network congestion, the planning process must have cognisance of the potential risks associated with relying on
network reinforcements (cost, societal and environmental pressures and build times).

Resultsalso demonstrate that reinforcementsare not the solution to all congestion related issues, and
alternative mitigation mechanisms also need to be seriously consider@dPreventive Security Constrained
Optimal Power Flow (PSCOR#9I was utilisedfor the Ireland and Northern Irelandower sygtem as a novel
approach in dentifying optimisedload shifting, generation adjustments, phase shifter angle and tap changes
requirements in ordeito eliminatecongestion in the less critical houheoperational mitigatiorresults indicate

a combination of load shifting and optinised adjustments of the PST angle are sufficieirt removing
overloading violationsunder consideration without the need for afyrther reinforcemens.

As previously alluded topagestion can benitigatedin a number of ways,includinginfrastructural investment,
network reconfigurationand re-dispatchingas well more innovative concepts such smart power flow
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controllers and demaneside management(DSM) Fom the studieson the concept of smart power flow
controllers, itis demonstrated that sucldevices can bring about a modest redoct in the degree of overloads
and theycan be used as a single mitigation for modestly overloaded IlHesever,power flow control devices
alone are not sufficient to completely remove oveading violations for linesThey would need to be used in
conjunction with other mitigation options.

A key benefit of DSM for congestion mitigation is that at high levels of renewables demand will still be atailable
some extent and also due to the fabat loads are dispersed throughout the system. However, one limitation is
that it is inherently tied to specific endlsers and thénconveniencedo them needs to be minimised or avoided. In
addition, in some areas where congestion management is mosiatkdhere are limited load centres (i.e. North
West region of the island of Ireland) and thus, the ability of DSM to provide congestion mitigation is limited.
However, the proof of concept study demonstrated that there is potential for DSM to provideatss in overall
system costs plus a decrease in network loading on certain lines, an indication of some mitigation of congestion.

Theoverarchingconclusion from the work on congestion management is thaange of different measures and
options will be required to reduce network load, whilst minimisingor avoiding network build. In order to
optimise use of all the solutions requiredpordinationat system level, between all system players, would be
necessary.

Maintaining Generation Adequacy and Supporg Renewables Integration:

In addition to the suite of technical challenges and instabilities associated with transition to high levels of
renewables, a potential reduction in system adequacy has also been identified as a challenge associated witt
displacement of conventional generation. As power systems transition to having portfolios with higher levels of
VRES, the capacity of VRES that is required to displace conventional capacity, and still maintain the same level
generation adequacy, increases dratically. This is a result of the variable nature of these resources and the fact
that renewable generation availability may not coincide with peak demand titdesertainty of generation
capacity and system interdependeasiwerealsoidentified in the sate of the art review inDeliverable2.1 as
scarcitiedo achieve a capacitgdequate European power systdbi.

It should be notedhat although a portfolio may be sufficient from the point of view of generation adegand

having sufficient capacity to meet peak demand, there is no guarantee that the portfolio also has the requisite
fast responding capability that has been shown in Task 2.1 and confirmed in T2.4 to be vital for secure powel
system operationAdding alarge amount of interconnections and peaking plants will addressthiess of load
criteri?dadequacy standargbut leads to lowload factors for peaking units artbes not result in a portfolio with

the right level of capability to support the integrati of variable renewables

Theaim of the adequacywork in this reportis to provide a first orderindication of the magnitude and global
tendencies linked to the integration of stationary batteries and EV smart changi@pntinental Europe and
demonstate that they have a positive impact on ovelstem commitment and dispatc¢tand thus can support
the goal of integrating high shares of renewables and maintaining generation adedpuaaemonstrated that,
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for the Continentalpower system, batteris and EVs have a positive impact on thkility to satisfy the 3h loss
of load criteria whilst supporting VRES integratidhrough a reduction oturtailmentlevelsanda reduceduse of
CQ-emitting peaking units

EV developmenand battery deploymensupports VRES integrationnto the power systemThe need for gas
power plants is reduced with the integration of batterj@ghile EV smart charging displaces twice as many gas
units compared to batteries alone. Additionally, batteries and EVs both have itivepslownward effect on
renewable curtailment levels and system production costs, indicating their net benefit to the overall power
system.

The role of networksind system interdependendy transmittingpower across Europwas also demonstrated as
an enabler for theintegraton of higher levels ofvRES. However, adiscussed in relation to mitigating
congestions, networks developmeigtlimited by cost, societal and environmental pressures laadi times.

Summary:
It has beendemonstrated throughoutthis report that renewables and noftonventional technologies are well

positioned to provide a range of different system services capabilithich is needed to mitigate the technical
scarcities. This is vital as these are thigigation measures that wodlbe available at times of high renewable
generation, times when the scarcities are typically more severe due to the displacement of tradition service
providers such as conventional synchronous plants.

In general, each technology, conceapt mitigationis demonstrated in isolation, but it should be acknowledged
that in reality a range of solutionswill be needed. The required mix of solutions will need to be assessed
holistically in order to consider tradeffs and synergiesThe reason is that some scies, as is shown in this
report, can be mitigated by a range of different technologies and strategies, while some technologies can be
effective in mitigating a selection of different issues. The key will be to identify the mix of technologies that will b
needed to ensure safety and reliability of the system and to deliver value to consurueuse markets will need

to be designed such that they successfully promote a choice for investors and incentivise investment in
technologies which will ultimatelydve the right capability needed to support the power systanthe transition

to high levels of variable renewable generation and ultimately towards decarbonisation

It canbe concluded from WP2 that tihe is a cleaneed for system services (Task 2.#)at the capability of
system services from many technologies to mitigate scarceists and can be successful in resolving the
challenges of the future power systefiiask 2.6) anthat the value of system services (Task 2i§)considerable

and system arvices markets will be needed to manage the challenges associated with falling energy market
prices and falling generator revenues, whilst incentivisingréfigiiredsystem services capability.

16| 252



)‘ MITIGATION OF THECHINCIAL SCARCITIES@CIATED WIFHGH EVELS OF RENEWABDESHE EUROPEAN PRV STEM
DELIVERABLR.6

EU-SysFlex

TABLE OF FIGURES

FIGURE-4: SIMULATED SYSTERLITS INCIDENTS...... .ottt ime e e e 32
FIGURE-2: OVERVIEW OF THEGPOSED METHODOLOGYASSESS FREQUESICABILITY MITIGATIONN CONTINENTAL EWHE

FIGURE-8: SHORT DESCRIPT@AMKINERTIC ENERGXETRAINT WITHIN CONENTAL

FIGURE-4: THREE SPLIT CA@NFRATIONS FOR THRIREE ZONE.........cciiiiiiiiiiiiei i 37
FIGURE-8: ILLUSTRATION ORBQUENCY BEHAVIOR$RANCE AND IBERIRENINSULA WHEN FRENGQISCONNECTS FROBS! |
EASTERN NEIGHBORS ...ttt ettt et e e e oma b e e o bt e o1 bbb e e 4h b et e o e et eme s e e e s et e e bb e e e b b e e e saname e e e sbeeenae 38

FIGURE 46: SCARCITY ILLUSTRAN OF KE WITH DURAN CURVES OF KEREWAL COST AND WUSESC
FIGURE-Z: SC INVESTMENT [EORROCESS....... .ottt iimiet ettt eme e
FIGURE-8: ILLUSTRATION OF KONSTRAINT IMPAQGN INTERCONNECTORSWS

FIGURE-9: KE DURATION CURME THE ITALIAN ANBERIAN PENINSULAS .......ooiiiiiiiiiiimie e 4B
FIGURE-40: INTERCONNECTGROWS DURATION CUBWE THE EASTERN EON.......ccooiiiiiiiiiiiiieic e 47
FIGURE-41: DURATION CURMEB SCS USE IN ITADND SPAIN......oiiiiiiiiiieiiiieiiim et smee e
FIGURE-42: SNSP AND IMPOREKNPORT LEVEL AREBRIYERS OF THE SCIBERIAN PENINSULA........ccoooiiiiiiiiiiimeene
FIGURE-43: ROCOF VALUESTHE IBERIAN PENINSWOLLOWING ITS SPEROM THE RESKF CONTINENTAL EUEQRP............ 50
FIGURE-44: FREQUENCY NADMR® LOAD SHEDDINGIVME IN THE IBERIRENINSULA FOLLOWING SPLIT FROM THESR OF
CONTINENTAL EURQIPE ...ttt ettt e ke eea ook e e oo et o4t e skttt e bt e ekt e e e e e e s st e e et ane e e s e e s 50
FIGURE-45: ROCOF VALUESTALY FOLLOWING BRLIT FROM THE REETCONTINENTAL EUBQRPR...........ccocoiiiiiiinied 51
FIGURE-46: FREQUENCY NADIR® LOAD SHEDDINGINME IN ITALY FOLLDW® ITS SPLIT FROMETREST OF CONTINENT
L@ T PO PO P PP PP T PPTPRPP PNt 52
FIGURE-47: MONOTONIC FUNONS OF ROCOF VALINEBIFFERENT ZONB&IFOWING THE SPLHEMROPE IN THREE........ 53
FIGURE-48: DYNAMIC BEHAVIBUWF THE FREQUENMERHE IBERIAN PESIN.A, IN FRANCE ANMDITALY FOLLOWINBE SPLIT
OF EUROPE IN THREE. ... oo e e e s a e e e s s s e e e e e s sas b e eme e e e s 54
FIGURE-49: DYNAMIC BENAOUR OF THE FREQUHES IN THE NORTHERND EASTERN ZONESLIFEDNVING THE SPLITERROPE
L N = = PP PP PTTP 55
FIGURE-20: ROCOF CALCULATEDHE NORTHERN ARBSTERN ZONES FOLINGATHE SPLIT OF BBPRIN THREE.................. 55
FIGURE-21: FREQUENCY PREMDR LCL FOLLOWINISS OF LSL.....ccoiiiiiiiiiiiiiii i 60
FIGURE-22: FREQUENCY NAMRSNSP & FAST REBEERAGNITUDE FOR LCL...ooiiiiiiiiiiiiiiii e 61
FIGURE-23: FLOWCHART SHOGINHE ADOPTED METHIDDGY.......coooiiviiiiiiiiiiiie.

FIGURE-24: SYSTEM FREQUHENOFOR BASE CASE YANEH MITIGAION. ...ttt im ettt
FIGURE-25: RESPONSE OF DEAASIDE UNITS FORSBACASE AND WITH MBATION.......ocoiiiiiiiiiiiiiiiiiie e 65
FIGURE-26: PUMPED HYDRO RBESISE FOR BASESEAND WITH MITIGAIN.........cooiiiiiiiiiiiiiis i 65
FIGURE-27: GOVERNOR RESPBR& ONLINE SYNCHROS GENERATORS FABEBBCASE AND WITHTMHATION.....................66
FIGURE-28: SYSTEM FREQUEROR BASE CASE ANDMMMITIGATION....................

