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Abstract

Sulphur hexafluoride3& ) is a synthetic gastensively used in the high voltage (HV) electricity
transmission and distributiomdustry. The unigue and unrivalled properties3& gas that enable it

to resist/recover fromspark conduction have positioned it as the preferred HV arc interruption
medi um. Since its introduct i on3& ihaveptovidedleds9 6 0’ s
frequent maintenance requirements and reduced installation footprints comparetdiv Oil/Air
predecessors.

Unfortunately however3& has an extremely high global warming potential (GWP), 22,800 times
that of carbon dioxide. This high global warming potential combined with a long shelf life (3000
years in atmosphere) has seerethas identified as one of the six most potent contributors to
climate change. Additionally, the decompositionfinypducts of3& used for arc extinguishment
threaten the occupational health and safety of maintenance staff

A case study examining theeiof3& in the region of Central Western NSW has been unalezh as

a part of this dissertation. The Central Western NSW electricity grid was found to utilise 10,216 kg of
in-service3& gas in its HV circuit breakers and associated apparatustiéwhlly, 3& insulated

equipment was found to contribute a growing 70% market shammngtichgearapplications 66 kV

and aboveAgovernment prescribe annual leakage rate of 0.89% of capacity combined with

handling lossesuggestshe case study aréa3& insulated equipments responsible for 205

tonnes of#/ equivalent emissions per year.

Alternatives eliminating or reducing the use & insulaion inHV circuit breakerand associate
apparatus do exist and in some cases are fasbimirtg the more popular and cost effective option.
Established solidielectric/vacuum and drair/vacuum circuit breakers are two such alternatives
eliminating3& reliance in the 66 kV and below spectrur@her advancements include nen
conventionalcurrent transformers with digital outpwthat are revolutionising traditional circuit
breaker installation concepts.

The 40 year dominance associated wa& insulated switchgear is placing utilities in vulnerable
positions. With the ongoing replacemeat obsolete oil designs expected to finalise in the next
decade Australianircuit breaker$6 kV and above could be near 1088 insulated by 2025.
Despite a recent falhinational electricity demandnpfrastructure upgrades anthe diversifying
renewablegeneration mix are supporting continud$. insulated equipment growthEnvironment
driven regulateB& price rises or application bans are of increasing concerns to network utilities.

This dissertation provides reasonable and practical renendations of preactive technology
implementations and trials that will help alleviate reliance3&. The proposals also seek to respect
restrictingnetwork operating budgetsecentlyimplementedin an effort to curb rising electricity
commodity pries whilst simultaneously offering environmental and OH&S beneficial alternatives.

k

1V




Alternatives to SF6 in HV Circuit Breaker Insulation

Limitations of Use

University of Southern Queensland
Faculty of Health, Engineering and Sciences

ENG4111/ENG4112 Research Project

Limitations of Use

The Council of theJniversity of Southern Queensland, its Faculty of Health, Engineering &
Sciences, and the staff of the University of Southern Queensland, do not accept any
responsibility for the truth, accuracy or completeness of material contained within or
associated wih this dissertation.

Persons using all or any part of this material do so at their own risk, and not at the risk of the
Council of the University of Southern Queensland, its Faculty of Health, Engineering &
Sciences or the siaf the University of Southe Queensland.

This dissertation reports an educational exercise and has no purpose or validity beyond this
exercise. The sole purpose of the course

the overall educati on weetplogram. This elocusnént; dhe n t
associated hardware, software, drawings, and other material set out in the associated
appendices should not be used for any other purpose: if they are so used, it is entirely at the
risk of the user.




ENG4111/4112 Dissertation

Certification of Dissertation

University of Southern Queensland
Faculty of Health, Engineering and Sciences

ENG4111/ENG4112 Research Project

Certification of Dissertation

| certify that the ideas, designs and experimental wodult® analyses and conclusicret
out in ths dissertation are entirely my owra@t, except where otherwise indicatadd

acknowledged.

| further certify that
assessment

M. Marland

0061004355

the work is original and has not been previously submitted for
i n any other courseedor institut




Alternatives to SF6 in HV Circuit Breaker Insulation

Acknowledgements

Mr Andreas Helwig

For hscontinual support both as project supervisor and professional mentor

TheUniversity of Southern Queensland

For the opportunity to study Electrical Engineeraxgernallyand for thér commendablalistance
education services

Transgrid

For their employmentprofessional development opportunitieadvice and insighito the
transmission industry

Mr Dane Bland

For his contributions and insights into distribution level equipment

Miss Danielle Corbett

For her continual love and support throughout my university study and professional career




ENG4111/4112 Dissertation

Table of Contents

Y 011 =T T I
LimiItatioNS Of USE.....coiiiiiiiii i e ettt e e e e e e e e eeeaetn s smeeeansnaaeeeaeeeenened Il
Certification Of DISSEITALION..........cooiiiiiiiiiie e 1]
F o LoV =Y [ =T =T o £ SRR v
Table Of CONIENIS.....cco e e e e e e e e e e e e e e e eeaeeeas \Y,
LISt Of FIQUIES. ...t e e e e e e e e e e e e e e e e e e e e aaeeeeas IX
IS 0 = Vo] [ SRPPR X
GlOSSANY Of TIMNS. ..ot e et et e e e oot e et e e e e e e e e e ettt ettt et e et e e e et eeeeeeeeeeeeamssnnssbnsnnnbnnnnnne Xl
Chapter 1: INTrOTUCTION .....cooiiiiiiiiiiiiiii et a e e e e e e e e e e s e e e e 1
1.1 SettiNg e SCENE.......coi e e e e e e e e e e e e e e e e 1
1.2 THiS DISSEIALIONL.....ceeiiiiiiiiieee e e ettt e e e e e e e ettt e e e e e e st e e e e e e e s nnbaneeeeeeeennneneees 2
Chapter 2. What is Sulphur hexafluoride€ )......ccccvvieeeeeiiiiiieceeee e 3
2.1 Sulphur HeXafluOTAEBE Q... 4
2.2 ElECtriCal PrOPEITIES. ... .u ittt 6
221 DieleCtric Strength....... ... 6
222 Electrical Current BBITUPTION........ooiiiiiiiie et 4

2.3 ENnvironmental IMPACL.........ooiiiiiiiiiiiiii e 8
2.4 Use in High Voltage INAUSLIY. .........uuuiiiiiiieeieieee et 9
2.5 Life cycle of SF6 in Electrical EQUIPMENL.........cooviiiiiiiiiiiee s 11
251 Manufacturing of EQUIPMEINL. ..........uuiiiiiiiiieiiiiieee e 11
25.2 IN SEIVICE EQUIPMENT....ciiiiiiiiiiiiii e ree s 11
253 Equipment DeCOMMISSIONING.......cuiiiiiiiiiiiiieee e e 11

2.6 Manufacturing @nd COSLS...........uuiiiiiiiiiiiiie e a s 12
2.7  Occuational Health & Safety WitB& @.........cccccciiiiiiiiiiiiiiiieeeeeeer e 13
2.7.1 BY-Product Hazards.............ooooiiiii ittt a e e e 13
2.7.2 Heavier than Air HAzards............ooooiiiiii e 13




Alternatives to SF6 in HV Circuit Breaker Insulation

2.7.3 Pressure HazardS. ..ot a e e 14

P T TSI O 1T 11 2 15
2.8.1  Gas Quality Limits ford8ervice EQUIDMENL............ccoeeeeeeiiei e, 15
2.9  Applicable Stanards.............ouviiieiiiiii e 16
2.9.1  Australian StandardsS...........coooiiiiiiiiiiic e 16
2.9.2 International StaNAards. .........c.ooiiiiiiiiie e 16
2.10 The Need to find @ REPIACEMENL...........uuiiiiiiiiiiiiiiireeeeeee e 17
Chapter 3:  HV Circuit Breaker Trends and INnovatiQn................cooevvviivimiiiiiiiiiiiiiiiiiiienns 19
3.1  High Voltage CirCUit Bre@KerIS.........coiiiuiiiiiiieeiiiiiiieie et e e 20
T (153 o T Y/ PP 21
3.3 Circuit Breaker Degins and Classifications.............cccccoo oo 23
3.3.1  Voltage ClasSifICAtiQN..........ceeiiiiiiiiiiiieee e e e 23
3.3.2  Application ClasSifICatiQN...........ccoiiiiiiiiiiiiree e 23
3.3.3 Location ClasSSIfICALION........ccuiiiiiiiiiiiie e 24
3.3.4  Physical Design ClasSIfiCALION..........cciiiiuiiriiieei i e e 24
3.4 Current Breaking TECNNIGHE..........uviiiiieiiiiieieee et 26
3.4.1  Air & Air Blast (AB) CirCuit BreakerS.........cevvieiiiiiiiiiieeiieeeeeeeee e, 27
K O 1 N O | (ol UL f = (=T 1] £ TR 28
3.4.3  Vacuum (VAC) CirCuit Bre@KEIS........ccoiiiiuiiiiiiieeeiiiiiiieee et 30
3.4.4  SFB CirCUIt BrEaKELS.......eeiiieiiiiiiiiiii e ettt e st e e e e nnrneee e e e e eanes 32

I T Y/ F- 11 01 (] o= U o = PR 34
Chapter 4:  Case Study The Central Western NSWMV...........iiime e 37
4.1 Central WESTEIN NSWV... ..ottt e e e e e e e e e e e e e aaaaaaaeeaaeaseeeseanssaanannnns 38
4.2  The CentralWestern NSW Electrical Power Netwark...............eeveiiiiiiiiiiiiiiiiiiinnnnnn. 40
V3G I D - = W @0 ]| [=Tod 1 o] o 1 AN 1 o R 44
4.4  Data Collection Methodology........cccoevveiiiiiiiiiiiiie e 4D
T =T U £ 46
45.1 TransmMissSion SiteS RESUILS........uuvuiiiiiiiiiiiceieec e 46
45.2 Distribution Site€S RESUILS........cooiiiiiiiii e A7
453 RESUIS GraphiCsS. ......uuuueiiieiiiiiieieeee ettt 49
4.6  Age of Oil Circuit Breakers/Growth3& ¢Circuit Breakers...........ccccccovviiiiiieeneeennee, 51
4.7  DeadTanK VS LIV ANK. ......ccoiiiiiiiiiee ittt ee e 54
4.8  SF6 Metering Current TranSfOMMEIS........ccuvriiiiieiiiiiee et 55
4.9 RECIOSEIS. ..ot a e e e e e e e et 57
4.10 Environmental Effects and COSL.......cccooiiiiiiiiiiiiiiiiiiiiiee e 58
4.11 Case Study Data SUMIMALY........cceiiiieieiiiiinniiireirr e e e e e ereeeaaaaaaaaaaaaaaaaaeaaaeaaaans 60

