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Summary of thethesis

This thesis analyses and models the vulnerability of the electricity power supply under
extreme weather conditions. The system under study is the electric supply system that includes
major power plantsto main load centers. Extreme weather conditions can cause common mode
contingencies (CMCs) of overhead power lines, which endanger the security of electricity
supply. Planning and operation of transmission systems are subject to N-1 criterion, which
requires that all single failures of network elements do not cause a breach of safety limits. This
criterion does not guarantee the security of electricity supply at the time of extreme weather
conditions. The objective of this research isto identify critical and plausible CMCs, taking into
account space-time correlations of extreme weather conditions and possible states of the
network. The most vulnerable zones are focused on to determine appropriate countermeasures
for reducing vulnerability.

In the past, extreme weather events have caused maor disruptions. For example, the
blackout in New Y ork in 1977 was initiated by three impacts of lightning on high voltage lines.
In 1999, hurricane Lothar caused damage to power gridsin severa countries, leaving hundreds
of thousands of people in darkness. These examples demonstrate the vulnerability of power
systems to CMCs. Current transmission networks are expected to undergo significant changes
In response to developments such as increases in consumption and newly installed capacity.
These changes provide an opportunity to strengthen the security of electricity supply in the
perspective of extreme weather conditions and even improve the resilience of electric supply
systems.

The use of the proposed methodology alows reducing the level of vulnerability by
reinforcing only few points or change of the topology of the network. Faced with uncertainties
about the evolution of networks and plausible extreme weather conditions, a methodology
based on scenarios has been selected. The methodology alows the modeler to reproduce the
complexity of the problem while still encouraging the learning process.

The core of the methodology is founded on a scenario of electric supply systems and a
scenario of extreme weather events. The first scenario includes three models: electric,
geographic, and reliability. The electric model comprises components of the network
compatible with load flow calculations. The geographic model contains a representation of
each power line in a geographic information system, and each of these lines is divided into
segments that are associated with a reliability model. The reliability model evaluates failure
rates related to exposure to extreme weather conditions. Scenarios of extreme weather events
are built on data from weather stations or by numerical simulations implemented in a
geographic information system.

A vulnerability level index is calculated on the basis of probability and severity indices of a
priori possible CMCs. These probabilities are evaluated by a simulation of the interaction
between the scenario of transmission network and scenario of extreme weather event. They are




a subjective and temporal measure of plausibility of CMCs stemming from interactions in
space and time of the two systems previously mentioned. The severity index of CMCs is
calculated by a contingency analysis that involves the evaluation of security limit violations. A
matrix of vulnerability is constructed as a projection of the vulnerability level in two
dimensions, including the lines involved in overload and those being overloaded. This matrix
alows the identification of the infrastructures involved in the vulnerability and the
determination of major zones of vulnerability. Countermeasures are then proposed to reduce
the vulnerability of these zones, and these measures may include additions or retirement of
lines or other network topology changes.

This methodology is applied to the Swiss transmission network in 2018 subject to summer
thunderstorms. A reference case from 2006 is compared in terms of vulnerability to a plausible
scenario of transmission network 2018. The latter includes an increased consumption of 20%,
around 3 GW of pumped-storage power plants, and network changes proposed by the
electricity sector plan supported by the Swiss Federal Office of Energy.

On another level, two scenarios of extreme weather events were constructed. The first isan
intense thunderstorm occurring in the past, where lightning strikes were recorded by a tracking
system. The second case stems from a simulation of a thunderstorm event composed of six
cells passing over the Swiss territory. The vulnerability of both scenarios of electric supply
system impacted by both scenarios of extreme weather events was eval uated.

Two magor zones of vulnerability were detected both in the reference case 2006 and the
plausible scenario 2018. They are in mountainous regions near major centers of production.
The network changes between 2006 and 2018 did not decrease the vulnerability. Thisis due to
the installation of large generation capacity and the difficulty of building lines as a result of the
topography in these regions.

To reduce vulnerability, the addition of a 380 kV overhead line is proposed for the plausible
scenario 2018. This line allows draining off the new hydro generation by offering a new route
to magor consumption centers and drastically reduces the vulnerability of the two zones
mentioned. This measure illustrates the methodology’s ability to identify areas of vulnerability
and propose actions to increase network resilience.

One of the major contributions and innovative points of this research is the consideration of
the spatiotemporal correlations of extreme weather conditions for the geographical distribution
and structural resistance of transmission lines. In the application of the Swiss 2018 scenario of
transmission network, the concept of major zones of vulnerability was useful in identifying the
weakest zones and in finding a measure capabl e of increasing network resilience.

Keywords: Vulnerability analysis, extreme weather conditions, electricity power supply,
contingency analysis, geographic information system




Résumé delathese

Cette these est consacrée a I'évaluation de la vulnérabilité de I’ approvisionnement en
électricité dans des conditions météorologiques extrémes (CME). Le systeme étudié est le
systeme d’approvisionnement en énergie éectrique. Les CME peuvent engendrer des
contingences en mode commun (CMC) des lignes aériennes de transport qui influencent
négativement la sécurité d approvisionnement en électricité. En effet, la planification et
I’opération des réseaux de transport sont soumises au critere N-1 qui impose que toute
défaillance unique d' é ément du réseau ne provoqgue pas de violation des limites de sécurité. Ce
critere n’ assure donc pas la sécurité d approvisionnement lors de CME. Cette recherche vise a
identifier des CMC plausibles et critiques en tenant compte des corrélations spatiotemporelles
ains que des états possibles du réseau. Les zones les plus vulnérables sont mises en évidence
pour déterminer des contre-mesures aptes a réduire la vulnérabilité.

Par le passe, les CME ont provoqué des perturbations importantes. Par exemple, le blackout
de New York en 1977 a été initié par trois impacts de foudre sur des lignes a tres haute tension.
Plus récemment en 1999, |’ouragan Lothar a cause des dégéts aux réseaux éectriques de
plusieurs pays plongeant dans le noir des centaines de milliers de personnes. Ces deux
exemples montrent que la vulnérabilité des réseaux électriques aux CME est rédlle. D’ autre
part, les réseaux de transport actuels vont subir des modifications importantes pour répondre a
de profonds changements comme |la hausse de la consommation ou des nouvelles capacités de
productions envisagées. Ces changements sont une opportunité a saisir pour renforcer la
securité d’ approvisionnement lors de CME. Une meilleure résilience des réseaux de transport
vis-avis des CME est non seulement possible mais souhaitable.

La méthodologie proposée permet de diminuer le niveau de vulnérabilité en prenant en
compte les infrastructures existantes et leurs possibles alternatives de dével oppement. Face aux
incertitudes concernant I’ évolution des réseaux et des CME plausibles, une méthodologie sur
base de scenarios a été retenue. Elle permet au modélisateur de restituer la complexité du
probléme tout en encourageant les processus d' apprentissage. Le coaur de la méthodologie a
donc pour fondement un scénario du réseau électrique de transport et un scenario d’ événement
météorologique extréme. Le scenario du réseau comprend un modéle éectrique, un modele
géographique et un modéle de défaillance. Le modéle éectrique contient les composants du
réseau compatible avec un cacul de load flow. Le modéle géographique contient une
représentation de chaque ligne éectrique dans un systéme d'information géographique.
Chacune de ces lignes est divisée en segments qui sont associés a un modele de défaillance.
Celui-ci permet d’ évaluer son taux de défaillance ala suite d’ une exposition a des CME. Quant
au scenario météorologique, il est construit sur la base d’'informations fournies par des stations
météorologiques ou a partir de simulations numériques implémentées sous un systeme
d’information géographique.

Un indice de niveau de vulnérabilité est calculé sur la base des probabilités et des indices de
sévérité des CMC a priori possibles. Ces probabilités sont évaluées par une simulation de




I"interaction entre le scenario de réseau et le scénario météorologique. Elles sont une mesure
subjective et temporelle de la plausibilité de CMC engendrés par les interactions dans I’ espace
et le temps de deux scenarios mentionnés. L’indice de sévérité des CMC est calculé a la suite
d’'une analyse de contingence qui consiste a évauer des violations de limites de sécurité.
D’autre part, une matrice de vulnérabilité est construite comme projection du niveau de
vulnérabilité sur deux dimensions, les lignes impliquées dans des surcharges et celles qui sont
surchargées. Cette matrice permet I'identification des infrastructures participant a la
vulnérabilité afin définir des zones de vulnérabilité. Des contre-mesures sont ensuite proposées
pour en diminuer la vulnérabilité. Ces mesures peuvent comprendre des ajouts ou suppressions
de lignes ou d’ autres modifications topol ogiques du réseaul.

Cette méthodologie est appliquée au réseau de transport suisse d’ éectricité de 2018 soumis
a des orages estivaux. Un cas de référence de 2006 est comparé a un scenario du réseau
plausible pour 2018. Ce dernier comprend une augmentation de la consommation de 20%,
I"installation de 3 GW de centrales de pompage-turbinage et des modifications du réseau
proposées par le plan sectoriel d éectricité soutenu par I’ office fédéral de I’ énergie. Sur un
autre plan, deux scenarios météorologiques ont été constitués. Le premier reprend un cas
d’ orages passés tres intenses dont les impacts de foudre ont été enregistrés par un systéme de
localisation. Le deuxiéme cas provient d’une simulation d’un passage de six cellules orageuses
sur le territoire suisse. La vulnérabilité des deux scenarios du réseau impactés par les deux
scenarios d’ orage a été éval uée.

Deux mémes zones majeures de vulnérabilité ont été détectées pour les scenarios réseaux de
2006 et 2018. Elles se situent dans des régions montagneuses proches de grands centres de
production d’ électricité. Les modifications apportées au réseau entre 2006 et 2018 n’ont pas
diminué la vulnérabilité certainement en raison des nouvelles capacités de production installées
et de la difficulté de construction de lignes dues a la topographi e accidentée de ces régions.

Afin de réduire la vulnérabilité, I’ gjout d’ une ligne aérienne de 380 kV a été proposé pour le
scenario 2018. Cette ligne permet un drainage de la nouvelle production hydraulique en offrant
un nouveau passage vers les grands centres de consommation d’ éectricité. Cette ligne diminue
drastiquement la vulnérabilité des deux zones mentionnées. Cette mesure doit étre considérée
comme une illustration de I’ aptitude de la méthodologie a identifier des zones de vulnérabilité
puis de proposer des actions visant a augmenter la résilience du réseau.

La prise en compte des corrédations spatiotemporelles des CME, de la distribution
géographique des lignes de transport, ainsi que de leur résistance aux CME par |es probabilités
de CMC est une contribution majeure et novatrice de cette recherche. Lors de |’ application a un
scénario du réseau Suisse en 2018, le concept de zones majeures de vulnérabilité s est révélé
utile pour identifier les zones les plus faibles et pour trouver une mesure capable d’ augmenter
larésilience du réseau.

Mots clés: Anayse de vulnérabilité, conditions météorologiques extrémes, systéme
d’ approvisionnement en éectricité, anayse de contingence, systeme d'information

géographique




Acknowledgments

I would like to express my gratitude to all the people who helped me during these four years
of hard but inspiring work.

| would like to first thank my thesis advisor, Dr. Edgard Gnansounou, who proposed the
subject of research and undertook the search for financing support. His recommendations,
faultless guidance and everlasting patience allowed me to cope with the inherent difficulties
related to this thesiswork.

| would like to thank my colleagues Arnaud Dauriat, Dr. Abdel Lahlou, Dr. Denis
Bednyagin, Luis Panichelli, Juan David Villegas Gomez, Simone Chiesa and Jairo Alexander
Lozano Moreno for the moments and valuable conversations we shared.

| am grateful to Professor Hans-Bjorn Puttgen and Professor Frangois Golay from EPFL, Dr.
Emmanuel Marthe from Alpig and Dr. Alain Schenk from BKW-FMB for accepting the
position of refereesfor my thesis and acting as members of the jury.

| would also like to thank numerous collaborators from the Swiss electric industry, including
BKW-FMB, Alpig, Swissgrid and importantly, Swisselectric Research, which funded most of
the project leading to thisthesis. Also, special thanksto Dr. Peter Burri, Charles Moser and Dr.
Patrick Braun from BKW-FMB, Dr. Stephane Gerbex, Dr. Daniel Tabara and Dr. Philippe
Méan from Alpig, Philippe Huber from Swissgrid, Dr. Martin Kauert, and Dr. Michael Paulus
from SER, Dr. Rachid Cherkaoui from EPFL, for providing a wide range of services including
guidance, useful feedback, and electric and geographic data.

| also thank my family and friends for supporting me during the four years of intense work.
Last but not least, | want to express all my gratitude to Janice Byrd for her understanding and
unconditional support during this process.




1

Table of contents

INTRODUCTION. ..ottt e bt e e e ebe e e e s ebe e e s s eabe e e e s eabaeesesabeeeseesbaeesesbeeesensens 1
St 070 | N 15 P RTPTOPRRTR 1
1.1.1 How do extreme weather events affect the security of the electricity SUPPIY?.......cccocervvirennnn. 1
1.1.2 The Swiss transmiSSION NETWOIK.........ccieiiiiiiiiieiee ittt ste ettt beebe b e ereesbaesbeesreene e 3
1.2 PROBLEM DEFINITION: VULNERABILITY ASSESSMENT AND REDUCTION .....vveveeveeiteereseeesteesreeereenresneesseenveensesnsesneenns 6
1.3 OBIECTIVES AND SCOPE OF THE RESEARCH ...vttuvvtestresstesssteessseesssaessseesssesssessstesassessssessssessssessssessssssnsessssnssnsessnnes 8
1.4 CONCEPTUAL FRAMEWORK OF THE METHODOLOGY ....ccuviiveereesreesresseesteesteestesssestsessesssesssesssessessseessesnsessesssesssesnns 9
1.4.1 Vulnerability, security of supply and related analysis methods ............cccceieniniiiiicien, 9
1.4.2 Handling Of UNCEITAINTIES ........coiiiiiieiie et e 12
1.4.3 Geographic iNformation SYSTEMS .........ccviiieiieie e e 15
1.5 ESSENTIAL AND ORIGINAL POINTS OF THE RESEARCH .....veeveertestieiteesteesesseestessseessesnsessessseessesnsesssessesssesssesseessenns 16
1.6 ORGANIZATION OF THE THESIS 1uuveeiutiesureessrtessresssneassnsasssssssessssessssnssssesssssessssssssssssssssssssnsesssssssnsessssessssesssneens 17
ST ATE OF THE AR ittt ettt e st e e s e e e e s e ab e e e s ebbaeeseabeeeeesbeeesenrees 19
b R 11 1370 LU o 1 o N USSP RPPRP 19
2.2 PRESENTATION AND ANALYSIS OF THE THREE MAIN APPROACHES. ......ecvviiteeiteeereetiesteesteestessaesteesteesresnesnnesseessesnnes 19
2.3 SUMMARY ©1ttiutteiuttestteestttestaeesteeasbeeastesasteeasbeeasteeshb e e s be e e b e e e £ e e e abe e 4R b e e Rt e e e R bt e oA e e R b e e Re e R e e e be e e be e e e nreeennre e 21
METHODOLOGY OF THE VULNERABILITY ASSESSMENT .....cocoviiiiiiireeee e, 23
1 R 11 170 LU o 1 o N USSP RPPRP 23
3.2 OVERVIEW OF THE METHODOLOGY ...uveetvreiureestreesueeaseeaseessseesssesssseessssessssessssasssssnsessnsesssessssesssssesssesssessnsenas 25
3.3 MODELS OF THE ELECTRIC POWER TRANSMISSION SYSTEM ..uvetuvvieuressireaseesirsssseessueesssesssnsessnsssssssssessssessnsesssnes 27
3.3.1 ThE €lECTHC MOEN ...t sbe e re et e e sbeeanas 27
3.3.2  The geographiC MOUEL ..ot 32
3.3.3 The reliability MOEL..........oooieeee e e 35
3.4 SCENARIO OF EXTREME WEATHER EVENT ..vteutteitrtestreesireasseessteesssesssseessseesssesssaessssssnsassssessnsessssessssnssssesssnssssens 39
3.5 PROBABILITY EVALUATION OF PLAUSIBLE COMMON MODE CONTINGENCIES .....cvveuvierieiteesteesreeeesteesreesreenesnnesveennas 43
3.0 SEVERITY ASSESSIMENT ..t vttetuttessttessreesertesseesssseasseessseessseessseessaeessseesbaeenbee e beeanbaeasbeeanbeesbbeeabeeenbneabeeesbeaanten oo 46
3.7 VULNERABILITY QUANTIFICATION ....vteteeuteestesteesteestestesseesteesteesesssesssssseensesssessseassessesssesssessssssesssesseessesssessnens 49
3.7.1 VUINErability INUEXES ....c.veiieiiie ettt et e e e ste e s reeeesaee s sreennas 49
3.7.2  Matrix Of VUINErability ........c.coveiii i s 51
3.7.3  Z0NES Of VUINEIADIIILY .....oevieiieieee ettt re et sre e 53
3.8 PROPOSAL OF SUITABLE COUNTERMEASURES.......cuvtiveeiteeiteeseesseesseesseesesnsesseessessesssesssessesssesssesssessasssessessesssens 55
DEFINITION OF SCENARIOSFOR THE APPLICATION TO THUNDERSTORMS....59
R 01011 1 = OO PPPRSUPTRPI 59
4.2 SCENARIOS OF EXTREME THUNDERSTORM EVENT ...veiutiiiuieessttesstnessreessssesssesstnesssesssseesssessssessssesssseessnnessnsensensnnns 60
4.2.1 Simulated event of an extreme thuNderstorm ............cocveveiiiiiiece e e 62
4.2.2 Real past thuNAErstOrMS BVENT ..........cociiiiiirieiiiee bbb 64
4.3  SCENARIOS OF THE SWISS ELECTRIC POWER SYSTEM ....vieveeiureeiteessreessseesseeestseessseesseesnsessssessnsessssesssseessnsesseessns 65
4.3.1 Electric model for RS 2006 and PS 2018 ...........coeiiiiieiecie ettt 65
4.3.2 Geographic model of RS 2006 and PS 2018..........cccoiiiiiiiiiiierie e 68
4.3.3 Hazard function of the reliability MOUEL..........cooiviiiiiiice e 70
4.3.4 Reconnection rate of the reliability MOdel ...........ccoooiiiiiiii s 74
VULNERABILITY ASSESSMENT OF THE SWISSELECTRIC POWER SYSTEM ...... 77
5.1 PERFORMING THE SIMULATIONS ...ttt tutteesteessteessreesstassssesssseessseessseessssssssssssessssssssssssssesssssssssesssssssssesssnsessensssnes 77

Vi



5.1.1 Main stages of the vulnerability SSESSMENT ........ccooiiiiiiiiie e 77

5.1.2 Parameters of the SIMUIATIONS ...........ooiiiiiiiiiee e e e s eaaes 78

LT R T 11 0 (V1= €T TR 81

5.1.4  SENSILIVILY @NAIYSES...c.vieitieiiiie ettt ettt et et e st et e s be e te e aesreesteesteeneesneeeenreennas 83

5.2 VULNERABILITY ASSESSMENT OF THE PS 2018 IMPACTED BY THESEWE 1 .....vvviiiiiiiiiiiiieicc et 83
5.2.1 ldentification Of VUINEIADIE ZONES .......ooiceeiee ettt ettt st e e et e e s sttt e s s e e e s ebenesanees 84

5.2.2 Temporal analysis of the VUINErability ..o 87

5.3 VULNERABILITY ASSESSMENT OF OTHER SCENARIOS ......uuvvvviteieesiisrrtieseessissssssessesssassssssssssssssssssssssesssssssssssssesnns 90
L 00 | (o] U 0] NS 92

6 PROPOSAL OF COUNTERMEASURESTO REDUCE VULNERABILITY uuvvvveereviveenns 93
(S0 [ N =7 0 [0 ] T 93
6.2 PROPOSAL OF A MORE RESILIENT ALTERNATIVE TO THE PS 2018.......uutiiiiiiiiiiiiiiiice ettt 94
6.2.1 Reduction in VUINEIaDIIILY .........coiiiiiiiiice e s 98

5.3 CONCLUSIONS . ¢1vtteeettsttttetteessesestteteeesssssssteessesssassaatesseessaasbesaeasesssassbeeseeesssasbeeeseeesesansbeesseessassbeaens sabbenaseessn 99

T CONCLUSIONS . ..cceeeeietieetieeeteeeeeeeteeeeaeeeataeseeeaeaea—eestersraeaeeteeeeesetatseeeeessseseeesstesesesessssrssssesseeresenns 101
7.1 OVERVIEW OF THE RESEARCH........uutvtiieeessiistetteessssisssssssesssssesssesssesssssassssssesssesssssesssesssssssssessessssssssesssesssnnes 101
7.2 IMAIN FINDINGS OF THE RESEARCH ..vvvviiieiiiitttiiesiessiisbtteseeessesbssssssessssbbasessssssassbssssssesssasbbasssesssssssssseessssins 103
7.3 MAIN CONTRIBUTIONS AND LIMITATIONS ©.vvvetievreeesrressseseeeesssesssassesesassesessssessssssssssssssssssssssessssessssssssessssseess 104
T4 FUTURE WORKS. 1.tttieiiitttttieeseesieitbeteesessseabbssssssesssaabbaaesssessa bbb aaeeseessaa b beaeeeeessab b bebeeeeeesanbbaaaeeeeseabbbnss sabbaness 105

ST =TI I T 1 N 1 /2 107
O APPENDIIX b aaaaaa—————a——————————————————————————————————————————— 113
0.1 POWER SYSTEM ANALYSIS. 1vttteeetietttttieeessiisssetteesssssssesssesssassssesssssssssssesssesssasssssesssessssssssessesssesssssesssessssns 113
9.1.1 AC POWET FIOW MOGEL ...t bbb e 113

9.1.2 DC poWEr FIOW MOTEN ...t e 115

9.1.3  CONLINGENCY @NAIYSIS ... c.vvetieieeiesie et ste et sre s te et e esb e s teesbeesbeesbestaesraesteeeeannneens 115

9.2  CONCEPTS FROM RELIABILITY THEORY 11ettiiiiiutttiesieesiesbttesssessissssssessesssasssassssssssssssssssssessissssssssssssssssssssesssnins 117
9.3  EQUIVALENCE BETWEEN THE INDEX AND THE MATRIX OF VULNERABILITY ....vveeveesiveeevessreeseessrveesseessreessvessvenens 119
9.4  SCENARIOS OF EXTREME THUNDERSTORM EVENT .vtieiiiiutttritiessseisstteessessesssssssssesssssssssssssessssssssssssesssesssssssssesnns 120
9.5 SCENARIOS OF POWER TRANSMISSION SYSTEM ..vvvvieeiiiiurterreesssessssteseesssesssssesssesssasssssssssssssssssesssessssssssssssssns 122
9.5.1 Characteristics of the leCtric MOUEIS...........ccuviiiiiiii e 122

LR YA = [T ToRTo] 4 1= 4 T LT 123

9.5.3  GeographiCal MOEIS..........cccviviiieireieiee et sttt re e e e e ee e e e 127

9.6 DATA OF THE REFERENCE SCENARIO. ..vetvteetietstterteessiessetessesssasssssesssssssassssssssesssssssesssessssissssesssssssssssssesessssins 129

10 CURRICULUM VITAE . e 130

Vii



CMC
EWE
GIS
MZV
RS 2006
SEWE
SPTS
PS 2018
TSO
UCTE

List of acronyms

Common Mode Contingency

Extreme Weather Event

Geographic Information System

Major Zone of Vulnerability

Reference Scenario 2006

Scenario of Extreme Weather Event

Scenario of Power Transmission System

Plausible Scenario 2018

Transmission System Operator

Union for the Coordination of Transmission of Electricity

viii



List of figures

Figure 1. Evolution of the net electricity generation for continental Europe.............ccccceeue.... 4
Figure 2: System operating states related to outages |oCation ............ccceveverenenenenenenene 11
Figure 3: The four main stages of the methodology ...........coeveririririeieee e 25
Figure 4: Scenario of the power transmission system and its three models...........c.ccoceeuenee. 27
Figure 5: lllustration of the electric MOTE! ..o 29
Figure 6: Two layers of the geographic MOE! ..........ccueeiieiii i 33
Figure 7: Transition in the two states model of power linel..........ccooeiiiiiinini v 36
Figure 8: Example of interpolation from 3 weather stationsto asegment ...........ccocceerenee. 42
Figure 9: Overview of the probability evaluation CMCS...........ccceviiininineninereeeeeeee 43
Figure 10: The two components of the severity iINdEX.........ccceoeeverireneneseeeee 47
Figure 11: Overview of the vulnerability quantifiCation............c.ccooeveririeienine s 49
Figure 12: Methodology for suitable countermeasures proposal ..........cceccveeveevieeeieesieeeineens 56
Figure 13: Illustration of segment exposure to lightning Strikes..........ccccoecveveeiieccie e, 62
Figure 14: [Hlustration Of SEWE L........c.ooiiiiiiiiiccee sttt st 63
Figure 15: [Hlustration Of SEWE 2..........ooiiiiiec sttt 64
Figure 16: Building of the geographic model of the RSS 2006............cccooeverenenenenenennnn. 69
Figure 17: Building of the geographic model of the PSS2018..........cccccooivenininenineneee 70
Figure 18: Zoom in the geographic model 2006............c.cooiririniniiiee e 69
Figure 19: Evaluation of number of lightning strikes with Arcinfo .........ccocooivnincnennene 73
Figure 20: Stages of the simulations implemented in three software............cccccovevieiiecnenns 78
Figure 21: Numerical simulations of the unavailability under Simulink.............cccccevieenens 80
Figure 22: Map of the vulnerable areas of the PS2018...........cccccviiieiie i 85
Figure 23: Tempora evolution of the vulnerability ..........cccveoeiiiiiiieie e, 88
Figure 24: Categorization of CMCs potentiality to threat the security of supply.................. 95
Figure 25: Additional 380 kV line to reduce the vulnerability of thearea A ... 97
Figure 26: Process of the contingenCy @analySiS .......cccovvrerenirenieieieeee e 116
Figure 27: Map of lightning strikes close to transmission linesfor SEWE 1and 2............ 120
Figure 28: Lightning impacts at 2.5 km from transmission linesfor SEWE 1.................... 121
Figure 29: Lightning impacts at 2.5 km from transmission linesfor SEWE 2.................... 121
Figure 30: Electric schemaof the PS2018...........ccco i 124
Figure 31: ZOOM IN @IEAA .....ceee ettt s e et e et e e s ae e e te e aseeereenreeenns 125
Figure 32: ZOOMiN ar€aB ........cooiiiiie e e 125
Figure 33: Map of the geographic model of the RS 2006............cccovvieieienenenine e 127
Figure 34: Map of the geographic model of the PS2018..........cccooviiieiiiineeeeeeeee 127




List of tables

Table 1. Potential projects of hydroelectricity in Switzerland............ccccoooveviiiccie e, 5
Table 2: Issues to address before Scenario Creation ...........o.ceveeereerenee e 14
Table 3: Main parameters and variables required for power flow analyses...........ccccceevunene. 31
Table 4. Mathematical form of the features of the geographic model ............cccceecveeviieinnnene. 34
Table 5: Cloud to ground lightning ParamMmELErS ..........ccieeiieeiie i 60
Table 6: Definition of SEWE 1 PArameters .........cccooeririrenineneeeeiesie s 63
Table 7: Production, consumption and transit flows of RS 2006 for Switzerland................. 67
Table 8: Production, consumption and transit flows of PS2018...........cccccevevvveveeieceenennne 68
Table 9: Calculation of the resistance factors scaled to two reference segments.................. 73
Table 10: Number of outages caused by thunderstorms during four years............ccccceueeunenne. 75
Table 11: Definition of the main parameters of the simulation .............cccceeeieiiecce e, 8l
Table 12: Maximum number of CMCsvs. investigated CMCS.........cccoceveeiiieiiecieecee i, 81
Table 13: Selected results of the contingency anNalySeS ........cccveveeiieciieiie e 82
Table 14: Vulnerability index for the PS 2018 and the SEWE 1.........cccccoiiiiiinincieicnee, 84
Table 15: Matrix of vulnerability and MZV 1.and 2..........coceviriiiiiiiieesese s 86
Table 16: Zonal vUINErability Fatio.........ccocviireririiieeese s 87
Table 17: Temporal matrix of vulnerability a 60 MINUEES..........c.ccevvrierereneneseseeeeeenes 89
Table 18: Zonal vulnerability ratio a 60 MINULES..........cccccveeiieiie e 89
Table 20: CMCsaslow and high threatS...........cooeviiieiie i 95
Table 21: Reduction of vulnerability by the SVALLO1A-FCORNI1A line.......ccccevevnenne. 98
Table 22: Number of elements of the AC flow model ..o, 122
Table 23: Installed capacity in Switzerland (> 100 MW) ......ooviireiiiirenese e 122
Table 24: Comments on the electric schemas of the PS 2018 ... 126
Table 25: Statistics of the geographiC MOTE!S...........cooiiiiirinine e 128
Table 26: Attributes of fifth first lines of the geographic model 2006 .............ccoccovevvrennene 128
Table 27: Attributes of six first segmentsin the geographic model 2006...............ccevruennene 128
Table 28: Estimation of the average unavailability...........ccccovieiiiiiiiec e, 129
Table 29: Normalized vulnerability of the reference scenario..........cccccveveeiciecvec e e, 129




“When one admits that nothing is certain one must, | think, also
admit that some things are much more nearly certain than others.”

Bertrand Russell (1872 - 1970), British philosopher, logician and essayist

“No model is absolutely correct. In particular situations, however,
some models are more useful than others.”

George E.P. Box (1919), British statistician
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1 Introduction

1.1 Context

1.1.1 How do extreme weather events affect the security of the electricity
supply?

Extreme weather events are considered to be major threats, even for our modern society.
Despite the high level of protection procured by sophisticated engineering techniques,
extreme weather conditions are still able to disturb the smooth running of vital energy
infrastructures. In particular, the electricity system, including production and transmission,
has failed numerous times in the past because of natural hazards. Extreme weather conditions
are the strong expressions of variability of the atmospheric system. According to Beniston
(2004) , no single definition is found in the literature. However, the following two definitions
are most often encountered:

e Their frequency of occurrence islow. The Intergovernmental Panel on Climate Change
agrees in its third assessment report (IPCC, 2001) that extreme weather conditions are
referred to as occurring above the ol percentile of a dtatistical distribution of
precipitation, wind speed, and other key characteristics.

e They areintense and able to cause large human losses and/or significant economic costs

The intensity of extreme weather conditions is one factor that accounts for their capacity to
cause disruptions in electric power systems. Their rarity and variability are other factors that
impede atotal protection of energy infrastructures. Failures of elements of those systems are
more likely during extreme weather conditions than during normal weather conditions.
Therefore, extreme weather conditions are threats to the security of the electricity supply.
The working group of the security of the electricity supply of Eurelectric proposes a relevant
definition for this research:

"The ability of the electrical power system to provide electricity to end-users with a specified
level of continuity and quality in a sustainable manner." (Eurelectric, 2004)

In a secure power system, the demand of electricity is continuously and sustainably assured
by the appropriate level of production. Moreover, the transfer of energy from power plants to
end-users is aso and sustainably assured by transmission and distribution networks.
Transmission networks are characterized by their large transport capacity of very high voltage
overhead power lines connecting large power plants to man centers of electrical
consumption. These networks are meshed to assure minimal resilience in case of components
failures.