FIGURE-29: BATTERY DISPATRCHR BASE CASE ANDRMMITIGATION. .. ..ottt 68
FIGURE-30: PUMPED HYDRO RBESISE FOR BASE CASE WITH MITIGATION......coiiiiiiiiiiiiiis i 68
FIGURE-81: GOVERNOR RESPBR& ONLINE SYNCHROS GENERATORS FABEBBCASE AND WITHTMHATION.....................69
FIGURE-82: CONSIDERED SYNTIE INERTIA OF @ENDINERTIA) [2Q] ... tteeiiieiiiiee ettt mee e 70
FIGURE-83: POWER INJECTIGDFSWIND TURBINE FODRO VALUES OF POVHEERE LIMITER ..o 71
FIGURE-84: SYSTEM FREQUEMZYHOUT AND WITH FFROVISION FROM WINDRBINES..........cccccooiiiiiiiniiinieecvieenn 1 2
FIGURE-85: SYSTEM FREQUEMOWYH INCREASED WIND . ...t 72
FIGURE-86: PROVISION OF HFHROM WIND GENERATIGNINJECTION) WITWO LEVELS OF WINENERATION..............c...... 73
FIGURE-87: FREQUENCIES BASE A&SE AND WITH MITIGAN (WITH 4% AND 2DROOPS)......cccciiiiiierieieiimiee s d D
FIGURE-88: ACTIVE POWERHEEIION FROM THE WIRERMS WITH 4% AND BPROOPS........ccoiiiiiii e 75
FIGURE 89 SYSTEM FREQUEROR BASE CASE ANDMVTHE REDUCTIONTBIE SIZE OF THE.LSL.......coooiiiiiiiiieiecci 77
FIGURE-40: SYSTEM FREQUENOR BASE CASE ANDRMMUITIGATION......ooii e em e 79

17] 252



)‘ MITIGATION OF THECHINCIAL SCARCITIES@CIATED WIFHGH EVELS OF RENEWABDESHE EUROPEAN PRV STEM
DELIVERABLR.6

EU-SysFlex

FIGURE-41: GOVERNOR RESPERE ONLINE SYNCHROS GENERATORS FABEBBCASE AND WITHTMHATION.........c..ccee..... 79
FIGURE-42: SYSTEM FREQUEROYLOWING THE LO$S121 MW PRODUCINGIT
FIGURE-43: SYSTEM FREQUEROR TWO CASES........oo e

FIGURE-2: SPATIAL DISTRIBON OF UNPERMISSIBI®L.TAGE LEVELS INERY TRANSON SCENARIO (IDENED SCARCITY IN

TASK 2.4) ..ottt oottt ettt ee et eee e e et 89
FIGURE -8: SPATIAL DISTRIBON OF UNPERMISSIBI®.TAGE LEVELS INNGDGREEN SCENARREKTIFIED SCARCINYTASK
2] et e oottt ettt 89
FIGURE -B: SPATIAL DISTRIBON OF UNPERMISSIBIGLTAGE LEVELS IISTRIBUTED RENEWABSESNARIO (AS IDENHTF
SCARCITY IN TASK) 2.4 e e e ose e e e eee s e ee e e e e e e eme e e e oes e 89
FIGURE-8: SIMPLIFIED DIAGRANF @LGORITHM DIMENSING ADDITIONAL REAZE POWER SOURCES..........cov.vvvevvrie., 90

FIGURE-5: SPATIAL DISTRIBON OF NEEDS FOR BSABREACTIVE POWERABITIES FOR DIFREREAPACITY SCENARIO.....92
FIGURE -6: RQ CAPABILITY ASSUMEDR WIND GENERATIGADDELS NOMINATED T2Q-REGULATION IN DISBBTION
[N YO o PSP P PP PRP P PPPPPRPN 93
FIGURE-3: DAGRAM OF ALGORITHMMENSIONING REACTREWER RESERVES FOR3YNCHRONOUS WIND GRNTION..93
FIGURE -8: SPATIAL DISTRIBON OF UNPERMISSIBUEBLTAGE LEVELS INEE@Y TRANSITION SGRID (AFER RELEASING
REACTIVE POWER RE/BISRN PPIMS)......iittiitieiittiiiesier sttt ettt ettt amat etttk 4t 1he e 1 a4kt ke e e bt e bt e e bt et e bt s ma ettt e nne e 95
FIGURE -9: SPATIAL DISTRIBON OF UNPERMISSIBLELTAGE LEVELS INNE®DGREEN SCENARABTER RELEASING RBAE
POWER RESERVES IME)P.....c ittt ettt rma e sttt e a4t e 42ttt 4 ke 44kt e 4o st 44 s bt e ek et a4 b et e b et e et e e e s e e e s nae 95
FIGURE-30: SPATIAL DISTRIBON OF UNPERMISEBIOLTAGE LEVEL®ISITRIBUTED RENEWABISCENARIO (AFTEREASING
REACTIVE POWER REBEIS RN PPIMS)... ..ottt ettt mt ettt 44kt e 2kt 44 1ma bt e 2kt e e bt e e st e et et e e enne e e nnnes 96
FIGURE-21: COMPARISON OR320_.OW CARBON LIVINBANSMISSION BUSEESV VOLTAGE DEVIAYISGAINST SNSP [1]...97
FIGURE-22: QV CURVE CASES
FIGURE-23: SIZING AND MIXADDITIONAL REACTREBWER COMPENSATION ... 100
FIGURE-24: INTACT AND PGSONTINGENCY\WQPLOTS FOR BUS TWCONSTANT®AND VDEPENDENDAD MODELS
FIGURE-85: INTACT AND POSONTINGENCY\WQPLOTS FOR BUS ZWCONSTANTPAND WDEPENDENT LOAD MOSEL...102
FIGURE-86: ILLUSTRATIVE BKAE OF THE DYNANMGLTAGE PROFILE IMIPE. .......ccoviiiiiieiiiie it
FIGURE-27: REACTIVE POWHERBHCTION FROM DIFENR TECHNOLOGIES..........occiiiiiiiiii e
FIGURE-28: EFFECT OF INSIAION OF DIFFEREMECHNOLOGIES ON B\@RTAGE MAGNITUDE

FIGURE-29: UNIQUE VIOLATISGNREPORTED FOR [RERH TECHNOLOGIESTIALLATION. .. ..ottt 108
FIGURE-20: NONRECOVERABLE UNIQUEXTIONS REPORTERMIFFERENT TECHNGIES INSTALLATION........cccvvienen. 109
FIGURE-21: ILLUSTRATIVE BK¥AE OF DYNAMUOLTAGE PROFILE IXDE........ccooiiiiii e 110
FIGURE-22: ILLUSTRATIVE BMALE OF TSAT OUTHREPORT ... ..ottt ettt a e e e e 111
FIGURE-23: DISTRIBUTION 8I®ENRECOVERABLIYVATIONS REPORTER EACH CONTINGEN®OGPED BY SNAPSHOR FHE
LOW CARBON LIVINGEBIBIRIO BASE CASE..... . ittt ettt et et e ettt oo ma et e e e ettt e e e e snnr e e e e s e nanee 112

FIGURE -24: DISTRIBUTION IONRECOVERABLE VIOLANH@REPORTED FOR EANAPSHOT GROED BY CONTINGENRED
BARS DENOTE THOSETNGENCIES WITH MALUES ABOVE 250 ARDUE BARS THOSE WATLH VALUES BELOW F&IR THE

LOW CARBON LIVINGESIBIRIO BASE CASE.... ... ot ma e e e s s e e e e e e 113
FIGURE-25: DISRIBUTION OF NGRECOVERABLE VIOLAH®EPORTED FOR EBONTINGENCY GROUBEISNAPSHOT FOR THE
LOW CARBON LIVINGESIBRIO WITH MITIGAINL. ...ttt ene e e e ineee s 114

FIGURE -26: DISTRIBUTION QIONRECOVERABLE \ADOIONS REPORTED FEMCH SNAPSHOT GRAWBE CONTINGENCYDRE
BARS DENOTE THOSETONGENCIES WITH MALUES ABOVE 250 ARDUE BARS THOSE WATH VALUES BELOW F&IR THE

LOW CARBON LIVINGESIBRIO WITH MITIGAIN . ....ceiuttttte ettt ettt ame et e e ettt e e et enr et e e e e e e e e nnneeeens 115
FIGURE-@: HALVING AND SETNG TIMES DEFINITION. ....cciiiiiiii i 120
FIGURE-2: SCARCITIES IDENED IN OSCILLATIDAMPING WITHIN T.2ANALYSI&BOX PLOT OF HALVINGIES.................... 122

FIGURE-B: SCARCITIES IDENED FOR THE OSCITLON DAMPING WITHIN2.4 ANALYStHISTOGRAM OF HALVINBIES......123
FIGURE-@: SCARCIES IDENTIFIED FIOHE OSCILLATION DANB FROM TASK 2.4 ANYSI§ BOX PLOT OF SETTLINGES......124
FIGURE-6: SCARCITIES IDENED FOR THE OSCITLON DAMPING FROM SR 2.4 ANALYS{BOX POT OF SETTLING TIMES 125
FIGURE-6: POWER SYSTEM SILAER PSS2A MODEAGRAM [40]......coiiiiiiiiiieiii ettt mre s 127