Vi




ENG4111/4112 Dissertation

Chapter 5:  SF6 Replcement & Reduction: Materials, Technologies & Strategies............... 61
5.1 Continual Development of the Vacuum Interrupter (ML) ........cccovmeeieiiiiiiiiiieeeeee 62
5.1.1  Vaaum Interrupter LIMItatioNS........cccccciiiiiiiiiiiiiiiiiiiieiieeeeeceer e s eeeeeeeaa e e e e e e e 62
5.1.2  Vacuum Interrupter DeVelOPMENL. ........uuuuiiiiiiiieiiiiceeeicee e 62
5.2  Vacuum Interrupters Embedded in SEl@IECTriC...........ccvvmiieieiiiiieeee 64
5.2.1  SOlGIEIECIIC DESIGNS. ... .ureiieeeiiiiiiiiiiee e et e e e r e e s eeeeens 64
5.2.2 Implication of Solidlielectric Designs on Case Study Area............cccceeeeeeeeee 65
5.3  Vacuum Interrupters Encased in Dry. All..........ooviiiiiiiiiiiieeee e 67
5.3.1  Compressed Dry Air DESIGNS.......uuuuiiiiiiiiiiiiiee et e e e s e e e e s snreeree e e e 67
5.3.2 Implicatians of Dry Air Designs on Case Study Arfa........ccceevveeveeieeeiiieeieeeneee 68
5.4  CUITEeNt TranSTOMMEIS. ... .uuiiiiiii ittt e s e e e e s a e e e e e enneees 69
5.4.1  Oil Current TranSfOrMELS........oooiiii i e e e e e e e eaeee e 69
5.4.2 Implications of Oil Current Transformers on Case Study.Area.........cccveeeeeeeen. 69
5.4.3  NonConventional Current TransSformers.........ccccccoviiiiiiiiiee i 70
5.4.4  Implications of NorConventional Current Transformers on Case Study Area...71
5.5  Octafluorocyclobutane (8 T ... 73
5.5.1  Octafluorcyclobutane as an Insulating Gas..............cccoe oo iv et eeccccccieieens 73
5.5.2 Implications of Octafluorocyclobutane on Case Study Area............ccccvvvvvvveeeee. 73
5.6  Leakage MONITOMING.......uuuriiieeiiiiiiie e e ettt e e e e e st e e e e s e r e e e e e e nnneeees 75
5.6.1 Leakage CalCulatiQn............cccuuuuiiiiiiiiiiiiiiieeiee e e 75
5.6.2 Leakage MONITOMING......ccccoiiiiiiieere e e e e e e e e e e e e e e e e e e e e e e e e e e s e e e eananes 77
5.6.3  Implications of Leakage Monitoring in Case Study Area............ccceevvvveeeeeennns 78
5.7  Government REQUIALIONS. ... e e 79
5.7.1  Government RGUIALIONS............ooiiiiiiii e e e e e e e e e 79
5.7.2  Implications of Government Regulations on Case Study.Area............cccvveen... 80
Chapter 6:  Environmental, Cost & Life Cycle ANaB/S..........ccovvviiiiiiiiiiiiimi 81
6.1  Australian Electricity Demand and Infrastructure Growth..................ooo oo 82
6.1.1  Australian Electricity Demand.............ccccciiiiiiii i 82
6.1.2 INFrastruCture groWEN...........ooiii e 83
6.1.3 INFrASIIUCIUIE DIIIVEIS....ciiiiiiiiiiee e e e e e e e e ee s 84
6.2 NAtioNal EMISSIONS......coiiiiiiiiieie ettt e e e e e e e e e e e e e aaaaaaaaaaaaens 86
6.2.1  AUSHralian EMISSIONS......coooiiiiiiii i e e e e e e e e e e e e e e e e e e 86
6.2.2 NSW Emissions & Case Study PerspectiVve..........cccovviieeeeeeeiiiiiiiieee e 86
6.3 SF6 Equipment EmISSIONS life CYCLe........oooiiiiie e 88
6.3.1 Manufacturing Of EQUIPMENL..........oooiiiiiiiiiiiiee e 88
6.3.2  Transportation of EQUIPMENL...........cooiiiie e 88
6.3.3 IN-SEIVICE EQUIPMENT.....ciiiiieee e 89
6.3.4  Equipment DECOMMISSIONING.......coiiiiiiiiieeeiiiiie e 89
6.4  SIB Usage if Nothing Changes...........coooi i a e 90

VII




Alternatives to SF6 in HV Circuit Breaker Insulation

6.5 SF6 Usage if SF6 is Banned TOMOLIOW. ....c..cviiiiiiieeieeeeee e eee e 93
6.5.1 Banning oB& N MV EQUIPMENL.........cooiiiiiiiiiiee e 93
6.5.2 Phased Replacement of 8& @nsulated Circuit Breakers.........cccccccvvvvveeeeeeene... 94

Chapter 7:  The PropoSal..........cooviiiiiiiiiiiiiie e 95

7.1  Primary Proposal: Proactive ACHONS..........ccuveeieeiee e 96
7.1.1 Medium Voltage (MV) SF6 Switchgear Purchasing Suspensian..................... 96
7.1.2 Dry-air to SF6 50% Market Share (66 kV) by 2035...........ccoooeeiiiiiiiiiiiiiiccns 98
7.1.3 Regional Leakage Detection Cameras...........uvvvveeeiiiiiiiiireee e 100

7.2  Technology TrialS INITAtIVES .......ccooiiiiiiiiee e 102
7.2.1  Optical Current SENSOr THAL ........ccoiiiie e 102
7.2.2  Octafluorocyclobutane Trial.........uuuieeieeiiiiiieiiieeieeeceeeeeeeeee e, 104

7.3 COMPANY SIAIEQIES. ... uuieiiieeeiiiiiiei et e et e e e e e e s e r e e e e s s b e e e e e e e e annees 105

(04 g =T o] (=1 gt S I O] o 1o [ 13 o) o 1R 107

S 0 R @70 [od U1 o] 4 PO PRRP 107

S T U1 01T Yo S 109

=] (=] = o = SRR 111
Appendix A: Project SPecCifiCatiQn.............uuiiiiiiiiiiiiei e 114
APPENIX B: SFB MSDS..... .o e aaan 116
Appendix C: Transgrid Maintenance Plan EXCEIPLS. .........uuuuuiiiiiiiiiinieeeee e 125
Appendix D: Transgrid ManagemeRian 201316 EXCEIPIS......ceeiiiieiiiiiiiiiiiiieeeeiiieee e e eeeeeeenns 131
Appendix E: Australian National Greenhouse Gas Accounts Excerpts.........ccccooveeevvveenneennn. 137

VIII




ENG4111/4112 Dissertation

List of Figures

Figure 21 Molecular Model of Sulphur Hexafluoride. ... 4
Figure 22 DC breakdown strength 8& @nd other substances...............ccoeoeeecivinniininienienneee, 6
Figure 23 Simplistic Overview of Electrical Netwark............cueevveiiiiiiiiiiii e, 10
Figure 24 Global Annual SF6 CONSUMPLON. .......cciiiiiiiiiee e 10
Figure 31 Oil Circuit Breaker BUilt in 290L........ccoovviiiiiiiiiieee e 22
Figure 32 Excerpt from Transgrid Network Management Plan 200Circuit Breaker Age Profil@2
Figure 33 Live Tank (left) & Dead Tank (right) Circuit Breakers............c.ooccvvveeeeeiiiiiiiiieeeennne 25
Figure 34 Single Line Diagram Demonstrating the Different Classifications of HV Circuit Bre&dkers
Figure 35 Electric arc in a gaseous MeEdiUM............cooviiieieieieei e e e 26
Figure 36 Bulk Oil (BO) Circuit Breaker (left) and Small Volume QOil (SOV) Circuit Breaker.(2&ht)
Figure 37 11kV Vacuum CirCUIt Breaker..........coooiiiiiii it r e e e e e e e e e e e e e 30
Figure 38 Concentrated arcing (a) and diffused arcingst@rce: Cahier Technigue no.193......31
Figure 39 Radial contacts (a) and axial contactss(i)rce: Cahier Technique no.193............... 31
Figure 310 EHV SF6 CirCUIt BreakEer........oooviiiiiiiii e 32
Figure 311 Puffer SF6 circuit breaker 0Opening SEQUENCE...........uuviiieeiiiiiiiriieee e esiiieeeee e e 33
Figure 312 Self blast SF6 CIrCUIt DrE@ker............uvviiiiiiiiieeee e 33
Figure 41 NSW Regional Local Gov@ent DIVISIONS............cooooiiiiiiiiiicccivnvee e eee e 38
Figure 42 Central West NSW Regiobocal Council Boundaries (NSW Government Region)..39
Figure 43 Central Wet NSW RegionLocal Council Boundaries (For Project Purpases).......... 39
Figure: 44 Central West NSW Regieilectrical Grid Single Line Diagram.................cccceeeunas 41
Figure 45 Central West NSW RegieElectrical Grid Google Earth Representation.................. 42
Figure 46 Example HV Circuit Breaker Na@te.............coooiiiiiiiiiiiiiiiiieee e 44
Figure 47 Pie Chart of Case Study Result&rcuit Breaker Types (less than 66kV)................... 49
Figure 48 Pie Chart of Case Study Resu@igrcuit Breaker Types (66kV).........cccccoeviviivieeee . 49
Figure 49 Pie Chart of Case Study Resu@igrcuit Breaker Types (132KV)......ccccveeeeiiiiivieennenn. 50
Figure 410 Pie Chart of Case Study Resultgcuit Breakelypes (330kV and Above).............. 50
Figure 411 Bar Graph of Types of Circuit Breakers Purchased2®B5(Transgrid)................... 51

Figure 412 Pie @art of Case Study Resultdewly Installed Circuit Breaker Types (66kV)....... 53
Figure 413 Pie Chart of Case Study Resulewly Installed Circuit Breaker Types (132kV)....53

Figure 414 Bar Chart 132kV and 66kV SF6 Dead Tank and Live Tank Comparisans............ 54
Figure 415 Livetank Circuit Breakers with adjacent SF6 Post CT} dlafit Oil Post CTs (right)...56
Figure 51 Vacuum INterrupter LaYOUL............oooiiiiiiiiiiei e e e e e e e e e e e e e e e aaeaeeaeeas 63
Figure 52 Vacuum Interrupter Embedded in Sel@IECIriC............ccvvieiiiiiiiiiiiii e 65
Figure 53 Sumotomo DRAIr/Vacuum 66KV CB...........cuuviiiiiiiiiiiiiieee e 67
Figure 54 Graphic Representation of Faraday Effect (left) Faraday Effect Current Sensar. (right)
Figure 55 Draft Design of a Litank CB with Optical CTs (left) Prototype (right)...........ccccco... 12
Figure 56 Molecular Model of Octafluorocyclobutante................ooooiiiiiiciiiiieeeeeee 73
Figure 57 SF6 CT (left) Infrad Imagery of Leaking SF6 CT (rnght).........cccoocvviveeeeeiiiiiiieennn. 77
Figure 61 Australian National Electricity Demand Forecast..........c.ccccceeeeeiiiiiiiiiiccccn, 82
Figure 82 Planned Investment in Electricity Infrastructure 2@21................coooeeeiiiiicccccinnnnes 83
Figure 63 NSW GENErationN MiIX.........uuiiiiiiiiiiiiiiiee et e e e e e e e e e e 85
Figure 64 Australian Abatement Task t0 2020............ccooeiiiiiiii e 86
Figure 65 NSW Greenhouse Gas EmISSions DY SECLOL........ouviiiiiiiieiee e 87

