No. 2 |

~ JAPAN INTERNATIONAL COOPERATION AGENCY (JICA)

" CEYLON ELECTRICITY BOARD

THE DEMOCRATIC SOCIALIST REPUBLIC OF SHI LANKA

MASTER PLAN STUDY
| ~ FOR -
DEVELOPMENT OF THE TRANSMISSION SYSTEM
R
THE CEYLON ELECTRICITY BOARD |

FINAL REPORT

APPENDIX

J'ﬁ\ LIBRARY :f
IIIHIImlfll.lllullHIIINIIJFI’III |

3113388?(8!

JANUARY 1 997

NIPPON KOE! CO LTD







JAPAN INTERNATIONAL COOPERATION AGENCY (JICA)

CEYLON ELECYRICITY BOARD
THE DEMOCRATIC SOCIALIST REPUBLIC OF SRi LANKA

MASTER PLAN STUDY
FOR
DEVELOPMENT OF THE TRANSMISSION SYSTEM
OF
THE CEYLON ELECTRICITY BOARD

FINAL REPORT

APPENDIX

JANUARY 1997

NIPPON KOEI CO., LTD.
TOKYO, JAPAN



I WA

1133887 (8)



a

MASTER PLAN STUDY
FOR -
DEVELOPMENT OF THE TRANSMISSION SYSTEM
OF
CEYLON ELECTRICITY BOARD

FINAL REPORT

APPENDIX
CONTENTS

CHAPTER Al INTRODUCTION
ALl  Personnel Related to the Study................. et eeebeseresntet e e n e tanes Al -1

CHAPTER A3 CURRENT STATUS OF ELECTRIC POWER SECTOR

ALl TelecOmmMURICOLON SYSIEIM. oot tiiii i vraria e v era s s sss e reens Al-1

CHAPTER AS RELIABILITY CRITERIA FOR TRANSMISSION PLANNING

AS L IOOTUCHON .ot ververeeeressessrasseeseesiasaseneasssssentarinassnssansearassesssnsnsnnseniesnsess AS- 1

AS5.2  Transmission Reliability Criteria.......coooo0l TR AS-1
AS5.2.1 I0UOAUCTION ceovtovireeriae e e eseresan e eeeeeeene et eee e ———————ebenenein AS-1
AS.2.2  The NaWEe of REHADITIY... . rvreereeereeemeesessisressesssessessssansassessessasssneess AS-2
AS5.2.3 Categones of FATILIC vvereer e evev st eesan et sevnerinssanrsssasesarensaseanessanncntanas AS-2

AS.2.4 Reliability OBJECUVES ccooorvvvorrievrrersssninninros e et eneeranes AS-3
AS.2.5  Main Types of Reliability CHMCHIR corveerivs orivrsersarieessesenssnrsnes e AS-3
AS.2.6 Unccriainty in Reliability EVAIAION.......v.ovecveeseeeiuesarssesseesessenscsnseres AS-3
A5.2.7 Charactenstics of Indices ...ooovevieiaens e [P AS-4

" AS.2.8  Deterministic Indices ....o..ooviinnan. e reeraraes e AS-5
A5.2.9  Probabilistic BIdICes . ...ervereeeeererereeeeressiee e e AS-7

" AS.2.10 1000 POINT INAICES oo vivrvereesrersseeeeiisiasssesesasesesesssasinssssasssesnsnsenrans LA5-9
AS 2T System IndiCes oot A5-9
AS2.92 SUIIACY rvveoereer e eeeeesoeseeessasreoresssmssesssreessssesssebossinssast e ssiessstsscoss AS- 10

AS53  Survey of Present Uity Praclice ... s, A5-10



AS. 3] INOUCLION «ovvvirierarieinnsa bt e e e e st s e e e st ae A5-10 %

AS5.3.2  Molt Ewbank Preece (MEP) Survey of Utility Practice .......oocovvveivicnnennnnn. AS- 10
A5.3.3 Review of Criteria by CICRE (1984} oeiiviinii e ivenieimrensaeseremsensanes AS-16
A5.3.4 Review of Other Information....... s e e er e e e AS-17
AS5.3.5 AnalysisofData.........ooniviiiiniinnninen, e e A5-17
AS.3.6  Survey of Network Performance. .o v v sn e e e AS- 18
AS.4  Calculation of Reliability Indices....couiiiiiciimiiiiiiieeieie v s s e esser e AS-19
ASA] INIOGUCHON ..ccoiiiiiiiiiiiiris e et rr e aaiaries s e e enrsstabrnrerreseessensrnassserersen AS- 19
A5.4.2  Deterministic CriteTia.....oooiiii i e naes A5-19
A543 Probabilistic Indices i AS-20
A5.4.4  Effectiveness Analysis .ccccoveriveeeieins e eh e e et at bt et et et neaesterreean A5-24
A3.4.5 Computer Models for Power System Reliability Assessment...........o....... A5 - 25
A5.4.6  Comparison of Models.....ooviiiiiiiiiiin e e AS-27
A5.4.7 Summary ...oveccieeniienennen OO AS5-28
A55  Setting Reliability Criteria. ....ccocoiiiiiniiiiiiiiiincn s cinree e e ccsren e AS5-28
ASS5. 1 InOdUCTION ...ooviiiiiiiiiri i e e e e s A5 -28
AS5.5.2  Valuing ReBAbIlity ovoeovereerreereeeeeeerssrrsneosressrenn, erese e AS-29
A3.5.3  The Cost of Increasing System Reliahility.....vuvrniiiivieeeiniiinsciisiiinnn. A5- 31
A5.5.4  Data Availability and Index SEIcCtion.......oeveervvrrrerreereeeesesiee e ereseees o, AS - 32
Attachment . Power Supply Reliability Critedia in Japan .. ...e.vviveviereniiiveiniereennerennes AS- 34

CHAPTER A6 POWER SYSTEM ANALYSIS AND SYSTEM RELIABILITY STUDIES

A6.1  Power System Analysis _ o
A6.1.1  Abbreviation of Node Name and Data for 1995 System {for CHAPTER 6)... Ab- 1

A6.1.2  Data for 2000 System (for Clause 6.3.2) vneieeicecececereneen et e, Ab6- 17
A6.1.3  Daia for 2005 System (for Clause 6.4.2) oot e Ab- 54
A6.1.4  Data for 2010 System (for Clause 6.5.2) -..c.ovvveriereeeeeeeeeeseeso, .. A6 - 67
A6.1.5 Datafor 2015 System (lor Clause 6.6.2) ...oooiiviiviiiiie e eeeeeee e eeeerrienann A6 - 78
AG.2  System Reliability SIS .. c.vvreeiiniries i oo ee e A6 - 84
A6.2.1 Ranking Study for 1995 System (for Clause 6.2)ueeriveieiiioriiiineeieeieiiean AG - 85
A6.2.2 Ranking Study for 2000 System {for Clause 0.3.3) i A6 - 87
A6.23  Ranking Swdy for 2005 Syslein.(for Clause 6.4.3) cocoiviieiiinii A6 - 89
A6.2.4  Ranking Study for 2010 System (for Clause 6.5.3) rnsrerenn A6 - 9]
A6.2.5 Ranking Study for 2015 System (for Clause 6.6.3} ....... OTROR A6-93
AG3  Power Supply Matfik oo irei e es st b e eebeer e aaenres A6 - 95



CHAPTER A7 PRELIMINARY DESIGN OF PLANNED TRANSMISSION SYSTEM
FACILITIES
A1t  Transmission Line Routes

A7.2  Substations and Switching Stations

CHAPTER A9 ECONOMIC AND FINANCIAL EVALUATION
A9.1 1995 Standard Costs of Substation Facilities

AD. 1.1 220/132KV SUbSIAtIONS...covireresreerieiiinsrntnc e e s s A9- 1
A9.1.2  132kV Grid Substations and 132kV Circuit Bays......cocovvniinimininiinnnnn. A9-4
AD. 1.3 33KV Facillis. ooirirmssverrererreaiiniseresnsiraie e scass s e e A9 -7
AD.1.4  General EXPenses..ov i iriineiinriniieraee st AY-8

CHAPTER All DATABASE

AlL.1 Database Information for Overhead Lines.......oovvviniimniiiimnnnnnn, All -1
All.2 Database Information for Substalions ...ccvcverireriinni s All- 132
All.3 Database Information for Communication Facilities ..o All-210

CHAPTER A13 ENVIRONMENTAL PROBLEMS ASSOCIATED WITHCONSTRUCTION
OF TRANSMISSION SYSTEM FACILITIES

Al3.1 Calculation of Electromagnetic Induction Volage ..o Al3-1

it



Table A3.1-1
Table A1 -2
Table A3.1-3
Table A3.1 -4
Table A3.1 -3
Table A3.1-6

Table AS5.3.1
Table A5.3.2
Table A5.3.3

Table AG.1.1 - ]
Table A6.1.1 -2
Table A6.1.1 -3
Table A6.1.1 -4

Table A6.1.1 -5
Table AG.1.1 -6
Table AG.1.Y -7

Table A6.1.2 - |
Table A6.1.2 -2
Table A6.1.2 -3
Table A6.1.2 - 4

Table A6.1.2 -5
Table AG.1.2 - 6
Table AG.1.3 - 1
Table AG.1.3 -2
Table AG6.1.3-3
Table A6.1.3 -4

Table A6.1.3 -5
Table A6.1.3 - 6

LIST OF TABLES

Existing PLC/UHF at December 1995,
Telephone Number List of Station...oovevrivrieinnceicneiiccineennn,
Existing RTU List......oovivuee, bt e e e naas
List of Party Line System {PLTS)..ccocveiinierrinnininieneinan.
List of TeleX SYslem coirmmcrisiiireir e cerereesierenn s eenecmcan s

" Battery (d.c.48V) and Battery Charger for PLC/SCADA..........

Utilities Involved in EPL Survey.....ccccivvviviinnvieniniccinnnnn.
Summary of Present Practice .....occorvicciiniiniecisrenrennnenennns
Reliability Criteria for the Planning of the Transmission

and Interconnection Networks... ..o cevivveeeis e e erenrens

Maximum Current Rating of Conduciorns .........covveericeriannan.
Data of Exiiting Transmission Lines as of

November 1995.......c.cccvvivinnnnnn e e
Data of Existing Transformers as of November 1995..........
Data of Existing Generators as of November 1995 ................
Data of Existing Reactive Power Sources as of

November 1995, s e eer e
Data of Planned Transmission Lines by the End of 2000........
Data of Planned Transformers by the End of 2000.................
Data of Planned Generators by the End of 2000....................
Daia of Planncd Reactive Power Sources by

the Endof 2000.. ... .o e e ie s eerea e
Generator Output Schedule for 2000 System..oovvneeninecinecenes
Dynamic Stability Data for 2000 System........c..cveueeerennnene.
Data of Planned Transmission Lines by the End of 2005........
Data of Planned Transformers by the Endof 2005.................
Data of Planned Generators by the End of 2005........ecnennne.

Data of Planned Reactive Power Sources by




@

Table AG.1.4 - 1
Table A6.1.4 - 2
Table A6.1.4 -3
Table AG.1.4 - 4

Table A6.1.4 - 5
Table A6.1.4 - 6
Table A6.1.5 - 1
Table A6.1.5 -2

Table A6.1.5 -3
Table AG.15 -4

Table AG.1.5-5
Table AG.2 - |

Table A6.2.1 - ]
Table A6.2.1 -2
Table A6.2.2 - 1
Table A6.2.2 -2
Table A6.2.3 - |
Table A62.3 -2
Table A6.2.4 - ]
Table A6.24 -2
Table A62.5 -]
Table A6.2.5 -2
Table A63 - 1|

Table A6.3 -2
Table A6.3 - 3
Table A6.3 - 4

Table A6.3 -5

Data of Planned Transmission Lines by the End of 2010........ Ab- 67
Data of Planned Transformers by the End of 2010................. A6 - 69
Data of Planned Generators by the End of 2010 ... AG-T1
Data of Planned Reactive Power Sources by
the End of 2010 ccoviviiii e A6-T2
Generator Quiput Schedule for 2010 System....ooinnnnnnae, A6-73
Dynamic Stability Data for 2010 System....cooviviiinininnnnnns AG-74
Data of Planned Transmission Lines by the End of 2015........ A6-78
Dala of Planned Transformers by
the End of 2005, muiccireeaniiniininiiceaaersenie s A6-79
Data of Planned Generators by the End of 2815 ..o, A6 - 81
Data of Planned Reaclive Power Sources by
the Erd of 2015, . crivinieiireiriir s Ab- 82
Generator Output Schedule for 20135 System....oooeeniininnnnnns Ab- 83
Fermula for Ranking Evalvation ... AG- 84
© Overload Ranking of 1995 System ........... Ab- 85
Voliage Collapse Ranking of 1995 System .......ocovviininins Ab - 86
Overload Ranking of 2000 System...uciciivninicinrciincnin A6 - 87
Voliage Collapse Ranking of 2000 System .....oo.ocoviviiinnninns A6 - BB
Overload Ranking of 2005 System.....coviiviniiesimnecrnicnnnn A6 - 89
Voltage Collapse Ranking of 2005 System ..o A6-90
Overload Ranking of 2000 Systemh...oovviiniin i A6 -9}
Voltage Collapsc Ranking of 2010 System ........cooevennniiias AG -9
Overdoad Ranking of 2015 System.......oveennnniiiininin A6 -93
Voliage Collapse Ranking of 2015 System........oooceiiiiniinnn A6 - 94

Power Supply Mauix of CEB's Areas - Grid Substations

afier Feeders® Reasrangement and Substation Addition

in The Year 2000 . oo ni s cn e AG-95
Power Supply Matrix of CEB’s Areas - Grid Substations

after Feeders' Rearrangement and Substation Addition

in The Year 2000...oieeiiiiinrir et e e A6 - 96
Power Supply Mairix of CEB’s Areas - Grid Substations

alter Feeders' Rearrangement and Substation Addition

in The Year 2002, oo isnins e rirce s e nes e AG.-97
Power Supply Matrix of CEB's Areas - Grid Substations

after Feeders' Rearrangement and Substation Addition

in The Year 2003, .nviiiiinor e sieriie et e s eraaias e AG-98
Power Supply Matrix of CEB's Arcas - Grid Substations

after Feeders' Rearrangement and Substation Addition

in The Year 2004, .ouooriieererereereaer s coneeis s ssanrcsnsres Ab-99



Table A6.3 -6 Power Supply Matrix of CEB’s Areas - Grid Substations

after Feeders' Rearrangement and Substation Addition

in The Year 2005....cveiviiiiiniirmins i srene e A6- 100
Table A6.3 -7 Power Supply Matrix of CEB’s Areas - Grid Substations

after Feeders® Rearrangement and Substation Addition

in The Year 2006.....ccccimniiniinns SOOI OTROIN A6 - 101
Table A63 -8 Power Supply Matrix of CER’s Areas - Grid Substations

after Feeders® Rearrangement and Substation Addition

in The Year 2007 e e A6 - 102
Table A63 -9 Power Supply Matrix of CEB’s Areas - Grid Substations

afler Feeders’ Rearrangement and Substalion Addition

in The Year 2008 e, AG- 103
Table A6.3 - 10 Power Supply Malrix of CEB's Areas - Grid Substations

after Feeders” Rearrangement and Substation Addition

in The Year 2009, ...t rieriiine e e A6-103
Table A6.3 - 11 Power Supply Matrix of CEB's Areac - Grid Substations

after Feeders” Rearrangement and Substation Addition

in The Year 2010............... R AG- 105

Table A6.3 - 12 Power Supply Matrix of CEB’s Aseas - Grid Substations
after Feeders' Rearrangement and Substation Addition %
in The Year 2015, esnsae s aien e sieaes A6 - 106