Distribution networks connect transmission networks and power plants of smaller capacity
to end-users. These networks are composed of overhead power lines and buried cables with a




decreasing redundancy as their voltage diminishes.

Extreme weather conditions are able to unbalance production and consumption or impede
electricity transmission in both types of networks. This research focuses exclusively on
transmission networks, which have been the source of large disturbances during past extreme
weather conditions.

Large electricity disruptions or blackouts are often consequences of successive minor
failures. According to Makarov et a. (2005), it generally starts with initial overhead power
line breakdowns due to extreme wesather conditions. Most of the time, these breakdowns are
contained because of the natura resilience of meshed network. In certain unpredictable
conditions, initial breakdowns are amplified by hidden failures in protective systems or
accident-prone operations, which lead to cascading failures and blackouts. The following two
examples give more insight into these phenomena.

The New Y ork blackout of 1977 plunged 9 million people into darkness for up to 26 hours
(Corwin and Miles, 1979). Lightning struck three overhead transmission lines during a
thunderstorm event. Several power lines tripped off in less than an hour leading to the slow
islanding of New York. Power generation had to be reduced to alleviate the overload of
power lines while consumption was still high. The system finally collapsed because of the
inadequacy of production and consumption.

This example shows the phenomenon of cascading failures. When preconditions are
present such as high load or power line maintenance, a few power line failures can precipitate
awhole system to ground. A sequence of unpredictable and highly unlikely failures can lead
to a blackout. Once a blackout sequence is initiated, a dramatic outcome is generally
unavoidable. This thunderstorm event was not considered extreme in intensity, but it was
intense enough to trigger three simultaneous outages of transmission lines. In this example,
the space-time patterns of the thunderstorm cells played a great role in the dangerousness of
this event.

In December 1999 in Western Europe, hurricanes Lothar and Martin caused billion of euro
in damages. The French electric power system in particular suffered from these two intense
winter storms. Accoring to Piketty et a. (2000), the cost of damages for Electricité de France
was estimated at around 1.5 billion euro. The costs stemmed primarily from repair and
reconstruction at the distribution network level (86%), the transmission network (11%) and
generation (3%). Around 415 million kWh were not supplied in time, mostly by the
distribution network (73%). The cost of the energy not supplied for the consumers was
estimated at 4.1 billion euro.

The distribution network was responsible for the majority of the damage costs and for the
energy not supplied. Most of the French distribution network was composed of overhead
power lines, which are less resistant than transmission lines, and their limited height fosters
hazardous i nteractions with vegetation.

At the transmission network level, most of the damage was recorded in eight circuits. The
foundations of the pylons were responsible for the majority of the outages. The under sizing
of these infrastructures has been deemed as the main cause of failure. It is mentioned in




Piketty’s reports that the transmission network would have been responsible for a large
proportion of the energy not served if the load was higher at the time of the two hurricanes.
Indeed, thousands of fugitive failures were recorded. They could have triggered cascading
failures in a more heavily loaded system. These two hurricanes are perfect examples of
extreme weather events because their return period is estimated at around 100 years and they
provoked billions of euros of losses for society.

They are representative of the capability of extreme weather conditions to endanger the
security of the electricity supply. They demonstrate that most of the costs stem from energy
not supplied in time, not from physical damages to infrastructures. Although distribution
networks are vulnerable in case of widespread extreme weather conditions such as hurricanes,
transmission networks are prone to cascading failures having the capacity to propagate to a
large portion of the system. Distribution networks can be extensively cabled while
transmission networks cannot at reasonable costs. These networks are resilient up to acritical
point where they exhibit chaotic behaviors (Dobson, 2002). Even, two simultaneous and
fugitive outages can lead to huge blackouts.

Simultaneous outages triggered by the same cause are named common mode contingencies
(CMCs). Initial outages can cause violation of security limits, such as overloads or
inadmissible voltage deviations, turning into an uncontrolled series of disconnections. This
phenomenon of cascading failuresis responsible for the biggest blackouts recorded in the past
50 years (Carreras et al., 2004). Because cascading failures are highly unpredictable,
everything should be made to avoid entering these hazardous sequences of disruptive events.
It is worth mentioning that extreme weather conditions are not the only factor which
endangers the security of the electricity supply. The cause of vulnerability is multifactorial
including, but not limited to, such issues as high consumption, ageing infrastructures, and
disrespect of operational rules (Novosel et a., 2004).

In conclusion, extreme weather conditions may endanger the security of the electricity
supply at the level of transmission networks by means of cascading failures. Once they are
unleashed, they are difficult, if not impossible, to stop. Therefore, it is important to
thoroughly plan transmission networks to reduce the likelihood of violation of security limits
in case of plausible CMCs. Especialy at the planning stage, it may be preferable to build
more resilient transmission networks.

1.1.2 The Swiss transmission network

Understanding the context of the electric power systems under investigation is essential to
assessing why they are vulnerable and what measures can reasonably be undertaken to reduce
vulnerability. Since the methodology of vulnerability assessment is applied to the Swiss case,
the focus is given specifically to the Swiss transmission network interconnected to the
European Transmission Network. Factual information is presented in the next paragraphs as
well as possible future developments relating to those two transmission networks.

The European transmission network spread across 34 countries and was managed by 42




transmission system operators integrated in 2008 in the association named European network
of transmission system operators for electricity. This network is divided into several regions,
and the most important is the continental Europe region, formerly named UCTE. For the year
2008, the dtatistical year book for the continental Europe region mentions that the net
electricity generation reached 2643 TWh after a long increasing trend of more than 25 years
(ENTSO-E, 2008).

Net electricity generation from 1975 to 2008
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Figure 1: Evolution of the net electricity generation for continental Europe

Generation is constantly rising from 1975 to 2008 to meet ever growing demand. The
sudden raise in 1998 and 2003 is due to the integration of former Eastern European countries
in the continental Europe region. As seen in Figure 1, the other resources category has been
rising since 2005. It is primarily constituted of renewable energies such as wind power,
which was counted in the fossil fuels category. From the beginning, generation adequacy has
been essentially met by thermal nuclear and fossil fuels energy sources. This fact will
certainly remain true in coming years, even if the installed capacity of renewable energy is
augmented. Green energy is one of the priorities of the European energy policy along with
competitiveness and security of supply of the electricity sector (CEC, 2006).

Growing concerns regarding greenhouse gases and their potential effects on climate
change positively influence the share of renewable energy in the generation mix. According
to the report on system adequacy forecast from 2010 to 2025 (ENTSO-E, 2009b), the installed
capacity of wind farms could reach in 2020 about 21% of atotal of 878 GW net generating
capacity. After 2020, the expected wind power capacity in Europe is likely to foster cross-
border exchanges, and thus, exacerbate the current zones of congestion (Van Hulle, 2009).
Indeed, much of the present transmission infrastructure was built in the 1950s and 1960s
(Silvast and Kaplinsky, 2007). At this time, national monopolies were the rule of thumb
where each country had a primary objective to supply its own load by conventional
productions. Interconnection power lines were used to guarantee the security of supply in




case of shortages or generation breakdowns. Since the EU liberalization of electricity,
exchange between countries has raised and is even encouraged by the European Council
(CEC, 2007). Major investments in the European transmission network will take place in
coming years to help ensure the security of the electricity supply, international energy
exchanges and the integration of renewable intermittent energy sources.

Switzerland shows similar trends regarding its ageing transmission infrastructures and rise
in consumption. However, its topography enables hydro energy instead of wind energy. In
2008, 55% of Swiss generation stemmed from hydro power, the rest being generated by
thermal nuclear power plants (40%) and conventional thermal power plants (5%) (OFEN,
2009c). On an annual basis, Switzerland exports more electricity than it imports. In general,
Switzerland imports electricity during off-peak hours and exports during peak hours because
of its high hydro power capacity. According to the Swiss association of electricity, the
constant rise in consumption combined with the difficulty of building new power plants of
large capacity in the territory could lead to electricity shortages beginning in the winter of
2020 (AES-VSE, 2006). Nevertheless, this potential shortage is unlikely to happen because
of severa projects of gas-fired power plants in the short term, and the possible construction or
renovation of nuclear power plants. Therefore, generation adequacy appears to be secure, at
least for the next decade.

By contrast, the network adequacy is certainly more at risk. The Swiss transmission
network has not been significantly upgraded over the past decades. However, consumption
has doubled in less than forty years, and power transits through Switzerland have aso
increased (OFEN, 2009c). Importantly, around 3.6 GW of pumped-storage power plants are
under construction or will be commissioned between 2010 and 2020. Information regarding
these new power plants has been gathered from experts and other sources, but the actual
realization of these projectsis not yet certain.

Table 1: Potential projects of hydroelectricity in Switzerland

Name Type Installed capacity [MW] Total

Bieudron Hydro-turbine 1200

Handeck Hydro-turbine 90

Innertkirchen Hydro-turbine 170 1460

Nant de Drance Pumped-storage 600

Nestil Pumped-storage 140

Grimsel Pumped-storage 400

Linthal Pumped-storage 1000 2140
Total 3600

These installations will not significantly augment the generation adequacy level. Their
main purposeisthe trade of electricity with neighboring countries during peak hours. Equally
important, they could store the surplus of intermittent European production such as wind
energy. However, the Swiss transmission network has to be devel oped to withstand additional
electricity generation and transit. The transmission lines and supply security workgroup
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proposed the implementation of 39 modifications prior to 2015 (TLSSW, 2007). It has
acknowledged the necessity of upgrading the network to its future environment. EXisting
overhead power lines of voltages over 220 kV are considered a strategic interest for the
country. Important financial resources will be committed in development projects assuring
the following objectives:

e Adaptation to the global rise in consumption and changes of load patterns

e Connection of new or upgraded power plants or better connection with lower voltages
network

e Reduction of bottlenecks

e Respect of the N-1 security criteriain normal conditions (also in case of maintenance and
outages)

e |nterconnection to the European transmission network

e Modification of overhead power line paths aged more than 50 years

All these modification are integrated within the frame of the transmission lines sectoral
plan. It sets out “demand and corridor variations for transmission line projects, identify
conflicts and find solutions for resolving them, and determine the most suitable corridor for
planned transmission line construction projects’ (OFEN and ARE, 2001). Therefore, this
plan sets the milestones for the development of the Swiss transmission network, and supports
its improvements through the approval process.

To conclude, massive investments supporting major network changes are expected to
follow the growing demand, integrate intermittent renewable energies, and allow increasing
energy exchanges while guarantying an appropriate level of security of the electricity supply.
This situation isideal for the integration of measures aiming to reduce the vulnerability during
extreme weather conditions. Since the development plan of the Swiss transmission network is
still under construction, resilient alternatives could be suggested based on a novel
vulnerability assessment methodology. Alternative scenarios of this network would meet the
objectives mentioned here above with low level of vulnerability during extreme weather
conditions.

1.2 Problem definition: Vulnerability assessment and reduction

Extreme weather conditions can endanger the security of the electricity supply by leading
electric power systems to disturbed states. One of the most fragile subsystemsis transmission
networks, which are directly exposed to adverse and extreme meteorological conditions.
Although overhead power lines are designed according to strict standards, failures are still
possible. A particular type of falure, namely CMCs, is more likely than under clement
weather. Electric power systems are prone to large disturbances in case of CMCs at the
transmission systems level. They are planned and operated to withstand single contingencies
according to the N-1 criterion. Cascading failures triggered by initial CMCs related to
extreme weather conditions cause large disturbances. Lasting CMCs can aso impede




electricity supply at regiona scales by cutting vital electricity paths. At the planning stage,
appropriate counter-measures have to be identified to reduce the vulnerability of weak zones
in the network.

Suitable countermeasures should assist in alleviating plausible violation of security limits
caused by CMCs. Plausible and severe CMCs have to be identified to efficiently reduce
vulnerability. Plausibility is a function of the space-time correlations of extreme weather
events, the geographic distribution of transmission lines and their physical resistance.
Severity is a function of violation of security limits stemming from the limited ability of
transmission networks to transfer power in degraded states. All underlying features of CMCs
are very dependent on the states of the electric power system and on particularly of extreme
weather events under investigation.

The problem is addressed by the following points:

e What are the relevant models of power transmission systems impacted by extreme
weather eventsin the context of the vulnerability analysis?

e How are plausible and severe CMCs identified?

e How to assess vulnerability and locate the weak zones of the network?

e What countermeasures can be proposed to reduce vulnerability?

A novel methodology of vulnerability assessment combining space-time models of electric
power systems and extreme weather conditionsis required in order to answer these questions.
This methodology should first be able to model the two studied systems and their interactions.
Numerous models exist for power transmission systems from full dynamic simulations to
linearized static analysis (Tleis, 2008). For planning purposes, AC power flow supporting
contingency analyses is an appropriate model to determine CMCs severity (Stott et al., 1987).
It allows taking into account all maor network components such as generation, loads,
transformers and power lines. Any past or future transmission systems can be simulated
taking into account their possible components failures.

Nevertheless, AC power flow model is not designed to integrate space-time extreme
weather event models and their plausible CMCs. GISs are able to store and process
spatiotemporal information related to extreme weather events and geography of the
transmission lines path (Snaider, 2005). The space-time interactions between extreme
weather events and transmission lines strongly influence the plausibility of CMCs. The
mechanical resistance of overhead power lines is also an important factor in determining
plausibility. Fortunately, reliability theory contains the appropriate concepts to derive
probability of component failures from their exposure to forces of nature. In summary,
theories and tools exist to tackle all the sub-problems for identifying plausible and severe
CMCs. However, they have not been integrated in a single coherent framework, which is one
of the main challenges of this research.

Vulnerability analyses aim at finding weak infrastructures or critical situations in order to
propose possible actions to decision makers for diminishing weaknesses and criticality.
Consequently, vulnerability gauges have to be established to assist decision makers. An
overall vulnerability index is necessary to compare different cases of transmission networks

7



or extreme weather events. More importantly, weak zones of the network have to be located
to propose countermeasures to reduce the vulnerability.

To conclude, this vulnerability assessment taking into account space-time correlations of
extreme weather events entails integration of existing concepts into a single framework. They
have to be adapted, developed or created to handle interacting systems that have not been
explicitly coupled previously. This systemic approach aims at a better understanding of the
mechanisms jeopardizing the security of the electricity supply face to extreme weather events.

1.3 Objectives and scope of the research

This research aims at establishing a methodology of vulnerability assessment for power
transmission systems impacted by extreme weather events. The interactions of these two
systems induce specific sets of plausible and severe CMCs, which are located in well
demarcated areas. Few of them account for most of the vulnerability, which define the
concept of major zones of vulnerability. Finally, countermeasures are proposed to reduce the
vulnerability of these zones. The four main objectives of this research are detailed below.

e Determinethe plausibility of CMCs

e Evauate the severity of CMCs

e Locate major zones of vulnerability of power transmission systems
e  Propose countermeasures for major zones of vulnerability

The development of the methodology undergoes several sub-objectives and constraints to
assure coherence and originality.

First, power transmission systems and extreme weather events are modeled as scenarios.
They take into account the complexities and uncertainties inherent in complex systems.
Scenario-based modeling is a technique fostering discovery processes regarding the systems
under investigation as well as non-linear thinking. It enables modifications and
improvements when new information is available, and is a recommended technique,
particularly when anticipating the possible future states of a system. However, scenario
building is atime-consuming procedure limiting their number to afew.

Second, the evaluation of the plausibility of CMCs has to take into account the space-time
correlations of extreme weather conditions, the geographic distribution of transmission lines
and their physical resistance to weather exposure. This is a key sub-objective since most of
the existing methodologies oversimplify spatiotemporal dimensions. The depth of modeling
has to be associated with the final objective of proposing countermeasures for mgjor zones of
vulnerability. A model that is too simple would not correctly handle the spatiotemporal
dynamics of CMCs. On the other hand, a model that is too complex would be intractable
regarding available data and computational time.

Then, the vulnerability is assumed static or structural stemming from direct violation of
security limits. It entails that dynamic phenomena of power transmission systems are not




taken into account. It is assumed, after CMCs, that the transmission system converges to a
steady state functioning without further component disconnections regardiess of the possible
violation of security limits. Therefore, protection systems, operator maneuvers or subsequent
cascading failures are not taking into account in the vulnerability.

Finally, countermeasures are proposed to improve the structural resilience of power
transmission systems without explicitly considering other forms of constraints such as cost,
acceptability or feasibility. Nevertheless, countermeasures have to follow guidelines which
assure that they are not unrealistic. This research ams at offering possible countermeasures
to decisions makers who are entitled to evaluate their suitability.

1.4 Conceptual framework of the methodology

This chapter introduces the main theories on which the vulnerability assessment
methodology is based. First, the relationship between vulnerability and the security of the
electricity supply is clarified and some standard analysis tools are presented. Second, the way
of handling uncertainties inherent to interacting power transmission systems and extreme
weather events is explained. Finally, light is shed on the added value of GIS for space-time
vulnerability assessments.

1.4.1 Vulnerability, security of supply and related analysis methods

The concepts of vulnerability and the security of the electricity supply are closely related
since they can be considered in a broad sense as antonyms. Put another way, the security of
supply is not guaranteed in vulnerable electric power systems. For a more thorough
comprehension, these terms need to be more precisely defined. Their definitions are manifold
in the literature, though they have a common basis. The report on the vulnerability of the
Nordic power system provides a pertinent statement (Doorman et al., 2004).

Vulnerability: “The vulnerability is an expression of the system’s lack of ability or reduced
ability to withstand an unwanted situation, limit the consequences, and to recover and
stabilize after the occurrence of the situation.”

On the other hand, the security of the electricity supply is guaranteed if it respects two
principal criteria, the system adequacy and security. The North American electric reliability
corporation proposes suitable definitions of these two criteriain (NERC, 2008).

Adequacy: “The ability of the bulk power system to supply the aggregate electrical
demand and energy requirements of the customers at al times, taking into account scheduled
and reasonably expected unscheduled outages of system elements.”

Security: “The ability of the bulk power system to withstand sudden disturbances such as
electric short circuits or unanticipated loss of system elements from creditable contingencies.”




The adequacy can be understood as the ability of the bulk power system to continuously
supply energy to users in normal conditions. Therefore, the access to primary fuels and a
sufficient installed generation capacity is ensured to meet demand. Normal conditions also
include overhauls and likely outages which can be encountered on a regular basis. The
adequacy criterion is not relevant to this research since it involves extreme weather
conditions.

The security is related to the ability of the bulk power system to minimize the
consequences of unpredicted loss of severa power plants or transmission lines. These
situations are rare and have potentially disastrous results. Outages can be correlated by
common causes such as droughts for reduced hydro generation or storms for overhead line
outages. A total immunity to unpredicted losses is conceivable, but not likely to be
achievable at a reasonable cost. A list of outages that a system should withstand without
violating the security criterion is usually defined by official standards. Among international
standards, the North American reliability standards (NERC, 2010) and the operation
handbook of the ENTSO are two examples (ENTSO-E, 2009a). According to these
definitions and in the context of extreme weather events, the security of the electricity supply
Is not guaranteed when weather-related disturbances are not withstood by the power system.
In this case, the system is considered vulnerable. The first step of a vulnerability assessment
consists of finding the conditions in which the security of the electricity supply is endangered.
If the system under investigation is a power transmission system, plausible CMCs are those
sought conditions. The next step is to understand how CM Cs endanger the security of supply
which lead to the appropriate methods to assess vulnerability. The concept of four system
operating states proposed by Fink and Carlsen (1978) is a good start to answer this question,
and the following schemaisinspired by hiswork.
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Figure 2: System operating states related to outages location

The schema shows the operation system states related to the location of outages in the
power transmission systems caused by extreme weather events. Examples of barriers
impeding outages are detailed on the right. Component malfunctions or damages entail an
aert state, which signals a precursor for potential larger problems. |If temporary malfunctions
caused the disconnection of power lines, auto-reclosing circuit breakers are usually able to
stop the creeping outages. On the contrary, lasting power lines unavailability can potentialy
trigger other outages in the network. It is worth mentioning that these states should be
considered with fuzzy rather than strict borders. The meshed structure of power transmission
systems has a limited resilience which can be overcome by a sufficiently high number of
simultaneous outages. The electric power system is thus in an emergency state, which is the
step just prior to power disruptions.

This bottom-up vision of outages creeping through the system allows illustrating the
different analysis methods available. At the components and power line levels, classical
reliability theory is able to cope with the modeling of outages mechanisms. From the network
level, electric models of the system are necessary. These models are numerous as well as
their ability to account for dynamical phenomena taking place in aert and emergency states.
The task force for understanding, predicting, mitigating and restoring cascading failures gives
a comprehensive review of the existing techniques in Baldick et al. (2009). Since the
objective of this research aims at studying the static vulnerability, a steady-state modeling
such as an AC power flow model used by contingency analysis is satisfactory. It computes
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the state of the system in terms of the power flows and voltages provoked by single failures of
elements, or CMCs as well. Therefore, transients or other dynamic phenomena are excluded
from this steady state analysis. More sophisticated methods have been developed to take into
account cascading faillures and possible mitigation measures such as implemented in
TRELSS, which isan industrial tool (Zhang, 2003).

Contingency analysis is a suitable method for quantifying static or structural vulnerability
of power transmission systems. This leads to the identification of zones of vulnerability,
which are very important in order to locate proper countermeasures. However, contingency
anaysis requires a list of CMCs triggered by extreme weather events, which has to be
provided by other methods. Reliability theory allows identification of likely component
failures exposed to extreme weather conditions, which can be modeled under GIS.

To conclude, structural vulnerability is only one component jeopardizing the security of
the electricity supply. The elimination or reduction of zones of vulnerability is a way of
improving the security of the electricity supply during extreme weather conditions. Structural
resilience, the opposite of structural vulnerability, is a planning topic, which can prevent
hazardous dynamical phenomena such as cascading failures.

1.4.2 Handling of uncertainties

Electric power systems are wide-scale complex infrastructures. They encompass hundreds
of kilometers of power lines, thousands of power plants and consumers interacting together.
The future development of these systems involves uncertainties. For example, the rise in
consumption, new production infrastructures, and regulatory framework are not yet known.
Complexity and uncertainty challenge any attempt of complete modeling. At the time of
vulnerability analysis, these two features have to be addressed with the appropriate methods.

Uncertainty can be separated in two fundamental categories (PateCornell, 1996). The first
one is the subjective or epistemic uncertainty, which stem from incomplete knowledge of the
modeler (Ferson and Ginzburg, 1996). This uncertainty stemming from ignorance can usually
be reduced by additional studies. In contrast, aeatory uncertainty arises from variability of
underlying processes. This uncertainty is labeled objective since this variability is considered
as a property of the object under study. In this case, no further investigation can reduce
uncertainty. This taxonomy can be further expanded, such as in Klir and Smith (2001). The
body of literature on the uncertainty modeling subject is important and still growing in
complexity. However, the key point is to recognize these two different types of uncertainty
occurring at the time of system modeling.

A priori, these two types of uncertainty are present in the modeling of electric power
systems and extreme weather conditions. These uncertainties induce a tremendous number of
plausible futures or states. The right methods have to be selected to cope with these
difficulties without oversimplifying the problem. In this research, it is assumed that
ignorance about the studied systems is far more prevalent than variability uncertainty.
Indeed, the problem in the vulnerability assessment of present or future power transmission
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systems impacted by extreme weather events encompasses an overwhelming interacting
number of elements, which limits the possibility for a modeler to totally know these systems.
Two approaches are preferred to deal with epistemic uncertainties related to this vulnerability
anaysis.

The first approach is constituted by scenario-based thinking or scenario-based planning
dealing with plausible descriptions of prospective systems. This method alows building
credible models of the world under conditions of uncertainty. Scenario-based thinking allows
the structuring of flexible and complex long term plans, where scenarios are crafted based on
a combination of many factors, which are likely to influence the system under scrutiny.
Scenario-based thinking consists of the construction of scenarios, which are a consistent view
of what the future might be, knowing it is not a prediction but only one possible future. This
method copes with vague and fragmentary knowledge of redlity (i.e a form of epistemic
uncertainty). Scenario-based thinking has been used for decades for military intelligence, by
experts in business strategies and in many scientific fields (Varum and Melo, 2010). The
general methodology of scenario-based thinking is exposed, among other sources, in
(Ringland, 2006). Adapted to this vulnerability anaysis, the overall process can be
summarized in the following points.

Define the objectives of the analysis

Identify relevant drivers for change and issues to address regarding the objectives
Establish a coherent framework for generating plausible and pertinent scenarios
Analyze scenarios and interpretations of outcomes

HwbdpE

Two types of scenarios generated in this study are for power transmission systems and
extreme weather events. The former contains all relevant parameters of the vulnerability
anaysis such as load flow models, spatial traces of overhead power lines, or mechanical
resistance under weather related loads. This information is collected from electrical utilities
or from grid operators. Scenarios of extreme weather events are spatiotemporal
representations based on past events as measured by meteorological stations or computer-
based simulations. By their way of construction, these scenarios are considered plausible.
They are built based on available information found during a collecting stage, expert’'s
knowledge or simply reasoning. The following table details some issues to address before the
construction of power transmission systems and extreme weather events scenarios.
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Table 2: Issues to address before scenario creation

Power transmission systems Extreme weather events

Rise in consumption, new infrastructures of

transmission, limit of the electric power sys- Which hazardous conditions to consider, ef-
tem, new power plants, market liberalization, fect of climate change, season/time of the
renewable and intermittent source of energy, analysis, number of scenarios, past or simu-
ageing of infrastructures, regulatory frame- lated events, source of data,...

work, planning and operational rules,...

The second approach relates to the subjective probability or Bayesian interpretation of the
concept of probability. Subjective probability measures the state of knowledge (Jaynes, 2003)
as opposed to the objective probability measuring a frequency. Subjective probability is used
to quantify the degree of belief one has with respect to assumptions or statements, in our case,
the probability of CMC occurrence. Indeed, they are not included in the power transmission
systems scenarios. Space-time simulations evaluating their subjective probability to occur at a
given time identify plausible CMCs. The evaluation of the probability of CMCs is based on
reliability theory, which is a branch of statics. This theory has been successfully applied for
decades in many engineering areas such as risk analysis, quality management or optimization
of maintenance and operation. Reliability analysis provides a strong conceptual basis and
decades of development in the power system field (Stanton, 1969).

In the rest of this document, subjective probability is mentioned as probability to simplify
the writing. In the same way, plausible is used interchangeably with probable. Nevertheless,
one has to keep in mind that plausibility has several other definitions (Van der Helm, 2006).
In particular, one has to differentiate the meaning of plausibility given here to the one related
to Dempster—Shafer theory a mathematical theory of evidence (Shafer, 2009).

In conclusion, epistemic and aeatory uncertainties should be recognized. The latter is due
to the lack of knowledge or ignorance of the modeler, and the former is considered an
inherent property of the system. This classification is not unique, although some argue that
this distinction is pointless and only epistemic uncertainties should be considered (Winkler,
1996). In thisresearch, the latter type is omnipresent. Consequently, two approaches dealing
suitably with the lack of knowledge are used in this vulnerability analysis. A method based
on scenarios is employed to model power transmission systems and extreme weather events.
It alows non-linear thinking, modeling of plausible and prospective systems, readable
updating of parameters and fostering of the learning process. However, plausible CMCs of
transmission lines are derived from scenarios by simulations mostly based on reliability
theory. Subjective probability quantifies the belief that a CMC occurs at a given time. It is
worth mentioning that subjective probabilities respect the axioms of the classical objective
probability theory. The former interprets randomness in nature into lack of knowledge for the
modeler.
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1.4.3 Geographic information systems

This chapter aims at succinctly presenting relevant concepts of GIS for this research. An
introduction to this large field of studies and applications is exposed in many publication such
asin (Harvey, 2008). GISisdesigned to store, analyze, manage, and present spatial data. It is
extensively used in numerous domains such as cartography, geography or territory planning.
The potential applications are tremendous with the continuous rise in computing capabilities.
The “S” of GIS refers to systems or sometimes to science depending on the context and
authors. GIS does not refer directly to specific software as often thought. A paper map could
be considered a GIS. Chrisman gives the following definition of GIS as well as how GIS is
currently defined in scientific literature.

“Organized activity by which people measure and represent geographic phenomena then
transform these representations into other forms while interacting with social structures.”
(Chrisman, 1999)

From a more practical point a view, most of the current GIS are constituted by maps and
databases implemented on computers. Maps are composed of layers, which represent
different types of spatia data defined in a coordinate system. There are essentially three types
of layer features including points, lines and areas. These geographic features are linked to
their attributes containing relevant information. For example, a house can be modeled by a
polygon linked to its ground surface and number of stories.

Topology is also an important characteristic of GIS. Topology describes how geographic
features are related, such as a river and its banks. All this information is stored in
(geo)databases. Data management systems control the consistency of the geodatabases to
assure proper functioning even for large systems and frequently updated multi-users
platforms. One of the key capabilities of GIS s the ability to perform analyses on geographic
data. Thelist of analysesislong, but an overview is detailed below.

e Mapretrieval, generalization, abstraction

e Layersoverlay

e Dataquerying taking into account spatial information
e Measurements of length, surface and angle

e Digital terrain and network analyses

Standard analyses are built-in functionalities grouped in toolboxes as in the software used
in this research, which is Arcinfo (ESRI, 2010a). For a brief but complete overview of GIS,
the article of Cox and Grifford (1997) is appropriate. GIS presence has been growing for
decades in many academic domains such as environmental sciences and ecology, engineering,
computer science, geography or agriculture, and this trend is accel erating.