IX



file:///C:/Users/Marlo/Dropbox/Final%20Project%20(1)/Report%20Template%20Draft4.docx%23_Toc402104260
file:///C:/Users/Marlo/Dropbox/Final%20Project%20(1)/Report%20Template%20Draft4.docx%23_Toc402104261
file:///C:/Users/Marlo/Dropbox/Final%20Project%20(1)/Report%20Template%20Draft4.docx%23_Toc402104268
file:///C:/Users/Marlo/Dropbox/Final%20Project%20(1)/Report%20Template%20Draft4.docx%23_Toc402104270
file:///C:/Users/Marlo/Dropbox/Final%20Project%20(1)/Report%20Template%20Draft4.docx%23_Toc402104273
file:///C:/Users/Marlo/Dropbox/Final%20Project%20(1)/Report%20Template%20Draft4.docx%23_Toc402104293
file:///C:/Users/Marlo/Dropbox/Final%20Project%20(1)/Report%20Template%20Draft4.docx%23_Toc402104296

Alternatives to SF6 in HV Circuit Breaker Insulation

Figure 66 HV Circuit Braker SF6 Emissions Life Cycle (% CB Capacity)..............ccoeeeeeecnnnnnnns 89
Figure 67 Theoretical Distributed Mass Growth of SF6 in Electrical Network Circuit Breaker82

List of Tabl es

Table 21 SF6 Properties At 20%C ... ... it er e e e e e e e e e e e e e aaa e e e e e e e e e s s s s e s e e s s s saannaaanernne 5
Table 22 Origins Of SFB IMPUITIES.....uuiiiiieiiieiieee e 14
Table 23 Gas Quality Limits for-Bervice EQUIDMENT..........cooiiiiiiiiiiiiiiiiiieeeee e 15
Table 31 Transgrid Circuit Breaker Periodical Maintenance Checks...........cccccoei, 34
Table 32 Transgrid Circuit Breaker Maintenance Intervals............ccccccceee e, 35
Table 41 SubRegional Break Down of Case Study AIBa..........ccuuveeeieiiiiiiiiiiieeee e 43
Table 42 Transmission Sites Circuit Breaker Data...............oovuvviiiieeiiiiiiiiieie e 46
Table 43 Distribution Sites Circuit Breaker Data.............c.uveevieiiiiiiiiiiiieiiieeee e 47
Table 44 Circuit Replacements fron®21 ONWardS...........coeeeeeeeeeiiiiiiiiee e 52
Table 45 Case Study Area SF6 Current Transformer Results...........ccccccvvvviviiiiieiiieneeeeeeeeen, 56
Table 46 Feeder Reloser Numbers: Case Study Sample........coooviiiiiiiiiniiiiiiieee e 57
Table 47 Case Study Data SUMIMALY.........uuuiiiieiiiiiiiiee et e s e e r e e e e saneeees 60
Table 51 Vacuum /Solidlielectric Implications SUMMALY.........cccccvviiiiiiiiiiiiiiieeeeeeeeee e, 66
Table 52 Vacuum/Dry Air IMplicatioNs SUMMAIY.......cccccoiieiiiiiiiiiiiiiiiieiieeeeeeeereeereeeseaaeaeaaaaaeens 68
Table 53 Oil Current Transformers Implications SuMmMary...........ccccccoeecvvvveeeeeeninicieeeeeesnnneennn i O
Table 54 NonConventional Current Transformer Implications Summary..........cccccevveeveeeeennen.. 72
Table 55 Octafluorocyclobutane Implications SUMMALY............cuvviiiieeiniiiiiiiee e 74
Table 56 Leakage Monitoring Implications SUMMATY............uuuiiiiiiiiiiiiiieiieeiieeeeeeeaeeeeeeeeeeeeeeens 78

Table 71 Case Study Area Proposal Implications: MV SF6 Switchgear Purchasing Suspen$i@n
Table 72 Case Study Area Proposal Implications:diryo SF6 50% Market Share (66 kV) by Z¥85

Table 73 Case Study Area Proposal Implications: Regional Leakagddre@amera................ 101
Table 74 Case Study Area Trial Implications: Optical Current SeNsors..........ccccceeeeeeeeeeeenn. 103
Table 75 Case Study Area Trial Implioat: Octafluorocyclebutane.............ccccveeeeeiiiiiiiinennn. 104




ENG4111/4112 Dissertation

Glossary of Terms

Air-Blast(AB)Circuit Breakercircuit breaker
utilising high pressure air flow for electrical current
interruption

Carbone dioxide’&E ): naturally occurring
compaund, most common pollutant/greenhouse
gas

Circuit Breakerelectroomechanical device for
interrupting electrical current flow

Climate Changeconcept of human influenced
changing global climate

Current Transforme(CT) instrument for
measuring electricaturrents

DeadTank design style of HV circuit breakers,
interruption tank at touch potential

Decomposition Byproducts chemical substances
formed post arextinguishment

Dielectric substanceproperty to resist electrical
current flow

Distribution: mediun distance electrical network
for supplying customers, typically -6bkV

Dry-air: moisture free air used for electrical
insulation at high pressures

Emission Gas releases to the atmosphere

Global Warming Potential (GWP¥jating assigned
to a compound quatifying its radiative force on the
atmosphere in comparison to 1 kg '8fE

High Voltage (H\')general term for voltage levels
above 1000 V AC, industry term for voltage levels
66 kV and above

Insulation: Substance used for dielectric purposes
in electrical equipment

LiveTank design style of HV circuit breakers,
interruption tank at operating voltage potential

Medium Voltage (MV)Industry term for voltage
levels below 66 kV

Xl

Non-conventional Current TransformefNCCT,)
current senor not utilising traditional magnetic
windings

Occupational Health and Safety (OH&S¥ety,
health and well fair of people engaged in
employment

OctafluorocyclobutaneH "A ¢ ): Fluorocarbon
considered for electrical insulation

Oil Circuit Breakercircuit breaker using oil as arc
extinguishing mediumSmall Oil Volume (SOV) or
Bulk Oil (BO)

Recloser. field circuit breaker for sectionalising
long distribution ines

Renewable Energyenergy generated by means
naturally replenishing resources

SF6 Circuit Breakedrcuit breaker utilising3&
gasas arc interruption medium

Soliddielectric: solid material utilised for its
ability to resist current flow

Substaton: network node for electrical power
distribution and transmission

Sulphur hexafluoride ¢ ): synthetic gas used for
electrical insulation

Switchgear collective term forHVelectrical
circuit breakers and switches

Transmissionlong distance elecical network
typically 13%&Vand above

VacuumCircuit Breaker circuit breaker
containing avessel devoid of matter used for
electrical current interruption

Zonesubstation network node for electrical
power distribution
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Chapter 1

Chapter 1: Introduction

1.1 Setting the Scene

Sulphur hexafluoride3& ) is a synthetic gas that has been extensively used assatation medium

in the electrical i ndustry s$£3& mdudingtithhegh diefe@rie ' s .
strength andsuperbelectrical arc extinguishing abilities have positioned it as the unrivalled
substance of choice for high volegHV) arc interruption. Primarily used in HV circuit breakers but
also transformers, its high dielectric strength offers compactgtes Additionally, its extraordinary
molecular recovery post arc extinguishment offers minimal maintenance and highdnality
guarantees.

Despite its unrivalled functionalit3& has beerabelled as the most potent grebouse gas ever
evaluated byscientists The Kyoto Protocol in 1997 indentified the substance as one of the six most
potent contributors to climate ltange. Alarmingly however, both production and demand for the
substance has further increased since the protocol. The Australian Government Department of
Climate Change and Energy Efficiemcits 2012 report indentifie@& emissions as having a Gléba
Warming Potential (GWRf 23,900. That is 1kg 8& has the same global warming potential as
23,900kg of carbon dioxide#{ ).

Additionally decomposition B3& upon the extinguishment of intense electriGcs can give rise to
toxic and Occupational Health and Safely (OH&S) concernipgphducts. Minute traces of moisture
in combination with3& molecular decomposition during arc extinguishment can produce sulphur
dioxide hydrofluoric acidand metal fluoride compounds all which are hazardous to maintenance
personnel.

High voltage circuit breakers are used in electrical supply network substations and other applications
where the control and proteddn of HV electrical equipment is requiretthe dl insulated and air

blast circuit breaker predecesstar 3& have since become obsolete withet last of their generation
install pre 1985. HV circuit breakers are largely considered to prevfeyeain-service life span

which has seen the obsolete oil and-hiast designsof the pastslowly been replaced over the last

30 yearsThe unrivalled functionality anctasonablecost 0f3& equipmentsaw limitedcircuit
breakertechnology innovations ithe period 19862000 The industrywas excusableortent with

the space saving and low maintenance desi@fasofferedin a less environmentally concerned era
Currently3& insulated circuit breakers hold a 70% market share skirvice units 66k¥nd above.

By the year 2025, elose t0100%3& monopolyis expectedn this range withouthange.

Global environmental awareness and concerns are increasing and the global warming potential of
3& has positioned itself as a highlighted substancemsich so that recently there have been calls
in Europe to ban the substance in all new medium voltage (MV) switchgear applications.

Alternatives to3& circuit breaker insulation as well as technologies and strategies to help reduce its
usage do exisEnvironmental awareness and employee OH&S concerns are prompting a
revolutionary movement away from the potent substance.

I h e
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1.2 This Dissertation

This dissertation seeks deliver upon the follovfive objectives.

1. Researchbackground information o8& the substance and the developmeat HV circuit
breakers in industry to date

2. Determine the actual use @ in existing Australian electrical networks

3. Explore the materials, technologies and strategies that are seeking to, or are capable of,
eliminatingor reducing the us&& in HV circuit breakers and associated apparatus

4. Examine the environmental, cost and life cycle implications of the continual us&ge iof
HV circuit breakers and the benefits or consequences of its reduction or elinminatio

5, Present recommendations regarding B8&hto s
consider in future infrastructure developments, replacement strategies and maintenance
regimes.

Research int@& the substance and the development o¥/Hircuit breakers is intended to form the

di

literature review proportion of this dissertation. Objective three has been addressed by means of a

case study into the Central Western NSW electrical transmission and distribution network. The
extensive resultsathered analysing the e g i 669HV sircuit breakers form the basis of the
subsequent chapters which examiB& alternatives and their benefits referred to the case study
area.The concluding recommendations addressing object five seek to providmahttilities
reasonable suggestions that are practical, cost effective, safe, and environmentally sensitive.