Table 11.3 -1 Base Data for Exi.sling PLC System..ooovvviniiiiiiiiinnen, SR All-211

Table 11.3- 2 Data for Existing PLC System of d.c. Power......cccoivvvvvinnne, All-216

vi



i
Ty

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

LIST OF FIGURES

A32 - I{11?) PLC Line Coupling System (End of December 1993)

A3.2 - 1{(2/2) PLC Line Coupling System for Kolonnawa - Omwala - Thulhinya -

ATl
AT - 1
ATl -2
AT1-3
ATLL-4
A7l -5
A7L-6
A71-17
A71-8
AT.L-9
A7.1 - 10
A1 -11
AT1-12
A71-13
ATZ-1
A72-2
A72-3
A72-4
A72-5
AT2-6
A12-7
A72-8
A72-9
A7.2-10
A2 11
A72-12
A7.2-13
A2 -14
A72-15
A72-16
A72-17

Avissawella - Polpitiya - Laxapana

Transmission Line Roules
Transmission Line Route

Teansmission Line Route

Transmission Line Route

Transmission Line Route
Transmission Line Route
Transmission Line Route

Transmission Line Route

Transmission Line Route

Tra_nsmis_sion Line Route
Transmission Line Route
Transmission Line Reute
Transmission Line Route

Transmission Linc Route

Pannipitiya - Dehiwala
New Chilaw - Kuliyapitiya
Pualam PS - Veyangoda
Pannipitiya - New Galle
Veyangoda - New Padukka
New Galle - Matara

Puttalam P/S - Puttalam G S/S

Trincomalee - Veyangoda
Muthuragawella - Kotugoda
Pannipilif(a - New Padukka
Rémapura - Balangoda
Vavunia - Mannar

Trincomalee - Kilinochchi

One-Line Diageam of Low Cosl Substation

Site & One-Line Diagram .of Ambalangoda Subsiation
Stte & One-Line 'Diag'ram of Angoda Substation

Site & One-Line Diagram of Anguruwella Substation

Site & One-Line Diagram of Aniyakanda Substation

Site & One-Line Diagram of Athurugiriya Substation

Site & One-Line Diagram of B Subsiation

Site & One-Line Diagram of Balangoda Substation
Site & One-Line Diagraim of Dehiwala Substation
Site & One-Line Diagram of Eheliyagoda Substation
Site & Onc-Linc Diagram of Gonawala Substation

Site & One-Line Diagram of Hambantota Substation

Site & One-Line Diagram of Horana Subsiation
Site & One-Line Diagram of Imbulgoda Substation
Site & One-Line Diagram of Katana Substation
Site & One-Line Diagram of Kegalle Substation
Site & One-Line Diagram of Kelaniya Substation

vii



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

ig. A7.2-18
.A72-19
.A72-20
.A72-21
LATZ-22
.A12-23
CA72-M
SA72-25
.A12-26
.AT2-27
CAT2- 28
L AT2-29
. AT2-30

A7.2-31
A7.2-32
A7.2-33
A7.2-34
A7.2-35
A7.2-36
A72-37
A7.2-38
A7.2-39
A7.2 - 40

Ald -1
Al3l -2

Site & One-Line Diagram of Kesbewa Substation %‘
Site & One-Line Diagram of Kolonnawa Substation

Site & One-Line Diagram of Kotugoda Substation

Site & One-Line Diagram of Kuliyapitiya Substation

Site & One-Line Diagram of Matale Substation

Site & One-Line Diagram of Matugama Subsiation

Site & One-Line Diagram of New Chilaw Subsiation

Site & One-Ling Diagram of New Galle Substation

Site & QOne-Line Diagram of New Habarana Switching Station
Site & One-Line Diagram of New Padukka Switching Station
Site & One-Line Diagram of New Polpitiya Switching Station
Site & One-Line Diagram of Palekelle Substation

Site & One-Line Diagram of Pannala Substation

Site & One-Line Diagram of Pannipitiya Subslation

Site & One-Line Diagram of Polonnaruwa Substation

Site & One-Line Diagram of Ratnapula Substation

Site & One Line Diagram of Sapugaskanda Substation

Site & One Line Diagram of Sri Jaya'pura Subsiation

Site & One-Line Diagram of Thulhiriya Substation

Site & One-Line Diagram of Town Hall Substation %
Site & One-Line Diagram of Vavunia Substation

Site & One-Line Diagram of Veyangoda Substation

Site & One-Line Diagram of Wariyapola Switching Siation

Mutual Relation of Power and Communication Lines

Mutual Impedance of Power and Communication Lines

viii



CHAPTER Al

INTRODUCTION






-y
é__éﬂ’ﬂ)

Al

(1

14,

CHAPTER A1
INTRODUCTION
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16. M. P.N.S.K. Bowju Chicf Engincer (Distribution Planning) %\

17.  Mrs. B.D.N. Mendis Chiel Engincer (System Control)
18.  Mr. P.S. Ranasinghe Chief Engineer (Communication)
19, Mrs. D. Tilakasena Chicf Engineer (Protection Development)

{2) List of JICA Study Team

1. Mr. Sumio TSUKAHARA Team Leader

2. Mr. Yoshiaki MIYAGAWA Deputy Team Leader / Power System Planner

3. M. J. WOODHOQUSE Power Supply Reliability Specialist *]

4. Mr. M. K. DEIF Former staff for the first site works

5. M;y. Tomoyasu FUKUCHI Power System Analysis Engineer

6. Mr. M. J. FULLER Transmission Line Engincer

7. Mr. Yasuo KADOWAKI Substation Enginecr *}

8. Mr. Hisami QISHI Former staff for the first site works

9, Mr. Yasushi AZUMA Communication Enginecr

10.  Mr. Nobuhiro MORI Economist %
1L Mr. Jun-ichi FUKUNAGA Secretary |
* | Messes. M. K. Deif and Hisami Oishi panticipated in the first site works and Messrs. J. Woodhouse and

Yasuo Kadowaki in the second and third site works.
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CHAPTER A3
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ELECTRIC POWER SECTOR






A3.1 Telecommunication System

Table A 3.1 - 1 Existing PLC/UHF at December 1995

1. Power Line Carrier (PLC) terminal

Rel.  Section Voltage No. of Distance PLC type Carrier freqeacy
C V) cct, (km) {ch) k)
2L.1. Biyagama- Kolugoda 220 2 19.6  ET122 (2ch) 456-472
ETI21 (lch) 268-276
2L2. Biyagama - Kotmale 220 2 70.5 ETI22 (2ch) 96-112
ETI21 {(lch} 120-128
2L.3. Kotmale - Vicloria 220 2 30.1  ETI22 {2ch) 128-144

' ' E£Ti21 {ich) 112-120

2L4. Vicloria - Randenigala 220 1 16.4 ETI22 (2ch) 160-176
' ' ETI21 (Ich) 144-152
21.5. Randenigala - Rantembe 220 3 3.1 ETI22 (2ch) 352-368
KTi {ich) N/A
1Ul. Kelanitissa - Fort (F) 132 1 4.9 No communication facility
1U2. Fort - Kollupitiya (E) 132 ] 2.7 No communication facility
1U3. Kollupitiya - Kolonnawa 132 I 5.4 No communication facility
IL1. Biyagama - Pannipitiya *) 132 2 15.5 ETI22 (h) 308-324
IL2. Biyagama - Kelanitissa *1 132 2 125 ETI2Z (2ch) 240-256
IL3. Biyagama - Sapugaskanda DPS 132 2 2.1 KTi({lchx 2) N/A
1L4. Kolonnawa - Kelanitissa 132 2 2.2 ETI22 (2ch) 208-224
1L5. Kolonnawa - Pannipitiya 132 2 129  ETI22 (2ch) 224-240
1L6. Kolonnawa -Sapugaskanda{T) 132 p 6.6 ETI22 2ch) 276292
1L7. Sapugaskanda {T) - Kotugoda 132 2 16.7 ETI22 (2ch) 292.308
_ (Kolonnau"a"- Kotugoda) '
IL8. Sapugaskanda(T}- SS 132 2 4.6 N/A
1L9. Kotugoda - Bolawaua(T) 132 2 21.0 ETB (ich) 208-220
ETB (Ich) 200-208
(Kotugoda - Pultalam) ETI22 (2ch) 308-324
1L 16. Bolawaua(T) - Chillaw (T) 132 2 22.6 *2 ETL4I (Ich)  256-204
(Bolawatia - Puttalam)
IL11. Chillaw (T) - Puttalam 132 2 61.4 Noplan.

" (Chillaw - Kotugoda) 7 (2ch) 472-488
1L12. Chillaw (T)- SS T 132 2 68 NA '
1L13. Kolonnawa - Oruwala (T) 132 2 140 ETi22 (2ch) 352-368
1L14. Oruwala (T) - SS _ 132 2 34 NIA '
1L.15. Oruwala (1) - '[‘hulhiriyb m 132 2 36.0 Nocommunication facility
tL16. Thulhiriya (T)-SS 132 2 239 N/A _
1L17. Thulhiniya (T} - Polpitiya C 32 2 28.0 ETI22 (2ch) 424-440
ILI8. Kolonnawa - Avissawella(l} 132 2 31.9 2 ETI22 (2ch) 128-144

2 05 NA

1L19. AvissaweHa (T) - 83 132

A3 -1



1L.20. Avissawella (T} - Polpitiya 132 2 344  *2 ETI 2} (lch) 120-128 %
{ Kolonnawa - Polpitiya) - ETI22 (2ch) 328-344
' ~ ETI21 (Ich) - 404-416
*2 ETB (ich) 156-164
ETB (Ich) £44-152
{Kolonnawa - Polpitiya - Laxpana) ' ETHOZ (2ch)
176-192 . 5
IL21. Pannipitiya - Ratmalana 132 2 6.9 ETI22 (2ch) 72-88
1L22. Pannipitiya - Panadura {T) 132 2 12.3  *3 ETI22 (2ch) 292-308
(Pannipitiya - Maugama} 132 ETi22 (2ch) 256-272
1123, Panadura (T) - Matugama 132 2 29.1 *3 ETL41 (Ich) 200-208
11.24. Panadura (T}- 8§ 132 2 4.7 N/A _
11.25. Polpitiya - Laxapana 132 2 8.3 ETB (Ich) - 164-172
1L.26. Laxapana - Wimalasurendra 132 2 5.} ETI22 (2ch) 240-256
11.27. Laxapana - New Laxapana 132 2 8.6 ETB (Ich) 192-200
1L28. New Laxapana - Polpitiya 132 2 8.0 ETI21 (Ich) 200-208
1.29. New Laxapana - Canyon 132 1 10.0 ETIi22 (2ch) 308-324
1L30. Polpitiya - Ketmale 132 i 29.5 ETI22 (2ch) 72-88
1L31. Kotmale - Kinbathkumbra 132 1 22.5 ETI22{2¢h)  288-304
tL32. Kiribathkumbra - Aﬁumdhapura 132 1 143.9  ETHOI {Ich) 304-312
ETi101 (lch) 320-328
1L33. Polpitiya - Ukuwela 132 ] 59.3  ETI22 (2ch) 244-260
IL34. Ukuwela - Habarana 132 1 82.3 No communicalion facility %
Ukuwela - Habarana - Anuradhapural 32 1 131.2  ETIIO2 (2ch) 216-232
L35, Habasana - Anuradhapura 132 1 489 ETB (Ich) 268-288
ETB {Ich) 208-240
1L36. Ukuwela - Bowalenna 132 i 30.0 ETB (Ich) 440-448
_ ETB (ich) 448-456
1L37. Kiribathkumbra - Kurunegala 132 2 34.6  ETI22 (2¢h) 176-192
1L.38. Habarana - Valaichchenai 132 1 99.7 No communication facility
IL39, Anuradhapura - Trincomalee 132 2 103.3 ETBB (2ch) _ 336-352
1L40. New Laxapana - Balanpoda 132 2 43.9  ETI22 (2ch) 292-308
1L41. Balangoda - Samanalawewa 132 2 19.0 ETI22 2ch) 340-356
IL42. Samanalawewa - Embilipitiva 132 2 38.0 ETI22 (2ch) 404-420
1L43, Balanpoda - Deniyaya (T) 132 2 4.2 ETR2(2ch) 308324
1L44. Deniyaya(T) - Galle 132 2 57.3  No communication facility
' {Bafangoda - Galle) ETINO02 (2ch) 324-340
IL45. Rantembe - Badutla 132 I 370 ETI22(ch) 176-192
IL46. Badulla - Inginiyagala 132 1 199 ETI22 (2ch) 192-208
147, Anuradbapura - Kilinochehi{Ty 132 2 1288 ETNO2 (2ch) o 192.208
IL48. Kilinochchi (T} - Chunnakam 132 2 612 ETB {1ch) 244-256
ETB (ich) 228-240

Note:
*1: 220 %V desiga comently operated at 132 kV.
*2: These PLC are procured and removed by OECF foan project {TSADP),
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In addition to the above, following PLC links on 132 kV lines are planned by TSADP
and TGDP,

-TSADP-

(1) Laxapana- Badulla 132 2 ETL82 {2ch) 224-240
(2)  NuwraEliya (T)- Badulla ETL41 (ich) 276-284
3 Nuwra Eliya (T) - Laxapana 132 P ET122 (2ch) 260-216

This PLC link is tmasferred from Norton Bridge - Nuwara Eliya on 66 kV.
-TGDP-

{13 Ukuwela - Kribathkumbura 132 | ETLA4) (lch) 352-360
{2)  Embilipitiya - Malara Co132 2 ETLA42 (2ch) 420-436
(3}  Puttalam - Anuradhapura 132 2 ETL42 (2¢ch) 160-176

There are the existing PLC terminals of following 33 and 66 kV lines. CEB will
transfer them in the future. :
{1) Kolonnawa (nt )- Padukka (T) - 66 kV ETB (ich) 168-176

{2 ETB (Ich) 196-200
{3) Padukka {1} - Avissawella () H6okY ETi21 (Ich) 456-464
(4) Avissawella (T) - Laxpana 66kV ETI122 (2ch) 208-224
(5) Laxpana - Norlon Bridge (T} 66KV ETI22 (2ch) 144-160
(6)Nuwara Eliya (T) - Badulla (1) 60kV ETI22 (2ch) 160-176
(7) Batangoda - Uda Walawe 33kV ETB (Ich) 200-208
(8) ETB (ich) §72-180

2. UHF radio for Remote Subscirber /Data channel

Ref. Station : Frequecncy (MHzh Chamnel
RI1. Pannipiliya - RAT. Arca Office (A.O) 430/440 I
R2. Sapugaskanda - DGM. A.O. 408/413 1
R3. Kolonnawa - HD office 430/440 s
R4. Bolawatte - NEGOMBO A.O. 440/430 I
RS. Habarana - Minneriya A.O. 440/430 1
R6. Kiribatkumbura - * Primrose hill 408/418 |
* Primrose hill - Kandy office ) 430/44¢ 1
Kandy office - MC office 440.275/450.275 |
R7. Kurunegala- A.O. 440/430 H
RE. Kotmale - Nilambe PS ) 450.025/460.025 2
R9. Galle - DGM A.O. 4407430 !
RI10. Nuwara Eliya - A.O. : 440/430 1
RII. Inginiyagala- AQ. 440/430 1
R12. Anuradhapura - A.O. 440/430 1

Note *: Back 1o Back Carvier set at Primrose is a repeater equipment.