In the context of vulnerability assessment, GIS has a key role when spatial information
comes into play. These assessments relate to natural or man-made related hazards such as
seismic, air and water pollution, wildfires, and landdlides. Nevertheless, very few
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publications concern power transmission systems impacted by extreme weather events. One
representative example of the recent publications on the subject is made when estimating the
spatial distribution of outages due to hurricanes (Han et al., 2009). However, the dynamic of
extreme weather events is not explicitly taken into account. In fact, dynamic is difficult to
model in GIS because it is more oriented to the modeling of static phenomena. One
explanation could be that the core business of GIS is dealing with static maps and analyses.
GIS is widdy spread in many scientific fields, however, vulnerability assessments related to
electric power systems and GIS are not common. Moreover, the space-time dimensions
cannot always be adequately handled by GIS. Therefore, the identification of CMCs taking
into account space-time correlations is challenging.

In this research, GIS is used to model paths of transmission lines and extreme weather
events which are well stored as maps or successive maps to simulate the passing of time. At
the time of crafting these models, GIS is suitable or sometimes necessary for dealing with
complex infrastructures or natural entities spreading on large scales. GIS enables the
visualization and interaction with the models for fast and proper modifications. Nevertheless,
the GIS environment is not explicitly used for space-time simulations. They are carried out in
Matlab which has some built-in GIS capabilities. Although GIS alows sophisticated
analyses, atemporal geographic information system could perform simulations that would be
valuable in numerous fields.

1.5 Essential and original points of the research

There are a number of essential points of this research, which are highlighted in the
following paragraphs.

The vulnerability assessment is supported by scenario-based approach of power
transmission systems and extreme weather events. This approach alows the modeling of
complex systems subject to uncertainties. Scenario-based thinking allows the vulnerability
assessment of future situations, which could be very different than those encountered in the
past. Plausible scenarios of power transmission systems and extreme weather events can be
built for any future timeframe, and for any imaginable power systems or weather conditions.

The level of vulnerability of electric power systems is measured by an aggregated index
combining probability and severity indexes of CMCs. The probability is evaluated by space-
time simulations taking into account the geographic distribution of transmission networks, the
space-time correlations of extreme weather conditions, and the time dependent processes of
power line failures and reconnection. The severity is related to exceeding security limits,
namely transmission line current overloads and buses voltage deviations. The severity is
evauated by contingency analyses based on an AC power flow model taking into account the
most important components of electric power systems such as power plants, transmission
networks, transformers, security systems and loads.

The concept of matrix of vulnerability highlighting the magor zones of vulnerability is
derived from the aggregated index of vulnerability. Major zones of vulnerability are basically
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a projection of the vulnerability index onto the infrastructures participating in CMCs and
those which exceed security limits. Major zones of vulnerability identify the transmission
infrastructures participating in the vulnerability to facilitate an effective search of
countermeasures.

Countermeasures are proposed for major zones of vulnerability to reduce the vulnerability,
and also aim to improve the structural resilience of power transmission systems by adding or
modifying power lines, and/or changing network topology. These countermeasures provide
complementary alternatives to existing development plans of electric power systems.

The evaluation of CMCs probability taking into account the dynamic of interactions of
transmission infrastructures with extreme weather events is certainly an original point. This
would not have been possible without the use of GIS combined with simulations supported by
reliability theory. This combination is rare in the scientific literature, at least for the
vulnerability assessment of large scale systems.

Furthermore, the geographic model of transmission linesis coupled with its electric model.
It allows the calculation of relevant states variables of electric systems to evaluate structural
vulnerability. The traditional network planning tool of contingency analysis is used to
evaluate the severity of CMCs. However, the set of plausible CMCs is either issued from
deterministic or probabilistic methods that do not take into account the space-time
correlations of extreme weather events, geographic distribution of overhead transmission lines
or their physical resistance. Consideration of these three points provides a more realistic
vulnerability assessment during extreme weather events.

1.6 Organization of thethesis

This core of thisthesisis divided into five chapters as detailed below.

Chapter 2 discusses the three most relevant approaches of existing methodologies of
vulnerability assessment. Strengths and weaknesses of the three approaches are underlined to
alow critical analysis. Key deficiencies are highlighted to formulate a methodology
overcoming some of their common weaknesses.

Chapter 3 exposes the methodology starting with an overview of its structure. After that,
scenarios of power transmission systems and extreme weather events are defined, as well as
their associated models. Next, probability and severity indexes of CMCs are formed to allow
the formulation of the aggregated vulnerability index. Major zones of vulnerability are then
formalized starting with this vulnerability index. A procedure for searching suitable
countermeasures is then detail ed.

Chapter 4 crafts the power transmission systems and extreme weather events scenarios for
the application of the Swiss power transmission systems impacted by thunderstorms. Two
periods of time have been taken into account for evaluating the evolution of vulnerability,
namely the summer season 2006 and 2018. The power transmission systems scenario 2018
involves some plausible modifications added on the 2006 scenario, which is built on the
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actual states recorded at this time. Two plausible extreme weather events scenarios are built
respectively on a past event and a simulated one.

Chapter 5 presents the results of the vulnerability analysis of the two power transmission
systems scenarios impacted by the two extreme weather events. Emphasis is placed on the
2018 scenario undergoing the simulated thunderstorms. The tempora evolution of
vulnerability is revealed as well as major zones of vulnerability.

Chapter 6 proposes a more resilient alternative to the 2018 scenario. This alternative aims
at drastically reducing the vulnerability located in the maor zones of vulnerability without
creating new ones. The efficacy of the alternative is discussed in terms of vulnerability
reduction and feasibility.

Chapter 7 concludes the thesis with an overview of the main findings, contributions and
limitations, as well as take-away points for future research.
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2 Stateof theart

2.1 Introduction

This chapter reviews a selection of recent articles related to vulnerability assessments
during extreme weather conditions. These articles focus on distribution or transmission
networks impacted by adverse or extreme weather events. This presentation aims to obtain a
clearer view of the major advantages and drawbacks of each class of the current approaches
found in literature. They are sources of inspiration at the time of developing a new
methodology to meet the objective of this research.

To facilitate the anaysis, the focus has been particularly centered on the evaluation of
probability of common mode contingencies (CMCs) taking into account space-time
correlations and the effect of these CMCs on the security of the electricity supply. The
methods to assess the effects of adverse or extreme weather to the security of the electricity
supply can be divided into three groups with different approaches.

2.2 Presentation and analysis of the three main approaches

First, Billinton’s approach evaluates the worth of reliability in normal and adverse weather
conditions. The name of this group refersto a scientist from University of Saskatchewan who
first proposed this approach, and numerous articles have been produced citing this work. The
methodology is fully explained in hiswell know book (Billington and Wenyuan, 1994). This
methodology consists of multi-states models of power lines, describing their behavior which
involved two possibilities, either in service or failed. A Monte-Carlo simulation combined
with a load flow model assesses reliability by aggregating indexes such as expected energy
not supplied. This methodology fully integrates relevant components of electric power
systems as well astheir plausible behavior in terms of reliability.

In Billington et a. (2002), annual failure rates of three weather models are compared.
They distinguish themselves by their ability to differentiate normal, adverse and extreme
weather. It is shown that not considering these three types of weather leads to optimistic
estimation of failure rates. In Billington and Singh (2006), single, two and three state weather
models are applied to a distribution system. Expected cost and energy not supplied are
compared among the three models. This simple application shows that single and two state
models are highly optimistic, and should not be used to estimate redlistic indices when
adverse and extreme weather is prevalent. In these two papers, uncertainties about
characteristics of weather and power line resistance are neglected. Li et al. (2009)
incorporated fuzzy technique in the reliability assessment of transmission systems.
Traditional methods and fuzzy methods lead to the same mean values of reliability indices.
However, the fuzzy method provides better insight regarding the uncertainties inherent to
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transmission systems. All methods presented above do not take into account the temporal
properties of extreme weather conditions. Alvehag et al. (2008) modeled time dependent
failure and repair rates by non-homogenous Poisson processes applied to a distribution
system during high wind conditions. The annual distribution of these conditions is taken into
account as well as time varying loads. It was found that costs of service interruption and
energy not supplied are increased when temporal properties of severe weather conditions are
modeled. In this case, severe weather coincides with high winter consumption, resulting in
the primarily drivers of these costs.

In this approach, reliability worth is assessed during normal, adverse and extreme weather
conditions. Monte-Carlo simulations are performed to mimic the actua behavior of the
system related to the level of consumption and the states of power line. These lines can bein
two states, either in or out of service. Transitions between these two states are driven by
failure and repair rates. At the time of simulation, they are driven by the intensity of weather
mentioned above. This approach can assess reliability of complex electric systemsin terms of
various valuable indices. Nevertheless, it has one sdient flaw when assessing reliability
during extreme weather conditions, namely, it does not take into account space-time
correlations of weather events. Failure and repair rates are based on past data which has been
averaged and does not take into account space-time information. Extreme weather conditions
are rare, s0 it is unlikely to find extreme events in databases. These events are aso highly
variable in time, space and intensity, suggesting the next extreme event could be very
different than those previously experienced. Electric systems also evolve over time, and thus,
new infrastructures are without data.

The second approach takes advantage of data sets of damages related to specific extreme
weather events. This statistical learning approach draws inferences between actual damages
and explanatory variables. Guikema (2009) presents an overview of methods underlying this
approach as well as their limitations. A generalized linear mixed model is implemented to
forecast the number of hurricane and ice storms related to electric power outagesin Liu et a.
(2008), Han et a. (2009). This model is based on a generalization of least squares regression
containing random effects following a normal distribution. Prediction of infrastructure
damages at a town level could provide relevant information for supporting power companies
before natural disasters strike. However, only physical damages to distribution infrastructures
are predicted for a given extreme weather event. Their effects to the security of electricity
supply cannot be evaluated because no model of electric systems is involved. This lack is
corrected partially in Winkler et al. (2010), where a topological network fragility analysis is
performed. However, it does not take into consideration power flows because it aims to
compare performance of different network topology when impacted by hurricanes. Not
surprisingly, highly meshed networks are less vulnerable than tree-like topologies. It is worth
mentioning that GISis used in the three articles to build spatial models of the system.

The second approach is recent, among others, because of the large amount of data and
heavy calculations required. It is yet to be applied to hurricanes in the southern part of the
USA where they are extremely severe, and not so rare. Therefore, a large amount of datais
available especially for distribution systems, which are more fragile than transmission
systems. In areas where extreme weather conditions are not as likely to occur, or where
electric systems are well adapted to the natural environment, datais certainly lacking.

20



The third and last approach investigated is based on space-time weather event simulations.
It consists of super-imposing a succession of weather event maps over the territory containing
vulnerable infrastructures. Then, their exposure is transformed into expected losses via
damage functions. This approach is already in use to estimate insurance losses related to
natural catastrophes such as hurricanes or earthquakes. A GIS based hurricane hazard
assessment system is detailed in Huang et al. (2001) for the southwestern United States. The
final outcomeisamap of the rate of expected annual damage for agiven hurricane. It is based
on records of past hurricane characteristics. However, this method can also be applied to
future weather conditions taking into account climate change. State of the art global climate
models are coupled with a probabilistic operational insurance model in Schwierz (2010).
This approach has not been thoroughly applied to electric power systems, except in Brostrom
(2007). An ice storm is simulated over two overhead power lines of the Swedish transmission
network. These two lines are divided in segments to which a vulnerability model relating the
ice load to failure rate is applied. Historical storms, including severe winds and precipitation,
have been used for the simulation as well as a modified past storm to create a possible
extreme ice storm. Time dependent ice load and rate of failure have been carried out to
determine segments more likely to fail. Unfortunately, only two power lines of the network
have been investigated. Therefore, the effects of ice storms on the security of the electricity
supply cannot be assessed.

This approach is able to model space-time correlations of extreme weather events. GIS are
necessary to manage spatial data covering countries or even continents. Simulations allow
numerous complex processes to be taken into account, taking place in vulnerability
assessments during extreme weather conditions. However, research still has to be carried out
to link possible damages or power line failures to the ability of electric power systems to
perform their tasks.

2.3 Summary

In summary, current approaches do not simultaneously take into account space-time
correlations of extreme weather events and electric models of the power systems. They focus
on either the simulation of power systems without really considering extreme weather events,
or they focus on prediction of overhead power line outages without considering the
consequences of the outages. Billinton’s methodology cannot accurately take into account
space-time correlations of extreme weather events, but it does a good job of modeling electric
power systems. Purely statistical methods require outages data that are usually not availablein
case of rare and extreme weather conditions. Moreover, only physical damages to
infrastructures are predicted, which impair the vulnerability evaluation of electric power
systems. However, statistical methods take into consideration complex spatial correlations as
the third approach. It is also able to determine the effects of extreme weather events on parts
of transmission infrastructures such as segments of transmission lines. However, electric
power systems are not yet fully integrated in the smulations.

To conclude, these three approaches have advantages and drawbacks inspiring a novel
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methodology of vulnerability assessment during extreme weather conditions based on
simulations. It is able to fully integrate space-time correlations and geographic distributions
of overhead power lines to identify plausible CMCs. The core of the vulnerability assessment
can then be performed by contingency analyses to derive indices of vulnerability as inspired
by the first approach. Finally, countermeasures can be identified to reduce vulnerability.
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3 Methodology of the vulnerability assessment

This chapter describes the methodology employed to assess the vulnerability of power
transmission systems induced by extreme weather events. First, the general framework and
context of the methodology is set. Second, the scenarios of electric power systems are defined
as well as scenarios of extreme weather conditions. Then, the method for identifying
plausible common mode contingencies is described. Afterward, metrics are derived to
evaluate the overall level of vulnerability and to highlight major zones of vulnerability.
Finally, the procedure for finding appropriate countermeasures is explained in order to
reduce the vulnerability.

3.1 Introduction

As shown in Chapter 1.1, extreme weather conditions are rare but can have significant
impacts on the security of the electricity supply. One of the most vulnerable parts of electric
power transmission systems is its networks, which can be divided into two sub-networks.
First, the distribution network composed of cables and overhead power lines at lower voltage
levels. This network distributes electricity from very high voltage networks or local
productions to end-consumers. Distribution networks are usually the place of frequent but
small electric power disruptions, primarily because of their extensive length and unmeshed
structure. These networks are also sensitive to weather conditions when constituted of
overhead power lines. They are susceptible to extreme weather events because mechanical
resistance is limited for economical reasons. Cabling of distribution power linesis recognized
as a good way to protect them against harsh weather conditions for reasonable additional cost.
Therefore, cabling has been undertaken on a wide scale basis in most of European countries
(COM, 2003).

On the other hand, the transmission network is mainly constituted by a lattice of overhead
power lines of high voltages, typically more than 220 kV. They are the bulk transfer of
electricity from large power plants to substations connected to distribution networks.
Transmission networks are used to exchange energy among countries and span over
continents. This network is strategic because its malfunction could impact millions of people.
The growth of modern societies relies on the high reliability of this network, so when outages
occur at this level of voltage, power disruptions can take place on large scales (Sundell et al.,
2006). They may start with insignificant outages leading to large disturbances by a
succession of cascading failures (Makarov et a., 2005). This phenomenon is highly
unpredictable once it initiates, and everything all possible measures should be taken to avoid
entering this emergency state. The IEEE PES task force provides a comprehensive review of
the phenomenon (Baldick et al., 2008). Extreme westher conditions can damage overhead
transmission lines even if it is much less likely than for distribution power lines.
Unfortunately, massive cabling of transmission networks does not yet seem economically
reasonable and involves a multitude of concerns (OFEN, 2009a). Therefore, careful planning
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of the network structure is needed to minimize the likelihood of large power disruptions.

In common practice and most academic literature, simultaneous outages are considered as
independent failures even during extreme weather events (Li, 2005). This assumption is very
optimistic because it underestimates the likelihood of coincident outages. Extreme weather
events exhibit strong spatiotemporal correlations and impact large portions of transmission
networks. Therefore, one has to consider CMCs instead of independent outages. The formers
are critical because power transmission systems are usually planned and operated according to
the N-1 security criterion (Willis, 2004). The identification of CMCs is not trivial since it
involves large scale systems interacting in time and space. The actual level of sophistication
of power system simulations and GIS can facilitate the search of plausible CMCs capable of
endangering the security of the electricity supply.

Nevertheless, some barriers still impede the thorough search of probable and severe CMCs.
Epistemic uncertainties, combinatorial complexity of the problem, and limited resources are
the main obstacles. However, it is possible to identify some of the most probable and severe
CMCs for some well defined scenarios of power transmission systems and extreme weather
events. Although all possible situations are not covered, a partial solution is better than none,
so simplifications are introduced to formulate a tractable problem.

First, many phenomena regarding the interactions of power transmission systems with
extreme weather events can be discarded if they do not inconsistently deter the evaluation of
CMCs probabilities. Second, the delicate modeling of possible operators actions or
cascading failures can be avoided by considering a static or structura vulnerability (Mao et
a., 2006). In this case, the vulnerability stems from exceeding static security limits provoked
by plausible CMCs. On the other hand, the conjunction space-time correlations of an extreme
weather event and some potential weakly structured zones of a power transmission system are
likely to result in some delimited zones of vulnerability. These zones, or at least the most
vulnerable ones (i.e. maor zones of vulnerability), require planning measures to reinforce
their structural resilience.

Consider two types of measures to reduce structural vulnerability, the first of which acts on
the plausibility of CMCs. For example, mechanical reinforcements of pylons would decrease
the likelihood of failures. The second measure can be undertaken to minimize the
consequences of CMCs. For example, expanding the N-1 security criterion to N-X would
increase the structural resilience. Nevertheless, al these measures could be deemed excessive
in the case of mature power systems. More than 60 years of experience have led to a fairly
good trade-off between security of the electricity supply and infrastructure costs. Within the
next decade, no technological breakthrough is expected to alter this point. However, careful
planning of the network structure is deemed appropriate to significantly reduce vulnerability
without excessive costs (Gomes, 2004). Structural modifications are costly and probably
unjustifiable for the sole reason of minimizing vulnerability, consequently, they should be
integrated in network development plans. Massive investments in transmission networks are
likely to be revealed within the next few decades, so this is a great opportunity to combine
network developments and reduced vulnerability during extreme weather conditions. At the
planning stage, several alternatives of development exist. The existing planning rules and
criteria can be updated to take into account issues raised by the deleterious effects of extreme
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weather conditions, which result in electric transmission systems which are structurally less
vulnerable.

3.2 Overview of the methodology

The methodology is composed of four main stages. The first stage pertains to the
definition of the scenarios of power transmission system (SPTS) and extreme weather event
(EWE) as well as their underlying models. The power transmission systems scenario is
presented in Chapter 3.3 and the extreme weather events scenario in Chapter 3.4. The
evaluation method of common mode contingencies (CMCs) probability and severity are
exposed in Chapters 3.5 and 3.6, respectively. The overall vulnerability quantification and the
identification of major zones of vulnerability (MZV) are detailed in Chapter 3.7. Finaly, the
method for identification of countermeasuresis provided in Chapter 3.8.

[ |. SPTS and scenarios of EWE ]

A 4

[ I1. Probability and severity of CMCs J

A 4

[ I11. Vulnerability index and MZV ]

A\ 4
[ IV. Proposal of countermeasures J

Figure 3: The four main stages of the methodology

The first stage establishes the models of electric and weather systems. When applied to
concrete cases, these models have to be adapted via their parameters to the problem at hand.
The term of scenarios is particularly appropriate at the time of the application of the
methodology since different instances of the same power system or weather conditions can be
considered. The SPTS is composed of three models, namely the electric model, the
geographic model and the reliability model. These models describe the relevant features of
power transmission systems required for the evaluation of probability and severity of CMCs.
A space-time modeling of the weather event under investigation composes the scenario of
extreme weather event (SEWE). The structure of these models is applicable for the wide
majority of real or imaginable power transmission systems and EWES.

The second stage starts with the evaluation of the time-dependant probability of a set of
CMCs. This set groups the combinations of power lines which are a priori the most likely to
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fail. This probability is the results of temporal simulations of transmission line exposure to
hazardous features of EWES, such aswind or lightning strikes. Over the duration of EWES the
temporal and maximum probability of CMCs are primordial components of the vulnerability.
This entails two vulnerability measures respectively for a given time or for the total duration
of the EWE. These two types of probability are interchangeable in the mathematical
formulation. Therefore, the term probability is indifferently used for one or the other type.
The most probable CM Cs are then set aside for the severity index evaluation by a contingency
analysis. This index is a function of violation of security limits such as current overloads or
inadmissible voltage deviations.

The third stage consists in the definition of a vulnerability index and the mathematical
formulation of MZV via the concept of matrix of vulnerability. The vulnerability index isthe
sum over all CMCs of the product of their respective probability and severity. This index is
similar to the common definition of risk. The absolute value of thisindex is not very practical
partially because it relies on subjective probabilities. However, this vulnerability assessment
seeks weaknesses of the infrastructures not an evaluation of risk level. The search of
weaknesses is achieved by the concept of matrix of vulnerability which is a projection of the
vulnerability index onto two dimensions, the transmission lines in CMCs and those which
undergo violation of security limits. A zone of vulnerability groups together transmission
lines in CMCs and undergoing violations of security limits which are the most related while
discarding the less related. MZV are zones of vulnerability which are responsible of most of
the vulnerability. They alow locating the salient weak parts of the system.

The last part is related to the reduction of vulnerability. It is assumed that the vulnerability
has to be reduced by countermeasures able to reinforce the structural resilience of the
network. These countermeasures should fit in the development plan of the electric system asa
possible aternative. Imaginable types of countermeasures pertain to addition or modification
of transmission lines or topology changes of the network. A strategy of vulnerability
reduction is based on the analysis of the vulnerability causes of the MZV. Following the
strategy, countermeasures are proposed respecting some guidelines fostering their suitability.
Finally, the countermeasures are implemented in the SPTS and the vulnerability reduction is
assessed. Countermeasures able to reduce drastically the vulnerability can be presented as
suitable.
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3.3 Modelsof the electric power transmission system

Three models are needed to support the three different aspects of SPTS.

[ Scenario of the power transmission ]
A
Electric | . Geographic | .. Reliability
model model model

Figure 4: Scenario of the power transmission system and its three models

The electric model is based on an AC power flow model of the transmission system. The
AC power flow model comprises the usual components of power transmission systems such
as generators, loads, buses, transformers and power lines This model allows power flow
analysis, also named power flow simulation or load flow anaysis, which determines voltage
angles and magnitudes at buses, using voltages and power conditions for loads and
generators. The voltage angles and magnitudes are then utilized to compute real and reactive
power flows along power lines. This model is a non-linear and static model of electric
networks. Contingency analyses use power flow analyses to evaluate the severity of CMCs.

The geographic model details the path on the ground of every overhead power line of the
electric model. The paths are represented by lines divided into segments. Their middle point is
the location where their exposure to weather is calculated. The geographic model is stored in
a geodatabase accessible by GIS, and powerful built-in functionalities allow crafting,
modifying, and visualizing the geographic model.

The reliability model evaluates the unavailability of overhead power lines due to its
exposure to weather. The unavailability relies on two antagonist processes. First, the failure
process, acting on segments, is a function of weather exposure and segment strength. Second,
the reconnection process acts on transmission lines, represents the combined effects of
automatic reclosing circuit breakers, operators measures and fixing teams. This model is
based on a continuous-time Markov chain.

3.3.1 Theédectric mode

The electric model defines and contains al data necessary to perform power flow analyses.
It is the method used in contingency analysis which evaluates the severity of CMCs in chapter
3.6. Power flow analyses are extensively employed in the planning and operation of
distribution and transmission systems. The main information obtained from power flow
simulations is the active and reactive power transmitted through power lines, the branch
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currents, and the magnitude and angle of voltages at buses. This analysis method allows
computing the immediate steady-state operating point after disturbances such as CMCs. It is
assumed that al the current and voltage transients vanish quickly without triggering any other
outages. This static evaluation method is a crude approximation of the reality since the
dynamic of the system is not taken into account. However, this tool has been used for decades
at the planning and operation stage (Alguacil et al., 2009). Its relative simplicity alows the
anaysis numerous configurations of large systems in an acceptable time. The comprehensive
review of Stott (1974) summarizes the abundant literature available in 1974 describing the
different underlying methods of power flow analyses and their limitations.

Interconnected networks comprise thousands of elements such as buses and power lines.
Specialized programs help the modeler handle the large amount of data and perform power
flow analyses with several numerical methods in a user-friendly environment. In this research,
the software Neplan (Busarello and Cott, 2010) is used to carry out power flow analysis. It
allows the user to interact with electric elements, visualize the network schema, and perform
analyses of SPTS for large scale systems. In general, these programs implement a standard
AC flow model with some adaptations related to the depth of modeling and computing
performance. Therefore, the remainder of the chapter is dedicated to the presentation of the
standard inputs and output of power flow simulation while its mathematical formulation is
detailed in Appendix 9.1

The electric model based on an AC power flow model includes the following types of
elements. bus, transformers, generators, loads and lines. Different levels of modeling are
possible. For example, buses, which represent substations, can be ssimply a busbar or a
complex tangle of busbars, circuit breakers, protection and control equipments. Here, only
passive elements are modeled to keep the complexity at a manageable level. However, these
simplifications are compatible with the structural vulnerability analysis. The three-phase
elements are represented in asingle-line diagram since it is assumed the three-phase system is
balanced and only three-phase outages are considered. The electric schema illustrates the
elements retained with a color index indicating two levels of voltage.
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Figure 5: Illustration of the electric model

The buses connect together generators, loads, transformers and power lines. Buses are
subject to limited deviations around their nominal voltage. Voltage deviations outside
predefined boundaries are considered violations of security limits and in this case, the
disconnection of essential equipment can take place. Elements are connected to a bus by a
switch, which allows disconnecting of network elements. In this model, switches connect or
disconnect at the same time the three phases of the element to simulate element maintenances
and outages.

Generators represent power plants connected to buses. Their main parameters include the
actual active and reactive power injected, minimum and maximum reactive power, preset
voltage and types. There are three types of generators, which also determine the bus type. A
PQ bus has generators that have a constant predefined active (P) and reactive (Q) power. In
this case, the bus voltage is variable and determined after power flow analyses. The PV bus
has generators with a constant predefined active power output. Their reactive power is
adapted to force the actual bus voltage (V) to the preset voltage. When the reactive power
exceeds its limits, the PV bus is changed into a PQ bus. Only a fraction of buses in
transmission networks are PV type to keep the other buses voltage near their nominal value.
PV generators are important elements keeping voltages within their security limits.

Finaly, the dlack bus SB serves as areference for the angles of al other bus voltages. This
bus is usually connected to a generator of large capacity since it is forced to compensate for
the difference between the aggregated production and consumption, which include the active
power losses of the power lines. Only one SB bus is usually required and should be located
far from the region under investigation. Distributed slack buses are sometimes implemented
to more redlistically allocate the difference between production and consumption. Deo (2007)
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offers a descriptions of the alterative modeling underlying power flow analyses. Loads are the
opposite elements to generators. The former correspond to either large consumers or lower
voltage networks. Primarily parameters for loads are the active and reactive powers withdraw
from buses.

Transformers connect buses of different voltages. The main parameters are the resistance
and leakage reactance at primary and secondary windings. The ratio of voltage between
primary and secondary terminals is set by the ratio between the number of turns in the
primary and secondary windings. This ratio can be adapted in tap transformers enabling
voltage regulation.

Lines represent three-phase circuits of overhead power lines or cables connecting two
buses. These circuits are characterized by an equivalent IT model giving a good
approximation of their behavior for medium line length, namely less than 250 km. In this
case, the branch resistance and reactance, the shunt capacitance and the maximum current are
their main parameters. For long transmission lines, a model represented by an infinite series
of two-port elementary components whose global behavior follows the telegraphers
eguations must be considered (Aguet and Morf, 1990). The maximum current is related to the
maximum temperature of the conductors after which plastic deformations happen possibly
leading to outages and costly repair. The maximum current relies on environmental factors
such as outside temperature and wind speed. In practice, the maximum current is set at a
seasonal fixed value. A branch current surpassing the maximum current of a given power line
entails an violation of security limits. Minor current overloads can be withstood a definite
time based on the overload magnitude, while major overloads are likely to cause immediate
disconnection of the power line.

The next table summarizes the main parameters (Pr) and variables (Vr) in most of the AC
load flow models. The buses are identified by the indexes i or j belonging to the set of
busesB = {1,...,N*}. Transmission lines areidentified by their index ! € £ = {1, ..., N*}.
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Table 3: Main parameters and variables required for power flow analyses

Element Symbol Label Type
Bus Vi Voltage Pror Vr
Viom Nominal voltage Pr
L m Max voltage deviation Pr
ot Voltage angle Vr
Line R! Branch resistance Pr
Xt Branch reactance Pr
ct Shunt capacitance Pr
G' Shunt conductance Pr
It Branch current Vr
Iﬁating Max current rating Pr
P! Active power Vr
Q! Reactive power Vr
Transformer Rf,’j Resistance at primary Pr
X;,'j Reactance at primary Pr
R;"j Resistance at secondary Pr
Xsi’j Reactance at secondary Pr
N Voltage ratio Pror Vr
Load P} Active power Pr
i Reactive power Pr
Generator P} Active power Pr
L Reactive power ProrVr
QL min Min reactive power Pr
Q(i;max Max reactive power Pr
14 Preset voltage Pr
G;L Type PQ, PV or SB Pr

At the time of application to a specific SPTS, the electric parameters are set to model the
system under investigation. For rea systems, electric utilities provide the basic data which
can then be modified to suit the problem. Once the parameters are known, the equations of the
AC power flow model are solved by numerica methods. A complete mathematical
formulation can be found in Grainger and Stevenson (1994) in Chapter 9. Fundamental
equations are presented in appendix 9.1. The model consists of a system of non-linear
equations solved by the Newton-Raphson method (Kelley, 2003). It is an iterative method
converging quickly to the root of a function. First, an initial guess of plausible bus voltage V*
and angle #' is made. Then, voltage magnitude and angles are tweaked to €leminate the buses
power mismatch. Line current I, active power P! and reactive power @' are derived from bus
voltages.

While evaluating the severity of CMCs by contingency analyses, power flow analyses are
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successively performed by disconnecting the transmission lines included in each CMC. For
each of them, violations of security limits stemming from current overloads of power lines
and inadmissible voltage deviations of buses are identified.

Violations of security limits have two main consequence types. First, violations have a
small magnitude and thus can be withstood by equipment until operational measures are
taken. In the second case, some equipment fails or is disconnected due to higher violations,
potentially leading to cascading failures and blackouts (Pourbelk et al., 2006). Unfortunately,
the AC power flow model gives a static picture of the state of the system discarding transients
responsible for power disruptions (Novosel et al., 2004). Some dynamics can be using a
succession of pictures of the network, combining ssmulations of the possible actions of
security devices and operators (Hardiman et al., 2004). However, the evaluation of the
possible consequences of violations is not within the scope of this study since it ams at
assessing static or structural vulnerability. Here, violations of security limits are considered as
good indicators of vulnerability for identifying vulnerable zones and proposing planning
measures.