18] 252



)‘ MITIGATION OF THECHINCIAL SCARCITIES@CIATED WIFHGH EVELS OF RENEWABDESHE EUROPEAN PRV STEM

DELIVERABLR.6

EU-SysFlex
FIGURE-B: OSCILLATION DAMIE SCARCITY MBATION RESULFBOX PLOT OF HALVIRIBIES..........oovvreriririecimeecieeeeenees
FIGURE-8: OSCILLATION DAMIE SCARCITY MITIGANIRESULESHISTOGRAM OF HALVIRIBIES..........oorvvrerririiieeseneneen:
FIGURE-8: OSCILLATION DAMIE SCARCITY MITIGANIRESULEBOX PLOT OF SETTLTINGES .
FIGURE-G0: OSCILLATION DAMIB SCARCITY MITIGAN RESULESHISTOGRAM OF SETTRINMES.........ovviirrireireirinrereens
FIGURE-81: OSCILLATIONS DRIMG; ROTOR ANGLE PLOTR MBRIOUS OPERATISNAPSHOTS ...t
FIGURE-G2: DECOMPOSITION ®BIGNAINTO ITS DOMINANT OELATORY MODES........coiiumririiriiimeesesesesessesisesesssseran.
FIGURE-63: BOX PLOT OF DECAME FOR LOW CARBQVING SNAPSHOBBBE CASE).........oiiuiiriiriiimeseciseeeieeeneeseneenes
FIGURE-G4: TIME DOMAIN EXAMLES FOR OSCILLATIBISES.........coouvuuiemririeseimsseeseesesssesssssasssssssoessas s essssssnesesenes
FIGURE-85: ACTIVE POWER GWT FROM THE OSCILIMG UNITS FOR OS@BILION CASE (HOUR?2S
FIGURE-G6: EXAMPLE OF PMBTA OF THE OSCILIMEIUNIT. ......ouriuuiiritniseiseimsseessesessse st ssnsse st seeesnes 140
FIGURE-1: COMPARISON OF 2030W CARBON LIVINBANSMISSION NETWORKERMAL OVER LOADINGAINST SNSP......151
FIGURE-2: ILLUSTRATION ORANSMISSION NETWOREEDS IN 2030 [23]......cocvuieeireisiiime s
FIGURE-3: ILLUSTRATION OFTMGATION OPTIONS........couiuieiiniisiiimeeseiseseeseesiessesse st imsss s
FIGURE-#: SIMPLE EXAMPLE [LOUSTRATE THE CALAUON OF OVERLOAIDICES.
FIGURE-B: REINFORCEMENT SERETHM MAIN BLOCKS.........ouieitiirieimsese ettt ims st
FIGURE-6: BENDERS DECOMAWSN OF COMPLEX QWBATION PROBLEMS[4.........coomivmiinircirimeie e 160
FIGURE-7: TOP TEN CRITIGRRURS DUBLIN........oouituiiriiitimeteeteisstsessessese e imss s ams st 162
FIGURE-8: EFFECT OF PRORDSEINFORCEMENTSTaN .
FIGURE-2: TOTAL MW LOAD $HING UNDER THE URRED RANGE HOUR CLERTDUBLIN REGION, INTRCASE................
FIGURE-10: TOTAL MW LOAD ISAING UNDER THE LERMID RANGE HOUR CLERTDUBLIN REGION, INTARCASE
FIGURE-11: TOTAL MW LOAD IEMING UNDER THE LER\RANGE HOUR CLBRTEUBLIN REGION, INTRCASE.....................
FIGURE-12: TOTAL MW WIND ROSS THE ENTIRE PEV8ESTEM CONSTRAINEIDER THE UPREIFD RANGE HOUR CLERT
DUBLIN REION, CONTINGENCYSEA. ........ooouvoiesitsteimssesessesseses s omss s 173
FIGURE-13: TOTAL MW WIND GISTRAINED ACROSS ENEIRE POWER SYSTEMDER THE LOWERD RANGE HOUR CLERT
DUBLIN REGION, CONGBENCY CASE .......oouuvumiesiasieimssesesssessesesesssesssssssimssesssessessse s ss s oes s ss et ine s 173
FIGURE -14: TOTAL MW WIND GISTRAINED ACROSS ENHIRE POWER SYSTENDER THE LOWER REN@UR CLUSTER
DUBLIN REGION, CONGBENCY CASE .......oouuvumiesiesieimssesesssesseseseessessessssimssssssesses s ssesss s oes s st ine s
FIGURE-15: TOTAL OVERLOAD INIEX CULATED FOR TKHIRNH WEST REGI@RITICAL HOURS........c.ovieiiriinenennes
FIGURE-16: REINFORCEMENTPR®ACH APPLIED TQ SRITICAL HOURS FBIE NORTM/EST REGION. .........cvoivrivncirninenne.
FIGURE-L7: IMPACT OF REINFCEMENTS ......ouotuiuititiiaeimese st sse st sse s imse sttt
FIGURE-18: LESS CRITICALLIRS ANALY SIS, .. .ooiouteitiitetsimse st st sese st sse s imt st nene s
FIGUR 719: TOTAL RES CONSINED ACROSS THE IRRTPOWER SYSTEM BRECRITICAL HOUR STER (NORTWEST REGION,
CONTINGENCY CASE)....oueroiritaisaeimesesse st ese s bee 122818222828 181
FIGURE -20: TOTAL MW WIND GISTRAINED ACROSS ENEIRE POWERSTEM UNDER N@WRITICAL HOUR CLUSTEORTH
WEST REGION, CONTENIEY CASE)........coumitrieuiriesimsessessesesessessesssesssessimssss et ssse et sams s 183
FIGURE-21: IMPACTS OF LIREACTANCE ON OVERROMDICES UNDER MBRENT CLUSTERS ......ccoviiiieeiimncieieie e, 185
FIGURE-22: TOTAL MW LOAD RUAILED FOR ALL ZAURS USING PSCQPE ........oooiiuiiriiimrieeiieiseieisesiesisss i 188
FIGURE-23: ADOPTION RATESR DEMAND SIDE MABBMENT...........ouiiuiirimiiiimicieieie s 190
FIGURE-24: BREAKDOWN OF TBEEMAND CAPABILITISQUMED FOR EACH CASE ......o.oiiiiiiimrieeiseeieesssss e 191
FIGURE-25: ILLUSTRATIVE CPARISON OF SYSTEMDQVITH AND WITHOUDABSHIFTING DSMARLY MAJORITY ADGPN|
RATE) INCLUDED INETMODEL (Ml CASE) .......uovutuurirmitsessinseseeseessessesssesssess st ame sttt 193
FIGURE-26: ILLUSTRATIVENIPARISON OF SYSTEDNAD WITH AND WITHOWDABSHIFTING DSM (EARUXJORITY) INCLUDED
IN THE MODEL ANVIND GENERATIONGIRLE (XL CASE).......ooiiuiumiiritseessimseseesse sttt et 194
FIGURE-27: PERCENTAGE CHENIG TOTAL GENERAVICOSTS WITH INCRESDSM ADOPTION REST(INTACT CASE).......195
FIGURE-28: EXAMPLE OF DEBRE IN AVERAGE LINEADING WITH INCREXS DSM ADOPTION RZSTFOR TWO SPECLENES
WHICH EXPERIENCE RIVBADING DURING THEAR.........oouuiiuiraiesessimeesesesesssessasesesssssssssams s 196
FIGURE -29: EXAMPLE OF CHANGETINE NUMBERS OF HOWRSNGESTED WITH INSREG DSM ADOPTIOMTES FOR TWO
SPECIFIC LINES ...t oataesessamss st es 2225582212281 196

19| 252



)‘

PROVIDING RESERVES

MITIGATION OF THECHINCIAL SCARCITIES@CIATED WIFHGH EVELS OF RENEWABDESHE EUROPEAN PRV STEM

DELIVERABLR.6
EU-SysFlex
FIGURE-30: EXAMPLE OF DEBRE IN MAX LINE LONG WITH INCREASIBGM ADOPTIORATES FOR A SPEQIRME WHICH HAS
HIGH DSM CAPACITYEACH CONNECTING NODE........ouitutriiirimeeseeseessssessses s sssine sttt ams s 197
FIGURE-31: PERCENTAGE CHENIG TOTAL ECONONRENT WITH INCREASDEM ADOPTION RATBSTACT CASE)............. 198
FIGURE-8 : SENSITIVITIESRDSFOR EXPLORING DHEEERENT TECHNOLOBYIONS.........couiiuiriniiieeseeissesseseseeseeesses e 207
FIGURE-2 : CONTINENTAL MEJBIOLOGY (VG: VARIEBEENERAON). ........oiumiieiiniirieisimsiseeteseeese st imes e 214
FIGURE-8 : EVOLUTION OF RRYES ALLOCATIONTBZHNOLOGY (%0).....v.ureruverererereiimesseessessessssesesesssssssesesessessesisesssessans 215
FIGURE-8 : SHARE OF WIND ASDLAR IN GENERATIEND N RESERVE ALLOCATBINOUNTRY.....c.ooviiriririreiimsceneieenns 215
FIGURE-8 : EVOLUTION OF ANGIRY ALLOCATION EECNOLOGY (TWH) AIRFERENT SCENARIQS
FIGJRE 8 : COMPARISON OF REBE ALLOCATION FGRIBL...........ouiiuiiririeiimieeeeeeeiseisesseeses st
FIGURE -8 : SIXDAY PERIOD OF GENERA AND ANCILLARYLOCATION IN SPAINHEN WIND HAS PRIORIDVER SOLAR FOR

FIGURE-8 : GAS UNITS INSTAD CAPACITY IN BEBE IN THE RENEWABMBITION SCENARIOT™MINTC VISION 2030IB THE
RENEWABLE AMBITIOOIN THE LEFT); LEMISSION REDUCTIONTHE RENEWABLE AMBN COMPARED TO TRENEWABLE
AMBITION NTC VISIQI30 (ON THE RIGHT) . ..cutteittiiiieiit ettt ket ekttt ekt omn et et ettt e e e 218
FIGURE-8 : GAS UNITS INSTED CAPACITY IN EBE@EPENDING ON THEEHNOLOGY DEPLOYED........ccccooiiiiiiiiicc, 219
FIGURE-20 : SHARE OF CCGIDAOCGT IN EUROPEPEEDING ON THE TECHRGY DEPLOYED.......ccociiiiiiiiieec e 220
FIGURE-21 : SHARE OF VRERDPUCTION THAT ISRTWILED DEPENDINGTECNOLOGY DEPLOYMEMIEUROPE AND IN SRAI
FIGURE-82 : HOURLY DYNAMIESR THE BASELINENKEHO IN SPAINJULY, WEATHER YERBRAL.........cocvviiiiiiiiieceeciec e

FIGURE-23 :
FIGURE-24 :
FIGURE-85 :

FIGURE-&7

FIGURE-28 :

FIGURE -89 :

YEAR 1996

FIGURE 20 :

SCENARIQ.

FIGURE-21 :

FIGURE-22

FIGURE-23 :
FIGURE-24 :
FIGURE-25 :

FIGURE-7 :

DEPDYED

FIGURE-28 :

DEPLOYED
FIGURE 12:
FIGURE 12:
FIGURE 13

SCENARIOS

FIGURE-26 :

HOURLY DYNAMIESR THE BATTERIEBNSRIO IN SPANJULY, WEATHER YEARRAL
HOURLY DYNAMIESR THE EV SMART BBMNG 1 SCENARIOQOV1G) IN SPARNJULY, WEATHER YEAR 197423

HOURLY DYNAMIESR THE EV SMART BBMG 2 SCENARIOY8V1G, 20% V2G) IRAINg JULY, WEATHER YEAR
HOURLY DYNAMIEGR THE BASELINENSKEHO IN SPAINJANUARY, WEATHER REA96
:HOURLY DYNAMIBESR THE BATTERIEBNSZRIO IN SPARNJANUARY, WENER YEAR 1996..........coooiiiiiiiins 224
HOURLY DYNAMIESR THE EV SMART BBMNG 1 SCENARIOQIOV1G) IN SPARNJANUARY, WEATHER REIQ96

DIRECT CO2 EBISN REDUCTION WITHE DIFFERENECHNOLOGIES CONSHIEROMPARED TO THESBLINE
.................................................................................................................................................................................... 225
EUROPEAN POWERSTEM TOTAL PRODOGITCOST DEPENDING THE TECHNOLOGY IDEFED IN EURORE...226
: AVERAGE MARGINBOST FOR SPAIN'HE BASELINE SCERAID IN THE BATTERISCENARIO...................... 228
AVERAGE MARGINBOST FOR SPAIN'HEE BSELINE SCENARIO ANDHE TWO EV SMABRARGING SCENARIZES
AVERAGE MARGINBOST FOR FRANCEHHN BASELINE SCERARIID IN THE BATTERISCENARIO................... 228
AVERAGE MARGINEOST FOR FRANCEHE BASELINE SCERARND IN THE TWO EMIART CHARGING SCEN)S

PSCOPF SUCCESHEERAJNDER DIFFERBNUR CLUSTERS ANDUBIATIONS SCENARIQS.
AVERAGE MW LOABIBTED AND WIND CONRRAINED UNDER CRALIGIOUR CLUSTER ANBFERENTENARIOS46
: AVERAGE MW LOABIIBTED AND WIND CONMAINED UNDER UPRER RANGE HOUR CLERBTAND DIFFERENT

20| 252



)‘ MITIGATION OF THECHINCIAL SCARCITIES@CIATED WIFHGH EVELS OF RENEWABDESHE EUROPEAN PRV STEM
DELIVERABLR.6

EU-SysFlex

FIGURE 12: AVERAGE MW LOABIIBTED AND WIND CONMAINED UNDER LOWMER RANGE HOUR CLBBTAND DIFFERENT

{0 =N N [ 1 P PP PP PP PPPPPPPPN 247

FIGURE 13: AVERAGE MW LOAMIETED AND WIND CONRAINED UNDER LOWRRNE& HOUR CLUSTER ANBFBERENT

S =N N [ 1 P PP PP PP PPRPPPPPPPPN 247

FIGURE 18: FREQUENCY OF ORRENCE OF ACTIVE ETRAINTS FOR CRITIG®OURS CLUSTER YSICR/ L h { Y2 L&l hj ¢
MATEZE 50 . QWO BB CH2 M AIEE. T 5. Qoo 248