S
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Chapter 2

Chapter 2: What is Sulphur hexafluoride ( e )

This chapter seeks to provide a backgroundB&nthe substance, its environmental impacts and
extensive use in the HV industry. Additionally, an insight into the life cy8& afontaining

electrical equipment, manufacturing and cosfs3& , related OH&S issues and applicable Australian
and International standards aexplored The primary focus of this introductory chapter to provide
an informative picture aboud& and the issues concerning its unrivalled and extensive us¥ in H
circuit breakers worldwide.

As global awareness into our environmental responsibility increases so too do strategies and
technologies intended to eliminate or reduce the reliance on such environmentally potent
substances. Alternatives @& circuitbreakers do exist and the need for a greater uptake and
investment into the alternatives of this environmental potent and OH&S concerning substances is
warranted. This point is discussed as the consolidating section of this introductory chapter and is the
is presented as the overwhelming theme of this dissertation
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2.1 Sulphur Hexafluoride (Ng )

Sulphur hexafluoride is a synthetic gagensively used in the high and medium voltage electricity
industry(electrical power transmissioand distributior) for its unique properties as dielectric
insulation ancelectricalcurrent interruptionmedium. Sulphur hexafluoride gas is more commonly
known by its chemicdbrmula3& . 3& is formed by six atoms of fluorine tightly bound around a
centrally positioned atom of sulphuiThe chemical bonddiween fluorine and sulphur is known as
one of the nog stable existing atomic bont&Glaubitz, 2005, p. 8The fast cooling and near total
molecularrecovery of3& gas after being exposed to an electrical arc makiekeal forarc
guenching Such aesponsiblity isburdened by the higlelectricalcurrent interruption pracesses
needed for maintaining aafe and reliable electricity supply.

Pure3& is odourless, tasteless, ndaxic, non

corrosive, noAflammale and chemically inert at

ambient temperature. It does not support combustion. ‘
The unique chemical properties sulphur hexafluoride

gas that enable it to resist spark conductimakeit an
excellent high voltage electrical insulator.

“The chemical anthermal properties oB& are &

extremelyst abl e. The substance’s under vity is
contributedto the ‘steric hindrance around the sulphur

atom and the nonpolarity of the octahedral molecule. .

Sulphur hexafluoridés obtained by an exothermal

reaction offluorine with sulphur3 & © “YO.” Figure2-1 Molecular Nbdel of Sulphur

(Eagleson, 1993) Hexafluoride

“Sulphur hexafluoride was first synthesised in the laboratories of the Faculté de Pharmacie de Paris
in 1900 by Moissan and Lebeau. Fluorine, obtained by electrolysis, was allowed teitbastlpghur
in a strongly exothermic reaction, giving rise to a remarkably stablé @ésch, 2003, p. 4)

Harnisch J et a{2000)researched thatwphur hexafluoride is also known to occur nedlly. A
geological study in 2000 identifie@mmon granitic rocks and fluorite minerdtem which the gas
can bereleased extremely slowly subject ¥eeathering processes

For electrical equipmenB& offers excellent electric insuian and swithing properties. It is
believed that b d & ®iighperformance of high voltage (H$\vitchgearcannot be reached with any
other gasBoth experimentation and historical industry practice have shown thiarogases under
consideration for application in Hwitchgeammay havebetter insulatingperformance or switching
performance, but not both. Most of these gases do not offer kergn stability.
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Although the overwhelming majority && gas manufactured is for the medium and high voltage
electrical sipply industry3& is used for other industrial purposeson-electrical industrial
applications o8& include metallurgy, elgtronics, scientific equipmentcular surgery, and military
applicationslt is used as a coveas in the magnesium indug, for plasma etchingn

semiconductor manufacturin@s a reactive gas in aluminium recycliageduce porosity

Additional uses includnermal and sound insulaticim double glazed windowstmospheric tracer
studies and medical applicatioas wellas being previously used in sports shoes

Table2-1 SF6 Propertieat 25°C

Property Value Units
Physical state Gas
Molecular Formula 3&
Colour Colourless
Density 6.14 Qa
Relative Dengy (gas, air =1) 5
Relative Density (lig, water =1 1.4
Molecular Weight 146.05 € a
Thermal Conductivity 0.0136 wa o
Solubility in Water 7000 nnao

“ 41 a "

Melting Point -50.8 Jo
Boiling Point -64 (s) JO
Critical Point:
Temperature 45.55 JOo
Density 730 na
Pressure 3.78 00O
Sound Velocity 136 a i
Refractive Index 1.00783
Formation Heat -1221.66 LWE a
Specific Heat 96.6 0a € AU
CAS Number 2551-62-4
Vapour Pressure @ 20°C 21 0 Wi

Source(Koch, 2003)Air Liquide, 20123ee: Appendix B
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2.2 Electrical Properties

Sul phur hexafluoride’ s prefer enndusryisaresdtofdhe an
unique combination of its physical propertiéss previously mentione8& has superb dielectric

strength and arquenching abilities which makedesirable in high and medium voltage

applications.

Electrical power is transitved and distributedover power linesnore efficientlyat high voltages
(132500kV transmissiod1-66 kV distributionin NSVY. High voltage transmissiagrduces the

electrical current flow required for the samestant power transmission which in turn reduces
associategower lossesind required cable sizeSransmission is typically used for connecting

longer distances and distribution is used for sugpliocal customersi-or the purpose of this

dissertation high voltage (HV) is considered ask&86and above, while medium voltage (MV) is taken

as 11kV to below 6&V. These voltage leveéscriptionshave been chosefor the occasional need

to sectionalise the industry. It should be noted thatthe r m ©®hit gheV i n gener al
often refer to bothMV and HZanges.

2.2.1 Dielectric Strength

Electrical transmissiolnes and equipment are constructed in such a way the conductors carrying
the electrical current arinsulatedfrom other conductive matter not at their sameoltage

potentials This insulation is providday means of either a neoonductive material or distance in

air. The dielectric characteristic ohansulatingsubstanceaefers to itsability opposehe flow of
electrical current leakage through itselfigh voltage conductorseparated fronother conductive
matter at different voltage potentialare prone to leakage currents through the separation medium
All insulators used fahe separation ohigh voltage conductorsan be evaluated by their dielectric
strength Dielectric strength is determined by the applied voltage across a given length of a material
that produces dielectric breakdowmherethe appliedelectricfield freesbound electrons3& ' s
excellent dieletric strength is contributed tthe electronegative character of its molecut&lectre
negativity ighe tendency of armtom or afunctional groupto attract electrons (IUPAC, 1997)

“3& gashas a pronounced tendency to 300
capture free electrons forming heavy ions

with low mobility making the development of
electronflow very difficult” (Koch, 2003)

I
(=)
(=]

3& is considered to havdielectric strength
about three tines that of air at one
atmospherigressure for a given electrode
spacimg. Its dielectric strengtlincreases with
increases in pressuret free times
atmospheric pressure, the dielectric strength
issimilarto that of transformer oil.

foltage [kV)

UL R

100
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Figure Sourceg(Mike de Swardt, 2014)
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Figure2-2 DC breakdown strength g€ and other substances
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2.2.2 Electrical Current Irgrruption

The reliable and safe transmissiand distributionof electrical power also requires the ability for

the electrical current flow to be switchash or off. Interrupting current flow in the event of an
electrical fault or for the purposesf rearrangement and isolation ofetwork componentsare

essential to reliable electrical power networks. The gsxcof interrupting HYiigh amplitude

current flowwith a HVcircuit breakelis not particularly an easyne. The separationf two

previously connected conductors passing electrical current between g@mroduce an electrical

arc attempting to maintain the current flow across the separating conductors. The resultant electric
arc is known as a sedfistainingelectricaldischargeandis capable of sustainglarge electrical

current flow.

“Though the most commowlobserved arc discharge occurs awair at atmospheric conditions, the
arc disharge is also observed at highd low pressures, in a vacuum eaviment, and in a variety
ofgasesanthe t al  v(@apzonylOXy

Di ssoci at i ocdeavage bfa maleculeantottwo arore, simplemolecules, atoms or
i o nNEagleson, 1993)

The enegy required to separate the molecules is term dissociation energy and the temperature at
which this reversible effect is permitted is the dissociation temperature.

Koch(2003)explains that beauseof3& ' s | o wation tensperature anchigh dissociation
energy,3& is an excellent arc quenching géig¢hen an electric arc cools 3& , it remains

conductive to aelatively low temperature, thuminimising currehchopping before current zero,

and thereby avoidig highover voltagesin alternating current (ACdf which is the form of
Australia’s national supply, current and vol
amplitude 50 times a second (50Hz). Current flow is easiest to interrupt as it plassagh zero

amplitude known38& ss “acrucr reexntti nzqeurios"h. capabi l ity

In addition to these propertie€agl eso’ s Conci se encyclopedi a
that the gasedack of toxic or corrosiveffects make the compatibility && with material used in
electric construction similar to that of nitrogen, up to temperatures of aboutJC30

t @

of

1 g €
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2.3 Environmental Impact

fi3& , waslabelledas the most potent greenhouse gas ever evaluated by tlengsts of the Inter
governmentaPanel on Climate Change@®jn 1993 (Garzon, 1997)

In 1997, &the third conference of the Parties to the United Nations Framework Convention on
Climate Change (UNFCCC) in Kgotlmquidly now known as the Kyoto protocdhe industrialized
countriesof the worldaccepted emission reduction targets for six greenhouse gdses
internationalprotocolis widely seen as an important step to limit global greenhaysseemissions.
Emissiomreductions were negotiated to such levels that were believedwoid dangerous
anthropogenic interence with the climate system.

“Carbon dixide, methane, nitrous oxidsulphur hexafluoridexs well as groups dfydro-
fluorocarbonsand per-fluorocarbonswere identified as the six most potent contributors tinthte
change, i accordance with Annex B of the Protocol. The six greenhouse gases are translated into
their#/ equivalents to detemine the reduction ok mi s s(Rloemaiet, et al., 2010)

The concerning and dangerous potentiaB&8f * contribution to global warming is th&& has an
extremely stable molecular structure. Like all the fully fluorinated family, theieoubar structure
ensures that the compound endures a very long life cycle, approximately 3200upearselease to
the atmosphereA combination of this stagnatfife cycle together with a proficient absorption
ability of infra-red radiationhas led to he substance being assigned an extremely high Global
Warming Potential (GWP

“The GWRating is a comparative numerical value that is assigned to a compound. The value is
arrived atby integrating over a time span thiadiative forcingvalue producedy the release of 1 kg

of the gas in question and then dividitige value by the value obtained with a similar procedure

with #/ .Because#/ is considered the most common pollutiza it has been selected as the basis

of comparison for assigning GW&ues to other pollutants. The radiative forcing, accordmis
definition, isthe change innetirradance i n watt s(Ggzem;,19%/yuar e met e

Hence3& in particular has an extremely high global warming potential, being evaluat2®,2i0
times higher than an equivalent amount of carbon dioxide over ayH20 time period This global
warming potential conbined with a long shelf lifenforces thaeven small releasesf 3& into the

atmosphere are aignificant concern

3& emissions reduction may prove further problematic in future as the main usage alehéfied
greenhousegas is in the ever @anding electrical power industtyAc cor di ng t o | EA’
Outlook 2009, 19,756 TWh of electricity was consumed worldwide in 2007. World electricity demand
is projected to grow at an annual rate of 2.7 % in the period 2005, slowing to 2.4 %ep year on
average in the period 2013 0 3 (RHiemeier, et al., 2010)

In Australia however, growth has steadied over the past few years for reasiiveed in Section
6.1 of this dissertationDespite local trends, ithout change in current practices the growth in
worlds electricity demand and resulting infrastructure will furtheitise, and hence unfortunately
release increasing amounts @& gasinto the atmosphere

r
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2.4 Use in High Voltage Industry

Aust r al citgnesvorlecbnsists afeneration transmissiorand distribution Transmission
relatesto transferringpower over long distances atiil NSW isssaiated with voltage levels 132kV

and above Dstribution is associated with shorter distees at voltage 66kV and belolwansmission

and distribution networks consist of overhead lines or cables, in addition ta atiraponents such

as switchgeaand transformers. Switchgear circuit breakers aresed to protectthe electrical

network against overload and short circuit currentgansformers and associated switchgear are

found in high voltage substations and zone substations utilised to step up or down voltage levels for
transmission from generatiosites through to distribution to end customers.