3.3.2 The geographic model

The probability of CMCs for overhead power lines are related to the space-time correlation
of EWEs, in addition to the distribution of transmission networks over a territory. A
geographic representation of the network is required to evaluate interactions between
transmission lines and EWES. The geographic model contains all relevant geographic
information to virtually lay out the electric model on a map. The geographic model stores data
from the reliability model and includes attributes linking it to the electric model. The
geographic model is structured to alow its implementation under standard GI Ss.

Each overhead power line in the electric model must have a double in the geographic
model. Although the three conductors of a circuit are spaced several meters apart and hung
between 20 to 50 meters, only an averaging trace on the ground is required for the geographic
model. The electric and reliability models both consider transmission lines as a single
electricity carrier. In addition, the probability of CMCs is not sensitive to small horizontal
displacements of a few meters. Therefore, the three-phase circuits of the electric model are
represented by their projection onto a polygonal path stored in a path layer. A polygonal path,
or sometimes named polyline in GIS, is a piecewise linear curve composed of a series of
connected segments or also named vertices (Breslin et al., 1999). Paths are aso represented
by evenly spaced points stored in an exposure point layer. These points correspond to virtual
transmission line segments where exposure to EWEs and calculation of probability failure are
performed. Afterwards, these points are referred to exposure points. The path and exposure
point layers are stored in a geodatabase containing geographic information as well as relevant
characteristics of transmission lines, such as nominal voltage or name.
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Figure 6: Two layers of the geographic model

The path layer is generally available at the electric utilities or at the system operator.
However, their models do not always comply with the requirement that each transmission line
of the electric model must have one unique trace in the geographic model. Moreover, different
layer formats are likely since transmission networks are usually owned or operated by severd
utilities. The recourse to a GIS helps collect and process diverse geographic data to produce a
coherent and unique model.

Severd difficulties can arise when building the model. For example, each transmission line
of the electric model must be linked to its counterpart in the geographic model with the same
name or ID number. This could be tricky since those two models can have different
abstraction levels, entails a tremendous effort of modeling especially for large networks.
However, GISs have powerful functionalities that can solve most of modeling problems.

Due to spatiotemporal correlations of EWES, power lines are not exposed with the same
intensity at different locations. Line exposure to EWES varies along its path, but this exposure
and the strength of portions of transmission lines do not radically change over a reasonable
distance. This fact leads to the division of continuous path into a discrete model represented
by evenly-spaced exposure points. The distance between points can be variables but should
not be too long or too short. An appropriate distance is a trade-off between the number of
points influencing computing time and memory, and the level of detail needed to render the
space-time correlations. A rule of thumb is that the distance between two exposure points
should be a fraction of the spatial resolution of the EWE under investigation. Otherwise,
information embodied in the EWE would only be partially taken into account. The number
exposure point s for transmission line I is Nf,. All the exposure points of a specific
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The geodatabase stores two types of data. The first type regards all geographical
information about paths and exposure points in a specific coordinate system. Paths are stored
as a list of n' connected points. These points and the exposure points are located in a
Cartesian coordinate system by their three coordinates (x,y,z). In most of the application,
only the first two dimensions (x,y) are relevant. Other geographic coordinate systems could
be more appropriate for large-scale transmission systems due to the ellipsoidal shape of the
earth. The second type of data is attributes linked to layer features. For instance, each trace
has an identifier connected to its double in the electric model. Each exposure point has
attribute including segment length and parameters from the reliability model. The following
table presents the mathematical form of the transmission lines path [ and their exposure
pointss.

Table 4: Mathematical form of the features of the geographic model

Path of line [ Pl = {(x{,y{,zf), oo g (X:lz,y,llz.zrllz)}
Exposure point coordinates obs = (xl's,yl's,zl's)

Set of exposure points S={c" eS|leLssec
Segment length A

Reliability model parameters TR = (5 0 o )

This mathematical formulation is general and not related to any specific GIS. However, the
formulation is compatible with GIS software used for this research, Arcinfo (ESRI, 2010D).
Large geodatabases are supported and numerous of built-in toolboxes are available for this
software. Its user interface allows many operations to be made without requiring coding
skills. Arcinfo is a powerful example of GIS that simplifies geographic information
processing.

The use of GIS in planning transmission networks is increasing, at least in academic
literature, in particular when the objective is to find a suitable path (Monteiro et al., 2005) or
rerouting overhead power lines (Luemongkol et al., 2009). GIS combined with the LIDAR
technique is also utilized for vegetation management along right-of-ways (Mills et al., 2004).
Nag and Sengupta (2008) review some applications of GIS to transmission networks.
However, electricadl models and geographical models are rarely integrated in the same
framework. The methodology proposed hereis thus quite novel.
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3.3.3 Thereliability model

The reliability model of the SPTS lays down a methodological framework aimed to
evaluate the temporal unavailability of each transmission line. The reliability model is
incorporated in the SPTS because this model is closely linked to the transmission lines of the
electric model and the exposure points in the geographic model. The tempora unavailability
Is at the foundation of the evaluation of CMC probability developed in Chapter 3.5.

As with any model, the reliability model is also a simplification of the processes taking
place in reality. When considering the modeling of the interaction between EWE and
transmission lines, complexity and uncertainty issues arise. It would be pointless and vain to
try describing every detail of the processes taking place during EWE. Moreover, the amount
of data to collect, the development of the model, and the duration of the simulations would
surpass any reasonable amount of resources allocated for this research. Therefore, the
modeling must be strongly influenced by the objective of the vulnerability assessment,
namely the identification of zones of vulnerability. This entalls that estimation from
subjective probability of transmission line failure leading to the discrimination of likely
CMCs and unlikely ones is sufficient. The term subjective corresponds to the case where
probability is a measure of certainty about a particular statement as opposed to the objective
meaning related to frequency. Therefore, the concept of probability implemented here should
not be interpreted as frequency, but as a means for ranking plausibility.

Most of the vulnerability assessments of power systems do not take into account
spatiotemporal correlations. They strongly increase the probability of some CMCs while
others are very unlikely to happen. For instance, Billington is one of the authors of an
accepted reliability assessment (see Chapter 2.2). Without doubt, this method is appropriate
when assessing large electric power systems during normal weather conditions. According to
Li (2005), it reaches its limits during EWE because space-time correlations are discarded.
The reliability model proposed here takes them into account, as well as the paths and physical
strength of the overhead transmission lines.

EWEs are one of the main causes of CMCs. Therefore, the probability of CMCs has to take
into account exposure to natural elements and the strength of transmission infrastructure.
However, this probability is also affected by security equipment, action of operators and
repair teams. Indeed, CMCs are dleviated in time depending on failure type. Intermittent
failures last a very short duration of time such as most of the failures triggered by lightning,
which are mitigated by reclosing breakers. Extended failures last until physical components
are repaired, for instance after hurricanes. Blache and Shrivastava (1994) present a
comprehensive classification of failure. Therefore, the probability of CMCs at a given time
stems from failure processes and reconnection processes.

In the electric model, transmission lines are modeled as single electric links between buses.
Partial failures of one phase cannot be analyzed by a standard AC power flow model.
Therefore, it is assumed that transmission line failures are complete and thus comprise the
failures of all three phases at the same time. Moreover, it is assumed that failure and
reconnection processes are memoryless, (i.e. the future state of the transmission line only
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depends on its current state disregarding al the previous states). This assumption is known as
the Markov property (Brémaud, 2001b). On the whole, each transmission line has only two
states, the functional (Up) and nonfunctional (Down) states. Over a small duration dt, the
change from Up to down state is operated by failure processes whereas the opposite is
handled by reconection processes. This representation of transmission line states can be
formalized by a time-continuous Markov process. Since the failure processes depend on
weather conditions, which change over time, the Markov process is nonhomogeneous
(Brémaud, 2001a).

Nonhomogeneous time-continuous Markov processes are not commonly implemented in
reliability analysis (Zhang and Horigome, 2001). This is likely due to their complexity and
lack of information about parameters. It implies the literature about this subject is theoretical
and any application to a concrete problem is chalenging. Therefore, it is proposed here to
develop a simple but appropriate method tailored for the problem at hand.

The derivation of the time-dependent equations describing unavailability of any item such
as transmission line starts with the following schema representing the two states and the
possible transition during aduration dt.

states
4 1 —ANt). dt
Up —

s Ul(t + dt)

Down -

1 — pul(t).dt

| | » time
t t+dt

Figure 7: Transition in the two states model of power line [

Formally, the state of atransmission line [ at time t may be described by the state variable
XH(b):

1 if Up attime t

3.1
0 if Down at time t (3.1)

X' = {

For atransmission line, the probability of transition from any of the states at time ¢t to any
other states at time t + dt depends on the failure rate A'(t) and reconnection rate u!(t). rate of
failure and reconnection of an item are defined by the following equations, (Rausand and
Hoyland, 2004).
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Prt<T<t+dt|T=t)

() = dt

(3.2)

Prt<T*<t+dt|T*"=>t
,ul(t) — ( o | ) (3.3)

Where T and T* are, respectively, continuous random variables denoting the time to
failure and to reconnection of the power line I. Equation (3.2) shows that the probability of
moving from the Up state at ¢ to the Down state at ¢ + dt is equal to A'(t). dt as mention in the
schema. According to the second axioms of probability, which stipulates that the sum of all
possible events equals one, the probability of staying in the UP state is 1 — Al(t).dt. The
justification of the transition from the Down state is similar by taking into account equation
(8.3). It isworth mentioning that in some textbooks, the rate of failure is called hazard rate or
hazard function noted h(t) (Ascher and Feingold, 1984). In this case, the symbol 1 is reserved
for constant hazard rate.

By definition, the line unavailability U'(t) is the probability being in its nonfunctional or
Down state or X!(t) = 0. Its complementary is availability A'(t) = 1 — U'(t). From the schema
above, the unavailability U'(t + dt) is the result of only the two state transitions (red).
Therefore, the unavailability can be expressed by the probability that the lineis Up at ¢ and
doesfail between ¢t and ¢t + dt or the lineis Down at time ¢ and is not repaired between t and
t + dt.

U'(t + dt) = Probability (X!'(t) =1 AND X!'(t + dt) = 0 ORX!(t) = 0 AND X!(t + dt) = 0)

Or formally
Ul(t +dt) = (1 - U’(t)) AHE).dt + UND). (1 — @l (D). de) (3.4)
with Ul{(t=0)=0 (3.5)
Rearranging some termsyields to

Ul(t + dt) — UL (t)

o =A(t) = AL). UNE) — Wt (0). U ) =

l
dUdt(t) = 24(t) - (A’(t) - u’(t)) Ul = £(ULE), 1) (3.6)

This differential equation describes the temporal evolution of the unavailability of any line
[ of the transmission network. Only the initial condition U'(0) has to be given. It is assumed
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that lines are all operational at the beginning of the simulation, i.e. equation (3.5). If the rates
of failure and reconnection were constant, equation (3.6) would be a linear ordinary
differential equation of first order with constant coefficient. Its solution could be easily found
(Polyanin and Zaitsev, 2003). The time varying rate of faillure and reconnection impede any
anaytical solution. In this case, numerical solutions are the only way out. Equation (3.6) can
be numerically solved by the classical Runge-Kutta method (Rappaz and Picasso, 2000). It is
a fourth-order method which means that the total error is proportional to h*, where h is the
stepsize (Iserles, 1996). At time t,.,; = (n + 1).h with ne N, the numerical estimate of the
unavailability U (t,41) is:

0 (tner) = U'(t) + % (01 + 2p2 + 203 +pa) 3.7)
p1= f(O'(tn), tn) (3.8)

p2=f (Ul(tn) + gpl'tn + %) (3.9)

p3 = f(Ul(tn) +%p2,tn +§) (3.10)
pa= f(U'(tn) + h.p3,tnys1) (3.11)

The four factors p are estimated slopes of U! at different times. The estimate (3.7) at t,,,4 IS
the estimate at ¢,, plus alinear function of the step size and the weighted average of slopes.
The Runga-K utta method can be adapted to allow variable stepsize reducing computing time.
For instance, Dormand and Prince (1980) provide a family of embedded Runge-Kutta
methods with variable stepsize.

The evolution of the rate of failure still has to be defined, taking into account EWES and
the geographic model of Chapter 3.3.2. According to this chapter, transmission lines are
divided into segments in series represented by their exposure point. One needs the following
strong but plausible assumption to derive the rate of failure. That is to say, each segment fails
independently from each other. It is plausible since segments of transmission lines are
designed to avoid the propagation of mechanical or electrical outages to the adjacent
segments. For instance, reinforced pylons are regularly placed among other pylons to stop the
propagation of possible collapsing pylons. As mentioned on Modarres et a. (1999) page 198,
the rate of failure of a system composed by independent components in seriesis the sum of its
component rates of failure. The demonstration of this statement is given in Appendix 9.2.
Thisrule applied to a power line | composed of N/, independent segments gives:

1
Nseg

ll(t) — z Al,S(t) (3.12)
i=1
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Where 145(t) is the rate of failure for the segment s of the linel. This rate of failure is a
function of the strength and the exposure to EWE of the segment. The term hazard function h
found in academic literature corresponds well with this function. This function has no
generalized formulation, it is strongly dependent on the type of EWE. For example, winter
storms interact differently with overhead power lines than thunderstorms. The hazard function
has to be explicitly defined at the time of the methodology application. However, parameters
of strength or resistance noted 'S are in al cases required, as well as the exposure E(S"*, t)
defined in chapter 3.4. These quantities can be vectors since they could contain more than one
parameter. Resistance parameters are assumed constant during EWEs.

2s(t) = h (R, E(a", 1)) (3.13)

Regarding the reconnection processes, they are assumed independent of weather
conditions, memoryless, and aggregated at the transmission line level. It requires that all the
possible ways of reconnecting a line are lumped in a single process, which is not influence by
weather conditions. This is a strong simplification because reconnection processes are
certainly to some degree influenced by the intensity of weather along transmission line. In
addition, rapid action of automatic security equipment is considered similar to slow repair of
mechanical damages. In these conditions, the reconnection rate is constant.

pt@) = u (3.14)

The only degree of modeling freedom is that each transmission line has its own rate of
reconnection. A more realistic model of time-dependent unavailability should integrate more
failures or reconnection modes acting on different parts of transmission lines. Although
possible, this would extensively complicate the task of modeling and collecting data at the
time of application. Time consuming Monte-Carlo simulations could be necessary to evaluate
the unavailability. Therefore, the level of sophistication is deemed sufficient to fulfill the
objective of identification of zones of vulnerability.

3.4 Scenario of extreme weather event

A SEWE is a spatiotemporal description of a plausible extreme weather event. It contains
the exposure vector necessary to evaluate the hazard function defined by equation (3.13). The
available source of datato build SEWE is not necessarily in the format required to implement
the hazard function. Indeed, it is required that the exposure should be known at exposure
points of all segments of all transmission lines at any time. To ensure compatibility between
the reguirements mentioned above and SEWE, they are transformed in space and time. First,
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this chapter mathematically defines the required format of the exposure of segments of
transmission lines and a possible representation of SEWE. Then, a transformation method is
proposed to interpolate SEWE into a usable format for the hazard function.

Each weather condition has hazardous features which influence the likelihood of outages
and thus the hazard function. For instance, hazardous features of hurricane are wind speed and
direction. For thunderstorms, lightning strikes and their characteristics such as location of
impact or peak current are example hazard features. To define the hazardous feature n which
is a particular threat for the physical integrity of power lines, atotal of N hazardous features
are formally described by a vector field of exposure, represented by the vector-valued
functionE. This field is defined for the set v constituted by the set § of exposure point
obs = (x5, y!s, 1) augmented with the set of positivetimeT = {t € 7| t € R*}.

E:Y—> RV
WithY =8 X T (3.15)
nl
E(O‘l’s, t) — E(xl,s'yl,s'zl,s' t) —
"

The exposure is defined in a Cartesian coordinate system as an example. This coordinate
system is appropriate to represent small portions of the earth. In other cases, other coordinate
systems would be preferred.

SEWE are built from sources of exposure data provided by weather stations or numerical
simulations. These sources produce discrete numerical datain space at sitesd and timesk. For
instance, weather stations are distributed over a territory at some specific locations recording
meteorological data at the typical rate of minutes to hours (Suter et al., 2006). Numerical
simulations offer estimates of meteorological conditions at fixed points of a grid at variable
time rates (Schéttler et a., 2009). Therefore, exposure data of SEWE must be interpolated to
the four coordinates of the set Y.

To define the data source of exposure, the vector-valued function W represents vector field
of data from weather stations or numerical ssimulations. It is defined for the set ¥ constituted
of the set D of the coordinate of the sites §¢ = (x4,y%,z%) augmented with the set x of
discrete timesk.

W:w - RN®

WithW =D x K (3.16)

ot
w(s% k) =w(x%y%z%k) = < >

NE

n

The vector field W must be transformed to estimate the exposure at the element of the set
Y of (3.15). A comparison among numerous existing interpolations methods is performed in
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Dobesh et a. (2007). Their performance and complexity vary over a long range. A method
cannot be proposed in general since their performance is related to the type of weather
condition under investigation. For instance, an inverse distance weighting interpolation of
wind speed recorded by distant weather stations could lead to large errors due to specific local
conditions, especially in mountainous regions. Interpolation methods can be splinted into two
main categories, the deterministic and the statistics. The latter is part of the field of statistic
and more specifically geostatistics. It is based on statistical methods, which represent spatial
distributions taking into account spatial autocorrelations. Kriging methods are well known
interpolation techniques, which are part of the geostatistics field (Cressie, 1993).
Deterministic methods are ssimpler and faster at the price of accuracy losses. They are
preferred here, since the speed of calculation is an important criterion because interpolations
have to be made at every time step of the availability calculation of equation (3.4).

It is proposed to perform time and spatia interpolations successively. However, methods
exist to consider time as an additional coordinate to carry out spatiotemporal interpolation in
one batch (Li and Revesz, 2004). The sequence of interpolationsis as follow:

First, an temporal interpolation of W (§%,¢) from W (54 k) is performed by an interpolant
TI.

W (s%,¢) =11 (W(5% k) (3.17)

For instance, alinear interpolation is quick and easy, even if its accuracy could be limited
for along duration.

t — Kkt

o (3.18)

W(s%,¢) = w(s% k) + (w(s%, k) — w(s%k)).

Where t € [k',k’] and with k' and k/ are respectively the discrete times just before and
after t. Then, W (54, ¢) is spatially interpolated by the interpolant 7 from §¢ to the element of
sety.

E(o,t) = SI (o, W(5%,1)) (3.19)

The interpolant S7is problem specific and should be selected taking into account the space-
time characteristics of the weather condition under investigation. Possible S7s include nearest-
neighbor, natural neighbor, linear and bilinear or inverse distant weighting. The latter is
presented hereunder. Gilgen (2006) gives an overview of existing methods.

The inverse distance weighting interpolation allow the estimation of an unknown exposure
Ea obs = (x"s,y"s,zb5) by aweighted sum of the known exposure W at neighboring points
§% = (x%,y%,z%). The weight w(5%) is inversely proportiona to the distance between the
unknown and the known point. The power factor p isarea number. It influences the weights
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giving more importance to close points when p is higher.

d=1 g:lw(al'sy Sd)

N Ls sdY (sd
E'(crl's,t) =zw(a ,0 ).W(5 ,t) (3.20)

1

lots—sal®

With W(crl's,dd) = (3.21)

The SEWE containing the spatiotemporal data W (54, k) is readily stored in a geodatabase
like the geographic model of Chapter 3.3.2. For each time k, alayer of the EWE supports all
the points 6 at which the values of the exposure W (8%, k) are known. The GIS coupled with
this geodatabase grestly facilitate the interpolation. Indeed, most GIS programs have
toolboxes implementing the standard SIs mentioned above. Moreover, the data of the
geographic model, such as the exposure point of the set s, are directly available through the
same geodatabase. The use of GIS ensures the visualization of the data to detect errors, a
suitable means of storage of multidimensional data, several methods of interpolation and a
common framework for diverse geographic models. The next schema illustrates the procedure
for interpolating a weather data from a SEWE to the exposure point a'=5=° at timet.

Layer of weather
data at time k/

Vector field of

exposure at
time t L¥

Layer of weather
data at time k!
yad ‘
6d=1
o

Figure 8: Example of interpolation from 3 weather stations to a segment

The SEWE is represented by the two white layers containing the data of weather station or
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numerical simulations at time k! and k/. Three black points §¢, with a known exposure, are
represented in addition to the red exposure points s = 6 of transmission line [ = 1. The black
arrows show the 77 as defined by (3.17), whereas the blue arrows represent the $7 as defined
by (3.19).

3.5 Probability evaluation of plausible common mode
contingencies

This chapter aims at searching a set of plausible CMCs and eval uates their probability. The
severity of CMCs is evaluated afterwards by a contingency analysis in Chapter 3.6. The
tremendous number of possible CMCs combined with finite computing resources imply that
the evaluation of their probability and severity has to be restrained to a more tractable
number. Therefore, only the transmission line with the highest unavailability are retained by a
screening method prior to their combination forming plausible CMCs. Afterwards, the
calculation of the time dependent CMCs probability is performed assuming that transmission
lines fail independently. Finaly, the maximum probability of each CMC during the
simulation is set aside to condense the temporal probability by a single key value. The schema
hereunder shows the main steps implemented in this chapter.

[ SEWE ] [ SPTS ]

\ 4
A

Space-time simulations

A
Unavailability of
transmission lines

A

Identify a set of
plausible CMCs

A
( )

Tempora and maximum
probability of CMCs

J

Figure 9: Overview of the probability evaluation CMCs

The temporal unavailability of transmission line [ is given by equation (3.6) of the
reliability model. It is likely that only a part of the network is significantly impacted by
SEWE. It entails that some transmission lines are more unavailable than others during
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weather events. It is assumed that the most plausible CMCs are combinations of transmission
lines, which exhibit highest unavailability during weather events. This assumption allows
setting a screening method to identify a set of plausible CMCs. It begins with the calculation
of the maximum unavailability of each transmission lines ! during SEWE.

U' = max,[UY(t)] (3.22)

All power lines with an U' above a certain threshold UTare deemed likely enough to fail to
generate plausible CMCs. This inclusion criterion is certainly not unique and can be further
developed. However, it is a good trade-off between simplicity and performance in practice.
The threshold is determined by the following method, named cumul ative sum screening.

1) Find the bijective function (1) =" map the index [ to the new sorted index I'. The
transmission lines are sorted by decreasing order of unavailability.

Find C(1) = ' suchas UV > g('~1) (3.23)

2) Calculate the cumulative sum F(1") of V.

FQ')y =0V+0"? (3.24)

3) Choose a cumulative sum threshold percentage @. Find the transmission line T having
acumulative sum the nearest to « of the sum of all U

Find 1T such as |0"" — sum,/ [ﬁl']. a| is minimum (3.25)

4) Identify the threshold T

gr = getan) (3.26)

5) Findly, compose the set M containing the most unavailable transmission lines

M={10">0"} (3.27)

The cumulative sum method enables the combination of the most unavailable transmission
lines to form CMCs, discarding the lines insignificantly contributing to the total
unavailability. It is very effective for screening, especialy when a fraction of the network is
strongly impacted by a SEWE. This is usually the case in real situations where space-time
correlations cause concentrated spots of intense activity. Nevertheless, other screening
methods could be as effective or even more effective in specific weather conditions or
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network topologies.

Then, all possible m-combinations of the line indexes included in M are performed to form
a set I'(c) of plausible CMCs. The multiplicity m is the number of transmission lines
present in a particular CMC, while c is the c¢t* CMC of multiplicity m. The complementary
set '™ (¢) contains the rest of line indexes not belonging to I'"(¢). The number of element
N of '™ isfound by the binomial coefficient.

M nM|
Ncmc = card( r ) = (rin) = m (328)

Where n¥ = card(M) (3.29)

The number N7, of elements of the sets ' for a given multiplicity m > 3 can become
intractable when n™ is large. In this case, threshold a of the screening method is diminished
to limit the number of plausible CMCs. The enumeration of the element of set M to generate
plausible CMCs is a method reaching its limits for large networks extensively impacted by
EWEs. In this case, Monte-Carlo simulations treating the problem as area experiments could
used instead of anayticad methods (Billington and Wenyuan, 1994). Anyhow, high
multiplicity CMCs should not be plausible for well devised and maintained networks.
Therefore, the upper bound N* of multiplicity islikely to be limited to 3 or 4 in practice.

At a given time, the probability P (t) of facing a CMC T ™(c¢) is the probability that lines
in '™ (c) are unavailable whereas the rest of the linesin ' (c) are available.

Py (t) =

N P(Xl(t)=0)]ﬂl N P(X’(t)zl)] (3.30)

lerm(c) ler™(©)

If one assumes transmission lines fail and are reconnected independently of each other, is
the temporal probability of CMCsis:

PE(D) = l_[ Ut (). l_[ (1-U'®) (3.31)

lerm(c) ler™m(c)

The assumption of independence of transmission lines excludes al direct causal relations
among lines. For example, this may be the case when a conductor of a three-phase circuit is
damaged and falls on another circuit. On this occasion, conditional probabilities should be
used.

Instantaneous probability BS(t) is not the best metric for evaluating the plausibility of

45



severe CMCs. The violation of security limits entailed by CMCs can be withstood without
damages up to a certain point. In the case of power line overloads, currents above the
maximal rating are often tolerable for several minutes. Conductor temperatures augment
within a few minutes allowing operators to take alleviating measures. It is worth mentioning
that cascading failures can happen directly after CMCs occur. However, it is assumed that
lasting CMC are more critical. Therefore, an average probability P (t) during a centered
window of duration T" is deemed more appropriate than the instantaneous one.

[T ps (e Lt (3.32)

TW

Ps (0 =

This probability evolves with time, reaching peaks and troughs. It is far too much
information for assessing vulnerability on a globa basis. The temporal information regarding
CMC probability is not relevant in this case. The maximum average probability BS during the
simulation period is more appropriate since it focuses only on the highest probability peak.

By, = max.[Pf, (] (3.33)

3.6 Severity assessment

The severity of plausible CMCsfor a given SPTSis assessed on the basis of a contingency
analysis. It is a familiar method in network planning and static security assessment. This
analysisis based on an AC power flow model of the network in appendix 9.1.3. The two main
output of contingency analysis are the intensity of branch current along transmission lines and
voltage magnitude at buses. In sound electric power systems, these two electric measures are
maintained within security boundaries. In steady-state conditions, currents must be kept
below its maximum vaue in order to limit the temperature of conductors below their
maximum allowable temperature. Voltage at buses must also be kept around the nomina
voltage to avoid tripping of electric components. CMCs can provoke exceeding of these
boundaries because most of the networks are planned to withstand only single outages. The
following conditions on the current of power line [ and the voltage of bus i must be respected
to consider the electric power system in a normal state. Currents and voltages are complex
numbers whose units are respectively ampere and kilo-volt. Only their magnitude is
constrained.

|Il| < ITI"ating (3.34)
S | A 74 .
vi= M < Vigm (3.35)
anom
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Where I}, is the absolute rating branch current and V;,,, the maximum admissible
deviation of bus voltage expressed as a percentage of the nomina voltage. The deviation
outside the security limits are transformed into severity indexes. It measures the plausibility of
elements direct tripping due to exceeding security limits. By construction, the severity index
is bounded between 0 and 1. The lower limit coincides with CMC involving no current or
voltage exceeding. The upper limit corresponds to a severe situation where the element
undergoes major exceeding leading to its disconnection from the network because of security
systems or physical damages. The relation between current overloads, voltage deviations and

severity isassumed linear asillustrated hereunder.

[ Plausible CMCs ] [ SPTS ]

4{ Contingency analysis ]4—
|
v v

scs () SV (@)

1 L

<

|7l

1 i i
rating Ima_r Vadm anm.x

A 4 A

[ Current severity index ] [ Voltage severity index ]

Figure 10: The two components of the severity index

The severity of each CMC from the set of '™ is measured by two indexes. First, the
current severity index Scg, (Disrelated to the branch current of linel.

sc,M) =0 if |I] < Lating (3.36)

Il _Il ) .
SCe (D) = = Fraving if oring < 1| < Ihax (3.37)

l _ Il
max rating

scLh=1 otherwise (3.38)
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Where I}, is assumed to be the current leading for sure to the disconnection of the line L.
Second, the voltage severity index SV;5 (i) isrelated to the voltage of busi.

SV =0 if V! < Vrlatmg (3.39)

SUE@) = % if Vigm <VE< Vs (3.40)
Vinax — adm

SVs(i) =1 otherwise (3.41)

Where V! ... is assumed to be percentage of the nominal voltage which leads for sure to the
partial or total disconnection of all the elements connected at the bus i such as loads,
generators, transformers or transmission lines.

Both of the severity indexes do not take into account further disconnections known as
cascading failures. Their complex dynamic is still not fully understood, athough several
modeling attempts have been made as mentioned in (Duenas-Osorio and Vemuru, 2009).

The partial composite index of severity S5, (1, 1) is caculated for each CMC of '™ (c) asthe
weighted average of the current severity index of the power linel and voltage severity index
of the bus i. Both terms are normalized by the number of element susceptible to fail. In the
case of current severity index, N —m lines could be potentially overloaded above I.,,,.
Regarding the voltage severity index, N can undergo avoltage deviation greater than V...

1 W2

Se,i) = i
0 Nt —
Wherew! + w? =1 (3.43)

The total composite index of severity S5, isthe sum of the partial one over all power lines!
and busbar i.

Nt Nt

Si= ) ) SalD = —
1=1i=1

< (D) + z SVEQD) (3.44)

The normalization introduced in (3.42) combined with the condition (3.43) impose that the
total composite severity index, or just the severity index Sf,, is bounded in the interval [0,1].
The two weights change the influence of current overloads or voltage deviations on the
severity index and ultimately on the vulnerability index. Both types of severity index can be
treated separately by setting one of the weights to one and the other to zero.
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3.7 Vulnerability quantification

The proposed metric of vulnerability has two major properties. First, vulnerability stems
from probable and severe CMCs. These two factors must both be present to threaten the
security of supply. Therefore, the vulnerability induced by a given CMC is assumed to be the
product of its probability by its severity as defined Chapters 3.5 and 3.6. This definition of
vulnerability is similar to the popular risk definition (Varadan and van Casteren, 2009).
Second, vulnerability is extensive. Namely, the vulnerability of a set of CMCs is the sum of
the vulnerability of each CMC. These two properties are at the base of the vulnerability index
and are presented in the following subchapters.