FIGURE 1Z: FREQUENCY OF ORRENCE OF ACTIVE EURMAINTS FOR UPRER RANGE HOUR CLOST 6 {/ 9 b ! wlUTh { Y2
WIOLDCE MAA:2Z21C.0 Q WIBH, D QM. M1 JE 3 Z ettt ettt b bbbt bttt 249

FIGURE 18: FREQUENCY OF ORRENCE OF ACTIVE ETRAINTS FOR LOWMR RANGE HOUR CLBST o6 { / 9b! wUTh { Y2
WIOLDCE MAA:2Z21C.0 Q WIBH, D QM. M1 JE 3 Z ettt ettt b bbbt bttt 250

FIGURE 12: FREQUENCY OF ORRENCE OF ACTIVE ETRAINTS FOR LOWRRIGE HOUR CLUSTERYS ! wL h { WANEC | h | ¢
MAE:E 51 . QWO hB CH2 M A8 2.2 5 Qe 250

21| 252



)‘ MITIGATION OF THECHINCIAL SCARCITIES@CIATED WIFHGH EVELS OF RENEWABDESHE EUROPEAN PRV STEM
DELIVERABLR.6

EU-SysFlex

TABLE OF TABLES

TABLE 3: OVERVIEW OF EVATED SCENARIOS INBREAR.G......ooiiiiiiiiiiie ittt 29
TABLE-2: OVERVIEW OF THEJSIES AND MODELINBE EMPLOYED IN TAIEK......coeiiiiiiiiieeeiiiiee it 30
TABLE 4: FREQUENCY SIMUIGAT ZONES IN PALADY.N ..ottt man s e e 32
TABLE £2: SUMMARY OF THE MIASIMULATION RESBLOF THE FREQUENEMA/IOUR FOLLOWINGSSEM SPLITS............... 34
TABLE 8: SPLIT EVENT COBUBIRATIONS. ... .oeieiiiieiiti ettt ettt s sma e et e ek e e abn e e s e e e 38
TABLE 4: SC TECHNICAL ANNANCIAL FEATURBIURCE TERNA. ... et 40
TABLE %: ANNUAL FIXED CGEH 1 MWS PROVIDED EBY.......coiiiiiiiiiiiiiiiiesimie ettt smee e Al
TABLE 4: OPTIMAL SCS INVBEHEENTS RA ASSUMPTIONS. ..ottt et e e e eme e e e eneeee e A3
TABLE 4: EUROPEANXEARLY INDICATORGHHLIGHING THE IMPAGHK THE INERTIAL CORSINTS ON GENERAVTIRLANTE RA
ASSUMPTIONS ..ttt oottt e e oottt e e oo a ettt ot oo 4ok s et e e oo e b e et e e e o s s s hmr e et oo e ea s b e et e e e e s et e e e e em et e e e et eeeeean 43
TABLE 48: EUROPEAN YEARNMICATORS HIGHLIGEINHE IMPACT OF SMRONOUS CONDENSERN THE GENERATRMMANTS
RA ASSUMPTIONS. ...ttt ettt e oo ettt e oo o2kttt e 4o eE ettt e et oo s bttt e e 24 e st e et e o2 e ee s e eme e e e e e s b e et e e e e s et e e e e e s mas e e e e e e naennees A5
TABLE 49: COST OF ENSURRREQUENCY STABIUNDER SPLIT EVENTSMOPTIMAL SCS IMMEMENTS.......cooiviiiiiiiiiee 45
TABLE-40: SC RUNNING HOURSHE DIFFERENT ESN......cciiiiiiiiiiiiiii ettt imreee e e e nnnnee e s sinnneee s e 6T
TABLE 41: SUMMARY OF DYNABISIMULATIONS PERRED

TABLE 42: SUMMARY OF THE DAMIC SIMULATION REHS$ ON SYSTEM SPHOF TIME) RA ASSUMPTIONS..................... 49
TABLE 43: HVDC INTERCONNBR CAPACITIES. .. ..ottt ettt rm et e e e e e s 59
TABLE 44: RECOMMENDED VASJOF PARAMETERSYNTHETIC INERTIANTROL BLOCK [20]....ccciviieiiiieiiiie e 70
TABLE 45: SUMMARY OF FREENCY SERVICES TEBYHEDISYSFLEX. ...ttt 84
TABLE 8: NEED FOR ADDITIRINCAPACITY OF RBXETPPOWER RESOURCES........coi et 91
TABLE 2: RESULTS OF ACTINN REACTIVE POVHESERVES DELIVEREID/BID GENERATION........ooooiiiiiiii 94
TABLE B3: BUSES COUNTEDTERMS OF VIOLATIQNS. .....oeiiiiiitit e iei ettt ettt e ettt e e emr e e e e e e e e e e
TABLE &: LOCATION OF STAMS OR SYNCHRONOWBIDENSERS ..o
TABLE %5: SUMMARY OF VOLTAGERVICES BEINGIEESN EA$YSFLEX...................

TABLE4: DECAY TIME FORFEERENT MITIGATIONS... ... e
TABLE @: THE DISTRIBUTIOR CCT FOR LOW CARBO/ING (BASE CASE).......ciiiiiiiiiiieiitiei ettt emie e
TABLE @: CASE STUDY: CORBIFFERENT MITIBZHY........ciiiiiiiiiiieiiii ettt smne et e e e e 146
TABLE @: THE DISTRIBUTIOR CCT FOR LOW CARBO/ING (BASE CASE)........iiiiiiiiiiieiitiet ettt emie e
TABLE-2: NETWORK REINFOREHRTS IN DUBLIN PRG$ED FOR TOP CRITIBAURS
TABLE -2: REINFORCEMENT N FOR THE DUBLENGRON......coiiitiiiiii ittt ettt a e ma e
TABLE -B: PSCOPF RESULTR EBITICAL HOURS £IER DUBLIN REGION, INTIACASE. ...ttt
TABLE -A: PSCOPF RESULTR EBITICAL HOURS MOUT REINFORCEMENTD®BLIN REGION, CONGENCY CASE

TABLE-B: PSCOPF RESULTR ERQITICAL HBB WITH REINFORCENVM&NDUBLIN REGION, CONGENCY CASE.....................
TABLE -6: SUMMARISED REINFRCEMENTS FOR THE MORBITICAL HOUR 3151 .
TABLE-7: REINFORCEMENT MY FOR THE NORWMEST REGIQON........cooiiiiiiiiii i
TABLE -B: NINE SELECTEDNFEIRCMENTS FOR TRE{TAL HOUR 3151 ..ottt
TABLE 7: IMPACTS OF LINEATTANCE ON HIGHESERLOAD UNDER DREHNT CLUSTERS. ...
TABLE -40: INDICATIVE CHAES IN TOTAL GENERAICOSTS DUE TO REBDITION OF LOARHIFTING DSM (INTABETW®RK)

TABLE 11: INDICATIVE CHARSIN TOTAL ECONOIRENT DUE TO THE ADDN OF LOABHIFTING DSM (INTASETWORK).198
TABLE -12: INDICATIVE CHANGESTOTAL GENERATIORSTS DUE TO THE KBON OF LOABHIFTING DSM {INCONTINGENCIES)

........................................................................................................................................................................................................ 199
TABLE -43: INDICATIVE CHANSIN TOTAL ECONORENT DUE TO THE ADDN OF LOABHIFTING DSM (N CONTINGENCIHESY
TABLE4: ENERGY CURTAILEDHE RENEWABLE AMBN AND IN THE BASNE SCENARIQ.......coooiiii e 209
TABLE 2: TECHNE&CONOMIC ASSUMPTIGNER BATTERIES 4R]I5.....ccoiiiiiiiiiiiii i 209
TABLE 8: EV SMART CHARGIGSPACITY POTENTIAIDABATTERIES INSTARICAPACITY IN SPAND EUROPE.................... 211

22| 252



)‘ MITIGATION OF THECHINCIAL SCARCITIES@CIATED WIFHGH EVELS OF RENEWABDESHE EUROPEAN PRV STEM

DELIVERABLR.6
EU-SysFlex
TABLE @: BATTERY SIZE DEBEG ON EV TYPE][S4. . ..ccuituiiieiiititimseiesee ettt eme sttt ene s 212
TABLE 13: COSTS ASSUMPTIGIIR POWER PLANTZ[BEB]. ... veevvoverieeseseisesime st sms s 252

23| 252



)‘ MITIGATION OF THECHINCIAL SCARCITIES@CIATED WIFHGH EVELS OF RENEWABDESHE EUROPEAN PRV STEM
DELIVERABDR.6

EU-SysFlex

2. INTRODUCTION

| 2.1 CONTEXT

The ELBysFlex project seeks to enable the European power system to utilise efficient, coordinated flexibilities in
order to integrate high levels of renewable energy souiaed to meetEuropeardecarbonisation objective©One

of the primary goa of the project is to examine the European power system with at least 50% of electricity
coming from renewable energy sources (FBESIn order taransition to a decarbonised power system and to
reach at least 50% RESon a European scaleurope needs$o develop low carborand renewablgechnologies.

In some countriesthese low carbon technologiesould bepredominatelyvariable norsynchronous renewable
technologies such as wind and solar. In the context of th&SiFlex project, high levels of rerable generation

are defined as being installed capacities of renewables that succeed in meeting at least 50% of the total annua
electricity demand. As hydro power potentials are largely exploited in many regions, and biomass growth is
limited by supply costraints, an increasing parbf the growth is expectedfrom variable norsynchronous
renewabled6]. In addition to developments in renewable electricitiyere is als@ trend towards sectocoupling

with, for example,incressed electrification of heat and transpomvhich is seen to be an enabler of the power
system transitionWhile this is clearly an advantage and an opportunity, this can also create challenges for the
transmission and distribution networkBistribution néworks in particular were not designed faccommodating
embedded generation and this can lead to the need for expensive infrastructure investment.

Transitioning from power systems which have traditionally been dominated by large synchronous generating
units to systems with high levels of variable reynchronous renewable technologies has been shown to result in
technical challenges for balancing and operating power systems safely and reliably. This is due to-the non
synchronous nature ofhese technologes as well as the variabldistributed and decentraded nature of the
underlying resources. Deliverable 2.1 of this Work Pack&pbas performed a comprehensive review of the
literature and identified a number of ketechnical scarcities associated with integration of variable-non
synchronous generation and the associated displacement of conventional synchronous generation. These
scarcities, if not mitigated, may impact the security and stability of the power systehe future.

The advent of norsynchronous renewable generation, and the associated displacement of conventional
generation, will result in a neetbr system services traditiongl provided by conventional generaticio be
provided by different technalgies. This i$0 ensurethat there will be sufficient frequency control capabilities
across multiple time frames. Displacement of conventional technologies can also lead to a range of instabilities
and issues with reactive power control. High levels aiabde generation can cause an increase in network
congestion especially when generation is situated far away from load centres. Furthermore, displacement of
conventional generation can lead to a lack of system restoration capability and a need fopraalddystem
services to provide black start services. In addittbe,challenge of maintainingystem adequacwith increasing
variablerenewablesourcessuch as wind and solar generatibas also beeidentified.
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As a consequence of thesechnical chdénges there is an increasing need for provision of system services from
wind and solaras well as enhancemertdf existing technologiegand coordination within the whole system,
generation, demand and networki®) improvecapabilityand maintain reliablédalancing and adequacy

2.2 WORKPACKAGE 2 ANDASK BWITHIN ELBYSFLEX

Work Package (WP) 2 forms a crucial starting point for th&yaBFlex projectVP2 performs detailed technical
power system simulations of the European power system with higdldenf renewable generation as well as high
levels of electrificationThe main objective ithe assessment ofhallengesof the panEuropean power system
with high levels of renewables.