3. Cable Carrier Termiaal for 4W connection _ _
Ref. Station - Type Channel

Cl Kolonnawa - Stanley RS KTl I
C2 Randenigala - Rantembe KTl 1
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Table A 3.1 - 2 Telephone Number List of Station

No. Name Voltage (kV) Station No.
PAX & ECS5-400

1. Kotugoda 220/132 16

2. Biyagama 2204132 72

3. Koimale P/S 2200132 73

4. Victoira P/S 220112.5 &5

5, Randenigala P/S 220012.5 w& TN

6. Rantembe P/S 220/138 78 & 79

7. Sapugaskanda DPS 142711 73

8. Bolawalta 132/33 - 10

9. Puttalam {32/33 13

10.  Chilaw 132/33 ?

1. Kolonhawa 132/33 ‘ 11 & 12

12.  Sapugaskanda 132733 17

13.  Pannipitiya 132/33 14

t4. Ratamalana 132/33 19

15, Mawgama 132/33 15

16. Fort 132/33 Future

17.  Kollupitiya 132433 Future

18.  Kelanitissa P/S 132/33 18

19.  Padukka 66/33 41

20.  Avissawella 132/33 ' 42

21, Oruwala/Steel 132133 Future

22.  Polipitiya 132/33 25

23, Thuthiriya 132/33 26

24.  Ukuwela 132/33 2t

25.  Bowatenna P/S 132/12.5 24

26,  Anuradhapura 132433 69 & 64

27. Kirbathkumbra 132/33 61

28.  Kurunegala 132/33 23

29,  Trpcomalce 132733 67

30.  Kikinochehi 132733 65

3. Chunnakam 132/33 66

32, Habwana 132733 63

33, Old & New Laxpana P/S 132133 27 & 28

34, Wimalasurenda P/S 132711 29

35.  Conyon PIS 132/12.5 K}

36.  Balangoda 132/33 51

37, Deniyaya 132/33 53

38, Galle 132/33 52

39, Samanalawcwa P/S 138/10.5 55

40.  Embilipitiya 132433 - 56

4. Uda Walawe £6/33 54

42, Norton Bridge 66/33 -3

43, Nuwala Eliya 132433 32

44.  Inginiyagala P/§ 132133 34

45. Badulla 132733 33

46.  Pamadura 132733 _ 18

47,  Maua 132/33 57

Note 1.Extension number is 2 digits sich as 10,
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Table A 3.1 - 3 Existing RTU List

No. _ Name Voltage (kV) SCADA signal/lVFT
i. Kotugoda 220/132 S-4
2. Biyagama 2207132 S-5
3. Kotmale P/S 220/132 S-5
4.  Victoira P/S 220/12.5 S-4
5. Randenigala P/S 220/12.5 S-4
6. Rantembe P/S 2207132 S-4
7.  Sapugaskanda DPS 132/11 S-5
8. Kolonnawa 132733 S-2
9. Pannipitiya 132/33 S-2
10. Kelanitissa P/S 132/33 - §-3
11. Polipitiya 132/33 S-3
12. Ukuwela 132/33 S-2
13.  Anuradhapura 132/33 S-2
14. Habarana 132/33 S-2
15. Kiribathkumbra 132/33 S-3
16. Kurunegala 132/33 S-3
17. Laxpana P/S 132/33 S-0
18. Balangoda 132/33 S-0
19, Samanalawewa P/S 132105 5-0
20. Test station N/A N/A
Note

§-0: 2520 Hz
§-1: 2520 Hz
5-2:2520 Hz
5-3: 2520 H:
$-4: 3060 Hz (R33B)
§-5: 2700 Hz (R38B)

2. Route of PLC is shown in Fig.3.4-6-2.
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Table A 3.1 - 4 List of Party Line System (PLTS)

Direction 1

No. PLT No Name of slation
1. 10l Old Laxapana
2. 102 Avissawella

3. 103 Canyon

4, 104 Balangoda

5. 105 Uda Walawe
6. 106 Deniyaya

7. 107 Galle

8. 108

9. 109 - Samanalawea
10. 110 Embilipitiya
1. 111 New Laxapana

Direction 2

No. PLT No ___Name of station

« 1. 201
2. 202
3. 203 Wimalasurendra
4. - 204 Norton Bridge
5. 205 Nuwara Eliya
6. 206 Badulla (old)
7. 207 Inginiyagala : : g
8. 208 o
3. 209 Badulla (ncw)
10. 210

Direction 3

No. PLT No Name of station
I. 30l Polpitiya
2. 302 -~ Thulhiriya
3. 303 Ukuwela
9, 304 Bowatenna
5. 305
6. 306
7. 307
8. 308
9. 309
10. 310

Direction 4

No, PLT No Name of stalion
1. 40! Anuradhapura
2. 402 Kiribathkumbra
3. 403 Habarana
4, 404 - B
5. 405 Trincomalee '
0. 406 Kitinochi '
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7. 407 Chunnakan
8. 408
9. 409 Kurunegala
16, 410
Direction §
No. PLT No Name of station
l. 501 Kelanitissa
2. 502 Biyagama
3. 503 Kotmale
4, 504 Victona
5. 505 Randenigala
6. 506 Ratembe _
7. 507 Sapugaskanda DPS
8. 508 Kotamale
9. 509 Nilambe
10. 510 Kelanitissa (GT)
Direction 6
No. PLT No Name of station
1. 601
2. 602 Kotugoda
3. 603 Bolawatta
4, §604 Puttalam
5. 605 : '
6. 600
7. 607
8. 6038
Q. 609
1. 610
Direction 7
No. PLT No Name of slation
1. 701 Kolonnawa
2. 702 Oruwela
3. 113 Padukka
4. 704 Matugama
5. W5 Pannipitiya
6. 706 Raunatana
7. 701 Sapugaskanda
8. 708
9. 709
10, 710
Note Route of PLC is shown in Fig 3.4.6-2.
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Table A 3.1 -5 List of Telex System -

Direction 1

No. Signal No Name of station__

. T-5 Sapugaskanda

2. T7 Kelanitissa

3. T-9 Kelanilissa
Direction 2

No.__Signal No Name of slation

1.  T-i Kotmale

2. T-2 Rantembe

3. T-8 Victoria
Divection 3

No. _Signal No Name of station

1. TS Canyon

2. T-10 Laxapana Old
Direction 4

No. Siegnal No Name of slation

b, T2 Polipitiya

2. T-4 Ukuwela

3. T-10 Bowalenna

4. T-12 MC office
Direction §

Noa. Signal No Name of station

1. T2 Laxapana

2. T-10 Wimalasurendra

3. T-11 Samanalawea
Note

Telex signal: 30 Bauds, 120 Hz, R.35

T-0:
T-1:
T-2:
T-3:
T4
T-5:

2080 Ha
2220 He
2340 He
2460 He
2580 H
2820 H:

T-6:3060 Hz  T-12: 3430 Hz
T-7: 3180 He

T-8: 3300 Hz

T-9: 3420 1z

T-10: 2700 Hz

T-11: 2940 He
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Table A 3.1 - 6 Battery (d.c.48V) and Baltery Charger for PLC/SCADA

No. Name Baltery charger Battery
Type Capacily Type Capacity,

1. Kotugoda Systronic 60A Lead-Acid 200Ah
2. Biyagama Systronic 60A Ni-Cd 200Ah
3. Kotmzle P/S PS DC ? Lead-Acid 700Ah
4. Vicioira P/S Systronic 40+80A  Ni-Cd 105+200Ah
5. Randenigala P/S PS DC ? Lead-Acid  Ah
6. Rantembe PS DC ? Lead-Acid ?Ah
7. Sapugaskanda DPS Systronic 60A Ni-Cd 170Ah
8. Bolawatta Gutor 40A Lead-Acid 120Ah
9. Puitalam Gutor 40A Lead-Acid 120Ah
10. Chilaw Nife
il Kolonnawa EAO  40A Lead-Acid 120Ah
i2. Sapugaskanda Gutor 40A Lead-Acid 120Ah
13 Pannipitiya Systronic 4CA Lead-Acid 200Ah
14, Ratamalana Electrona 15A Lead-Acid 90Ah
15. Mategama Qerlikon 40A Lead-Acid 120Ah
16. Fort Future
17, Kollupitiya Future
18. Kelanitissa P/S Gutor  40A Lead-Acid 210Ah
19. Padukka Gutur
20. Avissawella Gutur
21. Oruwala/Steel EAQ
22. Polipitiya Statron 105A Lead-Acid 400Ah x 2
23, Thulhiriya OLTEN 40A Lead-Acid 120Ah
24, Ukuwela Gutor  40A Lead-Acid 400Ah
25. Bowatenna P/S Ocrlikon 40A Lead-Acid 200Ah
26. Anuradhapura Siatron 85A Lead-Acid 300Ah
27 Kiribathkumbza Systronic 60A Ni-Cd 170Ah
28, Kurunegala Systronic 60A Ni-Cd 170Ah
29, Trincomalee Oerlikon 40A [cad-Acid 90Ah
30. Kikinochchi Gutor  40A Lead-Acid 120Ah
34 Chunnakam Gutor  40A Lead-Acid 120Ah
32. Habarana Systronic 60A Ni-Cd 200Ah
33. New Laxpana P/S Stuatron 105A Lead-Acid 400Ah x 2
34, Wimalasurenda P/S Gutor 40A {ead-Acid 120Ah
3s. Canyen P/S Ocrlikon 40A lead-Acid 200Ah
36. Balangoda Systronic 40A Ni-Fe 200Ah
7. Deniyaya Guior 4CA Lead-Acid 120Ah
38. Galle Gutor 40A Lead-Acid 120Ah
9. Sarmanalawewa P/S Yuasa A Lead-Acid 1400Ah
40. Embilipitiya Guior 40A Lead-Acid 170Ah
41. Uda Walawe EAO

- 42, Norton Bridge Guiur
43. Nuwala Eliya Gulur
44. Inginiyagara P/S Gutur
45. Badulla Gutor 60A Ni-Cd ?Ah
46. Panadura Nife
47. Mawra Fulure
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CHAPTER Ab
RELIABILITY CRITERIA FOR TRANSMISSION PLANNING

A54  INTRODUCTION

The objective of this chapter is to present a brief overview and an introduction to the concept and theery
of supply reliability planning, investigate the curent practice, and determine the extent of the possible
application of reliability planning within any consiraints that may be imposed due to any possible
limitations that might be inherent within the existing records.

This section is presented in five main sections and can be summarised as follows :

Section AS.2: Describes and assesses the various transmission system  reliability
criteriafindices in use or under consideration;
Seclion AS5.3: Reporis on a survey of indices presently used by utilitics world-wide, and

reports on a survey of present transmission neiwork performance world-
wide and on the methods for performance monitoring;

Section AS5.4: Revicws the present status of analytical tools 1o calculate differing types
of indices;
Section AS.5: Reviews methodologies for setting transmission planning criteria; and

The work reported here is in part based on consultant’s own independent assessment of present practice and
its applicability to Sri Lanka, but the consuliant has also drawn on materials in the following two

documents :
I. Transmission System Reliability Methods, EPRI Research Project 1530, Report Volume 1,
July 1982

2. Pawer System Reliability Analysis, Application Guide, CIGRE working group 03 of SC 38
{Power System Analysis and Techniques) - published 1987.

The consultant have also taken the opportunily to incorporate additional materials presented 1o the CIGRE
Symposium on Electric Power Systems Reliability held in Montreal in September 1991, In particelar we
have drawn upon the Report prepared by CIGRE Task Force 38-03-10 entitled :

“Composite Power System Reliability Analysis - Application to the New Brunswick Power Corporation

System.”

A5.2  TRANSMISSION RELIABILITY CRITERIA

A5.2.1 INTRODUCTION

This section of the report has the objective of reviewing transmission rcliability criteria which arc either
in use or are being considered by utilities around the werld.  Transmission reliability indices fulfil a



rnumber of functions including providing a basis for planning systems and for communicating system
petformance history to management and consumers.

The criteria which have been surveyed include some which have only recently been developed from a
theoretical standpoint, bul which nevertheless are potentially suitable for adoption by utilities in the
foresecable future.

lndices may relate to the performance of the system as a whole {interconnected power indices), or to the
reliability of supplies at specific points on the netwerk (load point indices).

A5.2,2  THE NATURE OF RELIABILITY

The concept of reliability is that it provides measures of the ability of a interconnected power sysiem to
deliver electricity to all points of utilisation within acceptable standards and in the amount desired.
Interconnecied power system reliability can be described by two basic and functional atlributes - adequacy
and security.

*  Adoquacy is essentially consideration of steady state reliability. It is considered the system's
capability to meet system demand within the constraints imposed by major component
ratings and by the presence of scheduled and unscheduled outages of neiwork components.
For adequacy assessment, steady state conditions are assumed. To the extent that transient
conditions are considered in adoquacy assessment, interest is limited (o considering the
capability of the system to meet the load following the disturbance and after the operation of
any automatic devices as well as adjustments which can be made by an operator.  System
failure occurs when service interruption is necessary 1o continue rormal system operation,
System adequacy can generally be quantified through the use of load flow models.

* Seccurity is essentially consideration of critical dynamic conditions. It may be defined as the
systems capabilily to withstand disturbances arising from faulis and unscheduled outages of
an interconnected power supply component without further oss of facility or cascading.
Security assessment can be subdivided into instability, overload cascading and voliage
collapse. Dynamic models which recognise equipment response limitations are gencrally
required to calculate the appropriate reliability indices,

This Swwdy has concentrated on system adequacy since the study’s interest primartly relates (o the degree of
rcliability or redundancy which should be buill into the network, rather than with the clynam:cs of system
prodeciion operation or generator post fault response.

A5.2.3  CATEGORIES OF FAILURE

The following three possible categorics of power supply system failure can be identificd:

¢ Technical quality deliciencics: These include unacccplablc levels of vollagc and frcqu;ncy and

scryvice voltage, excessive ham‘uomcs and unbalance in polyphase supphcs

» Power system emergencics;  Such emergencies arise due o demand cxceeding supply
capabilily due to shorifall in resources.  System response to such evenls include curtailment
“of load, voltage reduction and/or load management control.  Load shedding is accepied during
major cmergencies. ' ' ' '



o Power system intemruplions: Such interruptions are caused by failure in the interconnected
power system, these differ in nature, frequency and extent of effect. Whilst most events
resulting in service interruptions arise on the distribution system, the number of customers
affected in each case is usually limited. On the other hand, disturbances arising on the
interconnected power system are fewer but can affect a large number of consumers and can
have a widespread social and economic impact,

AS5.2.4  RELIABILITY OBJECTIVES

Using the concepts presenied above, utilities can be expected to adopt the following objectives when
planning and operating an interconnecied power system:-

» To preserve system adequacy, i.e. to supply the aggregate electric power and encrgy
requirements with acceptable technical quality and service continuity.

e To preserve system security in such a way that recovery from more probable contingencies
can be achieved without Joad cunailment or interruplion and avoiding excessive stress on the
system and its components. '

« To preserve system integrily, such thal more severe, less probable comingencies, including
sequences of contingencies, will not result in uncontrolled sepasation of major portions of the
system.