Si nce t he 3&asHteysedby Bedeledricity industry in power equipment facilitatihvg
transmissiorand MV distribution of electrical power. Gas $ulated switch gear, transformers and
cables are all common uses3& gas in the power industnBulphur hexafluoridéas a much
higher dielectric strength than air, making it possible to significantly retheeproduct footprint
and enable installadn in constrained space8& insulation superseded aging oil insulated
technology Its benefits includetess maintenance anahore compact in designs.

A3& gas insulated circuit breaker uses the superior dieleB&icgas at a moderate pressair
(typically 600 kPdpr phase to ground insulation and insulation across open contacts. The high
voltage conductors and circuit breaker interrupter mechanisms are encapsulated 3&thyas

inside grounded metal encloswseAn atmospheric air instation of comparative dielectric strength
would require meters of air insulation to do wha& can do in centimetres. The fully sealéi

circuit breaker provides the internal mechanisms protection from deterioration from exposwege d
to atmosphericir, moisture anccontaminations, etc. As a resuB%& circuit breakers are
considered more reliable, require less maintenance, and boast a long service life (more than 50
years).

3& is used in high voltage circuit breakers at pressures from d@00kPa absolute. The pressure
is chosen so that the sulphur hexafluoride will not condense into a liquid at the lowest temperatures
the equipment experiences

“3& has been tested to exhibit two to three times the insulating ability of air at the gaessure.

3& is considered about tetimes better than air for interrupting arcs. The now universally used
interrupting substancdor high voltage circuit breakers is replacing the older mediums of oil and air.
3& decomposes in the high temperaipf an electric arc or spark, but the decomposed gas has an
unique ability to recombine back in®& so well that it is rarely necessary to replenish 88

wi t hin e Mcdopald,007)”

For these reason3& has become the most dominant insulating gas of choice, particularly in the
transmissiorvoltage range where there is currently no other competitive practical alternative. For
distribution equipment 33V and bela however, vacuum interpret cinit breaker technology

enjoy anequal if not preferred popularity. Vacuum technology offers similar maintenance regimes to
3& with reduced environmental impact. Vacuum technology also eliminatesi¢leel for3&

refilling equipment and stock pile costs. Howevaain streamvacuum technology itypicallyonly
available for applications up to 33/
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2.5 Life cycle of SF6in Electrical Equipment

2.5.1 Manufacturing of Equipment

Historically Japan and Europe are responsible forthex maj or ity of the wor|l
transmissiorand distributionequipment. High voltage equipment containiB&§ gas for insulation
such as circuit breakers and transformers are manufactured in Japaarel European facilities. A
typical facility consists of a dedicated area for large tanks (approx. 600 kg) filled with lifg&fied
Copper distribution pipes form a network from the tanks to the different stages of the
manufacturing facility contrééd by check valves. Counters, pressure gauge8&ndetectors

monitor the 3& gas throughout the facility. Manufactured components are assembled and sealed
pressure units are filled witB& and tested to appropriate conditions. The gas is eguently
reclaimed out of the equipment and replaced with nitrogen or reduced volung&oht a pressure
slightly above atmospheric to eliminate moisture ingression during shipping. Once delivered and
installed in the final desired location the fillingedium is either replaced or topped wig& to the
operational required amount and pressure.

2.5.2 In service Equipment

During the life of 8& filled circuit breaker the breaker can be expected to operate thousands of
times. The internaB& gas cold be subject to extinguishing literally thousands of arcs under normal
operating conditions and possibly upwardsl@Dlarge fault arcs. Most utility companies test the

3& gas for purity every four years (depending on individual company policyyadhanges can be
endorsed earlier if needed. Upon a scheduled maintenance or service due to equipment fault, the
e qui p mB& gasis eclaimed by an appropriate gas recovery unit to allow for internal
inspection.3& gas identified to have pusitconcerns can be sent away to particular companies for
recycling. After maintenance or other internal work required is completed the equipment is resealed
and refilled with either new3& gas or the previou8& gas if deemed suitable. Unfortunayeh

portion of the inservice gas will inevitably be leaked from equipment to the atmosphere due to
poor sealing, cracked insulator housing or poor maintenance practices.

2.5.3 Equipment Decommissioning

Once the equipment has eventually served its purpose decissioning is required. During
decommissioning the remainir8& gas is recovered. From here the gas can be disposed in
accordance with local and/or international regulations. More commonly however the gas is
recovered for the purpose of recycling. Wheaturned to a3& supplier, the supplying company will
often clean and filter the old gas ready foruse.

It must be noted that 100% full recovery of tB& gas during any handling operation cannot be
consi der e dypiqally besveen P % a@n0.4%lof the namelpat e capacity’ i s
handl i ng (Raiemeiervenal., 2ELOFilling pressure, correct equipment aefiorts in staff
trainingall contribute towards reducing handling emissions of electecmipment containin@&

gas.
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2.6 Manufacturing and Costs

“About 10 to 20 tonnes of SF6 are imported into Australia annu@fystralian Government
Department of Sustainability, Environment, Water, populaion and Commun2gd2)NSW
transmission and distribution authorities currently purch&@ge at a rate of $55 per kilogram

As previously mentioned historically Japan and Europe have been responsible for the manufacturing
of thew o r leldctrisal transmissioand distributionequipment, however, other regions are known

to play minor but increasing roles. China’s do¢
share rapidly increase

Globalconsumption o8& has been hat to establish. lis reasoned that thenain3& consuming
regions of the electrical equipment industry are BagpJapan and China followed Rgrth America.
Rhiemeier et al(2010)report on globaB& emissions tends from electrical equipmertssumes

that approximately 80 % of the SF6 consumptionHdrand M\&lectrical equipment is consumed in
these regions. However, detailed data is only available for Europe, Japan, the USA and Korea.
Eur ope, Jap aoonsampton t68& é 200%5atohe has been estimated at 1200, 600 and
300 tonnegespectively

Storage wise,He critical temperature and pressure 8 is 45.55°C and 3. MPa respectively3&

is liquefied by compression and is stored and t@orted as liquid in cylinders or containénsa

liquid state at a pressure of about 6(0RBACo mmon cyl i nder sizes are t
and the “D"kgsi ze bottle (10

Purchase®& cylinders should be storegrotected from physical damag Recommended storage

of 3& cylinders is a cool, dry, welentilated area of non combustible constructi@away from

heavily trafficked areas and emergency exits. The temperature where cylinders are stored should
not exceed 50C. Cylinders must béosed upright and firmly secured to prevent falling or being
knocked over.

Prime MinisterGillard Australian @vernment introduced dcarbon taX to have eféct from 1 July
2012. Despite the subsequent governmeat@rturnof the tax it is worth notinghatdue to3& * s
high GWPthere was a significant price raised& .The tax set th@rice per tonne of alsynthetic
greenhouse gasdsased on the carbon price and the global warming poteri@WB for each gas
which at the time wa$23 tonnemultiplied by23,900 for3& .

“Cost implications d8& under the carbon taxysing the initial cason price of $23 per tonne,
suggestedB& will trandate into $550AUD pelikilo which wasa tenfold price increaseAs an

example, a typical live tank breakof 72 kilovolts (kV) will have a tax den of around $1,500. On a
dead tank breaker however, which holds more gas in it, will see a more significant rise and on a full
GIS 145 kV system, you would expect to see a tax exposure of around $55,000" faBiay

Australia, 2012)

TheGillardAustralian goverment did confirmed that recycling SF6 wouhdt be considered as
manufactuing and theefore will not incur a carbon tax.
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2.7 Occupational Health & Safety with né

“3& is extremely proficient at extinguishing electrical aaosl is completely notoxic in its pure
state. When3& gas is subject to high temperaturbswever,like those present in an electrical arc
the 3& molecules will break den into sulphur and fluorine ioné\n electric arc can exceed
temperatures of 10 000 degrees Kelvin. Upon coolibglow 1000K)the gas molecules will
recombine almost totally and only a small fraction will react with other substances such as air,
moisture and vaporised metdl(Garzon, 1997)

These" o t tgaseolusand solid breakdown products upon reaction with incineraB&d have

proven to produce toxic properties. They caso have strong, distinctive odouaad pose kalth

and safety risks when coming into contact with the skin or e@estop of these byroduct hazards

are the hazards associated with the heavier than air gas itself as well as storage of the gas in high
pressurevessels.

2.7.1 By-Product Hazards

Transgridgthe NSW state government owned electrical transmisgiathority. Tr ansgri d’ s
Management o8& policy advises thatOne of the breakdown products is thionyl fluorjdehich is

a gas with chemeal formula:3 /& .3 /& has a smell similar to hydrogen sulphide (rotten egg gas).
With time, 3 /& also decomposes in the presence of moisture to form sulphur didzidgs,
chemical formula3/ ) and hydrogen €loride (chemical formula: HF). Hydrog#noride, which is
also known as hydrofluoric agitd normally a gas at ambient temperatures. It is corrosive and will
chemically bunm, irritate the eyes, respiratory tract and mucous membranes (nose, mouth, throat,
stomach etc). If it comes into contact with the skin, it can cause burns and deep tissue damage.
Hydrogen fluoride is highly soluble in water, so care should be taken w@pirrelirect contact with
any liquids present in electrical equipment after failure. Wite powdery3& breakdown product
which is commonly referred to d8& decomposition poducts’ is a complex mixture of
compounds. It may contain metal fluoriglgvhich can act in a similar way to hydrogen fluoride
creating a dangerous acid in the presence of moisture. Therefore, care must be thkarhandling
or working near possiblg& decomposition poducts in particular whemvorking with gas that has
been subject to moderate or heavy arc extinguishing.