The first deliverable of WP2 was completed as part of Task P41 - Stateof-the-Art Literature Review of
System Scarcities at High Levels of Renewable Genefalideliverable 2.Hividedthe technical scarcities from
the literature into a number of categories

frequency stabity;
voltage stability

rotor angle stability,
network congestion
system restoratiorand

= =4 -4 4 -8 -

systemadequacy.

Most of thesetechnical scarcities and challengesre identified in Task 2.4. To enable this assessment, it was
first necessary to developcsnarios[7] and dynamic models [8]. Task 2.2 defined a set of pragmatic and
ambitious scenarios for renewabland low carbon generation deployment in Europg/], while Task 2.3
developed detailedlynamicmodels to simulate technical scarcities on the European system. Tasknpldyed
thosescenarios and models to perform detailed simulations to determine the technical shortfalls of future power
systemsTas 2.5 completedthe picture byperformingtechno-economic analysis using production cost modelling

to assess, among other things, tfi@ancial gap inrevenues availabldor generating technologies from the
energyonly market.

Task 2.6 sets out to prowvdevidence and simulatiebased demonstrationof some potential solutions ah
mitigations.While a range of spedaiftechnologies are modelled in this taske thrimary ainof this approachs to
facilitate the modelling of theapabilitiesthat are neededo solve the technical scarcities aitds less about the
technologies themselvedt is important to note that it is acknowledged that the technologies discussed in this
report are not an exhaustive list. Instead they are typical examples of technsltgaé can provide the needed
capability.
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| 2.3 SUMMARY OF KEY FINGE FROM TASK 2.4IANASK 2.5

Analysis in Task 2.4 on the Continental European power system demonstrated technical scarcities associated wit
certain domains of system stability (exmltage control), whilst also highlighting increasing areas of concern for
other domains (e.g. frequency control & congestion). An indication of the evolution of system needs
(characterised by scarcities) due to a potential change in the system genepatitiolio was evident for the
Continental European system. The Ireland & Northern Ireland power system clearly demonstrated technical
scarcities across multiple categories of system stability for the scenarios analysed. Across all the considere
systems, ti is evident that some technical scarcities require mitigation measures to enable secure system
operation of the power system in 2030.

As previously mentioned, most of thesechnical scarcities and challenges watentified in Task 2.4Adequacy
howeverwas notassessed in Task 2.4the scenarios were, by design, generation adequate. However, adequacy
in the high RES scenarié@ Continental Europé particular was ensured by adding flexible Gas Turbines (CCGT,
OCGT), a solution that not only lisiilecarbonisation at European level, but also does not guarantee the correct
level of services capability, as was evidenced by the rantgrbhical scarcities and challengdentified in Task

2.4. Additionally, it was found that even generation adequpt&tfolios can havdinancialissues for generators in

an energyonly market in Task 2.5.

Task 2.5 found that increasing levels of variable renewable generation on the Continental European system wil
fundamentally change the operation of the power syst, with a greater need for flexible plants like OCGT. In
addition, the numbers of hogiwhen variable renewable generation exceeds demand levels will increase sharply
by 2030 Effectively, if system operations continue with the status quo, the additiagredter levels of variable
renewable generation results in increasing levels of curtailment. However, it was found that if operation of the
power system can evolve as a result of the introductioeriancedsystem services capability, curtailment levels

can be maintained at acceptable levels whilst realising the decarbonisation benefits associated with variable
renewablesTask 2.5 also demonstrated that enhanced System Services could provide a valuable revenue strean
to improve the financial viability dfoth vVRES and conventional technologies, whilst also providing the needed
incentive to invest in technologies that will allow for mitigation of the technical scarcities identified in Task 2.4.

The results from WP2 aneery relevant to WP3 of the projectwhich focusses on market design and regulatory
options for innovative system services. Task [2]1provided a range of potential products for system services
that would be needed to solve a range of needs and scarciegientified in Task 2.1. These system services
could be further developed and enhanced, and combined with new innovative services, in conjunction with
market design developmen{g]. The capability from many of the systeservices previously described in Task 3.1
isdemonstrated through simulation in this report for Task 2.6.

Complementary to the analysis of the potential for new system ser¢sslve technical issueshere is a need
to examine remuneration mechams and explore the need to employ new and innovative market desmgns
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incentivise the capabilityThe work orpotential new market designs isonducted in Task 3.2 and is described in
the associated deliverabl8].

2.4 OUTINE OF THE REPORT

The report starts with a brief review of thecenarios generic methodology used for all types of analysis, and
provides sufficient context for the reader to comprehend the results presented in subsequent ch&jatersore
detailed on mformation on the scenarios and the models, the reader is directed to Deliverable 2.2 and Deliverable
2.3, respectively, of the EBysFlex projedt] [8]. Chapter 4 to Chapte presentanalysis on specific categories

of system stabilitymitigation, with a view towards identifying a number of mitigation options available for the
technical scarcities observed in Task 2.4. For each of these chapters, subsections are created to present th
results relevant to the system (Continental Europe, and Ireland & Northern Ireland). Chapter 4 focusses on
frequency stability, Chapter 5 deals with voltage stability (steady state & dynamic), and analysis and results
relevant to rotor angle stability are prese in Chapter 6 Chapter 7describegotential reinforcement options,

as well asnovel and innovative mechanisms, such as smart power flow controllers and densichel
management, tdimit and manage congestioon the Ireland and Northern Ireland transmisn network at very

high levels of variable renewablegShapter 8 investigates the potential sélected technologiessuch adattery

storage and Electric Vehicles tested in the-TldFlex demonstrations Continental Europeto deal with
maintaining gneration adequacwgt high levels of variableenewables
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3. OVERVIEVOFSCENARIOBIODELRAND METHODOLOGIES

As outlined in the Task 2.2 deliveraplé, two categories of scenari@se being utilised in EQysFlexo study the
2030 power systentCore Scenariosnd Network Sengivities:

Core Scenariog These are the central scenarios which will define the installed generation capacities by fuel type,
demand, interconnection and storage portfolios to be used. Tisesmarios will be used to produce total annual
energy demand as well as total annual energy production by source and fuel type. These scenarios will be use
throughout the project for technical and production cost simulations @arEuropean basis.

Network Sendtivities ¢ These are sensitivities which examine various parts of the European netwd@id0and

will vary the capacities and locations of demand, generation, interconnection or storage in order to examine
various scenarios in specific couasiof the European power system. These sensitivities will be used to assess
more specific technical scarcities in certain parts of the European system.

The two choserCore Scenarioare Energy Transitiorand Renewable Ambitiop which have a percentage of
electricity from renewable energy sources (FESvith respect to overall demand of 52% and 66%peaetively,

on a panEuropean basisA short summary of each scenario is provided belbwaddition, varioudNetwork
Sendivities have been developed whickeek to stress particular parts of the European network in order to
examine further technical scarcities in greater detail. Theséwork Seniivities are used to investigate more
onerous or more ambitious generation and demand portfolios for speciffasaand countries. Thietwork
Sendivities are focused on the areas of the European power system which will undergo increased analysis and
simulations. Therefore, the areas which were primarily chosenNetwork Seniivities are the Ireland and
Northem Ireland power system and a suletwork of the Continental European power system centred on the
Polishnetwork.

3.1 EVALUATEBCENARIOS

The evaluatedscenariosin Task 2.@epresenta high level visioof each of the pafEuropean power systes
consideral, as outlined inDeliverable D2.27]. Each scenarianvolvesassumptions relating t&®030 network
configuration generationportfolio includinglarge shares ofrenewable energy sources (RE®Y the demand

level and canposition There are two core scenarider the panEuropean power systenThese scenarios define

the installed generation capacities by fuel type, demand, interconnection and storage portfolios and these
scenarios are used throughout the project for teatal and production cost simulations on a European basie.

two core scenarioare the Energy Transitioscenariowhich deliversa 50% RE&target for the entire European
power systemin 2030and the Renewable Ambitiorscenariowhich represent a 66% RISE objective for the

entire European power systemlso in 2030
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As discussed in deliverable D273 additional scenarigsor network sensitivities werealso developed. These
network sensitivities allonassessment fothe impact of highertargets d RESE on specific systemsuch as the
Ireland and Northern Ireland power system and tBeropean sulmetwork around Poland. An overview of the
scenarios considered in this task and the scagiand challenges assessggrovided inTable3-1.

TABLB-1: OVERVIEW OF EVALUREEENARIOS IN TRIK
Category Power System Evaluated scenarios ‘

. Ireland & Northern Irelang Low Carbon Living (LCL)
Frequency Stability and Contrc

Continental Europe RenewableAmbition (RA)

Ireland & Northern Irelang Low Carbon Living (LCL)

Energy Transition (ET)
Voltage Control ] )
Continental Europe Going Green (GG)

Distributed Renewables (DR)

Ireland& Northern Ireland| Low Carbon Living (LCL)

. Energy Transition (ET)
Rotor Angle Stability

Continental Europe Going Green (GG)
Distributed Renewables (DR)
Congestion Ireland & Northern Irelang Low Carbon Living (LCL)
System adequacy Continental Europe Sensitivitieson Renewhale Ambition (RA)

3.2 SUMMARY OF ANALYSV®)DELS AND METHOD@IBS

The analysis conducted under Task 2.6 focusses primarily on load flow studies, time domain simulations ant
critical analysis of prexisting operatioal practices that were carried ouin Task 2.4. Various optiorfer
mitigations of system stabilityissuesare evaluated in accordance with one of the aforementioned analysis
methods. The analysis has been focused on selected system snapshots relevant to system scarcities observed
Task2.4. Details regarding snapshot selection are given in the relevant sections of this fegdue3-2 provides

an overview of stimuli, analysis methods and study types considered. Further details on the rationale for
consideratiorof various study types, analysis methods and stimuli is provided in deliverabl¢8D2.3
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TABLB-2: OVERVIEW OF THE SIREAND MODELS BEERN@PLOYED IN TASK 2.6

Aim of Analysis Model

Analysis Type

Performed
by

Demonstrate mitigations Time domain simulation EDF
for frequency instability CONTINENTA - Interconnected
issues PALADYN incidents
- System splits
Demonstratemitigations ) PSEi
Load flow analysis:Intact
for the steady voltage DIgSILENT
. . system and M Faults
Continental scarcity
Power System | Demonstrate mitigations _ o _ PSEi
o N Time domain simulation:Short
for transient instability DIgSILENT | . .
) circuit faults
issues
Demonstrate options EDF
available for supporting
integration of renewables Unit Commitment and Economi
o _ CONTINENTA _. .
and assisting with Dispatch Optimisation
maintaining generation
adequacy
Demonstrate mitigations Time domain simulation:Loss | EirGrid
for frequency instability SFM of infeed and loss of
issues outfeed/exports
Demonstrate mitigations ) EirGrid
Load flow analysis:Intact
for the steady voltage VSAT/LSAT
] system and M Faults
scarcity
Demonstrate miigations ) o ] EirGrid
) Time domain simulation:Short
for the dynamic voltage TSAT/LSAT| . .
All-Island Power . circuit faults
scarcity
System of Ireland S N
Demonstrate mitigations . o ) EirGrid
and Northern S N Time domain simulation:Short
for transient instability TSAT/LSAT| .
Ireland , circuit faults
issues
Demonstrate mitigation Load flow analysis:Intact EirGrid
optionsfor congestion system and with contingencies
issues
PSS/E .
AC Power Flow with
PLEXOS . . .
preventative security constraint
UCED with DC load flow.
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4. FREQUENCY STABINMTMGATIONS

Frequency stability is #hability of a power system to maintain steady state frequency, following a severe system
upset, resulting in a significant imbalance between generation and [8hdLarge imbalances are caused by
severe system disturbancesuch as large load or generation tripping, tripping of HVDC interconnectors, or
system splits.Frequencycontrol scarcitiesvere observed in Deliverable D2.4 of BysFlexl] with the transition

to a power system with high lels&of norsynchronous renewables. This section explaasumber ofpossible
mitigation measures that can be adopted to alleviate/avoid such frequency excursioresk 2.6first in the
Continental, or pan European power system, followed by the IreladdNorthern Ireland power system.