¢ To limit the extent of failure and minimise the risk of widespread shutdown.

o To promote rapid restoration following shutdown.

A5.2.5  MAIN TYPES OF RELIABILITY CRITERIA

Reliability criteria can be viewed as conditions that should be satisfied by the generation and transmission
system in order to achieve the required reliability. These fall into 1wo categories: performance test and
index criteria.

Performance-based criteria take the form of sets of conditions, such as one or more generalion or
transmission incidents, that the system must be capable of withstanding. The definition of incident
includes the pre-disturbance as well as the disturbance iself. These criteria form the basis of detenminislic
contingency cvaluation, although it is not necessarily the case that no supply interruptions occur for all

contingencies considered.

Index criteria are aumerical paramelérs which provide target levels of reliability, or more usually, upper
bounds on unreliability, i.e. expected ¢acrgy not supplied or expecied frequency failure. The use of such
criteria forms the basis of probabilistic reliabilily asscssments. '

Probabilistic criteria are intended 1o recognise the random nature of outage events and provide measures of
system reliability on the basis of the outage statistics of the system components.

A5.2.6  UNGCERTAINTY IN RELIABILITY EVALUATION

Uncernainties in power system reliability predictions may arise at any stage of a reliability investigation,
particularly as inaccuracies or even errors may occur at each step of the investigation.
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Because of the inherent uncertainties, reliability indices have a probability distribution with a considerable
deviation. Account should, therefore, be taken of variances of the calculated indices when using reliability
criteria 10 make planning decisions. These variances can be calculated.  Full information on predicied
system behaviour is contained within the probability distributions of the indices. Ideally, rehiability
criteria should be based on these distributions, however, in practice the planner must setife for less,
making use of the expected values of the indices.

The uncertainty in predicting system behaviour depends on The reliability index. The uncertainty is
cspecially high for the predicted interrupted energy index, which means that evaluations of
interrupted-energy costs based on this index are also forced to deal with significant uncertainty,

A5.2.7  CHARACTERISTICS OF INDICES

The need 1o set criteria for assessing adequate system performance is applicable whether probabilistic or
deterministic assessments are being used. The appropriate criteria determines boundaries between what is
acceplable and adequate and what is not. Historically, both system performance indicator and the
acceplable level are fixed deterministic values, specified and calcutated using deterministic techniques.
Uncertainties have always been recognised, therefore, deterministic safety factors are always taken into
account when deterministic measures are applied.

Although this concept recognises that variability exists, it does not recognise the likeliood of the
vartations and thus can impose excessive safety if the dispersions of the characteristics are smali or, at the
other extreme, inadequate safety if the dispersions are very large.

Therefore, the application of probébilily theory to the assessmenl of system reliability cnables the
probabilistic or statistical variations 1o be taken into account.

Absolute and relative measures are frequently encountered in practical assessments.  Absolute indices are
values expected 1o be exhibited by a system, these can be monitored for past performance as long as daa
is avaitable. However, they are extremely difficult, if not impossible, to predict for future perfonmance
with a high degree of confidence.

The reason is that future peiformance comtains considerable uncertaintics particularly asseciated with
numericat data and predicted system requirements.  Also the models used are frequently approximations
which is not necessarily an accurate representation of the plant or system behaviour,

Relative reliability indices on the other hand are easter 1o interpret and considerable confidence can
genceally be placed in them.  In these cases, system behaviour is evaluated before and after the
consideration of design or operating change. The benefit of the change is assessed by evaluating the

relative improvement in the index.

Therelore, indices are compared with each other rather than against a specified target. This tends o ¢nsure
that uncertaintics in data and system requirements are embedded in all the indices and therefore reasonable
confidence can be placed in refative differences.

In practice, a number of design or operating scenatios are compased and a ranking of the benefits duc to
cach aliernative can be obtained, ' '
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Appropriate indices can be determined, however, a single all purpose formula or technique does not exist.
The approach used and any indices obtained depend upon the assumplions adopied and the validity of the
analysis is directly related 1o the validity of the model used to represent the system.

The most important aspect to remember is that it is necessary to have a complete understanding of the
engineering implications of the system and no amount of probability theory can circumvent this
important engincering function.

Therelore, it is evident that probability theory is only 2 tool that enables the operators and planners to
transform their knowledge of the system into a prediction of its likely future behaviour. Only after this
understanding has been achieved can a model be derived and the most appropriate evaluation lechnique
chosen. Therefore, the steps involved are:

understand the way the components and system work;
identify the ways in which the sysiem can fail;
establish the consequences of the failure;

derive models to represeht these characteristics; and

L

L

¢ only then select the evaluation technique.

In order to calculate probabilistic indices, estimates of the event probabilities and frequencies are required.
1f sufficient data are available, the probabilities and frequencies of the events can be calculated o include
all dependencies and correlations betwecen events.

However, the assumption commonly ‘made is that events are independent, thus simplifying the
mathematics. It should be noted that this assumption may have a significant effect on the value of the
indices. Assuming independence usually results in an optimistic value for the reliability indices.

The remainder of this section of the report is dedicated to the introduction and definition of most of the
deterministic and probabifistic indices that are used to evaluate reliability levels of power sysiems.
Analytical techniques and evaluation miethods are discussed elsewhere in this report.

A5.2.8  DETERMINISTIC INDICES

Deterministic indices are set on the basis of assessing the extent to which the sysiem demand can be met
following predetermined relalively frequent outage events, These are often expressed as "N-1" (single
outage conungcncy) or "N-2" {double outage conlingency) critcria which refer to the implications of a
single or a double outage event. It is not necessanly the case that no supply intcrruptions occor for all
contingencies, and indices can be da.l'mcd for single or mulliple outage eveals.

The outage events which are norma1l5 cons:dered are the Ioss of nctwork componcnts such as cables,
lines, generators, ‘transformers, elc. In some utilities more scrious cases are considercd such as the loss of
asel of busbars or cascade tnps

Uulmes often classxl'y parts of their neiwork dillerenily wilh major bulk interconnectors having a higher
rehablllly standard ( say "N-2"), compared 10 2 fower voltage focdcr circuit which may only be able to
w:lhsland a single outage evem or may eveq ha\e oniy a single supply circuil. These criteria may
cquaily apply o (ransm:ss:on mlerconnecnon componenls as well as subs!anon components
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Several deterministic indices which have been used are discussed below.  These indices can be defined
assuming that not all possible contingencies are evaluated, and the extent to which this approach is
adopted depends in part on the likelihiood of a particular outage occurring and in part on the feasibility of
being able to study all pessible conlingencies.

Typical deterministic indices include ;

s Maximum Lead Not Supplied; This index involves determining the maximum MW

not supplied by the system duec 10 the conlingencies studied. It involves summating the

- shortfalls in MW supplicd at each busbar for each contingency in turn, and then comparing

the summated shorfalls and identifying the maximum value. U is also possible (o identify

which of the conlingency events are the most critical since they will be the ones most
regularly giving rise to the greater shonifalls,

The actual magnitude of the load cuitailed depends on the solution method adopted. 1t should
for example be clearly stated if generation despatch, and in particular redespatch following an
outage, is considered in determining the events resulting in loss of load.

¢ Maximum Energy Not Supplied; This index is similar to the previous one, except

that energy rather than power is of interest. The computalional requirement are the same as

" for the pwvious index, cxcept that the duration of the outage is required so that the energy not

supplied may be assessed given that the MW magsitude is known. This is very difficult to

quantify since a time dependent load model would be required for each load point.  More
readily available would be average or historical values of duration which could be used.

¢ Minimum Load Supplying Capability; The load supplying capability (LSC) of 2a
system is defined as the maximum system load that the system can supply with no line
overload. The LSC is calculated by raising the foads at each bus and varymg the gencration
despatch until no more power can be despatched without overloading some lransmissmn finc.
This limiting point is defined as the LSC of the system,

The manner in which the bus loads are increased would obviously affect the result since the distribution of
the load will affect the line Mtows and thus the peint at which the transmission becomes limiting.

If the LSC calculation is carried omt for each contingency studicd, the results give an indication of the
relative severity of the events and thus the reliability of the network. M is required to calculate the Joad
supplying capability of the network for each contingency, and then to establish the minimum of these
values. :

+ Minimum Simultaneous Interchange Capabitity; . The simultancous interchange
capability (SIC) is defined as the maximum power that can be imported or kransferred bém'ccn
arcas within the S) stem. In this case the load is fixed and the amount of power transferred is
maximised. If this is repeated for all contingencies of interest, the minimum SIC cou'd be
uscd as a measure for the uhablllly of the syslcm T

+ Maximum Lince Flow; This index is an indication of the imp:ict of conlingc'ncius oh:dle
power flow of a particular circuit. This mdcx gives an indication lo the size necessary for a
new line and requires that the flow on selected lines is monitored for the different
contingencics, and the maximum values identificd. It is also useful for planning purposes to
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know how many contingencies resulted in the flow in a particular line excceding a ceriain
fiow.

A5.29 PROBABILISTIC INDICES

One of the key weaknesses of the deterministic indices is lack of information on frequency or duration of
outages. An index applied to a load point in particular may suggest a poor level of reliability as
measured in terms of, say, maximum load not supplied. However if that event is only likely 10 occur
extrernely infrequently compared to some other events, the reliability of supplies at that point may appear
significantly poorer than could in fact be expected.

Probabilistic criteria overcome these difficulties and have three fundamental attributes :

1. frequency of events
2. duration of events
3. severily of evenls

Not all indices necessarily have all three of these attributes. The most common adequacy indices can be
classificd into two types. The first type is a single parameter to define the behaviour of any system
component without specifying the related duration or frequency characteristics. These indices provide a
measure of the average system behaviour during the period under investigation, withoul stating whether
the risk situation corcesponds to a single long event or a number of short events.

The second type of risk indices are expressed by two parameters, usually the annual expected valve of the
quantity represcating the system deficiency and the related annual frequency, or the expected value of a
single deficiency and its frequency. Assuming the same unit of time, the product of frequency and
duration of a single occurrence gives the corresponding total expected value in the selecied unit of time.

It should be borne in mind that adequacy indices take account of faults of relatively long duration, since

" these require repair and therefore constitute what is commonly defined as permancnt faults as opposcd to

transient faults.

Indices may also be differentiated according to the way that the severity of cvents are measured.  In
particular as: _
o system problem indices; these describe the probability of problems asising such as overioads,

voltage limit violations or istanding occurring.

» system state indices; these describe the extent of the problem in terms of the probability of
the system being in a predefined state of insccurily in accordance with a utility's own
practices, where the state of insecurity is likely to be defined in terms of a scale, or number of
levels.

¢ load cunailment indices; these are indices where the severily of an ¢vent is expressed in terms
of failure to supply, or load curtailment.

Typical problchl indices include:

e Overoad indices (frequency, duration, probability or amount of overload),

+ High or low load vollage indices {frequency, duration, probability or average amount outside
limits),
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¢ Island indices (frequency or average percentage generation deficiency).

In this report, the problem indices have been concentrated on load curtailment indices as these are the
indicators which consumers have most interest in, although in the longer term. CEB may wish to
consider the merits of extending their interest in system adequacy to areas more concerned with problems
rather than loss of supplies.

A number of load cuntailment indices may be defired which gencrally arise from the three measures of
frequency, duration and foad curtailment. ‘These may be equally applied on a system wide basis or for
individual load points. These include: '

s Loss of Load Probability (LOLP); The LOLP for a wransmission sj«stcm measures
the probability of not being able to meet the peak load due to transmission system outages.

Conceptually the LOLP calculation can be extended to the

¢+ Loss of Load Expectation (LOLE); This is defined as the number of days per ycar
when a sct of loads or distribution of oads cannot be supplied. As in generation planning
this could be calculated for all 8760 hourly loads over the year by adding the probabilities for
every day of the year when the available capacity is unable 1o meet the daily peak due to
transmission outages.

This period calculation would require a significant amount of computation if the system
quantities had to be completely recalculated. Consequently the LOLE calculation is generally
restricted to meeting the 365 daily peak loads, or other representative sets of load distribution.
Itis however possible, by making the sinplifying assumption that the load at each node
remains a constant fraction of system load, to use the load supplying capability (L.SC)
concept described earlier to simplify the calculation.

Care must be taken in adopting these indices without considering system operationa) realities.
Itmay, for example, be the case that the critical loading period for the transmission system
may occur at a time different to system peak load time. In such cases the set of load points
(0 be considered is critical,

* Frequency ol Loss of Load (FLOL); the frequency of loss of load due to transmission
outages combines consideration of the number of times that individual outages can occur with
the probability that loads a1 cach busbar exceed the load carrying capability of the system a1
the lime of the outage,

* Expected Encrgy Not Served (EENS); This is defined as the expected cnergy not
served due 10 ransmission system oulages. For a given load level the unsupplicd cncrgy is
the amount of shortage for each outage times the probability of the oulage, summed for all
outages. '

This quantity can be summed over all desired loads to find the unserved enetgy per period (e.g.
per year). Anindex may also be defined giving the Expecied Energy Not Served per Outage;
though this is less useful as it lacks informalion on the frequency of the loss of supplics.

+ Expecled Load Curtzailed (ELC); This is a subset of EENS, and eicludes constderation
of the duration of the outage.




» Expected Number of Load Curtailments; This expresses the number of times that a
failure not meeting the load occurs,

» Expected Duration of Load Curtailments; This expresses the average duration of
supply not meeting the load. 1t may alternatively be expressed in tenms of the total number
of hours per year that load curtailment occurs. In this case il becomes very similar 1o LOLP.

A5.2.10 LOAD POINT INDICES

As noted above, all the indices referred to in Clause A5.2.9 may be used as toad point or system indices if
the load point values are aggregated.

It is imporiant to appreciaie that if these indices are calculated for a single load level and expressed on the
basis of one year, they should be designated as annualised values. Annualised indices calculated at the
system peak Joad level are usually much higher than the actual annual indices and therefore, should only
be used for comparing different alternatives of system structure and not for optimisation.

The effect of a variable load level can be included in order to produce a more representative annual index.
However, this would be al the expense of considerable computer time. The increase in cost depends on
the degree to which the foad variation is modelled.

A5.211 SYSTEM INDICES

In addition to aggregating the load point indices, a further set of indices for the overall system have been
proposed as given below, ' '
¢ Bulk Power Interruption Index (BPII); The BPIl is defined as the average number of
MW of system or area load interrupted per MW of system or area load served. This is the
ratio of total load interrupted 1o annual peak load. lts calculation calls for the study of
sufficient load levels to be able to adequately define the system reliability.

o Bulk Power Energy Curtzilment Index (BPECI); The BPECI is an exieasion of
the BP) and relates the annual energy not supplied EENS 1o the peak load. Tt is also known
as the o

s Severity Index; and is the severity associated with each oulage event. It is defined as the
total unsupplicd cacrgy because of that event, expressed in megawait minules, divided by the
peak system load in megawalts. Severity is therefore expressed in 'system minutes’ and is
numerically 6 of times the value of the BPECI. One system minute is cquivalent to an
interruption of the total syslém load for one minue at peak load. It docs not represent a real
sysiem outage lime because the interruptions need not occur al the time of peak load. A
further variant on the BPECI is the

« Energy Unreliadbility Index; This is the ratio of the encrgy not supplied to the total
energy demanded.