—»[ Probability B ]7

(overm }— —{
A

4{ Severity S5, ]7

[ Vulnerability of I'"(c) ]

v
c=c m ] J_
G S CTET Sy

A

[ Vulnerability index and matrix ]

Figure 11: Overview of the vulnerability quantification

3.7.1 Vulnerability indexes

The vulnerability index represents the overall vulnerability of a STPS impacted by a
SEWE. It is defined as the sum of the vulnerability induced by each CMC of the set '™, The
individual vulnerability stemming from each CMC is simply the product of its probability
PS¢ (v) or B¢ by the composite index of its static severity S5,. Two indexes are derived for the
two types of probability. The temporal probability PS (t) combined with S¢ leads to the
temporal vulnerability index denoted by V (¢).

N™ Ngrlnc

V() = z z B (). S, (3.45)

m=1 c=1
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This vulnerability index describes the tempora evolution of vulnerability. Peaks of
vulnerability occur when extreme weather impacts vulnerable zones of the power system.
This index permits to highlight the periods of vulnerability for a better understanding of the
source of vulnerability.

The aggregated vulnerability index V has the same form as (3.45), but the maximum
probability P is used instead of the temporal one.

N™ Ngrlnc

V=) ) Bi.sh (3.46)

m=1 c=1

This vulnerability index aggregates the vulnerability induced by each of the CMC present
in the set ™. This index alows the comparison of vulnerability levels of combinations of
SPTS and SEWE. The absolute value of vulnerability is difficult to interpret and likely to be
very small due to low probabilities of CMC expected in area system. On the contrary, the
difference in vulnerability indexes among combinations of SPTS and SEWE alow ther
ranking on a vulnerability scale. SPTS with a lower vulnerability index guaranties better
security of supply, and can be designated as better alternatives for future development of the
electric system.

The aggregated vulnerability index has to be used with caution, because the vulnerability
assessment is partial and limited to a subset of all possible CMCs. Only a minority of al
possible CMCs are taken into account. Indeed, a screening method is required to select some
of the most probable CMCs from the tremendous number of all possible CMCs. It entails that
the set T™ is not necessarily the same for different SPTS and SEWE due to the screening
method. This is a serious bias impairing the use of this index for ranking. In order to rank
and compare different combinations of SPTS and SEWE, a common set '™ should be utilized
for al ssimulations.

The vulnerability comparison index V¢ alows gauging vulnerability against a scenario of
reference. This scenario could represent a SPTS undergoing no particular extreme weather
conditions where most of the plausible contingencies have no common modes. The ratio of
vulnerability is transformed by the logarithm to base 10 to facilitate its interpretation in terms
of order of magnitude.

~

|4
VC = lOglO (W) (3.47)

The vulnerability 77¢/ of the reference scenario is derived from the procedure described in
Chapter 3.5. However, temporal unavailability U'(t) of power lines is replaced by their
average unavailability U' in norma weather conditions. The aggregated indexes of
vulnerability are normalized by the number of CMC of each multiplicity to avoid biases
induced by different numbers of CMC for each combination of scenarios. The normalized
index of vulnerability ¥ can also be scaled by the probability P¢ of the SEWE if this
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information is available. This alows different levels of plausibility of SEWE to be taken into
account. This probability is set to one for the scenario of reference, and also in other scenarios
where there is insufficient information.

N
— Z pe s (3.48)
Ncmc c=1

The vulnerability comparison index allows evauation to be performed to determine
whether the level of vulnerability is sufficiently high to justify the search of countermeasures.
When V¢ is close to zero, it would mean the vulnerability level during a SEWE isin the same
order of magnitude as in normal weather conditions. In this case, countermeasures would not
be easily justified. On the contrary, a V¢ above one would indicate that countermeasures
should be envisaged, and the necessity would continue to rise along with the comparison
index.

3.7.2 Matrix of vulnerability

The vulnerability index is of little use at the time of identifying suitable countermeasures to
reduce vulnerability. The vulnerability matrix addresses this problem by locating the
vulnerable zones of the network. This matrix decomposes the vulnerability index into two
dimensions. The first is the transmission lines included in CMCs, and the second is the
transmission lines undergoing violation of security limits. This matrix can be seen as a cause
to consequences diagram, which is a convenient way to characterize and locate the root of
vulnerability. This matrix simplifies the complex relations between CMCs and violations of
security limits projecting them onto network infrastructures such as transmission lines and
buses. Two types of matrix are required to properly describe vulnerability. First, the
aggregated matrix of vulnerability MV characterizes the relations between CMCs and
violations as follows:

N™ N
MV = (vkll) Z Z Pc Srcn v(k,m, ) (3.49)
m=1 c=
1
=, kel'(c)
Where y(k,m,c) =™ (3.50)
0, otherwise
With kec={1,. N} leL={1,., N}, ieB={1,. N*} (3.51)

The element vk of the three dimensiona matrix has the coordinates (k,1,i). The
coordinates k and [ represent transmission lines and i the buses. The first dimension is the
lines included in CMCs, which cause violations of security limits. The other two dimensions
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are respectively the violations of security limits for current overloads and voltage deviation.
The term S§, is the partial composite index of severity as defined by (3.42). The function y
projects equally the vulnerability of each CMC I'"(c) onto the power lines k belonging to
(o).

One interesting property of the matrix MY is that the sum of its elements over its three
dimensions is equal to the aggregated vulnerability index V. Appendix 9.3 details the
demonstration.

Nt N NP

DD vkt =v (3.52)

k=11=1i=1

This equation shows that the matrix of vulnerability MY is a projection on its three
dimensions of the vulnerability index without loss of information. In theory, the matrix of
vulnerability M" is appropriate to identify suitable countermeasures. In practice, its three
dimensions are a burden. Two dimensional matrixes are much more convenient when it
comes to representing them. This can be accomplished easily by setting one of the weights
for wt! or w? of the partial composite index of severity at zero and the other at one. In this
case, current overload and voltage deviations are treated separately.

The matrix of vulnerability has the following form when only the current overloads are
taken into account.

W sce
MY = (vol) = Z Z pe 22mY L km, o) (3.53)
Nt —m
m=1 c=1

(3.54)

The matrix of vulnerability is simplified as follows when only voltage deviations are taken
into account.

N™ Ngrlnc

. R A10)
MY = (vhh) = z z Pﬁ.%.y(k, m, ¢) (3.55)
m=1 c=1
1_ 2 _
When wr=0 and w* =1 (3.56)

All developments detailed here have been presented for the aggregated matrix of
vulnerability using the maximal probability BS.  Similarly, the temporal matrix of
vulnerability is formed by replacing B¢ by the tempora probability PS (t). This matrix
characterizes the temporal evolution of the relations between CMCs and violations of security
limits. It isuseful to picture the causes of vulnerability at atime of particular interest (such as
peaks of vulnerability) asin the application of Chapter 5.2.2.
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3.7.3 Zones of vulnerability

The matrixes of vulnerability link transmission infrastructures in CMCs to infrastructures
enduring their severe consequences in terms of violation of security limits. These matrixes
are helpful in locating vulnerable zones by visually examining them. However, their size can
be cumbersome in certain cases, and their level of detail is too high to alow a quick
understanding of the causes of vulnerability and also for the search for measures to reduce the
vulnerability.

For this purpose, the elements of matrixes of vulnerability are aggregated in N# zones of
vulnerability. They group the transmission lines in CMCs and the power lines and buses
enduring violations of security limits, respectively. Elements that are strongly linked are in
the matrix of vulnerability while in the same zone of vulnerability, whereas elements that are
poorly related should be in separate zones. Elements contributing negligibly to the
vulnerability can be discarded to simplify the search of pertinent zones of vulnerability. The
following paragraphs explain a method for identifying these zones.

The set ZP contains the indexes of transmission lines and buses of the pt" zone. The
number of zones N# is an initial estimate corresponding to a plausible number of zones. The
set ZP is defined as the Cartesian product of subsets containing indexes of the transmission
lines and buses. The set ¢P contains indexes of transmission lines included in CMCs while
LP and BP indexes transmission lines and buses enduring violations of security limits.

ZP =CP x LP x BP (3.57)

CPNCl=9, LPNLI=¢@, BPNBYI=0
Where (3.58)
Vp,qel[l,N?]andp # q

N? N? N?
And U cP = ¢, ULP = L, UBP =B (3.59)
p=1 p=1 p=1

Conditions (3.58) imply that subsets cP and ¢4 are digointed. Conditions (3.63) imply
that the union of al ¢P contain al elements of ¢. These conditions are aso valid for the
subsets £LPand BP.

Measures of vulnerability aso have to be defined. First, the zonal vulnerability index is
the sum of vulnerability stemming from any setscP, £9 and B".

vPar = Z z Z vlet! (3.60)

kecp leLd ieBr
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According to (3.52), the sum of all components of the matrix of vulnerability M¥ equals the
vulnerability index V. Given the conditions (3.58) and (3.59), the sum of each zond
vulnerability index VP2 over all subsets cP, £4 and B* isalso equal to V.

N?% N? N?

Z Z Z ypar = Z z Z vhbt =y (3.61)

p=1g=1r=1 keC leL ieB

The vulnerability index V can also be decomposed into two separate components, the intra
zone overal vulnerability and the inter zones overall vulnerability:

V= Vintra + Vinter (3-62)
NZ NZ
Vintra = z VPar = z VP suchasp=gq=r (3.63)
p=1 p=1
N? N?® N?
Vinter = Z Z Z vpar (3.64)
p=1 q:l r=1
q+p r+q

A portioning of the matrix of vulnerability in zones of vulnerability is defined as optimal
when the intra zone's overall vulnerability is maximal. According to (3.62), an optimal
portioning also leads to a minimized inter zone's overall vulnerability. Therefore, the
transmission line and bus indexes are distributed into the subset ¢P, £P and BP to maximize
the intra zone overall vulnerabilityVi, ., Or minimize Vi, er-

Distribute all kto CP,lto LP,ito BP (3.65)
Such as Vintra Maximized or Vj, e, minimized (3.66)
With ke C,le L, i e Band pe [1,N?] (3.67)

The choice of optimization algorithm is not unique and is left to the modeler as well as the
number of zones of vulnerability N%. By experience, the modeler is able to find near optimal
portioning in a few minutes by hand. However, automatic techniques could be used to
automate this process. It is not guaranteed they would be better than a manual method when
taking into account the duration of development and implementation of the method.




Each zona vulnerability index VP2r is an elementary brick of the system vulnerability.
The zona vulnerability ratio V2" gauges the importance of each of those bricks as a

ratio

percentage of the vulnerability index V.

VP-ar

p.qr _
Vra\tio - T (3.68)

This ratio is fundamental when searching for countermeasures. Zones of vulnerability
(p = q = r) with the highest ratio are those in which countermeasures must preferentially be
implemented. After, these zones are named major zones of vulnerability (MZV). This
concept aggregates the outcomes of complex space-time calculations in a natural way. It
facilitates the search for countermeasures and can be easily illustrated by matrixes or maps.
An example of matrix and zones of vulnerability is provided in Table 15 and the zona
vulnerability ratio in Table 16 of Chapter 5.2.1.

All developments here are detailed for the zona vulnerability index using matrix of
vulnerability M. Likewise, the time-dependent zona vulnerability index is formed by
replacing v*! by itstemporal counterpart v®bi(t).

3.8 Proposal of suitable counter measures

Vulnerability is an inherent property of real complex systems. It is difficult to imagine
perfectly designing invulnerable systems as vast as transmission networks, especialy when
they are subject to a continuously changing environment. However, reduction of vulnerability
is an achievable objective, and after identifying of MZV, countermeasures can be proposed to
diminish the vulnerability, subject to certain constraints.

Extreme weather conditions are by definition rare and exhibit varying space-time patterns
entailling two major points. First, countermeasures should be effective during extreme
weather events and useful during normal weather conditions. That is, their acceptance will be
higher if they are justified in more cases than simply situations that are unlikely to occur.
Second, countermeasures are meant to reduce vulnerability regarding only a few SPTS and
SEWE. In an ever changing environment, these scenarios are at best a fraction of all possible
scenarios. It is hard or even impossible to evaluate a priori if the proposed countermeasures
will be helpful during their useful lifetime. There is no silver bullet for reducing the
vulnerability of electric power systems, but it is believed that an educated guess is far better
than arandom one.

The process of identifying suitable countermeasures is not straightforward because it is an
open world problem. This process produces resilient alternatives to the development plan of
SPTS. At the planning stage, the knowledge and skills of the modeler are of great
importance. However, the modeler must be guided in the search for countermeasures by a
well defined process.
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Figure 12: Methodology for suitable countermeasures proposal

The search for countermeasures begins with the identification of MZV by the zona
vulnerability ratio from Chapter 3.7.3. CMCs causing MZV are potential threats to the
security of the electricity supply. These contingencies are analyzed to determine the most
threatening, which could initiate cascading failures or potentially lead to islanding of whole
regions (Kumbale et a., 2008). The main causes of vulnerability are then inferred based on
those hazardous CMCs. This stage also requires the intervention of the modeler’s expertise.
For example, main causes could be lack of transmission line redundancy or bottlenecks.
After, a strategy is developed to alleviate the main causes of vulnerability. Here, a strategy
refers to a set of guidelines directing the search for countermeasures. For example, a strategy
could consist of connecting large power plants to high capacity 380 kV interconnection lines
to relieve the 220 kV network.

Subsequently, the strategy leads to the identification of suitable countermeasures, which
are implemented in the STPS. They are for instance new power line construction, network
topology changes or augmented capacity transfer of power lines. Countermeasures are
conditioned to the following qualitative guidelines for suitability.
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e Technica feasibility

e Usefulness during normal weather condition

e Principle of parsimony of resources

e Proportionality to the level of vulnerability

e Compatibility with regul ations and society acceptance
e Effectiveness at reducing vulnerability

First, the technical feasibility constraint is deemed fulfilled if countermeasures are not
impractical, such as construction of superconducting cables over high apine summits.
Second, CMCs must be useful not only during extreme weather events, but also during
normal weather conditions. Extreme weather events are by definition rare, and CMCs
endangering the security of the electricity supply are even rarer. Countermeasures would not
be economically justified if they were only vauable in situations unlikely to occur.
Therefore, countermeasures must be integrated as alternatives to development plans of
transmission networks. Third, the parsimony principle aims at saving human and material
resources and matching them with the level of vulnerability. For example, it would be
inappropriate to triple al power lines of anetwork to reduce the vulnerability due to lightning.
Furthermore, the compatibility of countermeasures with regulation and social acceptance is
crucial. This has been a major burden for the construction or modification of power lines
over the past few decades in many countries. Electromagnetic pollution of overhead power
lines in addition to the visua impact on the environment need to be minimized for
transmission lines to be erected within a reasonable timeframe (OFEN, 2009b). Finaly,
countermeasures must be effective in reducing vulnerability, although no absolute level is
required. Thislist of guidance principles can be further extended, but are deemed satisfactory
for addressing the current search for countermeasures. Kiessling et al. (2003) present a
comprehensive overview of the issues mentioned before related to the planning and the
construction of overhead power lines.

The last point on the list is quantitatively evaluated by simulating countermeasure effects
on the vulnerability index. Practically, the countermeasures are implemented in the SPTS and
the calculation of the vulnerability index from Chapter 3.7 is carried out. The results of the
simulations are then analyzed and interpreted to determine vulnerability reduction.
Countermeasures significantly influencing the vulnerability are accepted as good alternatives
to the development plan of the power system.

Although no quantitative objective is required, the proposed countermeasures are able to
reduce the vulnerability subject to alist of qualitative guidelines. This is compatible with the
objective of the vulnerability assessment, which aims to suggest relevant measures to improve
the security of supply. This methodology is not meant to draw definitive conclusions about
what must be done, but rather screen suitable actions from possibilities according to a fully
described methodology. A thorough examination of countermeasure suitability can take place
subsequent to this screening process.
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4 Definition of scenariosfor the application to
thunderstorms

This chapter demonstrates the building of plausible scenarios of power transmission
system and extreme weather events, which model two extreme thunderstorm events. The first
Is constructed with data from past events recorded by sensors. The second is a simulated
event of six cells crossing Switzerland. The scenarios of power transmission systems model
the Swiss electric power system interconnected to the continental Europe transmission
network. These scenarios are situated in 2006 and 2018 to study the evolution of vulnerability
induced by the construction of new infrastructures of transmission and production. The
parameters of the underlying electric, geographic and reliability models are estimated based
on currently available information.

4.1 Context

The vulnerability assessment methodology from Chapter 3 is applied to thunderstorms
impacting the overhead power lines of the Swiss transmission network. Thunderstorms have
been chosen because of their capacity to cause common mode contingencies on transmission
networks and because of their complex space-time correlations. In the past, several blackouts
have been triggered by lightning striking transmission lines. For example, the Brazilian
blackout of 1999 was initiated by thunderstorms disconnecting 440 kV lines leading to a
maximum loss of load of 24 GW for a few hours (Gomes et al., 2004). A list of blackouts
triggered by thunderstormsis found in Knight (2001), Chapter 6. Lightning is by far the most
hazardous feature of thunderstorms regarding very high voltage lines. Precipitation and
strong wind are also present during thunderstorms. However, they do not have as significant
of an impact as lightning.

Thunderstorms exhibit complex space-time patterns, which are ideal to illustrate the
methodology. Moreover, thunderstorms are likely to be more intense and/or frequent due to
global warming as mentioned in of IPCC (2007), Chapter 12. Actual climate evolution over
the next few decades is debatable, and the prediction of a well-respected institution like IPCC
must even be handled with care.

The Swiss transmission network includes 220 kV and 380 kV lines passing over the Swiss
territory. This network is connected to the European transmission network stretching all over
Europe and connecting large power plants to load centers. Within the next few years, the
Swiss electrical power system will change. According to the Swiss Federal Office of Energy ,
new transmission lines, topology changes and new power plants are planned to be built by the
year 2018 (OFEN and ARE, 2001). According to the same source, the consumption is also
predicted to rise at a rate of around 1.5% per year. The ongoing liberalization in Europe will
modify the power flow patterns, especially between countries. The combined effects of power
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system adaptations to increased consumption with the possible augmentation in extreme
weather events could increase or change the zones of vulnerability.

4.2 Scenarios of extreme thunderstorm event

The scenarios of extreme thunderstorms events are a particular instance of scenarios of
extreme weather event (SEWE) as defined in Chapter 3.4. The most hazardous feature of
thunderstorms for transmission overhead power lines are lightning strikes. Other features
such as wind or hail are usually not intense enough to provoke damages. Thunderstorms
exhibit a very large range of space-time behaviors. A thunderstorm event can consist of a
single cell to meso-scale convective systems of severa cells (Schmid et al., 1997). Their
direction, speed and striking rate vary significantly among events and within the same event.
Thunderstorms are good candidates to illustrate the methodology of vulnerability assessment
because of their complex space-time behaviors. To study the effect of this variability, two
scenarios of thunderstorm events are proposed. The first scenario is based on the ssimulation
of two groups of cells passing over Switzerland. The second is the more intense past events
recorded by lightning sensors in Switzerland over the past ten years. These scenarios are
based on cloud to ground lightning strikes, which are either collected by a lightning locating
system or generated by computer simulations.

Table 5: Cloud to ground lightning parameters

Lightning strike n St ={x"y™"t"}
Coordinate x of the strike n x™
Coordinate y of the strike n ym
Time at impact of the strike n t"

Each lightning strike is stored as atriplet of ground impact coordinates and time at impact.
The coordinate reference system must be the same as for the geographic model of Chapter
4.3.2. The data is stored in a geodatabase of a GIS software (Arcinfo), which allows
processing and visualization. These lightning strikes are used to evaluate the exposure of the
transmission line segments defined in Chapter 3.4. The general methodology of this chapter
Is adapted to the case of thunderstorm events.

Lightning strikes are the results of spatiotemporal non-stationary processes driven by
complex physical laws. Thunderstorm cells continuously move in space while their shape
changes and their lightning rate evolves with time. It is not possible to fully reconstitute these
processes from the sole resulting strikes. However, it can be reasonably assumed that the
lightning strikes are the outcome of the homogenous Poisson process for a given surface and a
small duration. This process generates a sequence of independent and identically distributed
strikes in time and space (Box et al., 2008). It corresponds to the case of a thunderstorm cell
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moving relatively slowly and much larger than the location under investigation. In these
conditions, it is possible to approximate locally the ground flash density, which is the average
number of strikes per unit of time and surface. This flash density is a pertinent measure of
exposure influencing the failure process of transmission line segments.

Practically, the exposure E*(t) at exposure points is measured by the ground flash density
derived from the lightning impacts. This density is used by the reliability model to derived
the rates of failure of segments of transmission line. Formally, the ground flash density is the
number of lightning strikes NY = card(Y), counted at a distance closer than df of the exposure
point s of transmission line ! of coordinates (x"*, y"*), divided by the surface defined by the
circle of radius d-.

NY

B (1) = (4.1)
7. JE*
The lightning strike n belongs to the set 1 if it fulfills the conditions ¢; and C,.
Y={nev|Cc;(n) =C,(n) =1} (4.2)
Where the conditions C; (n) and C,(n) aretrueif these inequalities are satisfied:
\/(Xn _ xl,s)Z + (ym — yl,s)Z <dFf (4.3)
TE
n_ — 4.4
[th —t| < 5 (4.4)

The first condition implies that lightning strikes belonging to ¥ must be at a maximum at
Euclidian distance df of the exposure points. The second condition imposes that lightning
strikes belonging to Y must occur during the time window T£ centered in t. Therefore, the
estimate of exposure in terms of ground flash density is a moving average of the number of
lightning strikes occurring during TE. The radius df and the duration TZ have to be
appropriately set to properly sample the underlying Poisson process. If they are too short, no
strikes will be counted, while the opposite will invalidate the assumption of a local Poisson
process.

The figure hereunder illustrates the calculation of exposure ES(t) for a specific scenario
defined in Chapters 4.2 and 4.3. The exposure is calculated for the segment s = 11 of the line
|= 81, namely SMUEHL2A-SWATTE2A-1 (blue), of the Swiss transmission network 2018.
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Segment 11

L

Figure 13: Illustration of segment exposure to lightning strikes

The black circle of radius df = 2.5 km is centered on the exposure point of the segment 11
(green point). The red arrows represent lightning strikes during T£ = 7.5 min centered in
t=213min. These parameters are equal to those used for the application, see Table 11.
According to the figure, eight lightning strikes respect the condition (4.2). The calculation of
exposure is therefore straightforward.

8 trik
ESLI(¢ = 213) = — 0.40 ﬂ] (4.5)
7 (2.5)? kem?

4.2.1 Smulated event of an extreme thunderstorm

This first scenario of an extreme thunderstorm event (SEWE 1) is based on one of the
strongest and largest types of thunderstorm which can occur in Switzerland, namely
mesoscale convective systems. They are usually comprised of several cells moving from the
West-South to the East-North. They last a few hours and have strong lightning activity as
mentioned in (Schiesser et a., 1996). The most intense of these convective systems can be
considered as extreme events.

SEWE 1 has been simulated taking into account the important properties of mesoscale
convective systems. This scenario is far from reproducing all the complexity of real events,
but the ssmulation ams at showing the possibility to use SEWE that are not based on past
data. It allows the assessment of vulnerability stemming from plausible weather events that
could have occurred, which can be useful in case of events that have not been recorded
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because they are rare or due to climate change.

The simulated SEWE 1 parameters are reported in Table 6. They are assumed plausible
and extreme. The Schiesser et al. (1995) article contains precious information about
mesoscale convective systems in Switzerland, and this article greatly inspired the parameters

of SEWE 1.

Initial position X [km]
Initial position Y [km]
Direction [°]

Speed [km/h]

Radius [km]

Shape

Duration [h]

Flash rate [#/min]

Table 6: Definition of SEWE 1 parameters

Group 1 Group 2
Cell 1 Cell 2 Cell 3 Cell 4 Cell 1 Cell 2
516.153  529.857 462.3 464.888 680.099 715.629
106.137 73.145 86.34 23.403 92.94 80.759
50 50 50 50 73 73
60 60 60 60 40 40
125 12.5 125 125 12.5 12.5
circle circle circle circle circle circle
6 6 6 6 2 2
14 14 14 14 14 14

The SEWEL is composed of two groups of respectively four and two convective cells.

Each of the groups has avectorial speed, initial location and duration.

SETE1

Simulated event

Oh-1h

1h-2h

2h-3h

3h-4h

4h-5h

©  5h6h
PS 2018

Voltage

220 kV

— 380 kV

Figure 14: Illustration of SEWE 1

All the convective cells also have the same constant clouds-to-ground lightning rate.
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Lightning strikes have been randomly generated in each cell taking into account their time-
dependent path. The next map illustrates SEWE 1. The lightning impacts are colored
according to their striking time within arange of one hour.

The number of lightning strikes reaches 23,603 after six hours. Among those, 5,652 were
at less than 2.5 kilometers from an overhead power line of the electrical scenario of the
plausible scenario 2018 (PS 2018) defined in Chapter 4.3. Appendix 9.4 exhibits more details
of the SEWE 1. In particular, the lightning strikes at less than 2.5 km and the time-dependent
number of strikes around the transmission lines of the PS 2018.

It isvisually obvious that the SEWE 1 does not have all space-time correlationsasin areal
thunderstorm event. However, the SEWE 1 shares some properties real events, which
occurred or could occur in the future. Zones of vulnerability which are still unknown could
be disclosed by this simulated SEWE.

4.2.2 Real past thunderstorms event

SEWE 2 was recorded by a lightning detection system starting at 10 am. on June 27",
2001. This event is the most intense found lightning strike database covering 10 years. The
detection system is owned and managed by the company Meteorage providing georeferenced
data of lightning strikes in Switzerland and other European countries (Finke and Kreyer,
2002). SEWE 2 lasted 24 hours with several peaks of activity (see Appendix 9.4). The
sensors have sufficient average detection rate of 85% and an accuracy of 800 meters. The
detection rate in the mountainous regions is certainly lower than 85%. These characteristics
are largely sufficient for this application. The next map illustrates SEWE 2. The lightning
impacts are colored according to their striking time within arange of four hours.

SETE2 .S ooaT
Real past event
- 0h6h
8h-12h
12h-18h
+  18h-24h
PS 2018
Voltage .
220kv *

— 380 kV

Figure 15: Illustration of SEWE 2
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During the event, 14,067 lightning strikes were recorded and 5,354 were at less than 2.5
kilometers of the transmission line of the PS 2018. SEWE 2 is as intense in terms of strike
number when compared to the smulated scenario SEWE 1, but lasted one day instead of six
hours. SEWE 2 shows complex space-time correlations. The majority of the strikes are
located in the southern part of Switzerland and in some limited zones in the northern part.
The map of Appendix 9.4 shows lightning strikes at less than 2.5 km of power lines of the
electrical scenario 2018.

4.3 Scenarios of the Swiss electric power system

Two plausible scenarios of the Swiss electric power system are crafted for 2018. At this
date, most of the transmission infrastructures mentioned in (OFEN and ARE, 2001) and new
projects of hydro pumped-storage power plants stated by several Swiss electric utilities are
expected to be operational. These two plausible scenarios (PSs 2018) are for the summer
peak and off-peak periods. Itisclear that the state of the system in 2018 will be different than
those modeled in PSs 2018. The objective is not to predict the complete and true electric
system, but rather plausible models are searched for this application.

The PSs 2018 are models of the system as described in Chapter 3.3 by the scenarios of the
power transmission system (SPTS). It contains an electric, a geographic and a reliability
model. The PSs 2018 are crafted from modified data of the system of 2006. Two SPTS in
2006, named reference scenarios (RSs 2006) have been built to serve as a basis for the PSs
2018. The latter are the central part of the vulnerability investigation. Nevertheless, the RSs
2006 are also investigated in order to draw some comparisons between 2006 and 2018. Care
must be taken when comparing two different scenarios. Indeed, the set of probable common
mode contingencies (CMCs) are not the same due to changes in the transmission
infrastructures. Zones and levels of vulnerability are sensible based on the choices of these
sets. The evolution of vulnerability between 2006 and 2018 could stem from either intrinsic
changes in scenarios or from the differences between CMC sets. The interpretation of the
vulnerability analyses must take this fact into consideration.

In the following subchapters, the RS 2006 and PS 2018 are described. They comprise two
different electric and geographic models as well as acommon reliability model.

4.3.1 Electric model for RS2006 and PS 2018

The Electric Model is fully described in the methodology from Chapter 3.3, which is the
central point of the severity assessment of the plausible CMC set. This model is compatible
with the AC power flow model and contingency analysis calculations. The electric model is
implemented for the Swiss transmission network connected to the continental European
transmission network supplying around 450 million people . The Swiss transmission network
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is without a doubt not an island, but rather imports, exports and transits of power flows
through the Swiss borders are daily business (UCTE, 2008). The interconnection requires the
inclusion of neighboring countries in the electric model. Therefore, it requires important
resources to be built from scratch. Fortunately, this work has already been done and ready to
use models are available at the TSOs. They consist of instantaneous pictures or “snapshots’
of the state of the system at a given time in the format of a text file. The Swiss TSO
Swissgrid has even provided a summer peak and off-peak snapshot of 2006. This data is
confidential and cannot be disclosed. In the remainder of this research, a careful selection of
information has been prepared to ensure there are no infringements regarding confidentiality
clauses. Hereisthelist of dataincluded in the snapshot.

e Time and date of the snapshot

e Buses name and their nominal voltage

e Active and reactive power injection from generators and loads

e Typeof generators, i.e. PQ, PV, SB (including range of reactive power for PV)
e Resistance, reactance, capacitance and conductance of transmission lines

e Transformers and their electrical characteristics

e Power line and transformer current ratings

e Incident matrix connecting buses, power lines and transformers

The two RSs 2006 are based on the summer peak and off-peak snapshots. These two
snapshots have been taken at 10:30h and 3:30h CET on July 19", 2006. Snapshots represent
particular cases of the system including power line maintenances, which are numerous during
summertime. The transmission lines in maintenance changes from week to week if not day to
day. A vulnerability analysis performed on these particular states would give particular
vulnerability results. To have a better estimation of the intrinsic vulnerability, normative
scenarios are considered. This means that al infrastructure overhauls are not taken into
account and active elements are fully operational. Here is a summary of the modifications of
the snapshots.

e All power lines under maintenance are reconnected

e All the hydro Swiss power plants are set to their maximum active power for the peak
period

e Swiss hydro power plants are turned off and pumps are turned on at their maximum active
power for the off-peak period

Transit flows at the Swiss borders also have to be adjusted to values close to what could be
considered as plausible. Past transit flows are available from the website of the European
network transmission system operators for electricity (ENTSO-E, 2010). Based on this
information, it is assumed that Italy imports approximately 3 GW. Thisvaueis considered as
fixed in all the scenarios. The transit flows have been adapted to satisfy the 3 GW export to
Italy while ensuring plausible flows import or export to neighboring countries. These
adjustments are performed by modifying the power generation of four nodes in France,
Germany, Austria and Italy. These nodes are located near major areas of production and
consumption.
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In addition, a contingency analysis is performed on every element of the Swiss power
system and the interconnection power lines to ensure that the RSs 2006 meet the N-1
criterion. In case of non-respect, minor changes of the power generation of critical power
plants are carried out. The table hereafter summarizes the main characteristics of the RSs
2006 in terms of production, consumption, imports and border transits. These values have
been confirmed plausible by experts from several Swiss electric utilities.