The demonstration of theapabilitiesthat are needed to solve the technical scarcities is the main focus in Task
2.6; not the technologies themselves. It is important to note that it is acknowledged that the techmlogie
discussed in this section are not exhaustive; they are typical examples of technologies that can provide the
needed capability.

| 4.1 CONTINENTAL EUROPE

| 4.1.1 SUMMARY OBSUES

With increasing penetration of renewable variable generation, based on peleetronic converters, power
systems are transitioning away from watderstood synchronous generatbased systems, with growing
implications for their stability. As wind and PV penetration levels rise, conventional generation will gradually be
displaced,dading to a reduction in the fraction of generation participating in governor control and in the inherent
inertia of the system, resulting in faster frequency dynamics following a major network fault cgéstation
imbalance.

In order to assess theogsible mitigationdor addressingthe issue of frequency stability inthe continental
Europan power system,in the context of high penetration levels of Variable Renewable Energy Resources
(VRES), mew methodology has been proposed within Task 2.6 &f BUSysFlex projecthe results of analyses

for continental Europevill be presented in detail in this chapter.

4111 BACKGROUND

The continental European power system is modelled in theEBB3 St 2 LISR &AYdz | GA2y LI |
zones, each includingne or several countries, as illustrated Trable 4-1. The assumptionsas well as the
modelling approach of PALADYddn be found in detail ifil0] and the validation approach of the models is
presened in[11].
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TABLE-1: FREQUENCY SIMULATEINNES IN PALADYN
% of CE annual

Reasons to be considered as a zone

consumption
The Iberian Peninsula (Spain, Portugal) ElectricaPeninsula ~11%
Central role on the Western Europe gric
France ~17%

and detailed data available

Northern zone (Austria, Belgium, Denmark, ] ) ]
Northern countries, closely integrated in

Germany, Luxembourg, Netherlands, ] ~32%

_ the power system marketsna operation

Switzerland)
Eastern zone (Czech Republic, Hungary, Pol Eastern Europe countries, some grid 120/
-~ 0
Slovakia) information missing for this zone

Italy Electrical Peninsula ~12%

The Balkans (Turkey, Albania, Bosnia, Bulga Little information available on those
Croatia, Greece, Maced@, Montenegro, countries, historical data has been use( ~16%

Rumania, Serbia, Slovenia) (generation dispatch, FCR, aFRR)

In Task 2.4,0f each hour of the year in botthe Energy Transition (ET)and RenewableAmbition (RA)kcenarios,
two types of incident were simulated, as defined by ENESOne for interconnected operation and one for

system splits:

- Interconnected operationthe reference incident corresponds to the simultaneous loss of the two largest
generation units in each considered zone. In most zones except France, the largest generation unit has a
nominal power around 1 GW. Therefore, incidents of 2 GW were simulated in every zone apart from in
France where 3 GW incidents were simulated.

- System splitsa separation of the Iberian Peninsula, a separation of Italy (similar to the 2003 Italian
incident), and a split of Continental Europe into three zones (similar to the 2006 historical split) were
studied, as illustrated ifigure4-1.

Iberian peninsula

Europe in 3

| 8

FIGURE-1: SIMULATED SYSTEMISBUNCIDENTS
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In the simulatons, system splits implied the disconnection of both AC and DC interconnectors, which could be
deemed as a overlypessimistic assumptiotndeed, DC links could be controlled in order to remain connected in
case of system splits. This possibility could reduce drastically the severity of the splits consequences and is to b
thoroughly exploredHowever, it was deemed relevant to assess th&eptial worst cases.

For each simulation case, three indicators were derived from the frequency behaviour during the transient: 1) the
nadir and thezenith which are respectively the minimum and the maximum values of the frequency (Hz); 2) the
maximalRoCoHRate of Change of Frequency) value, calcul#teslgh a sliding windowef 500 ms following the
simulated incident.

|4.1.1.2 CONCLUSIONIIRAWNFROMTASK .4

Following the simulated interconnected incidents, in both ET and RA scenarios, frequency nadiappésed

to be manageable in all zones of the Continental power system and no clear situation of black out was
encountered over the year. The only frequency stability concern raised was the observation of the possible RoCol
overshooting in the Iberian R@sula in less than 10% of the time following large generators losses. It is therefore
recommended to specifically take into account inertial constraints in the dispatching process and/or to monitor
the grid inertia in this area at highenetrationlevelsof VRES, in order to ensure the frequency security in case of
interconnected incidents.

Regarding thesystem splits,they intuitively lead to instantaneous imbalances much higher than the
interconnected incidents. The classical frequency control mechenean consequently be not sufficient to cope

with such incidents, and the system frequency stability can generally only be managed by relying on defence
actions such as LFSMU? and load shedding.

Table4-2 sums up the key simation resultsfrom Task 2.4, results which form the basis of the analysis in the next
sections The same trends were observed for the three simulated incidents of system splits, even though the
results were exacerbated for the splits of the Iberian Periamsund of Italy, compared to the split of Europe in
three. All the system splits in the context of RA scenario endanger more the frequency stability, as the possible
imbalances among zones are higher in RA than in ET, due to the higher developmentcohimetors in the RA
scenario.

2 Limited Frequency Sensitive Mode (LFSM) at over frequency (O) or under frequency (U)
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TABLE-2: SUMMARY OF THE MASIMULATION RESULTST®HE FREQUENCY BEBIR FOLLOWING SERITSPLITS
Energy Transition Renewable Ambition

Splitting event NADIR ZENITHJ RoCoF NADIRJ ZENITH RoCoF

<475Hz >51.5H7 >1Hz/s <47.5Hz>515Hz >1Hz/s
Iberian Peninsula ~ 38% - ~14% ~72%
Italy ~ 58% ~ 58%
Europe in 3 o ~1% - ~25%

The load shedding mechanism, as modelled at 8tudy, was globally able to maintain the frequency above 47.5
Hz. There werehowever, some few cases for all configurations where the threshold of 47.5 Hz was crossed.
Regarding zenith values, the study revealed that the 1-BSks modelled, was notvehys sufficient to maintain
frequency below 51.5 Hz, which is the critical level for the European power system. As previously explained,
RoCoF values higher than 1 Hz/s represent a challenge for operating the system and this risk was observed in
largepdNJi 2F GKS &@SFENJAYy Fftf (GKS aLX Al O2y FAIdz2NI GA2yaA

In conclusion, it was observed that there couldrach higher risks associated with unusually high values of
RoColand therefore blackout situations, in the RA scenario compared to the ET scenatiibis is due to the
reduced overall inertia from high penetration rates of HE8nd increased levels of interconnectionghe RA
scenario The risks were mainly present if power system splits ocadriduring times of high penetrations of
variable renewables anthus lowinherent inertia.

Some concrete remedy actionsr mitigations,are possible in order to address these issudsefollowing three
options are investigated in the next sections

1 limiting crossborders flowsto reduce the imbalances caused by system splits;

1 curtailing VRE&nd increasing inertia level witobnventional plants preferablydecarbonged generation
such as hydraulic, biomass or nuclear power plants;

1 encouraging alternat/es for inertia provision such as synchronous condensers or grid forming control of
VRES or storage.

The most coseffective solution is likely to be an optimal mix of all the aforementioned measures.
Based on these findings, further techleoonomic aalyses have been performed in Task 2.6 in order to assess

the possible mitigations to ensure frequency stability in the most critical conditions of grid operation in
continental Europe.
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4.1.2 METHODOLOGY AMBSUMPTIONBOENSUREHE SYSTERREQUENCY STABILNTHE BSE
OFASPLIT EVENT

This section introduces the methodology developed and used to assess the most cost effective mix of the three
aforementionedsolutions to ensure systemesiliencein case of split event. This methodology relies on the
implementation oflocal inertial (or kinetic energy) constraints within CONTINENTAL and on arsgatéronous
CondensergSC) investments loop. The following fig(ifegure4-2) gives a overview d the applied approach.

Each of itstepswill be further detailed.

Optimal remedial Cost and use of Final assessment
actions to deal these remedial of the system
with inertia lack actions resilience

CONTINENTAL ]
EU-SysFlex Supply and demand balancing Optimal SC fleet PALADYN
= | for one year with local inertial mmp| -+ generation = Dynam|oIS|mu\at|ons
constraints plans of split events

([ SC investments loop ] )

FIGURE-2: OVERVIEW OF THEOPRSED METHODOLOGYABSESS FREQUEN@BRITY MITIGATIONSCONTINENTAL EUROP

Thissection alsdackles some calibration aspects, suchlas itelevancyof the local inertial constraints regarding
the different split configurations. It also sums up the main assumptiegarding the technical and economic
features ofa standardtype of SC considered by the methodology.

41.2.1 IMPLEMENTATION QEW IOCAL INERTIARIONSTRAINVBITHINTHECONTINENTAIOOL

4.1.2.1.1 CONSTRAINDEFINITION

System splits can happen in reality in all interconnected electrical systems. These events are likely to entail ven
significant power imbalances which can lead to system cedlapoad shdding plans can be essential to restore
power imbalances and stop the frequency drops. However, the RoCoF values during these events must be limite
so that generators stay connected and load shedding can be activated in an efficient way.

Thefollowing formula exhibits the theoretical absolute RoCoF value following a sudden imbalance:

M 8300 WMOAWE O Q (Eq. 41)

Yé O &0 T T o s gy e s
¢q® Qe Q0 Qw0e Qi "Qw

Where:
T "Q (Hz)is the nominal frequency, e.g. 50 Hz

1 Kinetic EnergyMW.s)is the amount of rotational kinetic energy stored in the rotating masses of all
the online synchronous generators;
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1 Imbalance (MWijs the value of the imbalance.

The following formula can then be derived to express the constraint that, at anytfimeonez susceptible to a
system split would not undergo a RoCoF higher than tHimel@é maximum valu&koCoF MatHz/s).

"0 8B’0n £ U BEOE BO& ¢ 0 [ dhso
& ‘QE Q6 QOB Q1 Qo

Yé 6 & YE S H O (Eq. 42)
Where:
1 Flowsin(z,tand FlowsOut(z,tare the import / exports power flows of z suddenly cut by system split

This constraint has been implemented within the CONTINENTALwtdoh is discussed in more detail in
Deliverable 2.3 of ESysFleX8]. Every European zone likely to suffer from a grid split can be identified as a
vulnerable zone where a minimum valueinértia must be ensured. In practice, CONTINENTAL has two ways to
ensure that the theoretical RoCoF value would not exceed the defined upperYraitd &G b

9 increasinghe local inertia by starting more conventional generatdhereby curtailing VRES
1 reducingthe interconnectorflows.