+ Bulk Power Supply Average Power Curtailment Index; This indicates the
average MW curtailed per disturbance on a system wide basis.



A.5.2.12 SUMMARY

Reliability indices may be classificd as being deterministic or probabilistic, with the later representing
the area of mast development. Probabilistic indices have the advantage that they ¢nable the nature of any
- uoreliability to be quantified in terms which can be undersiood by plannets, managers and users alike,
They reficct the random nature of outage events and provide a far greater lucidity than deterministic
indices.

Both types of index may be applied 1o bulk system reliability determination as well as load points.
Range of indices have been defined for possible use. The selection of the appropriate one for a panicular
utility wili depend on the individual circumstances and the particular objectives of adopting indices within
an organisation.

A§3  SURVEY OF PRESENT UTILITY PRACTICE

A5.3.1 INTRODUCTION

The objective of this Section is to review and establish current practices being adopted by utilities world-
wide and applied to the planning of their transmission systems for reliable supplies. The consulant has
undertaken own review on the basis of three approaches :

b A survey of 62 ulilities world-wide was undentaken;
2. Existing literatures for results of earlier surveys were ceviewed; and

3. Consultant’s own knowledge of the practices adopted by utilitics with whom the consultant is
familiar were referred to,

A5.3.2 MOTT EWBANK PREECE {MEf)} SURVEY OF UTILITY PRACTICE
AS5.3.2.}  General Appreach

In this scction MEP revicw the results of a survey MEP have underiaken late 1991 of present utility
practices. MEP survey was based around a questionnaire which was sent 10 62 sclected utilities.  In onder
10 give as broad a view as possible of the planning criteria used, MEP have made a random selection of
utilities and have not reswicied the analysis 1o utllities of simitar sized- systems or level of
imerconnection.

The questionnaire was designed with the objectives of establishing answers to the following key
questions:

I. Did the utility have an agreed transmission reliability planning criteria?
2. If so, did they use deterministic or probabilistic criteria, of both?
3. What was the specific criteria used?

4. Did they differentiate between different parlé of the ncm.'or-k by using different standards of
supply for different supply points?

5. Were both system wide and load pdint indices used?

A5 - 10



Questionnaires were sent (o the 62 utilities indicated on Table AS5.3.1, and replies have been received from

18 as indicated.

A5.3.2.2 Delailed Review of Responses=

The main responses (o our questionnaire sent lo utilities world-wide are summarised below.

. BRITISH_COLUMBIA HYDRO, CANADA

BC Hydro is increasingly paying attention to the probabilistic approach in its overall system planning. h
does not however, see this as replacing traditional deterministic criteria but rather, altows them to evaluate
plans produced by deterministic criteria and modify them to be less or morc conservalive, as cach case
justifies.

The aim of system planning within BC Hydro is to 1alk in terms of operating margins from limits and
- the probability of entering those margins. The limits are those of thermal limits, transiont stability and
voliage stability.

Deterministic planning is based on :

e the amount of allowable generation to be shed; and
o the amount of the allowable load to be shed.

Probabilistic indices are at present beihg developed, and MEP’s discussions with BC Hydro indicate that
the development of suitable computational systems is presently a high priority. The only indices being
used at present are Bulk Electricity Supply (BES) point indices. Single contingency criteria are nonnally
used, but in the case of small substations there can be single transfonmer stations backed up by a mobile

unit.

MANITOBA HYDRO

System planning is based on deterministic reliability indices using Forced QOutage Rate values in a
methodology that determines a ‘Load Carrying Capability” in the generation and major Lransmission

system.

Single outage contingency is used by Manitoba Hydro. Double outage contingency is not used as a
general criteria, but is considered for special situations.  Reliability indices arc only used for the major

transmission and HVDC system.

STATE COMMISSION OF WESTERN AUSTRALIA

The Australian utilities are organised on a state basis with litile wansfer of power between states other
than between Victoria and New South Wales and also to South Australia.

The State Commission of Western Australia (SECWA) employs both deterministic and probabilistic
criteria in \ransmission planning.  N-1 criterion is used for deterministic reliability for lines and
lransformcrs Slng!e outage contingency is normall; cmployed double outage conlingency is used for
' syslem load Iess than or equal to 80% of peak demand '

Probabilistic indices used are based on average duration and frequency of failure. They are used to
suppicmem deterministic criterion. SECWA have commented that they are restricied in using seliability
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indices in transmission planning because the computer software available to perform such studies is not :
sufficiently developed. %

QUEENSLAND ELECTRICITY COMMISSION

The Queensland Electricity Commission has established reliability criteria and network design rules for
use in the eafly stages of formulating and comparing proposals for systems development. In the final
analysis, however, cach project is considered on its merits and these criteria may not apply in all cases.
The foliowing criteria and network design rules are observed:

* Sufficient transmission will be provided to atllow merit order operation without loss of supply
with any one item of system plant cut of operation.

¢ System stability to be maintained following a three phase to ground fault and subsequent
clearance of any one circuit or shunt element within a clearing time of 0.1 second.

* Normal (continuous or nameplaie} ratings of planl will not be excooded during average
ambient conditions with all plant in service. '

¢ Immediately foi]cwing a single outage, loading of remaining plant will be within its cyclic
rating for the expected load cycle and ambient conditions.

* System voltages will be stable and within the range 100 to 108% of nominal voliage for
normal and single contingency situations, after the operation of transformer tap changers and
switched reactive devices.

¢ Overlapping outages (double contingencies) should not cause overloads resulling in major
system interruption. Allowance may be made for re-scheduling generation or transferring load %
in determining transmission capacity under overlapping outage conditions, although some
load shedding and out of merit operation may be necessary.

The following are some of the factors which are 1aken into account in determining the scopc and timing of
specific projects, and which may lead to departures from the abme criteria:

¢ the type of load (e.g. continuous process, CBD, general supply) and consequénce of an -
intercuption.

s the availability and c-apacn) of alternative supphcs e.g. Iugh cost gcncraung plan,
subtransmission back-up capacity.

s the size of the load group affected.
* the probability and expected duration of critical outages and cost of avoidance,
» the short time emergency overload ratings of plant.

* the real and reactive power variation of the load with voliage and frequency when determining
stability and voltage conditions during disturbances.

THE SOUTH EAST QUEENSLAND ELECTRICITY BOARD

The general philosophy adopted by SEQEB is the N-1 c:ilcria.'r That is 10 provide 100% caqui!_ity wilh
any one circuit or item of equipment out of service. In applying this criteria, SEQEB take account of:

*  equipment thermal capabilities (i.c. cyclic, cmcigency or two hout rating as appi'icable). g
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+ system voltage control, including use of transformer taps, capacitors and AVRs. (noling that
vollage variation limits are 6% at LV supplies, 5% al 22 kV supplics, and agreed variations
at higher voliages).

» automatic load transfer capacity.
s manual load transfer capacity.

There are some cases when adoption of the N-1 critenia is not considered by SEQEB to be economically

Justified:
o ural substations of limited loading.

+ non-permanent foads such as sand mining.

« loads which would involve high capital expenditure not justificd by rate of revenue return.

CENTRAIS ELETRICAS BRASILEIRAS SA, BRAZ!L

The criteria used in transmission planning is based on both deterministic and probabilistic reliability
indices. N-1 criterion is used as a deterministic reliability index for single outage contingencies.

Probabilistic indices used are unsupplied energy, failure frequency and duration.  These are used for

planning to bulk supply points on the network.

SARAWAK ELECTRICITY SUPPLY CORPORATION

© Sarawak Electricity Supply Corporation employ both deterministic and probabilistic reliability indices.

These include Loss of Load Probability and Expected Energy Not Supplicd. These are used for planning
to bulk supply points on the network and are applied in the form of a composite generation and

transmission criteria.

OSLO LYSVERKER

Only deterministic reliability indices are used by this Norwegian utility. No details were given of the
types used. These are used for bulk supply points on the network.

CARIBBEAN UTILITIES COMPANY

This utility, in the West Indics, does not emplos reliability indices or any criteria for its transmission
since thc highest voltage on lhe system is 60KV, of which there is only 20 miles withia the total system.

FLECTR[C]’I \’ AUTHORITY QF C\'PRUS

The Electricity Authotity of Cyprus applies deterministic criteria for the expansion of its system during
its present 10 year development plan:
1. The N l Cmenon . _
The N-1 pnncnplc is applied throughoui the Authomy s transmission network both on the 132 kV as
well as the 66 kV transmission lines. The same planning criterion is also applied in the design of the
13211 KV and 66/11 kV subslauons in order to cnsurc firm wansfonmer capacity in all the

transmlssmn substauons
2. The N- 2Cnlcnon
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The transfer of power between the major 1ead centres should use the N-2 criterion, in order 1o ensure
that the loss of a double circuit line between these centres will still allow the transfer of the roquined
power through alternative interlinked lines.

Other conditions which must be mel include:
¢ No cyclic overload capacity must be permitted on any of the equipment under normal or
oulage condilions.

* Reactive compensation is necessary when it is established that the system demand exceeds the
MVar capability of the available generators.

* The system is designed so that voltage control need not be accomplished by switching out an
overhead line or cable circuits.
*+ System voliages are controlled within the following limits for normal and eutage conditions:

132 KV + 1010 - 0%
66 kV +61t0-6%
1MkV+6t0-8%

TANWAN POWER _COMPANY

The Taiwan Power Company uses deterministic reliability indices in its transmission planning. This is
on the basis of ane trunk line shut down for maintenance, and another trunk line on forced oulagé. This
is only valid for 345 kV and 161 kV bulk pawer system, with one line outage valid for lower voliage.
No double outage contingency is used,

No probabilistic reliability indices are used.

UNITED STATES QF AMERICA

Every operating, interconnected elecisic system in the USA is a member of the North American Electric
Reliability Council (NERC). As members of NERC, every system must adhere to cenain operating and
planning criteria and guide-lines 10 assure the integrity of the overall integrated system.  While, in
general, transmission planning is considered ‘deterministic’ and resource planning s considered
‘probabilistic’, there are some of both types of criteria in each.

In general, deterministic indices used arc based on outage rates e.g. houssfyear, hoursfconsumer/year.
Probabilistic indices used include LOLP, LOLE etc. These are cakulated for a Composite Transmission
and Generation reliability index. On the whole, there are no differing criteria used for different vollage

fevels and substations. They use the same basic criteria, but each have diffcrent standards of performance,

American Electric Power (AEP)

There arc cight operating wiilities within the American Electric Power System, Plannirng for all facilitics
other than distribution is handled by the AEP Service Corporation.

The AEP uses a combination of contingency planning and probabitistic analysi§ for EHV ('i.c. 345 kv
and up) ptanaing. For other voltages, the approach is primarily probabilistic. Both single and double
outage contingencics are used in transmission planning. The company has developed its own risk
analysis for probabitistic analysis. Reliability indices are used both for the final consumer network and
bulk supply points on the network.
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BE hy

Belgium is looking at the development of integrated generation/transmission planning. Deterministic
methods will be retained with complementary use of probabilistic techniques. The introduction of large
nuclear units has led to the use of a probabilistic representation of nuclear unit refuelling periods.

UEBERLANDWERK UNTERFRANKEN

'This West German wtility uses the N-1 criterion in deterministic reliability indices. Single outage
contingency is used. Differing criteria are used for different voliage levels:

« 110kV: N-1 criterion (a Jine can be down without supply failing)

s 20kV: N-1 criterion is used only for parallel feeder lines

The reliability indices are used only for bulk supply points on the network.

No probabilistic reliability indices are used.
RWE ENERGIE

RWE Energie, with headquarers in Essen, West Germany, operates the following crteria for its
transmission and distribution networks:

Transmission Network

In general the N-1 principle is used (aclivé reserve)

1. for 380/220 kV interconnection network:
a  Single fault (circuit): restoration of N-1 security by changing the generation schedules;
b.  Busbar fault: only aregional limited disturbance accepted; and
¢.  Fault of a double circuit line: no extension to a major disturbance accepted

2. HIokV:
a ¢ Inurban cable networks: N-2 principle;
b. Busbar fault: no service interruption in the whele regional 110 kY neiwork accepted (if
achicvable with a justifiable expense);
¢.  Fault of a double-circuit line: no total service interruption for a profonged time in an
extended region accepted; and
d  Transformer fault: switchable reserve (transformer between 110 kV and medium voltage)

Distribuiion Neiwork

1. Medium Vollage:
~a  In principle, reserve switchable after fault location, restoration of supply normally within one

hour.

- 2. Low voliage/Supply point:
a  NoN-) security; and

b In case of dislur_bancés: repair or provisional arrangements, restoration of supply within

several hours.
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TIROLERWASSERKRAFTWERKE

This Austrian utility uses the N-1 deterministic ceiterion in transmission reliability. No probabilistic
indices are used in transmission celiability planning. Judgement is used in determining whether or not
there should be differing criteria for different voliage levels and substations: this is decided on an individueal
basis depending on the importance of the supply areas.

The utility is at present undenaking a ‘Network Information System’ project. This will consider the
integration of reliability indices for planning purposes. This is al present under discussion.

VATTENFALL _TRANSMISSION

This Swedish company uses the NORDEL design criteria in determining reliability planning. The
NORDEL countries (Denmark, Finland, Norway and Sweden) have docided to adopt common reliability
criteria and to plan their interconnected network as a singlé system. Decterministic criteria ae used asa
base. The consequences of severe oulages are analysed. Measures are taken when economically
motivaled. The analysis is confined to 400 kV and 220 kV lines. Bulk supply points on the network are
examined.

LANDSVIRKJUN

Landsvirkjun (The National Power Company of Iceland), only uses detcrministic reliability indices in its
transmission planning. The criterion used is N-1. There are no differing criteria for different
voltage levels and substations. Reliability indices are used for transmission planning both for the
final consumer network and bulk supply points on the network,

(Note:)
The Japanese Power Companies apply only deterministic criteria for transmission systcm
planning. The probabilistic approach like LOLP, LOLE, etc. is used for generation planning.
Though application of probabilistic method was once studied for the transmission system, its
necessity was not acknowledged.
For a trunk transmission sysiem, actually there shall be no supply interruption nor generation
restriciion due to ‘N-17 criteria.  Even under the *N-2" criteria, there shall be no serious supply
interruption or system scparation. '
For a local system, some supply interruption is allowed bui shall be restored in a short time when
a ‘N-1" fault occurred.
Particulars of practice are enclosed in Attachment of this clause.

AS5.3.2.3 Summary of Survey Results

The results of responses to MEP's survey are summariscd on Table A5.3.2 with particular reference to the
extent to which the different utilities have adopted probabilistic as opposcd to deterministic criteria.

A5.3.3  REVIEW OF CRITERIA BY CIGRE (1984)

In addition to the responses from the questionnaire sent out, the results of a review by CIGRE (WG
32.01) were also included inio the reliability criteria for the planning of lransm:ssuon and interconnection
neiworks in 16 countrics. This was vndenaken in 1984 and although dated, is still of some relevance.
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An examination of these results, which are reproduced as Table AS5.3.3, shows the widespread use of the
N-1 deterministic criteria in all countries, as at the mid-1980's.