Table 7: Production, consumption and transit flows of RS 2006 for Switzerland

Period Name élmport Prod. Cons. CH->DE CH->FR CH->IT CH->AT

Summer peak RS SP 2006 -3097 8983 5887 213 267 2942 -325

Summer off-peak RS SOP 2006 774 3158 3933 -1132 -2026 2954 -570

The power unit of the tableis given in megawatts. Some relevant characteristics of the two
2006 are reported in Appendix 9.5.1.

The Plausible Scenarios (PSs) for 2018 integrate the new transmission and production
infrastructures planned by 2018 for peak and off-peak periods. It isamodified version of the
RSs 2006 taking into account 57 network modifications, and 7 new or upgraded power plants
for additional power of 3.6 GW. The network modifications are mainly taken from the report
of the transmission lines and supply security workgroup (OFEN and ARE, 2001). Parameters
regarding the new power lines and transformers have been gathered from scenarios provided
by two Swiss electric utilities, BKW-FMB and Alpig as well as direct contacts with their
collaborators. The loads are assumed to increase uniformly by 20% until 2018, which
corresponds to a yearly rate of 1.5% (AES-VSE, 2006). The rest of the continental Europe
transmission network has been kept as in the RS 2006. The PSs 2018 are only two plausible
dternatives of the Swiss electric power system in 2018. This scenario includes the
infrastructures, which have a possibility to be operationa at this date. Details about this
scenario are found in tables of Appendix 9.5.1. An electric schema of the PS 2018 is
presented in Appendix 9.5.2, and it includes comments about changes made to turn the RS
2006 into the PS 2018.

During peak periods, all hydro power plants are at their full capacity. During off-peak,
hydro power plants are off and the pumps are at their full capacity. This explains the high
consumption and imports during the night. The N-1 criterion is met for both of the scenarios.
Some productions have been lowered (-180MW) to satisfy this criterion. The export to Italy
in 2018 is not yet known. However, the value of 3 GW assumed for 2006 is aso plausible for
2018 despite the new transmission and generation capacities. Indeed, few new infrastructures
are planned to increase capacity between Switzerland and Italy. During off-peaks, power is
mainly imported from Germany and France to cover the national consumption including
pumped-storage power plants. Indeed, the two countries dispose of extra generation capacity
during off-peak hours, such as nuclear and coal-fired power plants. During peak hours, the
Swiss surplus of production is distributed into 3 GW to Italy and the rest to Germany and
France. It is worth mentioning that these border flows are physical and are not commercial
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agreements. For example, power generated in France can flow through the German border.
The following table summarizes the main characteristics of the PSs 2018 in terms of
production, consumption, imports and border transits.

Table 8: Production, consumption and transit flows of PS 2018

Period Name %Import Prod. Cons. CH->DE CH->FR CH->IT CH->AT

Summer off-peak PS SOP 2018 2877 5478 6674 -2275 -2423 2940 -1119

Swiss off-peak consumption is almost as high as the peak. Thisis due to the construction
of around 2.2 GW of pump-storage power plants. They store the affordable off-peak energy
to produce high value peak energy. Therefore, their justification seems more economic
instead of being related to security of supply. They require large off-peak imports, which
could create congestion zones and thus vulnerable zones. This encourages the investigation
and identification of off-peak periods, which are usualy not critical in the summertime.

New power lines and network topology modifications are driven by new means of
production, elimination of bottlenecks, adoption of new power flow patterns, rise in
consumption, and better interconnectivity to neighboring countries. Uncertainties regarding
the evolution of these drivers and the investments they require are significant. Therefore, the
PSs 2018 are only possibilities, not predictions. Therefore, the PSs 2018 serve as an
illustration of the vulnerability assessment methodology and should not be considered as
actual forecasts of the future Swiss transmission network.

4.3.2 Geographic model of RS 2006 and PS2018

The geographic model contains the paths of the overhead power lines of the electrical
model as defined in Chapter 3.3.2. The geographic data was provided by two Swiss electrical
utilities (BKW-FMB and Alpiq) for the western part of Switzerland. The rest of the data was
provided by the Federal Office of Topography by its model Vector 25 (Swisstopo, 2010).
The reference coordinate system is the CH1903, which is the standard for official cadastral
surveying, GIS applications and cartography in Switzerland. The peak and off-peak RS 2006
share the same geographic model. The paths of the overhead power lines pass approximately
by the middle point of the pylons. The vulnerability assessment methodology does not
require the same precision as in cartography (i.e. a few / ten meters away from the rea
position would not have significant consequences on the vulnerability). The following
flowchart shows the construction process of the geographic model (GM) for the RS 2006.
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Figure 16: Building of the geographic model of the RSs 2006

The geographic model 2006 is quite easily built because all power lines of the electric
model had at least one equivalent in the geographic data collected. Only the lower voltages
networks had to be erased as well as cables. High voltage cables can be safely deleted
because they are quas invulnerable to extreme weather events and their total length is
negligible compared to overhead lines.
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Figure 18: Zoom in the geographic model 2006
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Here above, a map illustrates a zone of the geographic model 2006 by zooming in the
region of Bussigny in the canton of Vaud. Power lines of 220 kV and 380 kV are shown as
well as exposure points represented by red points evenly spaced at d* = 2.5 km. This map
was generated by Arcinfo. This software was used to build the GMs.

The geographic model for the PSs 2018 is more difficult. According to electric model
(EM), new lines must be added or modified. However, their path is not yet exactly known in
totality. Information about paths are scattered in diverse documents and can change year after
year. It is believed that the best has been done to find paths which are plausible considering
available information. The following schema summarizes the crafting process of the
geographic model 2018.
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Figure 17: Building of the geographic model of the PSs 2018

Full maps of the geographic model 2006 and 2018 are detailed in Appendix 9.5.3 along
with statistics of the geographic model and samples of lines and exposure points attributes.

4.3.3 Hazard function of the reliability model

The reliability model and the hazard function are formally described in Chapter 3.3.3. The
hazard function h transforms the exposure EYS(t) of an exposure points s into the rate of
failure 2>S(t) according to some resistance parametersr“s. By definition, the rate of failureis

the probability P}'S per unit of time dt.

70



Prit<T<t+dt|T>t) PP PF(tAD
dt T odt T At

ll,S(t) — h(Rl'S, El,S(t)) — (4.6)

Where T is a continuous random variable denoting the time to failure of the segment
represented by the exposure point s of the power line L. P;'S Is the probability of the segment
to fail between t and t + dt knowing it was operational until ¢.

The evaluation of P}'S(t) in function of the exposure E*S(t) and the resistance factor RS is

derived from the next equation proposed by the handbook for improving overhead
transmission line lightning performance (Phillips, 2004). The number of flashover FO(t, At) of
a segment of transmission line is the product of the ground flash density by a lightning
performance factor.

FO(t,At) = GFD(t,At).LPF (4.7)

Where FO(t, At) is the average number of flashover during At around t, GFD(t, At) is the
average ground flash density during At around t, and LPF is the lightning performance factor
equivalent to the resistance factor RS, It is constitutive to the design of the segment including
pylons, conductors, isolators and shield wires.

Flashovers designate short circuits between at least one phase conductor to the ground.
They are due to direct lightning strikes on conductors or shield wires. Every flashover entails
the disconnection of the line until reconnection by automatic reclosing breakers or manually
by operators. De Conti et al. (2006) shed the light on the mechanism underlying flashovers
dueto lightning strikes.

According to Bessis (2007), if the number of occurrences of an event is very small, this
number of occurrences is approximately equal to the probability of the event. Therefore, if
the number of flashovers respects (4.9), it is approximately equal to the probability of failure.

FO(t,At) ~ P (t, At) (4.8)

If FO(t,At) < 1 (4.9)

The condition (4.9) must also be respected for another reason. Indeed, P}'S(t) is defined for
non-repairable items while the probability of failures, derived from the number of
flashover FO(t, At), isrelated to “repairable’ items. According to Ascher and Feingold (1984),
these two different types of probabilities are approximately equal when (4.9) istrue.

The GFD is the number of lightning strikes S(t,At) during At in an area A around the
segment. Therefore, GFD is equal to the exposure EY(t, TF) as implemented in equation
(4.2).

S(t, At)

GFD(t,At) = = EbS(t,TF) (4.10)
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with TE = At (4.11)

Equation (4.7) combined with (4.8) and (4.10) yieldsto:
PF(t, At) ~ EYS(t, At). RY (4.12)
Therefore, the rate of failure (4.6) is approximated by:

EYS(t,TE).RYS
TE

ALS(t) = ALS(t) = (4.13)

The rate of failure of segmentsis function of their exposure, their resistance factor, and the
time window T of the sampling process of lightning impacts. Methods for evaluating the
resistance factor R“ are has been thoroughly studied over the past 40 years. These methods
requiring numerous parameters of transmission lines and time consuming simulations
(Alberto Nucci, 2010). These methods are not well-suited at the time of resistance estimation
of all segments of alarge transmission network. Therefore, some simplifications are required
and in this case, it is assumed all the segments of transmission lines of the same nominal
voltage, i.e. 220 kV and 380 kV, have the same resistance factor per unit of length. These
two voltages are considered separately because they significantly influence this factor.

RLS = dbS.RY if Lisa 220 kV line (4.14)

RYS = dYS.R? if lisa380kV line (4.15)

According to (4.7), the resistance factor can be evaluated knowing the number of

flashovers and the number of lightning strikes counted during At around t within a surface A
around the segment.

B FO(t, At) _FO(t,At).A

Rlor R? = -
or GFD(t,A0) . S(t,AD)

(4.16)

The two resistance factors have been estimated for the year 2005. It is assumed they will
not significantly change until the year 2018. The terms of equations (4.16) are calculated for
an average segment of 1km for the 220 kV and 380 kV networks.

The number of lightning strikes s™¢t is estimated in a buffer zone of 2.5 km on each side of
the transmission lines of the geographic model 2006. Then, this number is divided by the
length of their respective network L™¢* in order to compute the number of strikes S for the
average segment. Practically, the number of lightning strikes has been evaluated by Arcinfo
and the Meteorage database for 2005 which includes the geo-referenced cloud to ground
lightning over Switzerland (Meteorage, 2010).
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The number of flashover per kilometer is extracted from the annual statistics for 2005 of
the Swiss transmission network (AES-V SE, 2005). The calculations of the resistance factors
R and R%are detailed in the table hereunder.

Table 9: Calculation of the resistance factors scaled to two reference segments

Unit 220 kV lines 380 kV lines Source
gnet # 14356 7730  Arclnfo analysis
Lret km 4406 1919  ArcInfo analysis

S #/km 3.25 4.02 gnetjpnet

A km 5 5 Buffer width
GFD #km? 0.65 0.8 S/A
FO #km 1.6 x1072 561073 AES statistics
R*, R? km 2.4 %1072 7.0%1073 FO/GFD

Finally, the resistance factors of 220 kV and 380 kV segments per unit of length are:

Rl =24%1072

and R? = 7.0%1073

(4.17)

These resistance factors are rough estimates of the true value of the actual segments,

because available statistics about flashovers are aggregated at the network level. However,
the order of magnitude of these values is sufficient to identify major zones of vulnerability.
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The transmission line length and exposure to extreme weather events are more contributing
than resistance factors to the probability of CMCs. As new data becomes available, these
factors can be more precisely estimated.

4.3.4 Reconnection rate of the reliability model

The reconnection process puts transmission lines back in service after flashovers. This
process aggregates the actions of auto-recloser breakers, operator’s maneuvers or physical
repair. As mentioned in Chapter 3.3.3, this process is modeled by a constant rate of
reconnection. In addition, it is assumed that the rate is equal for al power lines.

p@®) =pt=u (4.18)

A unique and constant rate of reconnection is a harsh simplification. In reality, automatic
security systems are much faster at reconnecting lines than fixing teams. A variable and
distinct rate of reconnection would increase the complexity of the model and would stumble
on the limited available outages data. Indeed, they are generally not detailed enough to infer
different rates of reconnection for each power line. In addition, a more detailed modeling
would not necessarily lead to different conclusions about the existence of major zones of
vulnerability.

The estimation of the rate of reconnection stems from statistical outage data. If they are
sufficiently detailed, a mathematic model of the reconnection process could be fitted by a
linear regression or other methods as described in (Gross, 2003). Unfortunately, the available
statistics are too aggregated to perform the methods mentioned herein. Indeed, the annual
statistics of the Swiss electric network only contain the initial number of disconnected
transmission lines by lightning strikes and the number of lines still disconnected after three
minutes (AES-VSE, 2005). However, it is sufficient to carry out an estimate of the
reconnection rate since it is assumed constant in time.

A process with a constant rate of reconnection follows an exponential distribution (see
Appendix 9.2. The probability of reconnection after t is given by:

U(t) =Pr(T =t) = e "t (4.19)

Where T is the random variable of time to reconnection of a transmission line. Applying
the logarithm function on both sides of the equation yields to:

Y(t) = Log(U(®)) = —p.t (4.20)

Therefore, the reconnection rate u is the slope of Y(t). This model can be fitted to actual
data by alinear regression to estimate . If only two values are available, the regression is
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transformed in simple slope estimation.

R

H= tl—to

(4.21)

Posing N(t), the number of lines still disconnected after t from statistical data. Assuming
the ergodic hypothesis, the natural estimator of the probability of reconnection after timet is
(UCTE, 2008, Brémaud, 20014):

~ N(0) (4.22)

According to these reports for the years 2001, 2003, 2004 and 2005, 594 disconnections
caused by thunderstorms have been reported, and 92 of them lasted more than three minutes.

Table 10: Number of outages caused by thunderstorms during four years

t[s] N@) U@®) Y
0 594 100% O
180 92 15% -1.87

The estimate /i of the rate of reconnection is straightforward applying (4.21) with the data
from Table 10.

o —1.87—0_0010
K="T80_0 (4.23)

Two assumptions are made for the reconnection rate. Firgt, it is constant in time. It
requires that there is no discrimination between fast automatic security systems and slow
manual operations. The dynamics of the reconnection process are lumped into a single
constant behavior. Second, each power line has the same rate of reconnection. It requires that
short and long lines or aged and recent lines are reconnected at the same rate. These
assumptions could have an impact on the results of the vulnerability assessment. However,
simplifications are unavoidable to limit the complexity of the model. In addition, datais rare
at this level of detail and confidential if existent. However, it is believed that the level of
simplification is appropriate to this concrete case illustration.
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5 Vulnerability assessment of the Swiss electric
power system

The wulnerability assessment is carried out for the scenarios of transmission systems
impacted by the two extreme thunder storm events defined in Chapter 4. The main objective of
this chapter is the identification of major zones of vulnerability. First, the probability of
plausible sets of common mode contingencies is evaluated by space-time simulations. Then,
the severity of the most probable contingencies is assessed by contingency analyses. The
vulnerability of the plausible scenario 20018 impacted by the simulated extreme thunder storm
event is fully analyzed with regards to temporal and aggregated vulnerability indexes in
addition to the identification of major zones of vulnerability. Finally, zones of vulnerability
are identified for the other combination of scenariosto allow the proposal of countermeasures
in Chapter 6.

5.1 Performingthe simulations

5.1.1 Main stages of the vulnerability assessment

To carry out the numerical simulations of the vulnerability assessment described in
Chapter 3, four major stages are required. Stage A, the geographic models and the electric
models of the scenarios of the power transmission system (SPTS) as well as the scenarios of
the extreme weather event (SEWE) are crafted and implemented in databases as described in
Chapter 4. The parameters of the reliability model are appended to the geographic models. In
Stage B, the tempora unavailability of each transmission line is calculated by a numerical
solving method. The most probable power lines to faill are combined amongst themselves to
generate the set ' of common mode contingencies (CMCs). Then, their temporal
unavailability is computed according to Chapter 3.5. In Stage C, the severity of the most
probable CMCs is evaluated by a contingency analysis presented in Chapter 3.6. In Stage D,
the vulnerability indexes and matrixes are computed and major zones of vulnerability (MZV)
are identified according to Chapters 3.7. The following schema shows in which programs the
four stages are implemented.
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Arclnfo Matlab Neplan

A.1 Construction of the geographic model of the SPTS
A.2 Construction and storage of the SEWE

A.3 Append reliability model attributes to the
geographic models

v
[ A.4 Construction of EM of thetwo SPTS ]

v

B.1 Computation of the unavailability of lines
B.2 Identification of the set '™ of probable CMCs
B.3 Calculation of CMCs probability

v
[ C.1 Contingency analysis to assess severity ]
. |

[ D.1 Calculation of vulnerability indexes and MZV ]

Figure 20: Stages of the simulations implemented in three software

The GIS software Arcinfo alows the processing, visualization and storing of the
geographic models and scenarios of extreme thunderstorm events. Unfortunately, GISs are
not made to conveniently handle time dependent problems. Consequently, the temporal
unavailability is performed under Matlab, which can handle with great ease any numerical
problems regardless of their dimensions. Matlab has a GIS toolbox alowing the loading of
Arcinfo data and performance of basic functions. Matlab has enough GIS capabilities to
carry out the required calculations of transmission line unavailability. In addition, Matlab
assures the flow of data with the two other programs. Nevertheless, al the functions
implemented in Matlab scripts could have been programmed in Arcinfo or in another GIS
environment. This would require only some specific skills by the programmer. On the
contrary, the construction of electric model and the contingency analyses could not have been
performed elsewhere, except for in a fully dedicated software of power system analysis such
as Neplan. Its advanced functions of editing and analyses are the results of years of
development. Rea electric networks require professional software for their modeling and
analysis because of their complexity and size.
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5.1.2 Parameters of the ssmulations

A few parameters related to discretization processes have to be set before carrying out the
simulation. For example, computer-based simulations and SEWE require appropriate steps of
discretization, which is often a trade-off between accuracy and calculation speed (Bossdl,
1994). When steps are small, more details can be taken into account. However, steps of
discretization cannot be too small for two main reasons. First small steps imply more
memory and more calculations, which require higher computing resources. Second, there
exists alower limit where smaller steps do not imply a significant discretization error.

The geographical model from Chapter 3.3.2 is composed of lines divided into segments of
length d'* represented by exposure points. The length cannot be too small because it would
significantly augment the number of segments and thus the duration of the smulation. On the
other hand, the length cannot be too large because the local variations of extreme weather
events could not be taken into account. Since most thunderstorm cells are larger than 10 km,
a segment length of 2.5 km is assumed to be a reasonable compromise. There is amost no
risk that significant thunderstorms could pass between two exposure points of segments
without being detected. On the other hand, a shorter distance would not be likely to grasp
more information about the space-time correlation of thunderstorms, which have a finite
spatial resolution.

In the calculation of the exposure as defined in Chapter 4.3.3, the influence distance d£ and
size of the moving average window T has to be defined. Both of these parameters cannot be
too small, otherwise too few lightning strikes would be detected and the evaluation of the
exposure would not be representative of the actual thunderstorm. If these parameters are too
large, the local space-time patterns of thunderstorms would be averaged. Again, the exposure
would not be representative of the actual thunderstorm. To get a good representation, the
length and duration should be smaller than the space-time scale of a thunderstorm cell. Most
of the cells are larger than 10 km and they do not move faster 80 km/h or 1.3 km/min (Schmid
et a., 1997). The influence distance df is set at 2.5 km, which is a fraction of a standard cell
size. On the other hand, a 10 km wide cell with a speed of 1.3 km/min takes 7.5 min to
entirely pass over a given point. It is proposed here to set the T at 7.5 min. If TE was set
radically below 7.5 min, the number of strikes detected could be too low to be representative.
The exposure would peak at each lightning strike and be zero otherwise. If T¢ was set
drastically above this value, the space-time dynamic of thunderstorms would be averaged and
thus lost. The estimate of the exposure from scenarios based on lightning strikes limits the
space-time dynamic. Lightning strikes do not contain enough information to derive a smooth
and complete exposure. However, it is often the only appropriate data available in the case of
thunderstorms.

The differential equation (3.6) describing the temporal unavailability of transmission lines
and the probability of CMCs of equation (3.31) are numerically solved under Matlab and its
simulating platform Simulink. It allows the graphical modeling of systems and their
constitutive equations. It provides a user-friendly environment to model complex systemsin a
natural way. The unavailability leading to the probability of CMCs is modeled by the
following block diagram.
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Figure 21: Numerical simulations of the unavailability under Simulink

This system of equations is numerically solved using a variable stepsize Dormand-Prince
method which is an adaptation of the fourth-order Runge-Kutta method presented in Chapter
3.3.3. The stepsize h,.,, Where n is the time, is controlled by the maximum local error §
(Dormand and Prince, 1980).

5 )1/5 51

€n+1

hl’l+1 =09 % hl’l(

Where ¢, IS the estimated error caused by the discretization. The error § has to be set to
an appropriate value which is a trade-off between simulation speed and accuracy. After few
numerical simulations, the temporal unavailability do not significantly change for § = 1E711
which isretained for the rest of the vulnerability assessment.

Regarding the severity assessment from Chapter 3.6, three parameters must be s¢t, i.e. the
maximum current I4,,,, the maximum admissible voltage deviation V/,,,, and the maximum
voltage deviation V}},,. Chapter 2.3 of Knight (2001) helps to set credible limits for these
parameters. First, the maximum current is the current entailing the disconnection of the three-
phase circuit after several minutes. This maximum current is variable, but 140% of the rating
current is credible. From the same reference, a deviation of 5% of the nominal voltage could
already entail equipment disconnection at the bus, while 10% is certainly fatal for most of the
equipment. It is worth mentioning that the designation of transmission lines as 220 kV and
380 kV lines is misleading since they are operated at 230 kV and 400 kV. Therefore, the
voltage severity index isbased in V},,, = 230 or 400 kV .
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Hereisasummary of the main parameters set above.

Table 11: Definition of the main parameters of the simulation

Segment length $=25km
Influence distance of the exposure df =2.5km
Size of the moving average window TE = 7.5min
Maximum local error €pyr = 1E711
Maximum current Ty = 140% * I gring

Actual nominal voltages Viiom = 230 or 400 kV
Admissible voltage deviation Lim = 5%
Maximum voltage deviation Vinax = 10%

5.1.3 Smulations

The vulnerability assessment is performed on the reference scenarios 2006 (RS 2006) and
plausible scenarios 2018 (PS 2018) impacted by the smulated and past extreme thunderstorm
events. Some key figures of the four stages of simulations presented in Chapter 5.1.1 have to
be shown before the results of the smulations.

Stage B involves the calculation of probability of CMCs of the set '™. The number of
CMCs is limited by the random access memory of the computer used. Only the most
plausible CMCs are investigated according to a screening process. Indeed, the number of
CMCs is rapidly growing with multiplicity m. For a givenm = 3, the number of possible
combinations exceeds the memory of recent desktop computers. Fortunately, as the
multiplicity increases, the probability of CMCs becomes negligible. For this application to
thunderstorms, the multiplicity m < 3 has been considered credible. The number of CMCs
investigated for peak and off-peak scenarios are similar.

Table 12: Maximum number of CMCs vs. investigated CMCs

#CMCs maximum #CMCs investigated
SEWE SEPS m=1 m=2 m=3 m=1 m=2 m=3
SEWE 1 RS 2006 216 23220 1.7E+06 216 23220 43680
PS 2018 252 31626 2.6E+06 252 31626 43680
SEWE 2 RS 2006 216 23220 1.7E+06 216 23220 43680
PS 2018 252 31626 2.6E+06 252 31626 43680

# investigated/# maximum

SEWE SEPS m=1 m=2 m=3
SEWE1  RS2006  100% 100% 2.6%
PS2018  100% 100% 1.7%
SEWE2  RS2006  100% 100% 2.6%
PS2018  100% 100% 1.7%
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For the multiplicity m =1 and m = 2, all possible CMCs can be investigated. On the
contrary, only a fraction of the possible CMCs of multiplicity m = 3 can be analyzed.
Nevertheless, the large majority of uninvestigated high multiplicity CMCs is very unlikely.
The CMCs investigated are among the most probable even if some could have been
discarded.

The temporal unavailability of all investigated CMCs has been calculated and stored for
further analysis. This simulation takes at most a few hours on a modern desktop computer,
and the duration is reasonable when taking into account the number of CMCs. The number of
investigated CM Cs and the simulation duration could certainly be lower with improvements
to the calculation agorithms.

Stage C involves the severity assessment by contingency analyses. Only the most probable
CMCs of the set ' undergo the contingency analysis based on an AC power flow model.
The screening is performed according to the cumulative sum criterion with « = 80% as
described in Chapter 3.5. The following table shows the ratio between the number of CMCs
causing violations of security limits and the number of CMCs investigated.

Table 13: Selected results of the contingency analyses

# CMCs on investigation # CMCs severe
SEWE SEPS m=1 m=2 m=3 m=1 m=2 m=3
SEWE1 RS 2006 74 1760 2113 0 24 149
PS 2018 87 2212 2999 0 24 331
SEWE2 RS 2006 55 970 1459 0 8 10
PS 2018 62 1260 1781 0 16 59

# severe/# investigated

SEWE  SEPS m=1 m=2 m=3
SEWE1 RS 2006 0% 1.4% 7.1%
PS 2018 0% 1.1% 11.0%
SEWE2 RS 2006 0% 0.8% 0.7%
PS 2018 0% 1.3% 3.3%

Only the peak period of the RS 2006 and PS 2018 suffers from violations of security
limits. The off-peak period apparently has sufficient margins to undergo CMCs without a
problem.  This is certainly due to the lower night consumption. As expected, single
contingencies do not cause violation of security limits because of the N-1 criterion.
Unsurprisingly, as the multiplicity increases, the ratio aso increases. However, most of the
investigated CMCs by the contingency analysis do not cause violation of security limits.
Only current overloads have been caused by these CMCs, and no voltage deviation outside
the limits has been identified. This is probably the consequence of PV generators
constraining some buses voltage, the relatively low summer consumption and a fully
operational network without overhauled transmission line.

82



Stage D is the core of the smulations as it relates to the vulnerability assessment (i.e. the
indexes and matrixes of vulnerability as defined in Chapter 3.7). The calculationsinvolved in
this stage are quite straightforward and do not engage a significant amount of computing
resources. These calculations have been carried out by Matlab scripts. The results of Stage D
are presented in the next chapter.

5.1.4 Senditivity analyses

Sensitivity analyses have been performed on the main parameters or calculation methods
liable to influence the ssimulation results. First, AC power flow model has been replaced by
its linear counterpart named DC power flow model (see Appendix 9.1.2). The DC model is at
least five times faster to the detriment of accuracy. The index of vulnerability is
systematically lowered by 10% to 20% compared to the AC model. This diminution stems
from few CMCs whose severity is incorrectly evaluated. Although the loss of accuracy is
tolerable on average, some severe CMCs could be neglected leading to inappropriate
conclusions. Therefore, the DC model should only be used for screening the potential severe
CMCswhereas the AC model numerically evaluates the level of severity.

For the maximum current, the admissible and maximum voltage deviation of Table 11,
they have a moderate influence on the level of vulnerability. For example, a doubling of the
maximum current lowered the vulnerability level by approximately 50%. On the other hand,
the location and relative vulnerability of MZVs is not sensitive to these parameters as long
they are uniformly revised among power lines and buses. It implies that comparison of levels
of vulnerability among different transmission system scenarios has to be performed with the
same set of those parameters.

The segment lengths have little influence on the simulation results as long as they are kept
smaller than the space-time scale of thunderstorm cells. In this condition, smaller segment
lengths only augment the number of exposure points, and thus, the computing time.
Consequently, segment lengths should be just smaller than the space-time scale to ensure a
fair trade-off between simulation time and accuracy. The influence distance of the exposure
points and size of the moving average window are strongly linked with the space-time scale
of thunderstorm cells. Their ratio should not be higher than the minimum space-time scale
contained in the SEWE. Otherwise, overlapping zones of influence among exposure points
would average spatiotemporal information.
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5.2 Vulnerability assessment of the PS 2018 impacted by the
SEWE 1

This chapter aims to identify maor zones of vulnerability according to the metrics
presented in Chapter 3.7. First, the aggregated index and matrix of vulnerability are presented
to locate the MZV of the PS 2018 hit by the SEWE 1. Then, the temporal vulnerability index
and matrixes are presented to get an idea of the vulnerability dynamic.

5.2.1 ldentification of vulnerable zones

At this stage, the probability and severity of the all CMCs have been computed. The
aggregated vulnerability index Vv, as defined by (3.46), is the sum over all CMCs and
multiplicity of the product of the CMCs probability and severity. The table hereunder shows
the intermediate vulnerability index for the different multiplicity of CMCs.

Table 14: Vulnerability index for the PS 2018 and the SEWE 1

m=1 m=2 m=3 74

0 2.0E-06 1.0E-06 3.0E-06

Unsurprisingly, the vulnerability is zero when m = 1 since the N-1 criterion guaranties no
overload in case of single failures. On the contrary, CMCs of multiplicity 2 and 3 exhibit the
same order of magnitude in vulnerability. Triple contingencies tested entail less vulnerability
than double ones. This can be explained by the fact that only the most probable, but not all
triple contingencies have been taken into account. On the other hand, their lower probability
may compensate for their increased severity. The absolute value of the vulnerability index
has a limited interest since it is hardly interpretable. Nevertheless, it is the foundation of the
matrix of vulnerability and zonal vulnerability ratio (Chapters 3.7.2 and 3.7.3).

The matrix of vulnerability of the PS 2018 can be found in Table 15. Briefly stated, this
matrix is the projection of the IV on two dimensions. The first dimension (row) includes the
transmission lines that are contained in CMCs. This dimension can be seen as the cause of
violation of security limits. The sum of the columns is the vulnerability caused by each
transmission line involved in CMCs. Since no voltage deviations have been noted, violation
of security limits are only current overloads. The second dimension (column) includes the
transmission lines that undergo overloads. This dimension can be interpreted as the
consequences of the CMCs. The sum of the rows is the vulnerability consequent to each
transmission line with violation of security limits. The map hereunder illustrates the
projection of vulnerability to the transmission lines respectively involved in the CMCs and
with violations of security.
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Figure 22: Map of the vulnerable areas of the PS 2018

The vulnerability seems visually concentrated into two geographic areas, and they are
identified by the transmission lines inside their perimeter, which are contributing to the
vulnerability. These areas are both situated in mountainous regions with high hydro
production and a relatively low consumption. The area of vulnerability A stretches along the
Rhoéne valley where more than 2 GW of hydro power plants are located. On the other hand,
the area B lies in the canton of Tessin constituted by steep and narrow valleys scattered with
multiple power plants of several hundred megawatts.