These could be considered as two separate potential operatimitigations however, in what followshey are
considered together in order to identify the optimal mix of use ofsthmitigations.

Overview of CONTINENTAL and the inertial constraint

System splits are supposed not to trigger
RoCoF higher than RoCoF_max at any time
>

*  Definition of vulnerable zones (eg
: Iberian Peninsula) . 50.|Z FlowsIn(z,t) — ¥ FlowsOut(z,t)|
* Sefting of a RoCoF max (ea 2. KineticEnergy(z,t)
THz/s) Local KE < RoCoF Max
* Setting of an inertia constant H for Constraint
each generator (e.g. 5s for gas

New input data and parameters to
model inertia constraints :

Possible consequences observed in the
generated generation plans are :

ower plant
P P ) * Less interconnector flows

*  More local inertia with more conventional
*  More RES curtailment

FIGURE-3: SHORT DESCRIPTIONKINERTIC ENERGY CIOMWMSNT WITHIN CONBENTAL

Two maximal values for RoFhave been chosen for this study: 1Hz/s and 2 Hz/s. As explained in Deliverable 2.4
[1] these values seem to be in the relevant range of the hypothetical uniform European requirement regarding
the maximal admissible RoCoFl®withstood by all generators. It is worth reminding that Ireland and Northern
Ireland imposd12], or will impose, in their Grid Code a maximal ROCOF value of 1 Hz/s.
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4.1.2.1.2 SECURING A SINGLEREQAN IMPLY SEVERMERTIACONSTRAINSTCALIBRATION

An electrical zone can suffer from different system split configurations. Our study considers, for inttaeee,
possible split casefor the France zone as illustrated Figure4-4: the lberian split, the Italia split and the
disconnection with its easterneighbours(Belgium, Germany and Switzerland). Each one of these possibilities
needs to be secured through a specifiertial constraint.

3 split configurations mean 3 local KE constraints

Local KE Local KE [/
'‘Constraint 1 Constraint 2
IN \

ouT Local KE

Constraint 3

FIGURE-4: THREBPLIT CONFIGURATIGIR THE FRANCE ZONE

Defininginertia constraints for each zone may seem to be too conservative in some cases. Indeed, taking the
France zone as an example, it would still be connected to the Iberian and Italian peninsulas even if a
disconnection happens with its easteneighbours Therefore, it may sound reasonable to suppose that France
could, to a certain extent, benefit from thieertia contribution of theberian and Italiarsystems

However, PALADYN dynamic simulations dutiiregcalibration step of the methodology revealed thaertial
constraintsalonelocated in zones other than France were not effective in reducing the French local initial RoCoF.
Figure4-5 depicts the frequencypehavioursin Frane (red curves) and in the Iberian Peninsula (blue curves)
when France is experiencing such a separafldmus,in order mitigate the high RoCoF, synchronous condensers
were added into the Iberian Peninsulduring this calibration step In Figure4-5, the dotted lines correspond to

the reference case (i.e. the configurations of the RA core scenario), whereas the solid lines are the same
simulations with additionally installed synchronous condensers (SCs) in the lIberian Penfiguta.4-5
demonstrates that SCs installed in the Iberian Peninsula leads to a considerable reduction in the local initial RoCa
while alsosupporting the containment of system frequenfoy both zonesThis result alone is evidencé ihe

ability of SCs to mitigate RoCoF issues.

In contrast the installation of Iberian SCs (i.e. additional inertia) app#auatfer no support to France in terms of
RoCoF. Indeed, as can be seerFigure4-5, both solid and dtted red curves overlap in this time window,
meaning that the French initial RoCoFs have the same value, with or without additiertal contributionfrom
its neighbouringand synchronously interconnected zone. This observatios confirms the needb modellocal
KE constraints in the applied methodology.
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Western zone frequencies following the grid splitin three
T I

502 T T T

Frequency (Hz)

\ = = IBR frequency - no SC

188l —— Time windows for = ~ FRfrequency - no SC
’ —— |IBR frequency - 5Cs in IBR

RoCoF calculation — FR frequency - SCs in IBR

186 | 1 | | | I [
5 10 15 20 25 30 35 40

Time(s)

FIGURE-5: ILLUSTRATION OFEERJENCY BEHAVIORERANCE AND IBERIABNINSULA WHEN FRANITECONNECTS FROM ITS
EASTERN NEIGHBORS

4.1.2.1.3 CHOSEN SPLIONFIGURATIONS

Table4-3 summargesthe chosen split configurations. In the end, eight KE constraints have been modelled within

CONTINERAL.
TABLE-3: SPLIT EVENT CONFRATIONS

- Zoe Chosen split events m

Iberian Peninsula 1- split from France 12 GW
Italy 1- split from France & Switzerland 18.5 GW

L e 2 ow
France 3- splitfrom Belyium Germany and Switzerland 55GW

1- split from France & Italy
Germany + nejhbours 2- split from Eastern countries 316w
y+ng P 13 GW
Eastern countries 1- split from Germany & Austria 13 GW
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4.1.2.2 DEVELOPMENT OF ANB$STMENT LOOP TO MALLLY ADJUST THENEUIRONOUS
CONDENSERS

This partof the methodology sectiofocuseson aninvestmentloop which relies on iterative CONTINENTAL runs
in order to gradually size the optimal SCs fleet in the different areas of ContinentgleEu

4.1.2.2.1 GOAL OF THE METHODGLY

SynchronougCondensers(SCs) have been identified time literature as an efficient means to increase inherent
inertia and maintain frequency stabilifj. 3]. Although SCs are not the only grid equipment able to contribute to
the system inertia, the applied methodologgre only considershesefacilities as a possible solution to mitigate
this issue. This point presents, to some extent, a limit of this study and will be discussed tdarever, the
overarching objective of this study is to demonstrate the capability of different mitigatio tackle thescarcity

of inertia and the resultant RoCoF issue.

The goal of the investment loop is to determine the optimal capacity of SCs for each identified vulnerable zone.
With no SCs investmengs a result of the inertial constrainCONTINEN! [ Qa4 RSOA&A2ya G2
conventional generators or to reduce the interconnector flows can result in much more fuels costs, much more
RES curtailments and ultimately increased €@issionsCrucially, however, investment BCs can help reduce

the impact of theinertia constraint which is a necessity in order to ensure frequency stabbity,needs to be
optimally assessed to avoid overinvestment.

4.1.2.2.2 ASSESSMENT OFEECONOMIGVIPACT OF THE INERTCONSTRAINVITH
CONTINENTAL

CONTINENTAL is bagmdlinearprogramming and, as a consequence, it is possible to compute dual values for
every modelledcconstraint As forthe inertial constraints, computations of dual values have beeterminedin

such a way that they represent the marginal costs ottiinenergy or inertia, for every hour andor every
vulnerable zone. These marginal costs are expresseerins ofe k a2 ®a 'y R 3IAGS 'y S02:
additional MW.s. available in the system.

As an illustration, the left graph dfigure4-6 depictsthe duration curves fothe Italian Peninsulshowingthe
Marginal Cosbf inertia (KE MC) as well as the excesmeftia. It is clear from these curves that most of the time

the MCs of inertiaare equal to zero (red plot)ndicatingthere issufficient inertiain the systemo meeting the

inertia constraint and thus keep the RoCoF within acceptable liarits there is no need to redispatch the
generation plants or the interconnector flows. However, the right part of thesses shows that when there is

no surplus of inertia, the MCef inertia3 NI Rdzl t f &8 Ay ONBFrasS FyR OFy | Y2dzy
supplied by SCs in these periods would help the system to lower its operational cost and would capture these
MCsof inertia. The right graph ofigure4-6 RA a LJ @& GKS &G+ GS ahykh¥TFé 2F |

clearly showshose periodswith positive MCsf inertiamatchesg A G K { / ahyé &dGF dSo
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FIGURE-6: SCARCITY ILLUSTIRATOF KE WITH DURAN CURVES OF KE NBARAL COST AND USEST

4.1.2.2.3 SCEXHARACTERISTICS

t 2 o $INpwWRichigives NI A
technical and financial informatiofor recent SCs commissioned in Italjable 4-4 gives all the information
required to apply the present methodology. From this set of dawarmalised fixed cost for 1 MW of SC,
asaiming a lifetime of 45 years and a discount rate of 8%, has been assessed. As indi¢atadd4rb, the final
fixed cost utilised F 2 NJ (1 K S lekax! ® ¢KAAa @I fdzsS A
potential extra costs such as land and rent prices or internal engineering cost to bultil&€z] this value may

TheSCcharacteristics that are used in this study are obtained flbo@ wb ! Qa

dddzRe gl a wmn
look more conservativstill considering that retird power plant conversions could lower the SCs chstber.

Despite uncertainty about SCs costs, TERNA projects prove that SCs fitted with flywheels are able to provide th
system with a lot of inherent inertia at a reasonable cfdst]. Running SCs for a thousand hours per year with
al/lda KAIKSNI GKFIY M 2NJH e€eka2ad FLILISFNR (2 06S Sy2dzaK

TABLE-4: SC TECHNICAL ANRANCIAL FEATUREIURTE TERNA

SC TERNA [xa of new project with flywheel

Nameplate apparent power (Sn) 250 MVA
Turnkey investment Cost (IC) 20.5 ac€
10 year maintenance contract 3 ace
Inertia constant, including the flywheel (H 7 S
Auxiliaries consumption (AC) 1.2 % of Sn
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TABLE-5: ANNUAL FIXED CGSH 1 MWS PROVIDED &Y

SC- Additional data and calculations

Normalsed Investment Cost 82 lekat
Discount rate 8 %ly

Lifetime 45 Y

Annualnormalised maintenance cost| 1.2 ekKl?Kk
Total annuafixed cost for 1 MVA SC 7.5 lexkaz!
Conservative total annual fixed cc 10 lekaz!
for 1 MVA SC -
Conservativeannual fixed cost for ) x
1IMWSs SC 1.4 Yeka?z a

4.1.2.2.4 VALUE ASSESSMENTSOB

As explainechbove CONTINENTAL outputs MCsneftia for everyvulnerable zonez and for each hout. It is

then possible to calculate the Gross MarddM) of one MVA of a SC, located in the zanthrough the following

formula:

00 & Ao "0 & 00 6RO
. . (Eqg. 43)

6€¢&i 6aGnOROE QG G

Some comments about this formula:

>

The SC iassumed to bavailable during all the year

0€¢i 6an ar@the cossof its auxiliaries lossesompensated at the marginal cost of power in the
zonezO¢ Qi "QdMo p

When inertia is not profitable on a defined hour, the SC is supposed to be turned off and its yield equals
to zerg

A zone can suffer different system split configuratiorsalr imposes to implement several KE constraints
within CONTINENTAAS a consequence, several Misnertiaare generated and must be all taken into
account for the assessment of SCs value.

Finally, it is possible to evaluate the net income of potemed SC by deducting the 5@edCost from the gross

margin:j) ‘Q6 0¢ OHa MO & 08 8
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| 4.1.2.2.5 ITERATIVE PROCESS

The SCs investment loop relies on an iterative processiasnarded in Figure4-7. CONTINENTAL is run with all
the KE constraints activated. Posttteeent computes the value of SCs for every zone. SC investments are
achieved in the zonewhere ) ‘Q o "0¢ @ & ds®he highest, provided thai ‘Q 6 "0O¢ & higher than zero in

at least ore zone. CONTINENTAL is themue with the new SCs capacity.