A5.3.4  REVIEW OF OTHER INFORMATION

As major international consulianis, Ewbank Preece (now Mott Ewbank Precce) has worked in a number of
counirics both on assignments associated with system planning as well as project implementation, MEP
are consequently well placed to appreciate the planning procedures being followed in such countries. The
pasticular countries which MEP have considered in this study are:

o The United Kingdom;
s Kenya;

*  Western Malaysia,

¢ Thailand;

*+  Mala;

o Siates of Victoria and New South Wales {Austratia);
¢ Libya;

« Egypt;

s Pakistan;

+ Indonesia; and

+ Bangladesh,

The majority of these countrics adopt an N-1 deterministic criteria. Variations on this are for example in
Kenya, Indonesia and Pakistan where the N-1 is not rigidly applied for financial ceasons, and in the UK
where N-2 is generally applied to power station conneclions.

Switchyard configurations are also varicd in several countries depending whether a power station
connection is involved, with higher securily being desigoed in for such installations.

A5.3.5  ANALYSIS OF DATA

According to the data received to date, the predominant method used for transmission planning criteria is
deterministic.  Whereas there has been a movement away from deterministic indices to prebabilistic
indices for generation systems, the sitvation has been much more complicated in transmission system
planning. Since transmission system configurations can be varied and their performance also determined
by weather and other factors, the analysis of transmission performance can be complex.

Transmission system behaviours are varicd, depending on the type of faults, duration of faults, and the
condition of the system before and after clearance of faults. For example, a fault in a crilical transmission
line may lead to system instability causing gencrators 1o be out of synchronism with each other, resulting
in system break-up. It is also conceivable that an overload condition could devclop. inlo a cascading
sequence. Analysis of trakié'mission sysicm overloading and of busbar voltage violations has 1o be carried

_out using load flow analysis which is required to be performed for each fault that can be cavisaged. This

involves various combinations of transmission oulages, and if a transmission system is large, the number

of outage combinations can run to a large number requiring extensive computer lime.

In some countries, composile indices are calculated from a reliability analysis which incorporates both
generator and transmission failure probabilities. Again, calculation is not simple to perform because of
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the large number of modes of failure which can occur in a power system. Composite ‘analysis is used in
Canada, ltaly and France. In the Canadian mode! the cost of the undelivered energy is converted into a
reliability criterion which is then used in planning. The reliability indices used are undelivered encrgy and
the duration and frequency of unsatisfied load. The French and Italian models examine a large number of
generation and network outage cases using a random sampling method. In haly, the composite mdcx usd
is 0.1% expected energy not supplicd,

Overall, there is no one uniform practice which is used for reliability planning. However, the most
widespread criteria used would appear to be N-1 and N-2, depending on the number of network components
involved in the loss. The N-1 criterion, the most widely used, consists of the simulated loss of one
nelwork component (i.¢. line, transformer, reactive power compensation component, etc.). Less frequent
use is made of N-2, which consists of the simulated loss of two system componénts. either two netwerk
componenls of one nelwork and one generation component. Its use is generally resiricied to major load
centres and is used less frequently than N-1 criterion, since simvultancous failures are generally considered

to be negligible.

Some countries and wiilities simulate N-2 incidents by building on the base cases examined according to
the N-1 criterion. Others examine cases of double incidents that would be most serious for their
lransmission syslems, ¢.g. the loss of two main lines in cascade. In some ulilitics, even more serious
incidents are considered, such as -

* loss of a set of busbars (and corresponding lines)

* multiple incidents or cascade tripping which may cause major disturbances.

Generally, utilities rely on operating manoeuvres to avoid system collapse as a result of cascade tripping,
such as the introduction of reactive reserves, nciwork switching etc.

Overall therefore, the consensus view is that probabilistic indices are advantageous in that they provide a
superior basis for evaluation, but the main drawback is the lack of appropriate analytical tools for actually
calculating them.  Indecd the thrust in some utilities is to dcvelo'p suitable computer programs for the
purposc. These conclusions should however be considered in the context that there is also evidence that
somc utilities are starting to develop and use composite gencration and transmission indices. These have
the conceptual advantage that the supplies to consumers ultimately rely on reliability in both the
generation and transmission sysiems, and there is a degree of randomness in the timing of failures in cach
system.

A5.3.6  SURVEY OF NETWORK PERFORMANCE

During the course of the survey, a copy of a new CIGRE paper on Bulk Electricity Supply Operational
Performance Measurement prepared by Working group 05 of Study Commitiee 39 weie provided. This
report covers a survey carried out on the operational performance of 198 utilities,

Data was presented in the form of disturbances per year, and the results were categorised by size of wutility,
its location within an interconnected system, and the natere ofsyslem Ilmus (thermal oF siabﬂnylvollage
limits). Disturbances were also categorised by severily :

= Begreel . - from | 1o 9 system minutes
= Degree 2 - from 10 to 99 system minutes
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= Degrec 3 - from 100 1o 999 system minuses

It was found that on average the frequencies with which a utility suffers the different degrees of disturbance

was :
= Dcgree 1 - 2.5 years
= Degree 2 - 8.8 years
=> Degree 3 . §3.3 years.

The general conciusion based on system characteristics were that :

o Thermally limited systems expericnce less disturbances than stability limited sysiems being
located at- the centre of an interconnecied system gave rise to less disturbances were not
generally related 1o system size.

o The survey reported on system wide or bulk performance, although there is a suggestion that
further work may be done on load point performance.

A54  CALCULATION OF RELIABILITY INDICES

A5.41 INTRODUCTION

The review of prescnt utility transmission reliability planning practice in the preceding section has
highlighted the advantages of probabilistic based criteria, but has indicated that their widespread adoption
is being hampered by computational constraints. For any criteria o be successfully applied, it is
necessary for the planter to be able to both predict system behaviour, as well as to monitor it.

This section of (he report outlines the methodologies for undertaking these computations and reviews

some existing models.

A5.4.2 DETERMINISTIC CRITERIA

Deterministic criteria are applied in a framework which desires the system response to fall within
prescribed limits relative to permissible ranges of voltage and frequency, permissible limits on component
loadings and maintenance of synchronism.  Although deterministic in nature, therc is nevertheless an
underlying consideration of the relative likelihood of disturbances and their consequences.

In p'r'aclicc. an cxhaﬁsl_ive search of the implications of all contingencies is prohibitively time consuming.
Therefore, delerministic criteria are derived by examining a pre-defined number of constraining events to
check the soundness of the transmission system.  Based on the operator's experience these situations
represent the critical events of the system.

The underlying hypothesis is that if the system function can be assured for these critical cases, the same
should be true in alt other more favourable cases. Although some differences in practice have been noted,
the most widespread deterministic eriteria can be grouped in two classes referred to as N-1 and N-2
conditions, according 1o the numbers of components involved in the event.

The N-1 criterion, the most widely used in practice, consists of simulating the loss of onc network
component. Few of the countries adopting this criterion for transmission planning, take into account
generation outages as one of the contingency events.
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The N-2 criterion consists of the simulated loss of two system components.  The use of this criterion is
not as widely used as the N-1 because simultaneous failures are generally considered unlikely, The
underlying idea is that two items would have to trip in the same region during a critical eperating
situation such as peak load period (the time duration of which is refatively short), for the double failure to
have serious consequences. The likelihood of such an incident to occur is thought 1o be #ery small.

The general procedure in calculating the indices is first 1o select one or several base cascs considering
system loading and generation despatch conditions. Operator experience is important in ensuring that
critical conditions are included. Each base case is then subjected to the predefined outage conditions (the
N-1 or N-2 conditions).

Load flows are then calculated for each case to determine the extent to which the system can withstand the
ouvtages. Key factors to monitor are line flows and busbar voltages. Depending on the precise criteria
adopted, the planner will either be secking to ensure that no violations occur under the outages studied, or
else any violations are aggregated into system or point Joad indices.

The advantages of deterministic criteria can be summarised as follows:

* conceptual clarity;

+ limited number of cases to be examined; and

* comparatively simple analytical tools may be uscd, e.g. ac load flow which provides a detailed
and precise description of system performance.

The tinvitation of the deterministic approach is that one is explicitly investigating the initial system
preblems for a few contingencies which are selected based on a mixture of the judgement and the
experience of the planncr/operator.  Hence there is always a risk of omitting some cases, a risk that is
ever-increasing as the nature of the critical cases can change in time in subile ways which are somctimes
barcly perceptible.  Furthermore, this criteria has the disadvantage of failing to take account of the
probability of occurrence of these events and the weight of their effects,

Generation planners have accepted that the concept of random phenomena can be handled in a probabilistic
manncr and compulational 'algorilhms have been relatively casy 1o dcvclop and implement.  Direcl
analytical fechniques can be used and the general trend for planning generaling systems is now heading
away from deterministic o probabilistic methods.

On the other hand, for transmission systems the implementation of probabilistic methods is much morc
compticated. Firstly, the problem has a spatial dimension, and the fundamenial laws of electric circuits
must be satisflied. Secondly, despite the efforts of researchers and analysts, recourse o probabsllly indices
for the reliability cvatuation of large wransmission systems still calls for the implementation of
sophisticated models, powerful computer programs and the associated hardware.

A5.4.3 PROBABILISTIC CRITERIA
AS.4.3.1 General Considerations

The main reasons that probabi.lislic meihods have not been widely used in the past therefore include ;

+ Shortage of data,
s Limitations of computational resousces,
¢ Lack of realistic reliability techniques,
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+ Aversion to the use of probabilistic techniques, and
o Misunderstanding of the significance of probabilistic criteria and risk indices.

The availability of suitable data on transmission system component reliability remains a difficult
problem. Although many utilities now have reliability data bases, these data cannot readily be assumed (o
be valid in other utilities as geographical, ambicnt, design and operational circumstances may difter.
Recotds for certain types of equipment may therefore only be available for a comparatively short

operational period.

Computing facilities on the other hand have been greatly enhanced and many engineers now have a
working understanding of probabilistic technigues.

There are two distinct philosophical approaches to transmission reliability evaluation; the Monte Carlo
approach and the state enumeration or sclective analysis of outage events.

The Monte Carlo simulation methods estimate the reliability indices by simulating the actual process and
random behaviour of the overall system as well as #ts components. Meanwhile, the state enumeration
technique represents the system by simplified mathematical models and evaluates the reliability indices

using mathematical solutions,

Each approach has its advantages and disadvantages. Due to the large amounl of computing tinie required
by the Monte Carlo simulations i1 is not generally used if alternative analytical methods are available,
However, in theory, the Monte Carto approach can include any system process or effect which would

otherwise have to be approximated.

The two approaches can evaluate the same risk indices, however, a comparison of the numerical values
obtained offers a better understanding of their Timits, Salvaderi and Billinton presented a comparison
betwezn the twe approaches in evaluating composite reliability for power systems and discussed the
reasons giving rise to differences in numericat vatues and the impact of such differences on the adequacy of

networks,

Salvaderi and Billinion; "A C omparison Between Two Fi undamema”ly Different Approbches fo Composite
System Reliability Evaluation”; IEEE PAS Vol. 104, No. 12, December 1985.

AS5.4.3.2 The Monte Carlo Approach

This method consists of randomly selecting the disruptive event and the state of the load, and subscquenily
simulating the effects on the system. The basic approach can be applied to each hour of the year in
chronological order or the hours of the study lime can be considered at random. The random sclection of
system states and load is taken from their respective probability distributions. This procedure normally

requires a statistic Joad mode! and a component failure model.

The simulation of the randomly sclected conditions is done with the use of load flows, dispatch
algorithms, and preselected operating policies. These results are utitised in the computation of appropriate

“reliability indices.

The key issues in this approach are the fact that the number of disruptive events must be large enough to
adequately capture all possibilities of adverse effccts on the system, and that the analysis of the events of a
specific disruptive event must be as close to the real world as possible and as efficient.
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The Monte Carlo appreach has several advantages and disadvantages. The random selection of disruptive
events and subsequent analysis of the system performance results in many unnecessary simulations since
most of them will be problem free. Howewer, 10 obiain meaningful resulis, il is imperative that a
sufficiently large number of problematic system conditions are captured and simulated.

This implies that the Monte Carlo method calls for the expenditure of considerable computing time in
order to obizin sufficient confidence in the results.

On the other hand, the method allows the analysis of complex systems without forcing the system model
to become unrealistic. In addition, it offers the planning engineer a synthesis of the fina! resolls and a
detailed description of the events that caused these results.

A5.4.3.3 The State Enumeration Approach

State enumeration or the selective analysw of outage events recognises lhe fact that the majority of
system outages do not cause adverse effects on system reliability. This approach therefore, consists of the
systemalic selection and evaluation of disturbances, the classification of each disturbance according (o
failure criteria and the accumulation of reliability indices.

Selective analysis or contingency enumeralion techniques are structured so as o minimise the number of
events that need 1o be analysed. This is achieved by testing, 1o the extent possible, only those
disturbances which are sufficiently severe and frequent to have an impact on the indices to be quantified.
Tests may be carried out for example by using algorithms which review the result from the first iteration
of the load flow calculation for each contingency and discarding cases where the results apparently shaw
no system performance cniteria being violated.

In some respecis the technique is similar to the process described for deterministic index computation in
that a number of base cases are sclected and subjected to a series of incidents, the resulis then being
examined 1o establish the systeny's ability 10 withstand such events from the point of view of power flows
and voliage changes. Thus the outage evems which may bave adverse effects are identified and
subsequently analysed to determine the effects. A Ley difference however is the mclus:on of information
on the frequency andfor duration of the oulage evenls.

The constiteent parts of this approach are:

¢ Contingency selection,

s  Network solution,

» Corrective aclion, and

* Accomulation of reliability indices.

A5.4.3.4 Centingency .Selcclion

‘The first step is normally to define the types ofe\cms which will be studicd. Thc sclccuon oflhc type of
event usually depends on the analytical lcghmque adopted. '

Contingency selection involvcs the determination of the most likely cutage evems and a procedure for
preselecting the most severe of these events for esting.
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Since most transmission line systicms are designed to the N-1 criteria, i.e. to withstand the loss of a
single major component, the contingency selection is generally concemed with multiple outages, be it
independent overlapping outages or other dependent multiple outages.

Dependent multiple forced outages involve multiple components failure in a local area and are almost
always severe enough lo warrant testing.  On the other hand, independent overlapping outages, or focced
autages overlapping scheduled outages are severe only if the various components cut have an adverse

impact on the same system problem.

The steuciure of a power system is such that for each mﬁhiple outage of the latter type, there may be a
very large number of other outage's' that have no adverse effect. Therefore, while most dependent multiple
outages may all have 10 be tested, there is a need for screening methods to idcnﬁfy the independent
averlapping oulages that need to be tested.

A5.4.3.5 Network Solution

The selection of the method chosen for solving the power syslem equations is critical to the reliability
evaluation procedure since both the accuracy and the interpretation of the index are dependent on the

network solution.

Strictly speaking, the neiwork equations are a set of simultaneous, complex, non-lincar cquations dnven
by the values of generation, load and voltage at the different nodes around the network. Since thesc bus
quantities vary continuously with time, the network resulls are also time varying.