From the visual interpretation of Figure 22, the number of MZV is N? = 2 because the two
areas of vulnerability seem independent. Therefore, they are good MZV candidates. In order
to formally identify these MZV, the method described in Chapter 3.7.3 has been applied to
this concrete case. The process of distributing transmission lines in the MZV has been
performed manualy. Indeed, the maximization of the intra-zonal overal vulnerability is
obvious in this situation. The following matrix of vulnerability is formatted to present the
transmission lines belonging to the set ZP = ¢P x LP of the MZV 1 and 2. The transmission
linesindex is replaced with their name to facilitate understanding.

85



Table 15: Matrix of vulnerability and MZV 1 and 2
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SBATIA1A-SCHAVA1A-1 3E-07 1E-07 1E-07 6E-07
SCHAVA1A-SROMAN1A-1 3E-07 1E-07 9E-08 5E-07
SS.TRI2B-SVEYTA2A-1 2E-08 6E-10 2E-08
SROMAN2A-SVEYTA2A-1 2E-07 3E-08 1E-07 3E-07
SVALLO2A-FPRE.A2A-1 2E-07 2E-07
SS.TRI2A-FCOR.S2A-1 6E-09 1E-08 2E-08
SROMAN2A-SS.TRI2A-1 1E-08 1E-08
SBICKI1A-SCHIPP1A-1 1E-07 7E-10 2E-08 1E-07 et
SBICKI2A-SCHIPP2A-1 S5E-08 8E-10 1E-09 6E-08
SGSTAA2A-SMUEHL2A-1 1E-08 6E-11 2E-09 1E-08
SCHAMO2A-SMUEHL2A-1 7E-10 3E-10 6E-08 7E-08
SRIDDE2B-FCOR.R2A-1 2E-07 1E-07 1E-07 4E-07
SRIDDE2B-SS.TRI2B-1 1E-07 8E-09 4E-08 2E-07
SBATIA2A-SS.TRI2A-1 4E-07 4E-07
SBATIA2A-SVALLO2A-2 2E-08 2E-08
SBIASC2A-SLAVOR2A-1 2E-08 0E+00
SLAVOR1A-IMUSM11A-1 5E-09 3E-09 2E-10 9E-09
SIRAGN2A-SSOAZZ2A-1 6E-09 4E-09 1E-09 2E-08 1E-08
SMAGAD2A-SSOAZZ2A-1 7E-09 6E-09 2E-09 1E-08 C?
SGORDU2A-IMESM12A-0 5E-09 4E-09 1E-09 1E-08
SAVEGN2A-SGORDU2A-1 3E-09 3E-09 7E-10 7E-09

Sum rows 1E-06 9E-07 8E-07 5E-08 = 3E-06
Lt L? 3E-06

The first MZV Z1is congtituted by 15 transmission linesin ¢t (CMCs) and 3 linesin £1,
while the second 22 is composed of 6 lines in the set ¢?and 1 in the £2. The sets B? are
empty since no overvoltage has been detected by the contingency analysis. The element of
the matrix can be interpreted as the intensity of the link between lines included in CMCs and
lines suffering from violations of security limits. The sum of the columns and rows allows
the identification of the transmission lines most responsible for the violation of security limits
and those most frequently undergoing violation of security limits, respectively. As
demonstrated in Appendix 9.3, the sum of the matrix elements is equal to the aggregated
vulnerability index of Table 14.
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In genera, the existence of MZV can be explained by two properties of weather and
transmission systems. First, the limited range in space-time correlations of EWES preferably
causes failures of nearby transmission lines. Second, CMCs located in the same area are
likely to provoke violations of security limits not far from this area due to the small electric
distance. Therefore, CMCs triggered by thunderstorms are likely to be grouped in the same
vulnerable area which entails an augmented probability of violation of security limits
compared to independent contingencies. Discarding space-time correlations leads to an
underestimation of vulnerability.

The zona vulnerability ratio measures the aggregated link between transmission lines in
CP and in L9 as a percentage of the aggregated vulnerability index as defined by (3.68).

Table 16: Zonal vulnerability ratio

Lt L?
97% -

Cl
62

1% 2%

MZV 1 accounts for 97% of the vulnerability, while MZV 2 accounts for only 2%.
Therefore, countermeasures should have priority in MZV 1. The clustering process into two
zones is optimal or near optimal since the inter-zonal overall vulnerability stems from
c?to £t a only 1%. Thisisthe result of CMCs of multiplicity three taking place in the two
MZV and causing violations of security limits only in MZV 1. This Situation is the
consequence of the rule underlying the vulnerability projection used in matrixes of
vulnerability. It states that each transmission line in a CMC is equally responsible for the
violation of security limits. This allocation could be improved by taking into account the
actual effects of each single failure.

In anutshell, the vulnerability of the PS 2018 impacted by SEWE 1 is mainly located in the
MZVs 1 and secondly in MZV 2. Countermeasures should be proposed in priority to the
most vulnerable Zone 1. In general, vulnerable areas refer to fixed geographic region, while
MZV are related to transmission infrastructures and are scenario dependent. In the present
case, the two MZV coincide by construction with the mountainous areas A and B. It is not
surprising that the MZV are in this type of terrain since it fosters high hydro production, low
consumption, and does not facilitate the development of the transmission network. Moreover,
mountainous regions are prone to intense westher activity. The results presented here show
the ability of the methodology to quantify the vulnerability and identify its sources.

5.2.2 Temporal analysis of the vulnerability

In the previous subchapter, the aggregated vulnerability index is used to identify the
vulnerability of the PS 2018 hit by the SEWE 1. Thisindex istimeless since it aggregates the
maximum probability of each CMC. On the contrary, the temporal vulnerability index gives
an image of the vulnerability V(t) at a given time as described by (3.45). It shows that
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vulnerability is a tempora function of the dynamic of the SEWE, the paths of the
transmission networks and the power flows. The temporal contribution of each CMC to the
vulnerability comes from its time-dependent probability, defined by (3.32), since its severity
derives from aunique SPTS. Therefore, the evolution of the vulnerability islinked to the sum
of probability Py, (t) of having double and triple CMCs, which are potentially severe CMCs.

3 N™

ICEDIPN:10 (5.2)

m=2c=1

As shown in the following figure, Pqyc (t) is fluctuating over time. Peaks correspond to
storms cells hitting larger portions of the network. The process of reconnection is clearly
apparent. It limits the probability of CMCs and ensures a fully operable network once the
SEWE 1 has passed.
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Figure 23: Temporal evolution of the vulnerability

The temporal unavailability of three lines from different regions is also represented in
order to associate the temporal vulnerability with the regions exposure. The line Romanel to
St-Triphon is located in Area A and its unavailability is denoted Uronti. The line Lavorgo-
Musignano (U amus) 1S in Area B whereas the line Laufenburg-Lindenholz (Upauin) 1S
situated in the northern part of Switzerland.

Two peaks of vulnerability are detected centered at ¢t = 60 and t = 150. The highest is
caused by cells G1_C1, G1_C2 impacting the Area A and cells G2_C1 and G2_C2 hitting
Area B (see Figure 22). The second lower peak corresponds to the contact of cells G1_C4
with Area A. The vulnerability sunk close to zero when none of the two vulnerable areas are
impacted. At t =200, a peak in Py is caused by thunderstorm cells passing through the
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north of Switzerland, which has a dense transmission network. However, this peak does not
coincide with a surge of vulnerability since this part of the network isresilient to CMCs.

The cause of the first vulnerability peak is corroborated by the temporal matrix of
vulnerability and the two MZV as detailed in the following table.

Table 17: Temporal matrix of vulnerability at 60 minutes
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SBATIA1A-SCHAVA1A-1 8E-08 2E-07 2E-09 3E-09 3E-07
SCHAMO2A-SMUEHL2A-1 1E-08 2E-09 1E-08
SRIDDE2B-FCOR.R2A-1 1E-08 2E-07 2E-09 2E-09 2E-07 et
SRIDDE2B-SS.TRI2B-1 7E-09 7E-09 2E-09 8E-10 2E-08
SBATIA2A-SS.TRI2A-1 1E-07 1E-07
SBIASC2A-SLAVOR2A-1 8E-09 2E-09 3E-08 4E-08
SLAVOR1A-IMUSM11A-1 8E-10 2E-10 1E-09 C?
SIRAGN2A-SSOAZZ2A-1 4E-08 4E-08
Sum rows 2E-07 5E-07 5E-09 5E-09 7E-08 = 8E-7
Lt L? 8E-7

MZVs 1 and 2 at t=60 are not composed of exactly the same transmission lines as those detected in
Chapter 5.2.1. However, they are also situated in the same Areas A and B. It is not surprising since
temporal vulnerability is a subset of aggregated vulnerability at a given time. The time dimension
brings more information about the vulnerability. It isvariable and some particular times are prone to
severe CM Cs endangering the security of the electricity supply.

Table 18: Zonal vulnerability ratio at 60 minutes

Lt L?
ct 89% 0%
c? 1% 10%

The zonal vulnerability ratio for the two MZV indicates that MZV 1 is responsible for the
majority of the vulnerability at t=60. Despite the ssmultaneity of the thunderstorms in the two
areas, CMCs of ¢? contributes insignificantly to the vulnerability of MZV 1. Therefore,
these two zones can be considered as electrically distinct when it comes to the effects of
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contingencies.

This example shows that vulnerability induced by an extreme weather event exhibits strong
space-time correlations. Therefore, it is important to take these correlations into account
when assessing vulnerability to propose effective countermeasures. The focus can be
restricted to the fraction of the network showing signs of vulnerability.

These results are close to those obtained by the timeless analysis. The concept of time
dependent vulnerability allows the modeler to have a better idea of the interaction between a
SPTS and a SEWE as well as the capacity of the methodology. However, atimeless analysis
presents aggregated values that are readily interpretable in order to propose countermeasures
for the whole period of the SEWE and not just for agiven time.

5.3 Vulnerability assessment of other scenarios

The search of vulnerable zones is more robust if they are not only based on one pair of
electric and wesather scenarios. Although, a quas infinity of plausible cases exists, it is
valuable to evaluate the sensitivity of the vulnerable zones to few other scenarios. Two other
SPTS are investigated in this section in the same way as in Chapter 5.2.1. First, the RS 2006
Is a plausible scenario of the 2006 summer peak period. This scenario ams at evaluating
whether the two vulnerable Areas A and B of the PS 2018 are aso present in the RS 2006.
Second, the PS 2018 T is similar to the PS 2018, but the transit from Switzerland to Italy is
lowered by 1500 MW. In this case, most of the electricity exported from Switzerland heads
to its northern border, which includes France and Germany. This explores the effects of
larger imports to northern Europe, which could take place when adverse weather conditions
lower the production of large wind farms (EWIS, 2007). The SEWE 2 defined in Chapter
4.2.2 is mingled with the PS 2018 and RS 2006 to assess the vulnerability with a real past
weather event. The PS 2018 T is only combined with SEWE 1 to inspect the vulnerability
changes induced by the new transit flows.

In order to alow non-biased comparison of vulnerability levels for different scenarios, the
vulnerability comparison indexes V¢ have been computed based on the RS 2006 during
normal weather conditions as described in Chapter 3.7.1. This scenario is based on three years
of power line unavailability statistics for the Swiss transmission lines (AES-V SE, 2001-2003-
2004). It is assumed that all transmission lines have the same average unavailability. More
details about the data and cal culations are found in Appendix 9.6.

The next table summarizes the simulations in terms of vulnerability indexes and zonal
vulnerability ratio for the two MZV identified. They are located in the two vulnerable Areas
A and B of Figure 22 related to the PS 2018 impacted by the SEWE 1. MZV and areas
coincide for all combination of scenarios. Therefore, these terms are here rather
interchangeable, even if MZV contain different sets of transmission line. The zond
vulnerability ratio V2t and V%% indicate the percentage of vulnerability attributable to,

ratio ratio

respectively, Areas A and B. The next column isthe inter-area vulnerability ratio.
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Table 19: Zonal vulnerability ratio focused on Areas A and B

ve Viyatio Voo Vycio + Viatio
SEWE1 PS2018 3.9 97% 2% 1%
PS 2018 T 3.9 100% 0% 0%
RS 2006 4.2 95% 4% 1%
SEWE2  PS 2018 3.4 72% 27% 1%
RS 2006 2.8 0% 100% 0%

A first observation is that the vulnerability comparison index V¢ of the SEWE 2 are lower
than SEWE 1. This can be explained by the smaller number of lightning strikes of SEWE 2
in the vicinity of transmission lines leading to less probable CMCs. Second, all combinations
of scenarios are severa orders of magnitude more vulnerable than the RS 2006 submitted to
normal weather. It shows the capacity of extreme weather events to endanger the security of

supply.

It is worth mentioning that the probability of the two SEWE is assumed equal to one. It allows
comparing scenarios regardless of their probability. However, it is sensible to consider these
SEWE as having low probabilities of occurrence during a single year. In this case, the
vulnerability comparison index would considerably be lowered. For example, a time of
recurrence of 100 years leads to a probability of 0.01, which diminishes the vulnerability
comparison index by 2 orders of magnitude. The vulnerability of investigated scenarios would
still be severa order of magnitude higher than the RS 2006, subject to normal weather
conditions.

The PS 2018 T clearly has only one major MZV. Compared to the PS 2018, there is a
transfer of vulnerability from AreaB to A. It isnot surprising since the transit to Italy, which
passes mainly by Area B, is lowered to the detriment of the northern borders. The non-
negligible power produced in Area A heads to the north instead of the south, which loading
more transmission lines which are aready vulnerable. This also explains the change of rate
from 97% to 100% in Area A in addition to an augmentation of V. From this example, Area
B seems sensitive to transit flow to the south, while Area A is sensitive to power flows to the
north.

The PS 2018 impacted by the SEWE 2 has the same two vulnerable Areas A and B.
Around one third of the vulnerability is located in Area B because the SEWE 2 is more
intense in the southern part of Switzerland. The Area A still accounts for most of the
vulnerability.

The past configuration of the network of RS 2006 also exhibits the two vulnerable Areas A
and B. However, the results are very dependent on the SEWE. The most vulnerable area
passes respectively from A to B for SEWE 1 to SEWE 2. These two weather scenarios do not
reveal the vulnerability of the RS 2006 in the same way as the PS 2018. However, the two
Areas A and B already existed in 2006.

To conclude, vulnerable Areas A and B account for the totality of the vulnerability in all
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combinations of scenarios. These areas can be aso considered as independent as
demonstrated by the low value of the inter-areas vulnerability ration. The modifications of
the network between 2006 and 2018 do not change the areas of vulnerability. The new
transmission capacities are certainly balanced by the new pumped-storage power plants. The
two areas are both located in mountainous regions, and they are good locations to erect dams
and hydro power plants. At the same time, the population is limited by available land, which
entalls arelatively low consumption of electricity. Large amounts of power have to flow out
of these regions to the main center of consumption through a limited number of power lines.
Transmission lines have to follow natural paths such as valleys and passes. Apparently, these
natural barriers contribute to vulnerability. It is harder to devise a resilient transmission
network capable of withstanding CMCs. In these conditions, it is a chalenge to find
countermeasures capable of reducing the vulnerability at acceptable costs while respecting
environmental regulations.

5.4 Conclusions

The probability and severity of sets of plausible CMCs of five scenarios of the Swiss
electric power system have been computed to assess vulnerability. The probability is
evaluated by space-time simulations of two SEWE impacting several SPTS. These
simulations take advantage of the adequate environment offered by Matlab and its GIS
functionalities. The severity is assessed by contingency analyses under Neplan for the most
probable CMCs. In the end, afraction of the most probable CM Cs generate current overloads
whereas no overvoltages were detected. Therefore, the methodology is able to screen the
most relevant CM Cs regarding vulnerability under extreme weather conditions.

Two major zones of vulnerability have been identified based on the index and matrix of
vulnerability developed in Chapter 3.7. These zones of vulnerability exist in the scenarios of
2006 and 2018, which suggests that there is an exogenous underlying cause of vulnerability
such as topography. Indeed, these zones are both situated in mountainous regions prone to
thunderstorms combining high hydro production and limited natural paths for transmission
lines. Despite the new transmission infrastructure in the PS 2018, the vulnerable areas do not
disappear, undoubtedly because of the increased hydro production. Nevertheless,
countermeasures can be envisaged to reduce vulnerability of these two major areas of
vulnerability.

This application demonstrates that simulations of space-time correlations in extreme
weather events combined with electric models of transmission systems leads to distinct and
identifiable major zones of vulnerability. The vulnerability is thus located in space and also
intime. The proposed methodology is able to reduce the complexity of system interactions to
target countermeasures. The scenario-based methodology allows simulating any imaginable
past or future situations, and this application is only an illustration of the methodology. It is
applied to plausible scenarios of the Swiss power system, which are not predictions.
However, it is believed that some results can be generalized and are able to shed light on
vulnerable areas of the Swiss electric power system.
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6 Proposal of countermeasuresto reduce
vulnerability

This chapter aims at searching for countermeasures to reduce the vulnerability of PS2018.
First, the context in which countermeasures take place is clarified as well as the constraints
applying to them. Second, the most hazardous major zones of vulnerability and its main
underlying cause of vulnerability are identified to propose appropriate countermeasures.
Finally, the reduction of vulnerability is assessed to judge the efficacy of the proposed
counter measures.

6.1 Introduction

In Chapter 5.2, two vulnerable areas were identified for the plausible scenario 2018 (PS
2018). They also exist in the reference scenario 2006 (RS 2006) which suggest that these
areas are constant over the years. The modifications to the transmission network brought to
the PS 2018 do not reduce the vulnerability of these areas in case of thunderstorms. These
changes am at achieving different objectives leading to billions francs in investment within
the next years. They are related to the connection of new hydro pump-storage power plants,
while others permit a better interconnection to neighboring countries, the respect of the N-1
criterion or the mitigation of congestions. Some of these new infrastructures will not be
operational in 2018 whereas other alternatives will be adopted. Knowing the important efforts
aready planned in upgrading the system raises the question of whether it is be appropriate to
reduce the vulnerability during rare extreme weather events.

In order to get more insight, a seminar was organized with experts from two Swiss
electrical utilities (Alpig and BKW) and the Swiss TSO (Swissgrid). The details of the
discussion are confidential, but general outcomes can be disclosed without breaking
confidentiality clauses. In a nutshell, it was acknowledged that the risk of disturbances during
extreme weather events (EWES) is moderate and the cost of countermeasures should be
economicaly justified by a significant reduction in vulnerability. It requires that
countermeasures to assure the security of supply during EWESs are at the lower end of the list
of priorities. This point can be further devel oped.

First, security of supply during extreme weather conditions is only one dimension
requiring investments in transmission networks. The rise in consumption and transit flows, the
new intermittent sources of energy or aging infrastructures require urgent upgrades of the
system. Resources including time, money and workforce are limited and they should be
engaged in priority to urgent upgrades.

Second, the Swiss transmission network has been built, operated and maintained during
more than 60 years without large blackouts due to extreme weather conditions. Standards of
construction, planning and operation standards are the results of year of experience of a
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mature industry. Little can be done without expensive countermeasures, which are difficult to
justify if only am isto squeeze out aresidual risk of disturbances.

Nevertheless, vulnerability during extreme weather events could be lowered by a careful
planning of the coming infrastructures. Their original purpose is to adapt the system to new
conditions ensuring the security of supply during normal weather conditions. At the planning
stage, several aternatives of development exist and those which lessen the vulnerability have
an advantage. The electric system growth should also integrate the reduction of vulnerability
during EWEs as a criterion. In this case, countermeasures should be considered as part of the
normal development of the network.

Summing up, the purpose of planning the evolution of mature power systems is to adapt
the existing infrastructure to its new changing environment. This resource consuming task is
the main priority. Years of experience and practice already assure a high level of security of
supply during extreme weather conditions. Nevertheless, the residual vulnerability can be
reduced by a careful planning of the future network structure. One key point is that
countermeasures must be wuseful during extreme and norma weather conditions.
Countermeasures are integrated in development plans under a relevant set of constraints.
Among acceptable expansion alternatives, the most resilient in case of extreme weather events
should be selected to guaranty the security of electric supply.

6.2 Proposal of amoreresilient alternativeto the PS 2018

The search of suitable countermeasures for vulnerable areas follows the method presented
in chapter 3.8. First, the common mode contingencies (CMCs) of major zones of vulnerability
(MZVs) 1 and 2 are categorized as low or high threats. CMCs are considered as low threats if
they do not cause further equipment tripping such as transmission lines, transformers or
power plants. On the contrary, high threats CMCs have the capacity of triggering further
disturbances. This method screens the severe CMCs in function of their capacity of
endangering the security of supply. In order to differentiate CMCs, a worst case approach is
used consisting of a succession of contingency analysis disconnecting at each time the most
overloaded transmission lines. If the disconnections lead to appearance of new overloads, the
CMC is deemed as a high threat.
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Figure 24: Categorization of CMCs potentiality to threat the security of supply

Other methods take into account dynamical phenomena of equipment disconnection and
the actions of operators and automatic security systems (Hardiman et al., 2004). However, the
objective here is to focus on the few highly threatening CMCs to facilitate the understanding
of the source of vulnerability. On the other hand, MZV with a significant proportion of highly
threatening CMCs have the priority at the time of vulnerability reduction. This screening has
been applied to the PS 2018 and its two MZV s induced by the SEWE 1 and 2.

Table 20: CMCs as low and high threats

# total # low threat # high threat #high/#total
MzZV 1 303 251 52 17%
SEWE 1
MzV 2 52 52 0 0%
MzV 1 46 42 4 9%
SEWE 2
MzV 2 28 28 0 0%

The MZV 1 comprises 17% of high threat CMCs. This indicates that this zone should be
considered as potentially threatening the security of supply in case of thunderstorms. On the
contrary, the MZV 2 shows no high threat CMCs. If overloaded lines trip off, it entails no
further disturbances. Even if this zone is vulnerable, it is deemed as a low threat to the
security of supply. Moreover, the first zone concentrates most of the vulnerability, see Table
19. Therefore, the search of countermeasures should to be located in priority inthe MZV 1.

The main cause of the vulnerability of the MZV 1 is certainly the high hydro production
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with negligible local consumption which forces long distance transfer of the production. The
augmented network capacity of this zone is balanced by supplementary generations in
Chamoson and Vallorcine. The Figure 30 of Appendix 9.5.2 helps to locate these places. It is
worth mentioning that transmission line maintenance has not been taken into account. It
usually takes place in summertime when thunderstorms are likely. Maintenances are certainly
afactor amplifying the vulnerability.

A first strategy could be the strengthening of capacity of the overloaded transmission lines
in £1 of Table 15. This entails the change of 68 km of three-phase circuits to allow more
current to flow. The implementation of this strategy in the PS 2018 is rather smple. The
capacity of the three lines of the MZV 1 isincreased at least to the maximum current caused
by the CMCs. The advantages are that no supplementary overhead power lines or circuits are
built. However, the augmentation of capacity requires lengthy and burdensome administrative
procedures. Besides, these costly alterations would not be particularly useful during normal
weather conditions where CMCs are not likely. Therefore, this strategy does not seem a
credible alternative to the PS 2018.

A more appealing strategy is the creation of supplementary paths of high capacity diffusing
the hydro production to large centers of consumption. The objective is to drain out severa
hundred of megawatts, which can be adequately achieved by a 380 kV transmission line. In
order to stick as close as possible to the guidelines of Chapter 3.8, the utilization of existing
paths should be preferred. Two possible options could be an additional 380 kV circuit from
Vallorcine to Cornier in France (SVALLO1A-FCORNI1A) to the existing 220 kV line or a
line between Riddes and Rondissone in Italy. The second option is less appropriate since it
requires at least the upgrading of a 220 kV line to 380 kV for more than 150 km while the
first require an additional circuit on an existing path for less than 60 km. Furthermore, the
shortest option directly connects the pumped-storage power plant of 600 MW in Vallorcine.
An article published on the Alpiq website reports that a study is ongoing to evauate the
possibility to increase the installed capacity to 900 MW (ALPIQ, 2009). This augmentation of
production capacity advocates in favor of the first option.

A plausible alternative scenario of development, namely PSA 2018, is implemented
including the SVALLO1A-FCORNI1A line. Few electric parameters of this line are required
to assess the reduction of vulnerability. This new 380 kV circuit is assumed to be mounted in
parallel with the existing 220 kV line. From the geographic model, the length of this line is
about 58 km. According to (Aguet and lanoz, 2004), a plausible resistance and reactance for a
380 kV overhead line is respectively 0.02 and 0.3 Ohm/km. The maximum rated current is
assumed as 1800 amperes, which corresponds to other transmission linesin the PS 2018.
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Figure 25: Additional 380 kV line to reduce the vulnerability of the area A

In this schema, 220 kV transmission lines are blue and the 380 kV are purple. The new
380 kV (dotted) line is anew link between Switzerland and France. This line closes the loop
around the Lake Geneva with the already existing 380 kV line from Béatiaz to Bois-Tollot.
The substation of Cornier is connected to a major 380 kV north to south axe in France and
also near interconnection lines between France and Italy. The SYVALLO1A-FCORNI1A is a
new link between the hydro production of Valais and some major consumption centers.
According to load flow calculation, this line carries 550 MW to Cornier by locally diverting
power flows. The parallel 220 kV line is unloaded of 150 MW while the line Bétiaz to Bois-
Tollot undergoes a reduction of 100 MW. The remainder of the power flows is mainly due to
the increase by approximately 200 MW from Switzerland to France the power flow whereas
the flows to Italy decrease of by approximately the same amount.

The SVALLO1A-FCORNI1A line is entirely located on the French territory. The
proximity of the area A to the French or Italian borders raises the likelihood of binational
measures which can seriously complicate their realization. The institution responsible of
developing the transmission network in France is the transmission system operator RTE. Its
agreement is necessary to envisage the instalation of this transnational link. According to
(OFEN, 2010), RTE considered negatively the construction of this line because they did not
see its necessity. This opinion could change considering the augmentation of the installed
capacity in zone A and the possible positive effect on vulnerability of the SVALLO1A-
FCORNI1A line.
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6.2.1 Reduction in vulnerability

The vulnerability of the PSCM 2018 is assessed in terms of aggregated vulnerability index
vV and the zonal vulnerability V? for the two MZV 1 and 2. The inter and extra zonal
vulnerability is grouped in V£, The same sets of CMCs of the PS 2018 are used in the PSCM
2018.

Table 21: Reduction of vulnerability by the SVALLO1A-FCORNI1A line

Absolut Relative
VC 14 V1 Vz VIE Vrl"atio Vlz‘atio V:-gtio
: PS 2018 3.9 3.0E-06 2.9E-06 5.9E-08 2.7E-08 97% 2% 1%
§ PSCM 2018 -0.1 3.4E-10 0 3.4E-10  2.2E-13 0% 100% 0%
UN_' PS 2018 3.4 49E-07 3.5E-07 1.3E-07 5.8E-09 72% 27% 1%
§ PSCM 2018 1.6 9.2E-09 0 9.2E-09 0.0E+00 0% 100% 0%

The supplementation of the SYALLO1A-FCORNI1A line reduces the vulnerability by
severa orders of magnitude. For the SEWE 1, This line reduces the vulnerability by a factor
of approximately 10’ 000. The vulnerability is comparable with the RS 2006 subject to normal
weather conditions. The vulnerability of the MZV 1 vanishes while the one of the MZV 2 is
drastically lowered. The inter and extra zone vulnerability also vanish. The vulnerability only
stems from the hydro power plants in Biasca in Area B which is connected by three 220 kV
lines. When two of the three lines trip off because of lightning, the remaining line is
overloaded at 0.4% which can be considered negligible. The PSCM 2018 is nearly immune to
the SEWE 1. The additional line located in Area A also diminishes the vulnerability of Area
B by rerouting power flows. For the SEWE 2, the vulnerability is lowered by almost two
orders of magnitude. The vulnerability of the MZV 1 is zero whereas the one of the zone 2 is
only lowered. The inter and extra zone vulnerability is negligible. For both of the SEWE, the
vulnerability of the areas A and B diminishes because of the additional line.

The rerouting of approximately 550 MW by the SVALLO1A-FCORNI1A line drains
power flows out of the vulnerable areas. Around 100 MW do not flow from the Areas A to B
which diminishes its vulnerability. Approximately 200 MW is withdrawn from the 220 kV
network in Area A leading to more resilience. The additional line free margins in many other
lines of the region. It is possible that congestion could appear in the French network. But
network changes of 2018 outside Switzerland have not been taken into account.

For both of the thunderstorm scenarios, the vulnerability decreased by the addition of the
SVALLOIA-FCORNI1A line. Obvioudly, its effect on the Area B is lower than the Area A in
which the countermeasure is located. However, this unique additional line is able to make the
network more resilient in the two distant areas. It is worth mentioning that this
countermeasure proposal is an illustrative case of a limited number of plausible scenarios.
This aternative scenario for 2018 aims primarily to illustrate the methodology by showing its
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capacity to discover vulnerable areas, and searching for away of aleviating them.

6.3 Conclusions

The analysis of the CMCs suggests that Areas A is abigger threat to the security of supply
than Area B. Indeed, transmission line overloads of A could potentially lead to line and power
plant disconnections. This is adso compatible with the zona vulnerability ratio which
indicates the most of the vulnerability islocated within Area A. The vulnerability seemsto be
the consequence of the relative inadequacy between high local productions and transmission
capacity. Both relate to the topography fostering dams and hydro power plants while
hampering the construction of power lines. Although the PS 2018 is not completely immune
to plausible CMCs, its level of vulnerability could be deemed acceptable. Indeed, complete
iImmunity is not an achievable objective by reason of its inordinate cost. But if the
vulnerability is deemed excessive, countermeasures can be proposed to reduce it. Because of
the complex nature of the problem, the proposed aternatives of development should be
considered as an illustration of the methodology and not as official recommendations.

In the particular case of the PS 2018 subject to the SEWE 1 and 2, the construction of an
overhead transmission line lowers the level of vulnerability of several orders of magnitude.
The addition of the SVALLO1A-FCORNI 1A line to the network vanishes the vulnerability in
Area A and reduces greatly the one in Area B. Minor changes regarding the whole network
can improve considerably resilience leading to better security of supply. The augmented
network resilience could also benefit other scenarios not simulated here. For example, normal
weather conditions coupled with transmission lines maintenances, as well as other extreme
weather conditions such as winter storms.