2.7.2 Heavier than Air Hazards

3& is five times heavier than air and as a result will accumulate in low lying indoor areas where
there is no mechanism for the gas to dissg@& does not support life and there for can cause
asphyxiation in situations whetarge quantitief 3& can dilute the oxygen content of the air. The
maximum permissible concentration 8& gas in a workroom is 2Qgpmv. If the concentration

exceeds this level, personnel should leave the area and forced ventilation should be used to remove
the 3& gas Although3& is odourlessits contaminant gases are not, therefore if workers detect a
rotten egg smell then they should leave the arsagaickly as possible amdilise forced ventilation

to evacuate the area
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2.7.3 Pressure Hazards

The filure of pressure vessatontaining3& gas athigh pressure(commonly 60kPa) is another
hazard associated witB& equipment. Cuts, falls and dgarousimpacts can result fronvessel
failure or explosion3& insulated switchgear is not designed to withstand external impact when
under full presare and thereforedddersand similar itemshould not be usedp against equipment
under full pressug. Sudden messure releaseausel by failedfittings or hoses couldlsocreate a

risk of injury through violent movement of parts.

Another hazardssociated witlB& is when thegas is released from a high pressure container to be
used at a lower presire, rapid temperature drop can occur attheducing valve. This caccur
when filling equipment from cylindei@nd could result in freeze burns to nearby personnel

Table2-2 Origins of SF6 Impurities

né Situation and Use Source of Impurities Possible Impurities
During Handling in Service| Leaks and incomplete evacuatio| Air, Oil,( /
Desorption
Installation Function Partial discharge: Coronaand | ( &3/ B & B & B/ &
Sparking
Switching Equipment Switching arc erosion (/N &3 BB RMB &h
#@MB&H/ M&A &
Mechanical erosion Metal dusts, particles
Internal Arc Melting and decomposition of | Air
materials ( /R &/ BKRBERMB &
3& W& h

Metal dust particles
| xR AR/ @&

Source(Transgrid, 2009)
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2.8 Gas Quality

With 3& impurities having a considerable effect on both the functionalityhef gas as an insulating
medium and on occupational health and safety or maintengresonnelmonitoring of gas quality

is of high importanceThe gas quality of aB& filled circuit breaker can be measured using field test
instruments such as dew puiand3& content analysers.

The dew poinmeasurement also known as relative humidityrovides the moisture content of the

gas sample. Dew point is expressed in degrees Celsius and moisture content in parts per million by
volume (ppmv)In addition, devices that compare the speed of sound or thermal conductiviB&of

with that of pure 3& are used to determine th8& content.

2.8.1 Gas Quality Limitsdr In-Service Equipment

The maximum allowable contamination levels in gas containedsarivice equipment is shown in
the following table3

Table2-3 Gas Quality Limits for k&ervice Equipment

Impurity | Specification
NonReactive Gases (Combined Value) 3000 ppmv
SF4, WF6 (Combined Value) 100 ppmv
SOF2, SO2, HF (Combined Value) 2000 ppmv
H20 470 pmmyv (Dew Poin28°C at 100 kPa)

Source(Transgrid, 2009)

15




Alternatives to SF6 in HV Circuit Breaker Insulation

2.9 Applicable Standards

2.9.1 Australian Standards
AS 2791: 1996 - High-voltage switchgear and control gear: Use and handling of sulphur hexafluoride
(SFs) in high-voltage switchgear and control gear. (Reproduction of IEC 1634:1995).

AS 62271.100-2008 High-voltage switchgear and control gear: Part 100: High-voltage alternating
current circuit breakers (Reproduction of IEC 62271-100, Ed. 1.2 (2006) MOD).

2.9.2 International Standards

IEC 60694-2002, Common Specifications for High-Voltage Switchgear and Controlgear Standards

IEC 62271-100-2003, High-Voltage Switchgear and Controlgeard Part 100: High-Voltage
Alternating-Current Circuit-Breakers

IEC 61634 report: High-voltage switchgear and controlgear - Use and handling of sulphur
hexafluoride (SF6) in high-voltage switchgear and controlgear

IEEE Guide to Specifications for Gas-Insulated, Electric Power Substation Equipment, IEEE Std.
C37.123-1996

IEEE Guide for Sulphur Hexafluoride (SF6) Gas Handling for High-Voltage (over 1000 Vac)
Equi pment | EEE £601d C37.122. 3E

IEEE Std 1247TM-1998, IEEE Standard for Interrupter Switches for Alternating Current Rated Above
1000 Volts.
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2.10 The Need to find a Replacement

Sulphur hexafluoride, as far as the electrical power industry in concerned, seems too good to be
true. I t’'s extremely fast post arc quenching
resistance to sparkonduction,and zero toxic effects in its pure statgake it an electrical power
engineer’'s dream insulation medium with next
the inimitable substance of its time, the global warming potential and oatiopal health and safety
risks associated witB& warrant research inteeplacement mediura

Ruben Garzon, almost 16 years ago in his 1997 book High Voltage Circuit Breakararidesig
Applications notes that:

“Presently the concentration @& hasbeen reported as being only abo812 parts per trillion by

volume This concentration is relatively low, but it has been observed that it is increasing at a rate of
about 8 % per year. This means that if the concentration continues to increase ati#himnass

than 30 years the concentration couté about 50 pptv. More realistically, asaing a worst case
scenariq the concentration of 50 pptv is expected to be reached by the year 2100. A more optimistic
estimate is 30 pptv. At these concentratiath® expected global wanning attributable 88 has

been calculated a8.02and 0.014Cfor the most pessimistic antthe most optimistic scenarios
respectively. Additionalata indicatesthat the expected global warming due 8&: , through the

year 2.0 is abouD.004 In comparison with an increase of 30ts per million by volumépmv),

of #/ , the expected chage in the global temperature &.8°C” (Garzon, 1997)

Even though these contributions to global warmowuld be perceived as minor they are none the

less humairinflicted contributions. e InternationalEnergyAgency s Wor | d Epredicgy Ou

globalelectricity demandand most likeh\8& resulting infrastructurejo grow at an annualate of

2.4% in the period 201-2030. The most likely proportional growth3& electrical equipment

could bemagnified by the continual replacement of obsolete air and oil circuit breakeB& by

designs. Undoubted\3& technologyhas apotentandevei ncr easi ng foothol d
industry. With no foreseeable alternative in the high end transmisgatage scopegombinedwith

best practice gas handling techniques releasing between 2 and 0.4% of equipment nameplate
capacityatop of annual leakage estimates (typically 1% of capamitylinual3& emissions are a

daily reality.

Alternative technologies an8& minimising strategies do existhe tendency towards vacuum
interrupters andsolid-dielectricdesigns in the sub 38/ medium voltage range isfefing some
positive outlooksln an industry driven by proven reliability to maintain commaodity supply to
alreadyhigh price consciousustomersfew innovations have been explored or accepfeom the
1980’ s umw ©uarmoré recentlyeenvironmentally concerned and educated global
community has seen calls in Europe for the banninggofin MV switchgear applications. With an
3& circuit breaker monoply in HV applications faspproaching lhe time for innovation is now.
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Chapter 3: HV Circuit Breaker Trends and Innovation

The previous chapter outlines the properties3gf and its unrivalled application in the electrical
power industry as an insulation medium. However it is alscaggat that3& is an extremely potent
environmental substance attributed with concerning OH&S risks.

Any innovative approach eliminating or reducB& use in high voltage circuit breakdm the
future requires a detailed understanding of HV citduwreaker technology and practices to date. High
voltage circuit breakers have evolved a long way since their introduction in the early 1900s. From
separation in air to oil immersed contacts through to vacuum interrupters3@ndechnology
knowledgeof the evolution of circuit breaker designs is fundamemtaluture developments.

Today a large mix of circuit breakers are common in any given substatioHigitevoltage iccuit
breakerstypically experience an up to 40 year life cycle, meaning atatibn could contain a
mixture of brand new through to 40 year old equipment. Four decades ago many now obsolete
technologies were considered state of the art.

High voltage circuit breakers come in matifferent shapes and sizes and can be classified by
voltage, application, location, physical design or current breaking technique. This chapter seeks to
explore these design classifications and evolutions, the relevance of which is highly important to
understanding any eventu8& eliminating or reducig designs and strategies. Additionally this
chapter provides a brief history of high voltage circuit breakers, their application and current
maintenance activities involved with different types.
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3.1 High Voltage Circuit Breakers

AS 622711002008 HighVoltage Switchgear and Control Gear, Part 100: Nighage Alternating
Current Circuit Beakers, defines circuit breakers as:

“A mechanical device capal@&making, carrying and breaking currents under normal circuit
conditions and also making, carrying ospecific time and breaking currents under specified
abnormal circuit conditions such as those of short cirtuiStandards Australia, 2008)

High voltage circuit breakers reside in high voltage substations and are usée fanotection and
control of electricaturrentflow though substation equipment such as transformers, feeders,
busbars and reactive plartlVsubstationsaccommodate the transformation ddrge transmission
voltagesused for connecting long distances dowrlower level distribution voltages that supply

local customers. A substation will typically comprise of multiple incoming and outgoing feeders,
transformers and associated plant. Circuit breakers provide a means to turn on or off the electrical
currentflow throughHVapparatus and will automatically operate (cut off supply) in the event of
electrical fault detection.

A circuit breaker must be able to close onto and maintain full load current for long periods of time
and then also be able to automatigaliiisconnect that curreritrespective of the inductive or
capacitive nature of the load currenA circuit breakers primary purpose however is to interrupt and
disconnect fault currerstfrom damaging the system. The open circuit breaker gap across i@oten
requires an ability to withstand rated system voltage. Circuit breakers are also required to carry
short circuit fault currents for small periods of time, most commonly until another circuit breaker
nearer to the fault location opens to clear the faun the event of closing a circuit breaker onto a
fault it must have the ability to immediately4@pen to dear thefault. The ability to withstand the
effects or arcing at the contact surfaces and withstand the electromagnetic and thermal conditions
which arise as a result of fault conditions is a major design consideration of circuit breaker
engineers.

Circuit breakers are one of the few electreechanical devices in a substation which may remain in a
guiescentstate for long periods of time (even ywsjand then are required sometimes unexpectedly,
to operate in less than 20 milliseconds. They must be designed to operate satisfactorilyragter lo
idle periodsof service with great reliability. They are also called upon to operate at their maximum
capaity very late in their life since generally their initial installation coincides with lower system
fault levels.

There was a considerable change in the design
operation has now evolved an in many casespbwer utilities committed themselves to a 30 or 40
year life with an ouflated design.

Thehigh voltage circuit breakers now offered by the majority of manufacturers are generally spring
operated3& with very similar operating principles. These have mwwlved to the point where
they are extremely reliable, compact and require minimum maintenance.
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3.2 History

Historically the need to reduce power transmisslosses has driven the need to develop higher
voltageequipment and infrasticture. Electricalransmission power loss is directly related to the
amount of electrical current being transmitted. At higher transmission voltages,durrent is
required to flowto produce the same resultant electrical powaerd thus higher voltage
transmission systems are desiraliigh voltage circuit breakers needed to protect and control the
flow of electrical current along network transmission and distributinas have there for also had to
evolve alongside the growing ekeical power systems.