Detailed power system models are rarely used for reliability calculations. The major delerrents to detailod
modelling are the excessive computer time required, the lack of meaningful data and the requirement for
human judgement to interpret the resulis and make the correct decision for planning or operational

purposes.

Therefore, in reliability index computations, speed of nctwork solutions is of essence; more so than
solution accuracy. If the system problems to be detected are restricted to line overloads and network
separation, de load flow techniques are considered satisfactory.  Alicrnatively, if bus voltages nced 1o be
computed, approximate linearised solutions or fast decoupled load flow solution methods could be applied.

AS5.4.3.6 Coarrective Action

Corrective action may be taken automatically by the system or put in effect by the operator. In praclice

" auloimatic corrective action is presently resiricted to exceplional system situations which are of panicular

concern, and most corrective actions which need (o be accounted for in reliability index computations

involve operator initiated actions.

A number of utilities are reluctant to include the possible benefits arising from remedial operator aclions
in reliability calculations. This is partly due to the planning and system design philosophy adopted, and
partly due to the farge number of arbitrary assumptions that have to be made in defining the characteristics

of the corrective action.

One practical assumption is to ignore the time factor represented by the time; a system problem occurs
and the time the appropriate corrective action is identified and executed, and apply maximum corrective
aclion available. In this case the reliability indices computed would be cepreseatative of the
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post-disturbance conditions, but would not reflect the possible more severe system conditions existing
during the 1ime of corrective action, Itis clear that such indices would be optimistic, while indices based
on the initial system problems would be pessitmistic.

When remedial actions have been executed, any one of a number of mathematical optimisation techniques
can be applied to determine the effectiveness of these aclions. For example, linear programming can be
used to reschedule generation and minimise load curiailment,

A5.4.3.7 Accumulation of Retiabitity Indices

Event probabilities and frequencies can be calculated and accumulated into system indiées_or bus indices.
The indices formed by considéring all tested contingencies that are logged as failures according to a
specified failure criterion constitute a lower bound on the reliability index. These lower bound indices
would have a higher numerical value if additional, generally more severe and less likely comingcnéics

were tested,

The reliability index appears therefore, to be a function of the rumber of contingencies tested. Since this
is somewhat unsatisfactory, it is of interest to compute an upper bound of the indices as well, thus
bracketing the indices that would be derived if all contingencies were tested.

Such an upper bound can be obtained by considering all contingencics tested that do not fail as well as all
contingencies nol tested but presumed not to cause systen failure based on the pre-sceeening of
contingencies.

The accumulation of probability and frequency indices represents a major undertaking where the main
chailenge is to perform the accomulation in such a way that events considered are mutually exclusive,
such that "double counting” is avoided. '

A5.44  EFFECTIVENESS ANALYSIS

Utilities, and in particular privately owed ones, arc having to face the dilemma of trading off their
customer’s demand for refiability with their own interest in achieving an adequate retum on their
investmenis. Therefore, reliability of supply is being considered more and more as a commodity that can
be priced and marketed.

The effectiveness analysis approach is based on economic comparsison between planning aliernatives,
where there is no specific reliability fevel to be met.  Each alternative is optimised by minimising its
overall costs which comprise capital expenditure, annual operating costs and the cost of risk of Tailure.
Thus the least cost plan incorporates the optimum reliability level for the network.

It should be noted that atteinpis to cvaluate the cconomic consequence of load interruptions and
curtailments have shown that the cost assigned by the different consumers varies gecatly and depends on
considerations that are extremely subjective.  Moreover, account must be taken of the facl shat the
consequences of system failure include many that can nol be evaluaied in economic terms. These issues
ar¢ considered further in Scection AS.5 of this report. '
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A5.4.5 COMPUTER MODELS FOR POWER SYSTEM RELIABILITY ASSESSMENT

This Clause presents a teview Lo some of the general purpose digital computer models described in the
literature.

1. Both ENEL, the ltalian wility, and EDF, the French wtility, have developed Monte Carlo
simulation models. ENEL's has been referred to as SICRET whilst EDF's are known as
MEXICO and ANASEC. CEPEL in Brazil are believed to follow the gencral principles
identifed earlier in this section.

SICRET is a composite gencration and wansmission reliability model and the Monte Cario
simulation is carried out for a representatively wide number of Lime intervals, or sampled hours.
For each hour a possible system configuration is randomly determined based on the availability
probability distribution of cach system component and from the anticipated loading. A de load
flow is then run and the process repeated for differcnt contingencies. Load shedding and

generation rescheduling are incorporated.

EDF's MEXICO program is very similar in concept although use is made of the load duration
curve {0 average out the resulls over a year,

2. The University of Saskatchewan is home of some key work in the enumeration field. The team
under Professor Billinton have published numerous papers and are continually evolving more
sophisticated algorithms taking into account a range of effects such as:

+ station originated owtages,
¢ common mode outages,

weather effects,
¢ |oad forecast unceriainty.

Their model is a composite generation and transmission reliability program refemred to as
COMREL, and is under continual development, as well as being applicd to practical systems.
Billinton's work has also included composile generation and transmission reliability assessmient

and models have been built which calculate a number of different indices.

[a particular, Billinton and Weynan described some of the basic modelling concepis used in 2
computer program MECORE developed at the University of Saskalchewan for composile
generation and ransmission reliability assés;mcnl.

A novel characteristic of the MECORE model is that it recogaises the effects of regional weather
differences including situations in which transmission lines traverse severat geographical regions

undergoing dilfereat weather conditions.

Impacts of bus load uncerainty and correlation can be simulated and praciical load cortailment
philosophies have been incorporated in order to oblain realistic bus indiccs.

This was described by them in their paper "Composite Syslerﬁ Reliability Assessment Using a
Monte Carlo Approach” which was presented at the PMAPS third Conference in London in July
1991. D - '

B _ COMREL is able to handie up to 4 gcné_ralioﬁ units out al one time and up 1o three transmission

lines. In combination the options are :
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Lines ' Units
1 1
2 1
t 2

3. EPRILin the USA have sponsored a considerable amount of work in this area. Perhaps the most
promising work was carried out by Power chhnoiogies, Inc. (PTI} of Schenectady, New York
under EPRI contract 1530-1.  Their final report was published in July 1982 and includes a
description of the SYREL program which is a usable contingency enumeration based program.

Atthe time PTHacknowledged their use of some existing techniques for the automatic ranking of
contingencies based on circuit overloads, dc load flow, decoupled ac load flow, linear
programming algorithm to redespatch generation, adjust phase-shifters to relieve overloads, and
overload casé-ading simulation. They also developed some new modeiling techniques including :

¢ automatic contingency ranking for low vollage problems,

* amethod to prevent the decoupled ac load flow from diverging so that voltage problems
could be categorised by location and severity including voltage collapse,

¢ efficient enumeration scheme for multi-level outages,

* improved techniques for computing the upper and lower bounds of reliability indices to
determine the depth of contingencies required, .

* procedures for computing reliability indices valid over a period such as a week or a year
accounting for variations in load and other system conditions.

PTI's work has developed to the stage that commercial models are now available. These ane
TPLAN and MAREL. TPLAN is a composite gencration and transmission single arca reliability
program which incorporates a considerable degree of detaili whilst MAREL is a multi-area model
designed for generation reliability énalysis. TPLAN allows up 10 3 simuliancous line or unit
outages in a similar écope to the COMREL program. .

4. Hore & Schoenberger; "TRAP™: An Innovative Approach 1o Anﬁlysing the Reliability of
Transmission Plans”; 1EEE. PAS. Vol. 101 No. I January 1982,

Horne & Schoenberger presented a program for nl:alcu.ialio.n of \ransmission reliability measures
using the load supply capabitity (LSC}) of a network as the basis for determining system failure,
The Transmission Reliability Analysis Program (TRAP) provides the planners with information
on the capacity of the system and the probability that ransmission events will result in Ioss of
toad. ‘The indices calculated provide a quantitative measure of the impact of new line additions,
allowing alternative plans 1o be compared numerically or tested for acceplability.

5. Noferi, Paris and Salvaderi; “"Monte Carlo Meihods for Power System Reliability Evaluations in
Transmission and  Generation  Planning”; 1975 Proceedings, Annual Reliability ad
Maimainability Symposium.

Noferi, Paris and Slavaderi sclected a simulation algorithm to study and assess the expocted
peiformance of planned outage schedules. To accommodate very large systems, the simulation
was restricted to modelling maintenance outages, extensions to planned outages and deviation of %
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load from forecast. Forced outages risk was determined by analytical means incorporated within
the computer progran.

At the time of publishing the work, opeialihg experience with the programme was insufficient to
draw firm conclusions regarding the effectivencss of the method. However, preliminary studics
with the program indicated salisfactory computational cfficiency and flexibility sufficient to
provide adequate representation of the scheduling situations encountered with maintenance oulage,

6. Mehopoulos, Bakirtizis, Konacs and Beck; "Bulk Power Systemt Reliability Assessment -
Experience with the RECS Program'; IEEE Transactions on Power Sysiems, Vo!. PWRS-1,
No.3, August 1986.

Meliopoulos et al, described the philosophy, objectives and experience in bulk power system
reliability asscssment using the RECS program. RECS stands for reliabitity evaluation via
Contingency Simulation. It is a modular and expandable program for assessing the reliability of
the composite power system. The paper describes the concepts, models, computational
techniques and data retluireménl by the prbgfam. Emphasis has been placed on the experience
gained using the program for reliability studies of the Southern Company System. '

Sub program RECS-FEA (failure effect analysis) processes the data and enumerates and analyses
conlingencies. Subprogram RECS-SP (service program) computes system reliability indices and
branch and bus surmmaries. ' S

7. Electricidade de Portugal (EDP) have a model referred to as ZANZIBAR. 1t is a composite
generation and transmission model using a Monte Carlo approach. Both hydro and thermal
stations are included and three different hydrological conditions are allowed for. Generation
scheduling and rescheduling is based on minimising generation costs and network losses.  As
with other Momte Carlo models, a de load flow technique is used to limit the computational time
compared to that which would be needed if a full ac load flow calculation were cartied out.

A5.46 COMPARISON OF MODELS

As part of the 1991 CIGRE Symposium on Electric Power Systems Reliability held in Montreal, an
excicise was reported on in which eight organisations provided composite gencration and transmission
reliability models were used to analyse the New Brunswick Power Corporation System.

These organisations, with their models were

GROUP COUNTRY MODEL METHODOLOGY
ENEL Italy SICRET MC
EDP Portugal ZANZIBAR & MC
Un of Sask ~ Canada COMREL SE
MECORE MC
NGC UK ESCORT T MC
UMIST UK COMPASS - MC
S JEEE ' RELACS - - SE
EDF . France ~ MEXICO | MC
PTI USA MAREL/TPLAN SE
" NB Power Canada NBHLI  SE/MC

" taote : MC - Monte Carlo, SE - State Enumeration)
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The models were run for generation outages only, and then for gencration and transmission outages. The
models all gave reasonably consistent results for the basic measure of system reliability - Expected Energy
Not Served. All the models identified the same facilities as being the most critical in the basic system
and showed the reliability improvements gained through reinforcement.

Generation reliability calculations were more consistent than composite reliability calculations.  This
difference was ascribed to differences in modelling techniques, and in particular the sampling of the periods
studied.

The study drew no specific conclusions about the merits of the different models and modelling technigues.
Rather it confirmed that techniques are available which are workable, and that the results should be weated
for their relative indication of reliability rather than absolute values.

A number of areas were identificd where further work is required.  These related specifically to the
capability to handle phase shifting transformers, contracl sales, consistent apprbachcs to load curtaiiment,
voltage considerations, securify considerations and generation disp:;tch implications, weather effects, and
common mode failures. The lack of standard output indices was also recognised as a problem.

A5.4.T SUMMARY

Our studies have shown that a significant amount of research work has been carricd out to extend the range
of computational tools available 10 transmission planners. These address not only the computation of
deterministic, but also probabilistic indices. This work has seen limited application in utilities, and it is
almost certain that the work that has been done will require developing and tailoring to the needs of

particular organisations.

In addition to the need to further develop software, the colicction of appropriate data on componcnt outage
rates is essential if probabilistic techniques are to be successfully applied.

A55  SETTING RELIABILITY CRITERIA

A5.51 INTRODUCTION

Reliability standards for electricity generation and transmission in most countries have been largely based
on previous cngincering experience and rules of thumb.  With the development of increasingly
sophisticatied computer programmes, however, it is now possible to create more sophisticated reliability
slandards for both generation and, 10 a lesser extent, transmission reliability.

In selecting an appropriate planning criteria, a nuraber of factors must be taken into account including:

+ what is the objective of the criteria,

+ can the criteria be calculated for planning purposcs,

¢ is suitable data available for its calculation, ,

+ arc there any constraints influcncing the degree of refiability (e.g. financial, economic, etc.)?

Two aspects have to be considered in the sclection - the Iypé of index, and its value. The 1ype of index is
influenced by the objectives and the practicality considecations.  The value is more influcnced by
cconomic and {inancial considerations. o
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Increasing the reliability costs money, and it is therefore necessary that this expenditure is justificd by the
planners. A number of approaches are possible:
+ follow cxisting praciice, _
s determine level of reliability where additional investment gives maximal additional
improvement,
s determine levet of reliability which is optimised with respect 1o the consumers valuation of
unserved energy,
» sclect a value based on international praclice.

The first of these is safe in thal presumably the majority of consumers are satisfied, but there may be
overinvesiment.

The third one follows the practice increasingly being adopted by generation planners, but suffers from the
need to estimate the value of unserved energy, which theoretically will vary between load point with mix
of consumer type.

The second approach is a compromise between the two. It has the advantage of avoiding the need to value
unserved energy, but its success relics on the cosUreliability function having a form which enable the
point of diminishing return to be established.

The fourth approach is not necessarily sound because transmission systems vary between utitsties, and
particularly for probabilistic indices, there is very litle precedent to go on.

In the next section we consider in more detail the question of valuing retiability.

AS5.5.2 VALUING RELIABILITY
AS.5.2.1 Introduction

Reliability standards for electricily generation and transmission in most countries have been largely based
on previous engineering experience and rules of thumb.  With the development of increasingly
sophisticated computer programmes, however, it is now possible to create more sophisticated reliability
standards for both generation and, to a lesser extent, transmission reliability.

As with any other aspect of planning, the need to evaluate transmission reliability in quantitative terms is
essential. The basis for comparing reliability planning alternatives should idcally be one which docs not
assume any fixed reliability level but, rather, makes economic comparisons among possible alternatives.
Each alternative would be optimised by minimising its total cost i.e. capital, running and risk costs. The
reliability fevel of each alternative would be its optimal level and alternatives could be comp:imd on the
basis of their respective overall costThere are, however, problems which will be encountered in
evaluating the cconomic cost to consumers of outages, since the cost in terms of both lost economic
oulput and convenience can vary greatly from one sector of consumer to another.  Moreover, there is the
problem, paﬂicularlj( for private electricity utilities, of uading off their customers’ demand for reliability
against making an adeguate return on investments.

Reliability is increasingly scen as a product which can be differentiated, priced and marketed. The quality

of supply can thus be set at a level at which an incremental investment in distribution just equals the
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incremental outage costs to consumers and the economy attributable to the invesiment, measured as the
potential cost to consumers and the economy of loss of supply at that reliability standard.