Even though the PSCM 2018 is a less vulnerable aternative than the PS 2018, the
SVALLO1A-FCORNI1A line hasin al cases alower priority compared to strategic network
modifications included in the PS 2018. These changes are necessary to connect the coming
pumped-storage power plants. Besides, these transformations assure a good level of security
of supply during normal weather conditions. Nevertheless, the proposed alternative is a
possible way of developing a more resilient transmission network.
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7 Conclusions

This chapter presents the conclusions of the research. It starts with an overview and then
the main findings are highlighted. After that, the main contributions and limitations are
summarized. Finally, possible future works are outlined.

7.1 Overview of theresearch

The objective of this research is the assessment of the vulnerability of transmission
networks subject to extreme weather conditions. They provoke common mode contingencies
of overhead transmission lines impeding the transfer of electricity from the production sites to
distribution networks. These simultaneous failures endanger the security of supply because
transmission networks are usually devised and operated according to the N-1 criterion, that is
to say, to only withstand single outages. Therefore, common mode contingencies can cause
exceeding security limits possibly leading to further disconnections of transmission
infrastructures and large disturbances. The planning of network structure taking into account
plausible and severe coincident outages assists in the reduction of vulnerability.

In this research, the vulnerability is measured in terms of probability and severity of
common mode contingencies aggregated into an index quantifying the overall level of
vulnerability. The probability is a complex function of the space-time evolution of extreme
weather events, the geographic distribution of transmission lines and the physical resistance
the sometimes raging natural environment. Since the number of possible common mode
contingencies is tremendous for real network, only the most probable are taking into account
in the vulnerability assessment. The severity is evaluated by a contingency analysis based on
an AC power flow model of the electric power system. This model calculates branch current
through transmission lines and voltage at buses. It gives a static image of the network state
since it assumes that all transients have vanished. The severity is an aggregated index
composed by the combination of current overloads and unsafe voltage deviations.

The vulnerability index is projected into two dimensions in order to identify weak zones of
the network. This projection ends in the matrix of vulnerability. The first dimension consists
of the transmission lines included in the most probable and severe common mode
contingencies. The second contains the transmission lines and buses undergoing violation of
security limits. The matrix of vulnerability alows simple linking of the infrastructures
suffering from weather related outages to those which exhibit overcharges. Then, the
transmission infrastructures of both dimensions are aggregated in maor zones of
vulnerability. They are independent regions of the network responsible of most of the
vulnerability.

Consequently, the causes of vulnerability of these zones are inferred to identify appropriate
countermeasures for reducing vulnerability. They are possible actions to be taken if the
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overall vulnerability is deemed excessive. For mature electric power systems, the risk of
major disturbances is low because of past adverse experiences leading to reinforcement
measures. In this case, countermeasures are likely to not be justified if they only are useful
during rare extreme weather events. Therefore, countermeasures should be considered as
aternatives to development plans of the system, and thus, aso profitable during normal
weather conditions.

The approach used to model electric power systems and extreme weather events is based
on scenarios. They alow the construction of a simplified but truthful replica of complex
systems under uncertainty. Two types of scenarios are required to assess vulnerability. First,
scenarios of extreme weather event store the space-time evolution of particular past or
simulated weather events. The primary hazardous features threatening the physical integrity
of transmission lines such as wind speed or lightning impacts compose these scenarios. They
can be seen as a movie of the extreme weather event sweeping across the transmission
network. The second type of scenario represents specific states of the electric power system
under investigation. These scenarios are subdivided into three models. The electric model
stores al the relevant electric characteristics of the power systems. It is based on an AC
power flow model used in contingency analysis to obtain an evaluation of the severity of
common mode contingencies. The geographic model locates each of the transmission line of
the electric model over the territory. This model and the scenarios of extreme weather event
are superimposed to estimate the transmission line exposure. Finaly, the reliability model
links the scenarios of extreme weather event with those of electric power system to estimate
the probability of common mode contingencies. This model is composed by two opposed
processes. First, the disconnection process mimics the behavior of transmission lines subject
to weather in terms of rate of failure. On the other hand, the reconnection process simulates,
in terms of reconnection rate, the automatic security systems or operators turning back on
failed lines. The two rates are used to evaluate the temporal probability of each transmission
line or any combinations of them of being unavailable.

The methodology is applied to the Swiss transmission network in 2006 and 2018 impacted
by two extreme thunderstorm events. Thunderstorms have been chosen because of their
relative high frequency of occurrence and their complex space-time correlations. The Swiss
electric power system will undergo major modifications within the next years and its
transmission network will adapt to the rise in consumption, increasing transit power flows and
new pumped-storage hydro power plants. These adjustments are an opportunity to assess the
change in vulnerability between 2006 and 2018 to possibly propose alternatives to the current
development plans. One has to insist that the objective of this application is not to draw final
conclusions about the vulnerability of the Swiss transmission network. Rather, this
application should be considered as an illustration of the methodology taking into account the
most relevant characteristics of the Swiss network.

Two mgor zones of vulnerability are found in the scenarios under investigation at peak
demand. The existence of these zones in 2006 and 2018 suggests the main cause of
vulnerability is not tackled by the modifications proposed by the scenario of 2018. It seems
that the topography plays a key role in the vulnerability of these zones. Indeed, these two
mountain areas are prone to the establishment of large hydro power plants and a low
consumption whereas transmission lines are difficult to build a variety of reasons. It is worth
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mentioning that the vulnerability of these regions is not so severe that they would require
radical transformations. As aresult, only one countermeasure has been proposed consisting of
the addition of a 380 kV line mounted in parallel to an existent one. In this case, the
vulnerability of both regions decreases by several orders of magnitude even in the remote one.
This demonstrates that vulnerability can be reduced by minima changes in the network
structure.

7.2 Main findings of the research

The main findings of this research are summarized as follow:

1) Most of the probable and severe common mode contingencies are composed by line
close to each other. The limited range in the space-time correlations of weather events favors
proximate lines failing simultaneously. Moreover, these lines are more likely to induce
overloads when tripping off because of the electric proximity. These observations are valid to
a certain extent for al type of extreme weather conditions and transmission networks.
Therefore, the N-1 criterion could be broadened to an N-2 criterion for overhead transmission
lines ending at the same substation, mounted on the same pylons or whose paths are closely
parallel.

2) Some areas regroup the majority of the probable and severe common mode
contingencies and their hazardous consequences. These maor zones of vulnerability are
vulnerable areas in the electric power systems that have priority at the time of vulnerability
diminution. A reduce number of network modifications are able to augment the resilience of
several vulnerable areas. This is the case of the SYALLO1A-FCORNI1A line of the case
study. This line alleviates the main cause of vulnerability by draining an important amount of
power from loaded lines from two major zones of vulnerability. It is not guaranteed that such
arelieving procedure can aways be found in general, but it will likely be more beneficial on
the long run than small local actions.

3) A methodology based on scenarios is able to cope with the inherent complexity and
uncertainty of interacting systems similar to those under examination. One of the key
advantages of the scenario-based approach is that the modeler learns how the systems work at
the time of building the cases. Scenarios are easily updated when new pieces of information
are available, which is important the full range of information is rarely accessible from the
initiation of research. Finaly, al imaginable scenarios can be created. This property allows
prospective vulnerability assessments of electric power systems, even for extreme weather
events which have not actually occurred in the past.

4) GISis of great help when building geographic models and calculating the exposure of
segments. Without the use of the current GIS software, these tasks would have been
extremely burdensome or even impossible. More generally, GIS could improve and facilitate
the planning and operation of transmission networks. Although it is currently employed in
electric utilities, its capabilities have certainly not been fully used. Bridges between
geographical sciences and electrical engineering could foster innovative solutions tackling
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future needs of the industry.

5) The methodology is implemented with standard GIS and power flow analysis software
which are widely used in the industry and academics. Unfortunately, these two programs are
not made to work together and problems of data integrity and coherence among models arose
during the creation of scenarios and simulations. These problems were solved by investing in
a remarkable programming and debugging effort. However, most of the resources should be
invested in the development of representative and plausible scenarios as well as interpretation
of results. As the application has shown, integrated and reliable software of vulnerability
anaysis could be readily developed to facilitate vulnerability assessments during extreme
weather conditions.

7.3 Main contributions and limitations

The first main contribution consists of the evaluation of the subjective probability of
common mode contingencies taking into account to the following characteristics:

e Space-time correlations of extreme weather events
e Geographic distribution of transmission lines
e Time-dependent disconnection and reconnection processes of transmission lines

These characteristics have never previously been associated in vulnerability assessments of
large transmission network impacted by extreme weather events. The recourse to GIS as a
basis for dynamic simulations is also quite a novel approach since it was mainly developed
for static analyses such as cartography. The mixing of these three points allows a
spatiotemporal evaluation of the unavailability of any transmission lines or any combinations
of them. This is very important in case of extreme weather conditions since failures in
common modes are likely and represents threats to the security of supply. Vulnerability
assessments are enhanced by taking space-time dimensions into consideration.

This leads to the second main contribution regarding the concept of maor zone of
vulnerability. First, the overall vulnerability is defined by the sum of partial vulnerability
induced by common mode contingencies. Therefore, vulnerability is considered as an
extensive property of transmission networks. It is defined as the product of the probability by
the severity of a given power line contingency. Both of these vulnerability components are
strongly related to space and time as shown above for the probability. In the case of severity,
the space-time dimensions pertain to the location of production and consumption centers
combined with the topology and capacity of the network. The association of the space-time
dimensions of probability and severity leads to mgor zones of vulnerability. In this research,
this intuitive concept has been openly defined in the methodological part and validated in the
application. Mgor zones of vulnerability aggregate numerous outcomes of simulation in a
unique fashion that facilitates the understanding of the causes of vulnerability and the search
for countermeasures.

One limitation pertains to the plausibility and relevance of the scenarios, exact states of the
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Swiss and European electric power systems are not known exactly since they are dependent
on multiple decisions made by numerous actors during the coming years. Equally important,
extreme weather events are not predictable regarding the details required by the scenarios.
The inherent uncertainty about complex systems and the difficulty to model them deter any
predictions of vulnerability. However, the objective is much more reasonable since ams at
assessing the vulnerability of plausible scenarios. This approach enhances the comprehension
of the underlying mechanisms of the vulnerability and this knowledge is valuable at the time
of devising strategic electricity infrastructures.

Another limitation is the measure of vulnerability derived only on violation of security
limits. The contingency analysis based on an AC power flow model gives a static picture of
the state just after simultaneous contingencies. The vulnerability anaysis is limited at the
transmission network level. On the other hand, a thorough analysis should take into account
the negative externalities for the society. It would require an evaluation of the consequences
of contingencies which entails dynamic simulations.

In contrast to some risk analyses, this vulnerability analysis is not able to evaluate the
balance between costs of countermeasure and reduction of cost due to more resilient
networks. Justification of countermeasures has to take place in a supplementary analysis
considering the inherent uncertainties of the problem. However, the methodology provides
guidelines fostering reasonabl e countermeasures.

7.4 Futureworks

The methodology presented in this thesis can be further improved in a number of ways.
First, the disconnection process could take into account several mechanisms of failure acting
at the same time, such as fugitive failures from short circuits or permanent failures due to
mechanical damages. The reconnection process could also consider different mechanisms for
fixing such automatic circuit recloser or actions of repair teams. The former is important
when mechanical damages are likely as in during a hurricane. The second possible
improvement concerns the subjective probability. Another possible candidate could be the
fuzzy set theory, which properly deals with incomplete or imprecise information. Finally, the
severity could be expressed in term of energy not served by evaluating the consequences of
contingencies at the consumer level.

Winter storms are possible threats to the Swiss transmission network. New major zones of
vulnerability are likely to be discovered with this new extreme weather condition. Indeed,
their space-time correlations and the winter power flows are markedly different than those
studied in this research. It is also worth mentioning that global warming could radically
change the climate for which the electric power system has been designed. Distribution
networks should not be neglected since they are especially sensitive to environmenta
dangers.

The methodology proposes a vulnerability assessment for planning purposes. It could be
adapted to real-time or day ahead assessments. In these cases, the uncertainty about network
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states and weather conditions would be reduced, and plausible contingencies could be taken
into account to prepare and implement short term countermeasures.

In the long run, electric power systems will change due to environmenta constraints and
new technologies. In a few decades, greener and smarter will describe the best of these
systems. It is imaginable that intermittent and local sources of energy could partialy supply
consumers while the rest would be remotely provided via large center of production such as
wind or solar farms. Information technology would connect and coordinate the different parts
of the system to assure its safety and efficiency. This futuristic system would also be subject
to new forms of vulnerability not yet known, and new tools will be required to design resilient
hybrid systems combining information and energy. In these conditions, the use of dynamic
simulations combining geographic and electric models would be appropriate to challenge the
complexity of future vulnerability issues.
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9 Appendix

9.1 Power system analysis

9.1.1 AC power flow model

The derivation of the power flow equations starts with the bus admittance matrix of the
network Yy,s. It is an n x n symmetric matrix describing a power system with n buses. It
represents the nodal admittance of the buses in a power system. In area network, it is quite
sparse. The admittance Y*/ between the bus i and j is derived from the single-line diagram of
the network represented by their nominal = equivaent circuit in the per-unit system. Fuchs
presents a method to build this equivalent circuit and the admittance matrix from the
parameters of Table 3, see Chapter 7 of (Fuchs and Masoum, 2008). Since transmission
networks are normally operated with balanced three-phase circuits, the calculation of only one
phase is necessary. Indeed, the other phasesjust lag or lead with a phase of +120°.

In order to derive the power flow equations, the admittance is defined as:

Yi = G 4 jBY (9.1)

Where G*/, B are respectively the conductance and susceptance between bus i and j. The
voltage V! at busi istypically in polar coordinates.

Vi= |Vi|.(cos(6') +j sin (6)) (9.2)

Where 6! is the angle of voltage at bus i. According to the Kirchhoff's current-node law,
At any bus i of an electrical network, the sum of currents flowing into that bus is equal to the
sum of currents flowing out of that node.

N
[F=yilyl4yb2 yl4 ... 4 yiN yN = z yin yn (9.3)

n=1

The net rea P'and reactive Q' power entering the network at the bus is found by
multiplying (9.3) by the complex voltage V", where * denotes the complex conjugate.

N
Pl—jQ! = zvi*yi'fvi (9.4)
-

Substituting (9.1) in (9.4) and equating the real and reactive parts gives the equation of the
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AC power flow model. Steps of calculation can be found in the appendix C of (Wenyuan,
2005).

N
Ph— = Y IVILIVI].(6% cos(6%) + BY sin (8%))) = f
j=1

(9.5)
N

Q: — Qi = Z|vi|. [V)|.(G" sin(6%) — BY cos (6%) ) = g (9.6)
j=1

Where 8% = 9t — 9/ (9.7)

Subscripts ¢ and L denote respectively generator and load.

A system of nonlinear equations is built with these two equations for the n buses. The two
equations of the slack bus SB (i = 1) are omitted because its voltage and angle are known by
definition. For PQ bus, the active and reactive powers are known contrary to the bus voltage

and phase angle. For the m PV buses, the active power and voltage magnitude is known. In
this case, the reactive power equation is omitted.

P2 = f2(|V2),...,|V"|,62, ...,6™)

P" = f*(|V?], ..., [V"], 6%, ...,6™)

Qm+2 — gm+2(|vm+2|’ . |Vn|’9m+2’ ., @™ (9.8)

QM = g™([V™*?|, .., |V],0™*2, ..., 0™)

This system 2n — m — 2 equations for 2n —m — 2 unknown quantities can be solved with
the Newton-Raphson methods which are fully described in Chapter 9 of (Grainger and

Stevenson, 1994). Once the voltages and their angles are known, the transit from i to j of
power in the transmission lineis given by

i| |yl
pij = _pij = w sin (6%) (9.9)

o] ]

i,j i 1 LJ
Q" = C .|V | X + YT .cos (6%7)

Where C! is the shunt capacitance and X“/ the branch reactance

The derivation of these two equations are made in the Chapter 6.11 of (Sakis Meliopoulos,
1988). They are valid for short and medium length transmission lines where the branch
resistance is neglected. In the same reference, the generalized equations for (9.9) and (9.10)
are also provided. The current flow from i to j is simply derived from the bus voltages and the
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line admittance by

I'= YW (Vi-Vi) (9.11)

9.1.2 DC power flow model

A simplified linear model, the DC power flow model, allows faster calculations at the price
of imprecision. This model can be used for fast screening of severe CMCs prior to a more
time consumer AC power flow model. The DC power-flow is based on the following
assumptions

1) The voltage difference between two busesis small

sin(6%) = 6" — 0/

(9.12)
cos(@i’j) =0
2) All voltages are assumed to be 1.0 p.u.
Under these assumptions, (9.9) can be further simplified
pii = _pij =2 _ f’” (9.13)
XiJ
QY =0 (9.14)
Since the power injected at abusis equal to the power leaving the bus
. C oL
pi — z PU=) o (9.15)

Jj J

Knowing the rea power injection P* and the branch inductance X%/, the angles difference
6% are found by solving the linear system. The power transit from i to j in the transmission
lineiseasily carried out by injecting the 6%/ in (9.13).

9.1.3 Contingency analysis

Contingency analysis ams at assessing the static security of electric power systems when
one or severa of their elements trip off such as three-phase circuits, transformers, generators,
loads or busbars. Thereafter, it is assumed that only power lines (three-phase circuit) can be
disconnected due to extreme weather events. Several different methods of contingency
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analysis have been reported in the literature. Many of them implement the network
contribution factor method (Hongbiao and Kezunovic, 2005), which is fast but not accurate
for high-order contingencies. Since this type of contingency is prevaent in this research, a
contingency analysis based on an AC power flow analysis is retained. No approximation is
made since a full power flow analysisis performed for each CMC. The method consists of the
following steps:

e Determine the parameters of the electric model (Chapter 3.3.1)

o |dentify theset ' of plausible CMCs (Chapter 3.5)

e Perform a power flow anaysis for each plausble CMC by disconnecting the
correspondent power lines (Chapter 9.1.1)

e Identify the resultant violation of security limits

Two types of static security limits are considered for each CMC. First, the branch current
must be below the maximum current I}, transiting in line I. Secondly, the bus voltage V'
must not deviate more than the admissible voltage deviation V},,, around the nominal bus
voltage }%,,,,. The following figure shows the process of the contingency analysis used for the
CMC severity assessment of Chapter 3.6.

N
Set '™ of plausible Scenario of power
CMCs transmission
A
N
Selection of one
CMC
A
\ 4
[ Next CMC ]4——[ power flow analysis ]
|
v v

[ Branch current I* ] [ Bus voltage V! ]

Figure 26: Process of the contingency analysis
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9.2 Conceptsfrom reliability theory

Definitions

Here is a description of the most important definitions of concept of reliability theory.
Birolini gives an introduction of reliability theory which inspired this chapter (Birolini, 2007)

The reliability or survival function is the probability that an item will perform its required
function later than the specified timeT.

R(t) =Pr(T >1t) (9.16)

Where T is a continuous random variable denoting the time to failure. The complement of
R(t) noted A(t) is the probability that an item will not perform its function later than T. The
reliability function and its complement are cumulative distribution functions. The probability
density function £ (t) isthe derivative of F(t).

dF(t) d dR(t)

f® =—==—(1-R@®)=-—

(9.17)

The hazard function h(t) is the probability that an item fails during dt at time ¢t knowing it
was functioning until ¢t. The hazard function is denoted by A(t) in the Chapter 3.3.3, aso
mentioned as the rate of failure.

Prit<T<t+dt|T=t) f(v)

The relation between the hazard function and the reliability function is given by

t
R(t) = e~ Jo nwau (9.19)

Exponential model

The exponential model is used in reliability engineering to model the process of failure or
reconnection with a constant failure rate. This process is memoryless, namely items do not
wear out with time. The probability of failure has the following formulation.
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Probability density function:

FED)=Pr(t=T)= {/})-e_m ttf(()) (9.20)

Cumul ative distribution function:

-At

R(t,A) =P T>t={e t=0 9.21
(&, ) =Pr( )=l ¢ <0 (9.21)

Where T is a continuous random variable denoting the time to failure of an item.

Hazard rate function:
f(&, )

= = 9.22
h(t, 1) RGED) (9.22)

On interesting property of the exponential model arises for a series of n items with
constant failure rate. The resultant reliability function is the product of the item’s reliability.
Independency among items is assumed.

RS(t) = nR (t) = nexp( AL t) = exp (t. Z 25 (9.23)

Combining (9.18) with (9.23) yieldsto

dRS(t) (9.24)
RS() Z X '

The rate of failure of a system composed by items in a series with constant failure rates
eguals the sum of those constant failure rates. This property is very important when modeling
systems of subsystemsin serieslikein Chapter 3.3.3 when developing the reliability model. A
similar approach can be used in the general case of a non constant hazard function or rate of
failure. In this case, the reliability function is given by (9.19):

hS(t,A) =

RS(t) = ﬁRi(t) = ﬁexp (— Lthi(u)du> = exp (— fotzn: ht(u) du) (9.25)
i=1 i=1 i=0

By identification to (9.19), the hazard function of asystemis
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hS(t, 1) = z hi () (9.26)
i=0

Therefore, hazard function of a system composed by n independent componentsin seriesis

the sum of the component’s hazard functions.

9.3 Equivalence between theindex and the matrix of
vulnerability

The aim of this chapter is to demonstrate the equality between the sum of the element of

the matrix of vulnerability and the aggregated index of vulnerability:

First, the element of the matrix are expressed as the sum of probability and severity for all

CMCsof theset ™.
N¢ Nt Nt N¢ Nt Nt N Nie
Z vhbt = z Z z Z Ug, . SE . y(k,m,c) (9.27)
k=11=11i=1 k=11=1i=1m=1 c=1

N™ Nic Nt NE Nt
= Us, . S y(k,m, c) (9.28)
m=1 c=1 ;; k=1
According to (3.44)
Nt Nt
> 5=k (9.29)
1=1i=1
Therefore (9.28) can be further simplified:
N Nl
US,.S5. > vk m,c) (9.30)
PILES)
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By definition of y, for any couple (m, ¢):

Nt
> vlm o =1 (931
k=1

Thanksto (9.31), equation (9.30) can be further simplified:

N Ng}nc
_ Z 2 0c.SE =V (9.32)
m=1 c=1

The equality between the sum of the element of the matrix of vulnerability and the
aggregated index of vulnerability is demonstrated.

9.4 Scenariosof extreme thunder storm event

The following map shows the lightning impact of SEWE 1 (blue) and 2 (green) at less than
2.5 kilometers from the transmission network of the PS 2018.

SETE

SETEZ buffered
¢+  SETET buffered
PS 2018
Voltage
—_— 20kV
— 350 KV

Figure 27: Map of lightning strikes close to transmission lines for SEWE 1 and 2
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The two following graphs describe the evolution of the number of lightning impacts every 20
minutes at less than 2.5 kilometers from the transmission network of the PS 2018.
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Figure 28: Lightning impacts at 2.5 km from transmission lines for SEWE 1
300
250 i
S A
(]
=< 200 i
: A
G
© 150
(]
3 / [
g 100 A
= /\/\I
50 ,\// AUM
0 -

O O P S © © o O © O O O O © ©
Sl Q’Q o’q’g Qﬁ"b 00’(0 » 09;» QQ’Q 0“’% 0/\(0 & g"’% '\90 '»cb \,b s
NS ’\(,o o bﬁ’ & PP AX q,’b N & & S ,.LQ

NN AN

[min]

Figure 29: Lightning impacts at 2.5 km from transmission lines for SEWE 2
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9.5 Scenariosof power transmission system

9.5.1 Characteristics of the electric models

Here are some relevant characteristics of the RS 2006 and PS 2018. Table 22 shows the
number of different components of the AC power flow model of the European transmission
network of the RS 2006 and PS 2018. Table 23 presents the generator of the Swiss
transmission system for the RS 2006 and PS 2018 according to their type and installed
capacity. The generator name referred to the name of the bus where they are connected, see
electric schema of Chapter 9.5.2. Highlighted generators are located in Areas A (light grey) or
B (darker grey) of the schema.

Table 22: Number of elements of the AC flow model

European network RS 2006 PS 2018
Coupler 611 19 19
Line 7753 211 248
Load 3426 61 75
Generators 946 39 52
Transformer 1368 16 25
Bus 6591 176 183
Table 23: Installed capacity in Switzerland (> 100 MW)
. Installed gen. Installed pump
Location Type RS 2006 PS 2018 . .
capacity [MW] capacity [MW]
Avegno Hydro X X 120 0
Batiaz Hydro X X 180 0
Bavona Hydro X X 172 0
Beznau 1 Nuclear X X 391 0
Beznau 2 Nuclear X X 391 0
Biasca Hydro X X 424 0
Bitsch Hydro X X 330 0
Cavergno Hydro X X 108 0
Chamoson Hydro X 1200 0
Fionnay GD Hydro X X 312 0
Nendaz Hydro X X 384 0
Chandoline Pumped-storage X 140 -70
Gosgen Nuclear X X 1000 0
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Grimsel
Handeck
Innertkirchen
Leibstadt
Limmern
Mapragg
Mihleberg
Pradella
Riddes
Fionnay FMM
Robiei
Stalden
Tierfehd
Vallorcine
Vallorcine
Veytaux

Pumped-storage
Pumped-storage
Pumped-storage
Nuclear
Pumped-storage
Pumped-storage
Nuclear
Pumped-storage
Hydro

Hydro
Pumped-storage
Pumped-storage
Pumped-storage
Hydro
Pumped-storage
Pumped-storage

9.5.2 Electric schemas

x X

X X X X X X X X X

X X X X X X X X X X X X X X X X

800
340
350
1171
1000
300
368
360
285
150
160
300
400
186
600
240

-780

-1000
-162

-360

-150

-165

-140

-600
-240

The three following pages are dedicated to the electric schema divided in the west, central
and east parts. The schema is presented as a geographic map to help the localization of the
infrastructures. The 220 kV and 380 kV overhead power lines and buses are respectively
green and red. Solid lines and buses of a single color are infrastructures directly captured from
the RS 2006. Dotted lines and bicolor buses are new infrastructures of the PS 2018. Y ellow
generators symbol are new or upgraded hydro power plants. Table 24 gives an indication

about the nature of the modifications between the RS 2006 and the PS 2018.
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Figure 30: Electric schema of the PS 2018
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Figure 32: Zoom in area B
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Table 24: Comments on the electric schemas of the PS 2018

Label Description of the main modifications

10

11

12

13

14

15

16

17

18

New substation at Crans. The 220 kV line Foretaille - Romanel is divided in two segments.

The 380 kV line Bois-Tollot - Chamoson is divided in four segments connecting three new
buses at Chavalon, Batiaz and Romanel.

Construction of the 380 kV line from Romanel to Bassecourt via Mihleberg. New 220 kV line
from Mathod to Mihleberg via Galmiz and and a new substation at Schiffenen.

New 220 kV substation at Cornaux and Planchamps connected to Mathod and Galmiz.

New 380 kV line Chamoson - Chippis. Connection of the Bieudron hydro power plant of 1200
MW at Chamoson.

New 380 kV line connecting a 600 MW hydro power plant of Nant de Drance to Batiaz.
Operation of one of the line Bickigen - Chippis at 380 kV.

New 380 kV line from Chippis to Airolo.

Multiple modifications of the 220 kV lines between Chippis to Ulrichen.

Construction of a substation at Ulrichen inducing topology changes.

Extension of three hydro power plant in Innertkirchen, Grimsel and Handeck for a total of 800
MW inducing topology modifications.

Operation of one of the line Mettlen - Airolo at 380 kV.
New 380 kV interconnection line between Airolo and Mese.
New 380 kV line between Ova Spin and Pradella.

Construction of a substation at Rithi inducing topology changes.

Construction of the Limmern hydro power plant of 1 GW inducing modification of the 380 kV
line between Breit and Tavanasa.

New substations at Waldegg and Thalwil entailing the construction of six 220 kV power lines.

New 220 kV power line between Flumenthal and Froloo.
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9.5.3 Geographical models

Geographic model

Voltage
—— 220 kV

Figure 34: Map of the geographic model of the PS 2018
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Table 25: Statistics of the geographic models

2006 2018 Increase Total increase
# of 220 kV lines 157 185 28
# of 380 kV lines 54 63 9 37
Length of 220 kV lines [km] 4406 4889 483
Length of 380 kV lines [km] 2246 2620 374 857
# of exposure points 220 kV 1919 2141 222
# of exposure points 380 kV 953 1111 158 380
Table 26: Attributes of fifth first lines of the geographic model 2006
ID Voltage Length Summer peak name Summer off-peak name  # Segments
1 220 8897 SFROLO2A-SLACHM2A-1 SFROLO2A-SLACHM2A-1 4
2 380 33795 SASPHA1B-FSIERE1C-1 SASPHA1A-FSIERE1C-1 15
3 220 26713 SFROLO2A-SORMAL2A-1 SFROLO2A-SORMAL2A-1 12
4 220 7553 SBIRR 2A-SNIEDE2B-1 SBIRR 2A-SNIEDE2B-1 4
5 220 12732 SBIRR 2A-SRUPPE2A-1 SBIRR 2A-SRUPPE2A-1 6
Table 27: Attributes of six first segments in the geographic model 2006
ID segment ID Line Coordinate X Coordinate Y R'or R? Length[m]
1 1 610417 261515 2.4E-02 2500
2 1 612266 262852 2.4E-02 2500
3 1 615272 262066 2.4E-02 2500
4 1 617538 263246 2.4E-02 2500
5 2 623920 266043 7.0E-03 2500
6 2 624353 267847 7.0E-03 2500
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9.6 Data of thereference scenario

Table 28: Estimation of the average unavailability

2001 2003 2004 Sources
A Unavailability [h] 221 685 407 AES-VSE statistics
B Number of line 211 211 211 AES-VSE statistics
C  Unavailability per line [h] 1.0 3.2 1.9 A/B
D  Hours per year 8760 8760 8760 -
E  Unavailability 1.2E-04 3.7E-04 2.2E-04 Ut =c/D
F  Average unavailability 2.4E-04 U =Mean(E)
Table 29: Normalized vulnerability of the reference scenario

m=2 m=3 Sources
G  Sum severity 0.06 0.16 Contingency analysis
H  Unavailability 5.6E-08 1.3E-11 Fm
I Vulnerability 3.2E-09 2.2E-12 G*H
J Number CMC 20000 40000 Choice
K Vulnerability 1.6E-13 vrel =11/11+12/)2
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