The investment step for the SC capacity has been set to 1 GVA. The iterative process has also the possibility
remove SCs capacity in case of overcapacity leadingdativel) ‘Q & "0¢ & & aFinally, after around hundred
iterations, the approach outputs the optimal SCs fl@éte entire) ‘Q 6 "0¢ ® & dsthen near to zero.

Initial SC fleet | m—)p Continental
ﬁ Supply and demand
balancing for one year
Evolution of the Economic .
[ 3C fleet ] - [Optlmal SC fleet]
L [ New needs in SC ] J

FIGURE-7: SC INVESTMENT LOROCESS

4.1.3 RESULTS: EVIDENCMOFGATIONS

This section presents the results achieved whhough application of thenethodology presented in the previous
section. Itfocusesfirst in the results output by CONTINENTAL and its SCs investment loop before moving on to
the dynamic simulations of the spéivents with PALADYN.

4.1.3.1 INVESTMENT IN SYNCHROUS CONDENSERS

The methodology has been applied to tB&SysFleRA scenariolable4-6 summarieghe SCs investment across
Europeas a result of the inclusion of the inertial corastits in the various ones in Eurapeable4-6also includes
information about consumption and VRES installed capacities for the sake of area comparison.

Table4-6 shows that investment in SCs is considédbr both the Iberian and Italian peninsulas, especially in
GKS OFasS gKSNB GKS YFEAYdzY | OOSLIil o0t RoGor/ DC 48D SIS
be ensured for all the considered splits events. Both of these areas feature a Venyemgtration level of VRES.
Conversely, the Eastern area has lower VRES generation and consequently a lower additional inertia requiremen
Therefore, it would appear that no S@westment isrequired in this area (at least for inertia and frequency
stahlity reasons). SCs will only be invested in France as well as in Northern countries and its neighbours in the
6ROCoFd Ol aS® LG ¢2dd R 06S AyiSNBaiday3a (G2 Ay@SadAadards
regulate locally the grid voltagend ensure the level of short circuit power in these areas. This part is, however,
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out of the scope of this study for Continental Europe. However, as will be seen in later chapters, SCs are shown t

be capable of supporting voltage and mitigation voltagarcities in the Ireland and Northern Ireland power
system.

TABLHE-6: OPTIMAL SCS INVEENTS; RA ASSUMPTIONS

SCs Capacmes Annual Wind Solar Max imbalance
System Capacity Capacity triggered by
1 Hz/s cas€¢ 2 Hz/s case consumption (RA) (RA) split event
~(RA —
Iberian Peninsula | 39 GVA 18 GVA 342 TWh 54 GW 53 GW 12 GW
Italy 35 GVA 12 GVA 394 TWh 26 GW 57 GW 18.5 GW
France 14 GVA 0 GVA 548 TWh 58 GW 45 GW 18 GW
Germany + neighbours| 12 GVA 0 GVA 1016 TWh 124 GW 112 GW 31 GW
Eastern countries 0 GVA 0 GVA 363 TWh 21 GW 5GW 13 GW

With the assumption thathe continental European power system stays resilient in case of RoCoF values reaching
dzLJ G2 w | 1 k aw d/REGeTdoyfovitg tRe neadl fodinertia is much lowand the global capacity
of SCs investment is three times lower than in the dd&s€oF{30 GVA vs. 100 GVA).

4.1.3.2 SYSTEM IMPLICATICDIINERTIAL CONSTRAINTS

Table4-7 displays yearly indators calculated at the European perimettom CONTINENTAL outputs. These
values are indicated as deviations from the reference case, namely whareriial constraints were modelled.

Two configurations are depicted: with and without optimal investment $Cs. The first configuration
(consideration ofnertial constraints in each vulnerable zone but without any investment in SCs) seems unrealistic
given the fact that SCs are a valuable, viable and low cost optimhhasonly been analysed as an intermiatle
methodological step before running the SCs investment loop.

TABLE-7: EUROPEAN YEARLFITMATORS HIGHLIGHNEMPACT OF THEERTIACONSTRAINTS ON GENHRN PLARNSG RA
ASSUMPTIONS

Deviation from reference case Deviation from reference case
Yearly Indicatos KE constraints but No SC KE constraints With SCs
1 Hz/s case 2 Hz/s case 1 Hz/s case 2 Hz/s case
Total Production Cost bHMOp . b odm bmoTtT . bnodnn
(includingSCs costs) T8.4% 1% T07% T02%
INtercOnnectors flows -111 TWhly -34 TWhly -35 TWhly -7 TWhly
-18% -6% -6% -1%
Curtailment + 35 TWhly +28.6 TWhly +0.36 TWh ly 0.32 TWhly
146% +119% +2% +1%
- +10.9 Mtly +8.5 Mtly +1.7 Mt Iy 0.7 Mtly
CQ emissions
Q +6% +5% +1% +0%
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¢KS 1Sé& YSaal 3Sa 72N UKSc¢fistivibEdumGaTaFed-Addtl GA2Y o60dab2 -

1 LYGSNO2yySOGu2NEQ Ff26a NE aA3IyAFAOLydGfe NBRAzOS

1 As a consequence, VRES cannotaBeexported as it was possible in the reference where no KE
constraints were considered. Therefore curtailment and, @issions surge. Most of the new
curtailment occurs in the lberian Peninsula and in Italy.

1 Without SCs investment, total production ceshcreasesignificantly. Deepeanalysis revealthat the
inertial constraints can prevent some zones from importing generation which can entail situations with
electrical supply shortage and very high failure costs. It is particularly the case favhtalyrelies mainly
on imports to balance its annual peak load. It is worth highlighting that these situations are not related to
very high VRES generation periods in Italy. Importing up to 18 GW is just too risky in case of splits and thq
modeltherefore doesnot succeed ifmeeting Italian demand.

1 Although the increased operating costs as a result of the additional of the inertial constraint are very high,
it must beacknowledgedhat there is really no alternative to the implementation of such a constrain

hiKSNI AYGSNBaldAy3a 20aSNBLFGA2ya OFy 0S5 -Rabthwe golumindid Y
Table4-7) are:

1 With optimal SCs fleetthe additional costs are limited. VRES curtailment, €@missions and
iyi§SNDO2yySOG2NEQ Ff2ga KIF@S (GKS &l YS 2NR&GdeHith2 T
no inertial constraint)

1 As can be intuitively imagined, setting the maximum acceptable RoCoF at 2 Hz/s is less constraining tha
that at 1 Hz/s.

1 The tdal cost of ensuring enough KE to secure the system in case of system splits ranges from 0.44 to 1.
. EKEOD

It is important toemphasisethat, as has been demonstrated in Task 2.4 and earlier in this section, it will not be
possible to operate the Contingad European power system without inertieonstrains, or equivalent, as doing

so has been shown to have the potential to results in excessive RoCoFs following a split evéablsée

above andTable4-12 below), which could lead to system instability and blackout. Thusle it is interesting to
understand the impact on the system and the production costs of adding in the inertial constraint, and as the
inertial constraint is unavoidablend has beershown toconsiderable impact othe dispatchthe more relevant
values to consider are those relating to the impact of synchronous condensers once the inertial constraint is
included. These values are illustrated Tiable4-8, which demonstrates that synchronous condensers have a very
positive contribution to the power system when they are used to provide inertia and to meeting the inertial
constraints. As can be seen, synchronous condensers result in a greatgrtal@ccommodate more renewables

on the power systenas evidenced by the considerable reduction in curtailments, the reduction ie@iSsions

and the profound reduction in production costs as a result of the displacement of expensive conventional plant
Alternative to SCs could also be envisioned to supply inertia as it is explained in the conclusiorsextitnis

(Section 4.1)
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TABLE-8: EUROPEANPARLY INDICATORSHILEGHING THE IMPACKE SYNCHRONOUSNDENSERS ON THE EFRATION PLANTS
RA ASSUMPTIONS
Deviation fromcase with inertial
constraints-
inertial constraints With SCs

1 Hz/s case 2 Hz/s case

Yearly Indicators

o | wworo | moce

Interconnectas flows +76 TWhly +27 TWhly
Curtailment -34.64 TWhly -28.28 TWhly
CQ emissions -9.2 Mtly -7.8 Mtly

It is interesting to focus on the breakdown of tivertial costs with SCs investmetitat are utilised hereTable

4-9 revealsthat around 60% of those costs originate frahe fixed costs forthd / & ® {/ & | dzEAf A
account for10%, partly because SCs tend to run when power energy prices are low. Despite the SCs capacitie:
there are still restrictions in the use @fterconnectorsto comply with the inertial constraint. This means that
expensive conventional generating plants have to be run in the various zones to meet system demand and this
accountsfor 30% of thenertia costs.

TABLE-9: COST OF ENSURING@BRENCY STABILITY BROSPLIT EVENTS WORTIMAL SCS INVESHEMS
Extra cost breakdown 1 Hz/s case ‘ 2 Hz/s case

n— — Average hreakdown
SCs auxiliaries losses 192a € Kk € OM ac€Kk

B 5Cs anticipation
costs

Waste of exchanges
pyn aece| MAT ace

opportunities 314 B 5Cs auxiliaries
TOTAL MT TN ac¢€ nMM ae€ ( consurmption
- te of exch

SCs total annual fixed 10% waste of exchanges
phy ac| onn aec opportunities

cost

4.1.3.3 INERTIMURATION CURVES ANBES

Figure4-8 displays the duration curves of the naterconnection flows in Italy and in the Iberian Peninsula in the

3 configurations (reference case without KE constraints, with KE constraints but No SC, with KE constraints & Wit
{/ a0 F2N 0K®B2 /ASsskATheletfest Dfthe KEF constraiigtsisible since importations are highly
limited in both areas. Frendmports plummet since the implemented inertigbnstraints impedéoth Italy and

the Iberian Peninsula from exporting their generation to Frafsse Equatiord-2). The maximumimported

power in Italy falls from 18 GW to 10 G&8 a result of the need to ensure RoCoF does not breach should a
system split occurThis lack of poweexchange as explained before, causes a power inadequacy issue and, as a
consequence, power shortages can pap. Obviously, this case is unrealigtidd cruciallyinstalling SCs enables

the restoration ofthe flows nearly to their optimdevelwhen no KE constraints were modelled. Given the price
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of not beingable to meet loadthe investment loogontinues toinvest inSCs in Italy untihe power shortage for

inertial reasons completely disappears.

x10% Italian Net Imports - RoCoF1

(MW]

0 1000 2000 3000 4000 5000 6000 7000 8000
[h]
FIGURE-8: ILLUSTRATION OF®ENSTRAINT IMPACT DIWERCONNECTORS FEOW

Figure4-9 depicts theinertia duration curves for the same zones. It is visible that adding SCs capacities will boost
the amount ofinertiain both areas. If no S@reinstalled,the inertiain both zones will not significantly vary.is

found that reducinginterc2 y y' S O (i 2 BJarforeEdstfieciive methodto solve the lack of inertiéi.e. meet

the inertial constraintthan substituting the VRES bypensivenustrun conventional generators.

FIGURE-9: KE DURATION CURVESHE ITALIAN AND IBER PENINSULAS

It has been previously observed that nos@&€ installed in the Eastern zon&dble4-6). However, it is important

to note that it cannot be concluded thahere areno frequency stability issuerelated to lack of inertia in that
area. Indeed, as depicted Figure4-105 A y i SND 2 y ¥y S O (aBdb# d@casfohafty@ducedih EasSterni 2

countries in order to fulfil the local inertial constraimplemented in CONTINENTAL.
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