Within any transmission system, it should be possible to;

¢ idenily costs associated with those paris of the system whose sole function is to secure
. supplies against failure, _

* calculate the outage cost savings o consumers and the cconomy by safeguarding supplies,

* broadly determine the optimum quality of supply refiability.

A5.5.2.2 Identification of Costs of Transmission Design and Planning

The fizst approaches (o system design and planning were intuitive and relied heavily on the expericnce of
the engineers involved in the planning. In contrast, the more advanced mathematical methods cusrently
used by some utility companies rely on optimisation models. The aim of the exercise is o minimise an
objective function, usually the present discounted value of system costs, subject to conslraints, such as
mecling the load and reliability targets, and not violating technical and operating requirements,

‘Transmission planning typically involves the solution of a dynamic network-1ype problem, in which the
basic objective is to select, at least-cost, the type, timing and tocation of line additions that would connect
the various sources or generaling stations to the differcat load centres. In addition, the requirements
imposed by the load, reliability level, technical and other constraints must be satisfied.

In the conventional approach to transimission system planning, forecast loads are imposed on the exisling
distribution system at specific future times, and the network is systematically strengthened to meel the
loads adequately. Meeting consumer demand within acceplable voltage limits would determine the
location of new substations and primary feeders and the upgrading of exisling ones. Loaﬂing under normal
and emergency (or fault) conditions, as well as peak and off-peak periods is also usually examined.

When the model of the physical system has been identificd, the supply costs must be delermnined and
valued. Two methods can be used for this:

¢ the financial viewpoint of a private eleciric power utility is adopicd.  This is the method
normally used in the USA. The items in the cosling cxercise are based primarily on
accounting concepts. They include physical assets, services, depreciation, interest and taxes
that may be affected by regulatory requircmcnl_é. The values placed on them are the private
financial costs occurred by the wiility. These include the purchase cost of assets and services,
financing charges, and the cost of raising capital based on the debt-cquity mix. ‘

*+ the second method is basically economic and more appropriate for the national cconomy as a
whele. Goods and services used as physical inputs to the electnic power syste-m are considercd
scarce economic resources and valued accordingly.

The process of system planning is often complicated by uncertaintics in demand forccasts, errors in cost
estimates, construction delays, etc. In this case, the approach is to build up different scenarios to provide
a range of altcrnative choices.

AS.5,2,3  Estimation of Outage Costs

“The term ‘outage cosis' is used to cncompass all the economic costs suffered by sociely when the supply
of clectricity is not perfectly reliable or when it is not expected to be perfectly reliable.  Establishing a
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value for reliability is difficult to achieve. Direct evaluation is not feasible and the approach which is
normally used is to evaluate the impacts and financial losses resulting from supply interruplions.  The
costs of these interruptions are not equal to the value of reliability but, rather, a surrogate for it.

Outage costs can be broadly classified into direct and indirect costs. Direct costs are those which occur as
a direct result of supply outages and include such impacts as lost industrial production, ruined or spoiled
raw materials, the loss of personal leisure time, and possible injury or loss of life. Ilndirect costs could
include an increase in robbery and other crime during outages, a loss of business to competitors nol
affected by outages o a relocation of business if outages are frequent.

The main problem for the estimation of outage costs is, therefore, the guantification of such outage
losses. As an inilial step, it is necessary 10 understand the nature and variety of economic and social
impacts of outages on customers, i.e. whether the outages are shori or long-term, localised or widespread,

direct or indirect, economic or social.
Various methods have been used in recent years in an atlempt to quantify the costs of outages.

AS.5.2.4 Financial Valuation

For an individual, pmale orgamsauon the use of cconomic analysis 10 measure the social and industrial
costs may not be entirely appropriate. The main function of a private electricily ulility or distribution
company is 1o maximise ils profits while satisfying costomers of a regular ard reliable supply of
electricity. From the individual electricity company's point of view, therefore, the cost of outages will be
in tenms of lost income from energy not served. The methodology for a cost-benefit analysis will
basically be the same as for the economic analysis. The main difference will be in the estimation of
outage costs. These will not be the value of economic output lost, but rather the revenue lost to the
utility as a result of outages incurred. Supply costs will be their actual financial value rather than adjusted
to reflect scarce resources, as would be used in cconomic analysis.

By discounting at an appropriate financial rate both the costs of increasing reliability and assessing
benefits in terms of revenue from encrgy supplied in the absence of outages, it is possible to determine
the level at which the cost of increased reliabifity just equals the additional cevenue gained from no or

fewer oulages.

AS. 5 3 THE COST OF INCREASING SYSTEM RELIABILITY

An alternative approach to esumanng a value for supply rchablluy which may in pracuce vary from node

o node on the system, is to consider the rclmb:hlyhnvcstm;m cost curve. As expenditure is increased to

further reinforce a network, there will be diminishing advantages in terms of measurable improvements in
reliability. '

A curve may be plotied sndmanng the incremental impm\cmcnl in rcliability as a fuaction of the
incremental investment costs. The precise shape of this curve will be system specific, but chances are
that there will be a turning point at some identifiable level of reliability which could be considered to be a
pragmatic leve! to adopt for planning purposes. This turning point will be when the additional
investment has minimal impact on the level of reliability.
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If the cost function operates as described, there may be merit in considering this approach to selting the
criteria as it avoids the need to make the estimates of reliability value. Whether the value deduced from
the cost curve is acceptable to the utility may lafgely be a function of the financial cost of achieving the
indicated level. It has 1o be recognised that this consideration may in any case appl) for the mcthodcﬂogy
based on valuing unserved cncIgy.

A5.5.4 DATA AVAILABILITY AND INDEX SELECTION

It is noted that an impertant constraint on the wider application of probabilistic indices has been the
availability of suitable cutage data. The scope ef faull reporting schemes varies between ulilities and is
historically bound into the original motives for establishing a fault repomng scheme. For planning
purposcs data has (o both collected and analysed. ' -

Ideally data should be available covering both the failure process and the restoration process, and be
held under the following classifications:

¢ qate or frequency of occurrence of an event; this is clearly the frequency with which failure
events occur and requires agreement on the scope of the type of event to be reported as well as
the actual collection of data.

¢ average duration of a stale; this provides information on how long a panicular failure event
lasts on average and is subject to the same constraints as frequency caia.

s probability of a command failure; this covers the collection of data on the extent to which
failures oceur in, for example, breaker operation. Defining the scope of this is difficult and
problems also arise in ensuring consisiency between the aumber of failures and the number of
commands {e.g. when a command is issued 1wice and the equipment responds the secend time),

An area where practices differ between utilities is in the method of classification. Classification should
be sctin terms of the operational function and/or exposure conditions. Generally at least Ihree classes ane

considered :
*  Components of varying length,(lines and cables)
* stalic compencents, {all other itemns except switchgear)

& swilching components.

Differences exist between utilities in the scoping of the components.  In some reporling schemes
particular data for a component may in fact include a number of sub-components. For example some
users reporling on a transformer may include not only the transformer itseH but the associated pf_otcc(ion
and swilchgear. These approaches to whether data is.col_lcc_led in terms of units (groups of componenis) or
components are distinct and not easily recohcilab_le. It is reporied for example that in the UK and Canada
the cemponent approach is used, whilst in seme US utilities the unit approach is prcferred. |

Data on fatlures can cncompass a wide range of issues relaling to failure modes covcrmg
+ shorn cxrcun faitures {permanent, temporary, or transient),
* opcn-circuit faitures,
¢ switching lailures,

¢+ multiple failures, including common mode effects,
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+ environmental effects (e.g. weather),
» planned outages,

+ population and exposure data.

Restoration can consist of either restoring supplies to the consumer or testoring a failed component (o
its working state, and these may involve quite different processes even though the end result for the
consumer imay appear the same. Restoralion may be therefore categorised as a number of different types
of event :

& repair

. replacement

» manual switching

+ auvtomatic reclose

| Ciéarly the adoption of any new planning indices must reflect the scope of data presently available. A

reasonable statistical base of operational history is required to cnable the data to be meaningfully
interpreted. A phasing in period can be envisaged during which more comprehensive data is collected, if
that is considered desirable, but final selection of future planning criteria cannot be made in isolation from

the scope of dala.

CEB possess a large amount of well documented records for system faults for several years, unfortunately,
these events are recorded by hand. A database has been recently created by which system faulls can be
stored on computer. We have studied the struciure of this database and recommended some modification.

These are discussed in the Clause 5.6 of the main ceport.
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ATTACHMENT
POWER SUPPLY RELIABILITY CRITERIA IN JAPAN

1. Basic ldeas

Taking into account actual iransmission facilities, social impacts of supply interruption, conditions of
their fault and its restoration, etc., utmost effont shall be exerted to secure the following criteria of supply
reliability: _
(1) Against normally conceived faults, reliability of entire power facilitics from power sources to
distribution facilities shall be planned to be coordinated taking into account impacts of supply
interruption, scale, duration and probability. -

{2) Though probability of occurrence is low, the transmission system shall be planned to avoid
collapse of the entire power system due o a very severe faull.

(3) Against facility faults caused by natural disasters such as earthquake, typhoon, flood, etc., the
power facilities shall be designed to restore at earliest possible time from technical and
economical viewpoint.

2. Assumed Maximum Power for Planning

The maximum demand to be taken into account in the fault analysis is the average of the largest three
day’s peak loads (H,).

3.  Planning of Facillties

Criteria for design of individuat facilities to altain the power supply reliability are mentioned below.

{1} Generation

The 1arget reliability criteria shall be atained even under expecied fault of largest power sources, variation
of load, output variation due to availability of water, etc.

{2} Mlajor Transmission Network
{a)  Against asingle facility fault (one generator or transformer, or one circuit of line, not including
bus fault):
}. ‘There shall be no supply interruption: Except for small scale interruption which can be restored

in short ime (within one minute} automatically.

2. There shall be no generation reswiction on major generators:  Except for the case of unit
LransMission sysiem.
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{a)

(b)

©

4)
{a)

)

(©

Against double facility fault (simulianeous fault of 1wo facilitics, including fauit of one bus}),
there shall be no serious supply interruption without separation of power sources and systems.

Though the system is separated 10 two parts, each system shall be able to be operated stably with
minimum of supply intetruption.

Local Transmission Network

In case of single facility fault, some supply interruption is granied bul the supply shall be
restored in a short time required for network changeover. Amount of supply interruption and
restoration time are to be determined taking into account affected supply areas and local

conditions,

Substation: In case of scparation of one transformer, the average of the maximum three day's
peak loads (H;) shall not excoed the shor-duration over-load capacity of the remaining
transformers taking into accouni of connection changes of secondary transmission or distribution
networks. ' |
Note: Short-term over-toad capacity of tfains(ormcr is:

130% of rated capacity for ONAN and OFAF type

120% of rated capaciiy for OFWF type

Transmission line: In case of shutdown of one circuit out of two circuits, the power flow on the
remaining circuit(s) shall not exceed the short-duration capacity of the rem aining circuit under the
H, loading condition, taking into account of diverting of some of power to another line.

Note: The shorl-time current capacity of lrcmsmissién line is calculated based on the temperature fimit of FHOPC

against 30°C for cenlinuous service.

For very important customers, available measures shall be taken to avoid supply interruption due

to a single facility fault.

Even when some facilities are out of service for maintenance and repair, the reliability criteria, (a)
and (b) above, shall be tried to be maintained under a light load condition.

Distribution Netwerk

For MV distribution system, the power supply to healihy scctions except the fault sections of
single facility fault shall be planned to be restored within a shorl time necessary for connection

change of distribution nelwork.

For LV consumers, there shall be considerations that supply interruptions can be restored within

an earliest possible time.

For very important customers, possible countermeasures shall be taken 1o avoid supply

interruption as far as possible.

Even when some facilities are out of ;eivice for maintenance and repair, the reliability eriterin, (a)
and {b) above, shall be tried to be maintained under a light lead cendition.
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Table A5.3.1

BRAZIL
SWEDEN

AUSTRIA

AUSTRALIA

USA

TAIWAN
CANADA

JAPAN

NORWAY

PORTUGAL
HONG KONG

GERMANY

AUSTRIA

CHILE

Utilities Involved in MEP Survey

Centrais Electricas Brasileiras

Sydkraft
Swedpower
Statens Vattenfallsverk

Oberoesterreichische Krafiwerke

State Commission of Western Australia

SMEC (Snowy Mountains Electricity Corporation)
Queensland Electricity Commission

South East Queenstand Electricity Board
Capricornia

New York State Eleciricity and Gas
Consolidated Edison Company
Baltimore Gas and Electricity Company
Appalachian Electric Power Company
Edison Electrical Institute

Hawaiian Electricity Company

Alaska Power

Taiwan Power Company

Manitoba Hydro

~ British Columbia Hydro %

Canadian Electrical Association
Ontario Hydro
Hydro Quebec

Japan Electric Power Information Centre
Chubu Electric Power Company
Tohoku Electric Power Company
Kansai Eleciric Power Company

Oslo Lysverker
Energieforsyningens informasjonstjencste

Electrictdade de Portugal

Hong Kong Electricity Company
China Light and Power Company

Bayernwerk

Berliner Kraft und Licht

Vereinigung Deulscher Elektrizitatswerke
VEW

[sar-Amparwerke

Elektrizitatswerke Weserlal
Lech-Elekirizitatswerke

Uberlandwerk Unterfranken
Rheinisch-Wesltfalisches Elektnznalswerke
Tiroler Wasserkrafiwerke

Steierische Wasserkraft u. Elektnizitat
Oberoesterreichische Kraftwerke g

Empresa Nacional de Electricidad
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PAPUA NEW GUINEA

SWITZERLAND
ICELAND

IRELAND
CYPRUS
ANTIGUA
BARBADOS
URUGUAY
SOUTH AFRICA

MALAYSIA
NETHERLANDS

FINLAND

FlJt

Papua New Guinea Ellelcuici!y Commission
Centralschweizerische Kraftwerke
Landsviskjen

Hanovirkjun

Rafmagnoveitur

Eleciricity Supply Board

Electricity Authority of Cyprus

Antigua Public Utilities Authorily
Caribbean Utilities Company

Conmision de Integracion Electrica Regional

South Africa Electricity Supply Commission
Sarawak Electricity Supply Cor'poralion

Electricitiets Prod Maatschappij) Oost Nederland
Samenwerkende Electricitiets-Produktiebedrijven

Mussalon Hoyryvoima OY
Imatran Voima Oy

Fiji Electricity Authority
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Table A5.3.2 Summary of Survey of Present Praclice

UTILITY TYPE OF CRITERIA USED
Deterministic Probabilistic
B.C. Hydro Yes Yes (limited)
Manitoba Hydro Yes Yes (limited)
SECWA Yes Yes
QEC ' Yes No
SEQEB Yes No
Centrias Electricas Brasilieras Yes Yes
Sarawak Electricity Supply Corporation Yes Yes
Oslo Lysverker Yes No
Caribbean Utilities Company Yes No
Electricity Authority of Cyprus Yes No
Taiwan Power Com.pany fes No
NERC _ _ Yes Yes (some)
American Eleciric Power Yes Yes (some)
Uebcrlandwerk Unterfranken Yes No .
RWE Energie Yes No
Tiroler Wasserkraftwerke Yes No
Vatenfall Transmission Yes Yes (limited)
Landsvirjun Yes No
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