“It was in Tamworth NSW that Australia and the southern hemisphere seen the first town street
lights illuminated by means of electricity onthE®@ f N o v e m{WilkenfdldB&8S@earritt,
2004)

Throudhout the next two decades the capital cities and many other teilmminated their streets
by mean of electricity and in 1905 Sydney council (the latter of the capital cities to embrace
electricity) had 519 customers.

Australia, heavily influenced byita European settling cultureday reliably delivers country wide

house hold supply at the European nominal 280p 1t Bphaseto-ground) Thenationsfour wire

415V (phaseto-phase)low voltage distribution network is feed via distribution transformemnira

three wire medium voltage distribution network 11kV up to 66kV in New South Wales. Transmission
voltages in NSW are restricted to 182, 330kV and 50kV with a one off 22@V line that runs

from Darlington Point to Broken Hill in the far westermgien of the stateThe transmissionetwork

links the states generatiosupply to the distribution networks.

“To achieve current interruption some ofetearly circuit breaker desigssmply relied on stretching
the arc across pair of contacts in air, later achute structures, including some with magnetlow-
out coikwere incorporatedwhile other devices used a liquidedium, including water but more
generally oil, as the interrupting mediutr(Garzon, 1997)

In Australia for system voltages up to 33kvnimum oil circuit breakers were common use for
indoor applications upintil to the late seventies. Outside applications utilised a mixture cblaist
(AB) bulk oil(BO)andsmalloil volume (SOWesigns until the advent of vacuupdACynd sulphur
hexafluoride(SF6)n the late seventies early eightieboday3& circuit breakers are the
overwhelming majority in applications & and above with the exception of some well ntained
smalloil volumecircuit breakers that are currently serving out the remaining years of their service
life. These aging SOV installations will eventuallydmpéaced with most likely 8& incorporated
design. Below 6BV sees vacuum arB& designsn all new installations and asdowly but surely
replacing the few remaining high maintenance prone oil circuit breakers still in service.

“Much of the development of interrupter designs in bé& and vacuum took place in the

seventies and ghties. It is fair to say that there have been few innovations in interrugésignin

the last few years although design improvements in other parts of the equipment have led to more
simple spring and other type mechanisms, to improvements in automaticsgfety features and in
reduced cost$.(Harris, 1996)
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Figure3-1 Oil Circuit Breaker Built in 190

Below is arexcerptf r om Tr ansgri d’ s

overview of the range of circuit breakers thiegdin-service and their installation periods
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TransGrid's circuit breaker population comprises 1226 units in the voltage range from 11kV to 500kV. The types of circuit
breakers used include Air Blast (AB), Bulk Oil (BO), Small Oil Volume (SOV), Vacuum and SF6.

Circuit Breaker Age Profile
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All recent circuit breaker purchases at 132kV and above are of the SF6 type with a preference for spring operating mechanism. The
type and age profiles given above reflect the various numbers and types of circuit breakers installed on the network as at June 2001.

Figure3-2 Excerpt from Transgrid Network Management Plan 280 Circuit Breaker Age Profile
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3.3 Circuit Breaker Designs and Classifications

High voltage circuit breakers can be grouped by many different criteria. Common aieptedto

group circuit breakers are often thlthenstall ati
i nst al pecfic hetwarls dpplication e.g. transformer or line circuit breakert he i nst al |
location e.g. indoororoutdooga nd al so the circuit breakers’ sy

important circuit breakerclassification is also the method and m@a used for electrical current
interruption andthe variations of these are outlinespecifically irthe next section 3! Current
Breaking Techniques.

3.3.1 Voltage Classification

High voltage is defined by Australian standards as a voltage level exceeding 46@0 150% dc.

Circuit breakers designed to have ia servicerating ofabove 1000/ ac or 150¢/ dc are therefore
considered as high voltage circuit breakers. High voltage circuit breakers can be further categorised
into two groups by voltage levat,a me | v t hat " ®&6kV and bekow in NSand i o n

“tr an s"nmBek\ dnadabove . It should be noted that “dist
sometimes referred to aeventhoghdV typicaly eferstage” equi
equipment less than 6KV. The classification of high voltagguipmentin Australiais outlined in

Australian Standard: AS 622inlcoordination withANSI C37.06 and the Internatiofidéctro
technicalCommission (IEC) 56

3.3.2 Applicaion Classification

The network specific applicatisiof acircuit breakers within a given high voltage electrical network
is an important classification. High voltage circuit breakers protecting and/or controlling the flow of
electrical current in equipent such as transmissifdistribution lines, transformers, generators and
reactive plant may be similar (or in fact be the exact same) in appearance but will have vastly
different settings and operational objectiseMany of these differences will be more prevalent in

the relay or control settings operating the circuit breaker and may be considered within the scope of
secondary systems. However, some variations for example-poiatave operation used by

reactive pant circuit breakers are at times achieved by slightly different mechanical linkages in an
otherwise undistinguishable ordinaryé circuit breaker. It is thefere common in industry to

identify high voltage circuit breakery bheir application on occa e.g. transformer breaker,
capacitor breaker, etc.
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3.3.3 Location Classification

High voltage circuit breakers can be utilised in either indoor or outdoor electrical substatidn
switching yards. In rural or other settings where space is in surplicedtrismon for the electrical
transmissiorand distributionsubstationequipment to be securely fenced off in open, autdoor
compounds. In other urban or settings where space (or extreme weather) is sometimessi@n is
electrical substations are located indoofhe primary difference between an indoordaautdoor
circuit breaker igienerally the structural packaging or enclosure housing. Indoor circuit breakers
generally utilise the same internal chambers and opegmechanisms as outdoor circuit breakers
but are instead housed in cabinets located inside a building or sometimes within a metal clad
enclosure that itself is located outside. Iratacircuit breakers alsbave slighly different high

voltage conductoarrangements to their outdoor counterparteften allowing for the use of
insulated high voltage cables as opposed to spaced bare conductors used in outdoor yards. High
voltage circuibreakers cabinets located insidesubstation building are often situateside by side,
connected by a common bus to further reduce the infrastructure footprint.

3.3.4 Physical Design Classification

Physically there are two main design categories of high voltage circuit breakers that hold the most
significancestank hart hbhktwre “dead

A deadtank high voltage circuit breaker is one in which the vessel (or tank) containing the electrical
current breaking mechanism (or interrupter) and insulating medium is at ground voltage potential
consi der ed “ de adHazaidpotentialrThisdesigh allaws fortthe gnk techkely
contactableduring operating conditionand located within reach of maintenance stdffsually
however,maintenance is still conducted under émergised conditions. An advantage of dgadks

is thatladders and or elevated work platforms awet usuallyneeded during maintenance outages

The high voltage conductors are held at safe distances away from the grounded voltage metal tank
by means of tall insulation bushings. The bushings allowhéshigh voltage conductato feed

down through themandinto the tank, at all timesremaininginsulated from the metal tank

enclosure wallThe design offers a structurally stable, four leg, horizontak @esign with high

seismic witlstand @pability. The dead a n k  dneaim adgamtaggoweveris that it allows for

the inclusion of multiple low voltage, bushing type, current transformers on both sides of the
interrupter. This configuration is highly advantageous to protection and metering secoagstiems

as well as eliminating a common protection short coming known as blind spots inherit in other
current transformer/circuit breaker arrangements.

The high voltage circuit breaker It@nk configuration consists of the vesseltankhousing the

int errupter kept at what could be considered
voltage level as that of the high voltage conductors feeding into the circuit breaker). The high
voltage conductors feed in and out of the interrupter hawgstank which is supported at a safe
distance from the ground support sitture by tall high voltage wigtanding bushings. This design
allows for a smaller installation footprint to that of the detahk, however, the tall, top heavy, two
or single leggedtructure is often seen as having reduced stability and also requires ladders or
elevated work platforms for maintenance staffxternal current transformers on additional adjacent
structures are also required for current detection.
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Figure3-3 Live TanKleft) & Dead Tank (righCircuit Breakes

E E] Transmission Line Circuit Breakers (132kV)
132kV Bus @—”
b Capacitor Circuit Breaker (132kV)
132/11kV Tx A/V\/\/\ Transformer Circuit Breakers (132/11kV)
11kV bus +

E] E] E E] — | Indoor Distribution Circuit breakers (11kV)

Figure3-4 Single Line Diagram Demonstrating the Different Classifications of HV Circuit Breakers
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3.4 Current Breaking Techniques

High voltage circuit breakers have evolved at a steady pace alongside the evolving electrical power
industry. The electrical current interruption technique together with the insulation medium and the
coordination of these two design asgts has been a major overall design parameter of high voltage
circuit breakers over time. Initially air and oil served the industry as the interruption and insulation
mediums of choice. Remarkable these two initially chosen mediums served the industeyl smd
reliably that many oil and some air type installations still ekistervice today. The appearance of
vacuumanB& t echnol ogies in the |l ate 1950"s and over w
from the | ate 1970’ slyemeredraidasnd oli absoletse. Vacwum@B&8ib ut s ur e
technologies offer less maintenance requirements, smaller installation footprints and superior
dielectricrecoveryand arc quenching abilities.

In the closed position high voltage distributiand transmissiometwork circuit breakers allow
alternating electrical current to flow through their contacts and have no voltage drop. The ideal
operation of a circuit breaker is that when its contacts open apart the etattcurrent completely
stops flowing and the voltage drop across the produced contact gap is equal to the system voltage.
However, at the moment the circuit breaker contacts begin to move aparékbetrons ininsulating
material between the contactiseg to migrate towards the positive (anode) contact. This migration
rapidly ionises @onductivepath between the two contacts. Thenductive pattis formed

supported by the increasing voltage drop between the separating cosdact accommodates an
electric arc.The resultant electric arc is known as a-seltaining electrical discharge and is capable
of sustaining large electrical current flowhe arc will form on both opening and closirfgaaircuit
breaker, althoughhe arc thatrequires interruptionand controlis the openingarc.

Anode

Cathode

Figure3-5 Electric arc in a gaseous medium
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3.4.1 Air & Air Blast (ABLircuit Breakers

One of the earliest methods for making or breakingrent was a plain knife switch in air, perhaps

best envisioned to that of the switch that turné&ttison ear power systenas. This simply device

was limited in terms of capacity where early experimentation revealed high voltages cespdnie
across the open air gap and high currents would maintain the arc across the open aftogep.
sophisticated interpretations of the knifawitch are still used in industtgday however, manually
operated air break switchgg\BSare still commonly used for electrical current interruption at

lightly loaded rural substations orfeedesSBS* s are al so still tdre i so
no-load breaking visual isolation in most high voltage switch ydrdsknown nowthat interrupting

the resultingself sustaining electrical arc in air is directly related to the natural deionisation process
in the air surrounding the arc. Coolingethrc increases thdeionisation which in turn increases the

arc resistancelncreased arc resistance limits the arc sustaining electrical current flow and increases
the success rate of arc interruption.

In an air circuit breaker, increasing the resistantéhe arc in effect increasdle arc voltageThus,
to effectively increase the arc voltage any of tbBowing means canéused

1. Increase the length adrc and hence the voltage drop across the arc gap

2. Split the arc into a number of short arconneckd in seriesresulting a number of small
voltage drops that can sum to greater than
greater than that of the system voltage enabling quick arc extinguishing.

3. Constrictirg the arc, by costraining it between ver narrow channelsThis in effect reduces
the crosssection of the arc column and thus increadies arc voltage.

Methods two and three are commonly achieved by the development of the arc chlex like
component device that contains a numbafreither metallicor insulated plates. Drawing the arc into
these segmented chambessds the cooling process of the arc. The arc can be drawn into the arc
chutes via the assistance of an arc attracting magnetic field produced by a coil known as a magnetic
blow-out coil.

Anothersuccessful electrical current interruption technique utilising air was that of the Air @IB3t
circuit breaker. Espeld 7ad’l sy, pwmtuil la3& itfveasdhen tt rheed u
transmissiorvoltage class circuit breaker of choice and the only design available for successful
interruption above 33kV.More generally the GaBlast circuit breaker could actually use a range of
gases other than air to successfully extinguish the arc, includitnggen, carbordioxide and

sulphur hexafluoride. There have been a couple of different designs of air blast circuit breakers
exploring a range of air blast directions, nozzle and contact configuration types.

Garzon (1997) advised that all of the designs dir blast circuit bre&ers the interrupting process is
initiated by establishinghe arc between two recedingontacts and by, simultaneoushlith the
initiation of the arc, opening a pneumatic valwhich produces blast of high pressurar that
sweepsghe arc column subjecting it to the intense cooling eftaaftthe air flow.

The number of different systems (mechanical, elegtrechanical, pneumatic, electrical) that
needed to be timed perfectly for operaticesulted in extensive maintenance costgebation of
the circuit breaker is also extremely loud and often deemed inappropriate in residential settings.
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3.4.2 Oil Circuit Breakers

Oil insulated circuit breakers are still quite common in the electrical power distribatidn
transmesionindustry in Australia. Despite being considered obsolete to that of n@&edesigns in
terms of maintenance reqrements andlielectric strengthdegradation speedwell maintained oil
circuit breakers can still be seen imgee. The sheer number of oil circuit breakers previously in
service in Australia combined with infrastructurp-gradebudget pressures by private and
government utilities have resulteid a smalhumberstaying in servicevhere deemed appropriate

Insubting oil at medium voltage applications is actually superior to that of é88&oat atmospheric
conditions for a given contact gap given that it is pure and-agegraded. Unfortunately however, by
nature of its sheer purpose of being the arc extistping medium, carbonization and hence
degradation of the oil takes place eydime the oil comes into contact with an electrical agenall
carbon deposits resulting from in service electrical arc contact carbimizas well as water
guantitiesfrom gereral ingress, poor sealing or maintenance techniques can quickly degrade the

insuaeti ng oil’'s dielectric st r eregulartoil mofitoringandils ul a't

changing maintenance tasks.

The basic oil insulated circuit breakemsist of a pair (one phase) or three pairs (three phases of
opening contacts used for electrical current interruption totally submerged in oil within a sealed
vessel. The insulating oil acts as both the arc extinguishing medium andressikation medium
between the energised high voltage contacts and conductive metal vessel housing. During the
opening operation of the current carrying contacts submerged in the oil it is the reshliyanbgen
obtained by the cracking of the oil moleculegposed to the @ctrical arc that servas thearc
extinction medium.

Oilis a good extinguishing agent due to its thermal properties and its deionization time constant
which is better than air, especially laigh pressuresOn separatiomf the immersed contactshe
resultantarc causes the oilto break down el easi ng hydrogen (=70%),
(=10 nd f r e ¢Theoleyrebl®98)his gas forms a bubble which, because of the inertia
of the oil ' s unrgbreakingitosa dymamixc jpressureavtich dan readl0%® 10,000
kPa Whenthe alternatingcurrent passes to zeradhe gas expands and blows on the arc which is
extinguished.

Bulk Al (BO) volumeand minimumoil or Small Oil \blume (SOVEircuit breakes are the two
categories that oil insulated circuit breakers fall under.

In bulk oil circuit breaker designs all phase contacts are located within the same vessel and oil,
sometimes in conjunction with submergatsulating barriers such as Bakeliteconpressed paper
boards.Arc resultant gas bubbles neéal be restricted from forming conductive paths between
phases and the vessel wall, resulting in large tankgass As all three phases utiligee same oil
they requiremore regular oil monitoring andil changingBulk oil circuit breakers are most
commonly deaetank style circuit breakers.
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Figure3-6 Bulk Oil (BO) Circuit Breaker (left) and Small Volume Oil (SOV) Circuit Breaker (right)

Small Oil Vinme (SOVgircuit breakers utilisseparate single phasasulating braking chambers to
confine the arc and resultant gas bubbl&be gas pressalincreases as the arc passes through a
successive set of chambei&o help control pressure build up and tieg as well as oil circulation
baffle interrupter chambers were developed which pernhieétlateral ventingof the pressure
generated insid®f the chamber The three pole design for a three phase circuit breaker most
commonlyutilisethree separate livaanks witha common mechanically liekl operating
mechanismSmall Oil Volumeircuit breakers only use oil in the live tank interruption chambers and
usea soilddielectricsuch as porcelaim the phaseto-ground support structure
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3.4.3 Vacuum(VAC)XircuitBreakers

Vacuum interruptergVI)use the exceptional dielectric
characteristics and diffusion capabilities of a vacuum as
the interruption medium. Utilising vacuums and their

di electric properties isr new ¢
knowledge of vacuurbulbs and xay tubes known

throughout the 1900 s. Hc di f f
vacuum interruptemanufacturingheld up the

introduction of vacuum interrupters on the industrial

scene until the 1lrgl6ded s . 1 RS

degassinghe internal contact materials that would
otherwise degrade the vacuum once in service and
competent welding/brazing technology to attach the  Figure3-711kV Vacuum Circuit Breaker
vacuum' s c e rtaitsretallicemdiy el op e

In theory a vacuum is an iddaighdielectricmedium.A vacuum does permit, in the presence of
electrical fields, or electronagnetic fields, the passage of electrons (Beta particles), protons,

neutrons, quarks, alpha patrticles (helium nucleus ) etc. Astrophysics has enormous examples of this,
and walve technology uses this for its fundamental operatidowever, in reality a vacuum does see

a dielectric strength limitation and this limitation is more a function of contact or electrode shape

and contact opening distanaghich quickly reduces fefctiveness at voltages above 8%. For this

reason vacuum interrupteiechnology isnainlyexclusive to medium voltage applicatiomswever

some higher voltage Vls are beginning to emerge

The design of a vacuum interruptsiems from intense analysis of the electrical arc produgaain
opening contacts previously conducting unhindered electrical cunséthiin a vacuumThe arcing
column is made up of metal vapour amfectrons comindrom the contact eletrodes which are
vastly different from the other interruption mediumA.C electrical current cycles from a peak
amount to zero to a negative peafiftylremnzcuppyt ever)
Between current zeros an ahas been studietb be in twostatesdepending on current intensity

“ Bmely- diffused(<2kA)and concentrated>10kA)' (Theoleyre, 1999 helonger the existence

of the arc in its diffuse mode the easier it is to interrupt the flow ot#leal current.Re

establishment of the arc is supported through current zeros by high residual tatopes of the
contact materialHigh temperatures enablen arc anode to easily appear where a previous cathode
was.Whenthe energy provided by the ars no longer sufficient to maintain a high enough
temperature at the foot of the arthe arc ceases to restablish

A vacuum interruptetherefore seeks to minimizéne heating of the contas bymaximizing the

time during whichthe arc remains in the diffused modkiring the half current cycle. This objective
can be accomplishelgly designinghe contacts in such way that advantaggnbe takenof the
interaction that exists betwemthe current flowing through the arc artie magetic field produced
by the current flowinghroughthe contacts othrough a coil tlait may be assembled as an integral
part of the interrupter. Thisinteraction of the magnetic field can be designed in such a way that it
acts in a radial or axial directiawith respect to the arc.
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Figure3-8 Concentrated arcing (a) and diffused arcings@rce: Cahier Technique no.193

“The radial magnetic field design establishes a field created by the current Girguiathe complex
shaped electrodes designed for this purpose. The current flowing through the arc obeys
electromagnetic laws and therefore experiences a force moving it from the centre to the outside of
spiral shaped electrode contact, uniformly distrilng concentrated arcing heat and aiding arc
diffusion”” (Theoleyre, 1999)

“The axiamagnetic field desigrequires the ions to take a circular trajectory which stabilizes the
diffuse arc and delays the appearance of the @mi@ated state. The appearance of the arc footing
spot is avoided, erosion is limited and this enables fairly high breaking capacities to be réached.
(Theoleyre, 1999)

The vacuum interrupteis typially constructed with a ceramic insulating envelope, sgat both

ends with stainless steel caps. At one end of the internal envelop sits a fixed contact and the other
allowsfor a moving contact attached most commonly by means of a seamless metdthwderhe
vacuum is achieved within the interrupter during manufacturing by means of an afterwards sealed
evacuation pipe or by specially design ovens that braze and evacuate the chamber simultaneously.

Figure3-9 Radial contacts (a) arakial contactgb) source: Cahier Technique no.193
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3.4.4 SF&Circuit Breakers

Due to the norcomparative superior dielectric strengtecoveryand arc quenching properties of

3& gas,3& gas high voltage circuit breakerave all but dominated the circuit breaker market in a
relatively short timeVacuum interrupters are expandiigeir share of the medium voltage industry
but no alternative currently exists in the high voltage transmissipe where& far supersedes

its air blast and oil predecessoB& circuit breakers offer less maintenance and smaller installation
footprints atop their already superior dielectric recovery and arc quenching capabilities.

The exremely chemically stable gasnon-flammable, norcorrosive, colourless, odourless,
chemically inert and has high enthalpy (high dissipation of h&&ig synthetic gas is the almost
perfect arc extinguishing dielectric medium.

“During the arcing phase, in which the tenngtire canreach between 15,00€K and 2,000°K, the
3& breaks down. This decomposition is virtually reversible: when the current is reduced the
temperature is reduced and the ions and electrons can reform to make the SF6 mdlecule
(Theoleyre, 1999)

Of the molecules that do not recombine to foi3& post arc there are some reactive decomposition
by-products formed because of the interaction of sulphur and fluorine ions with trace amounts of
moisture, air, and other contaminant¥he harmful effed of these by products are introduced in
section 1.7 (Occupational Health and Safety \8&h) of this publication.

The arc that forms withia3& circuit breaker can be described @a8& plasma cylindeat an
extremely hot tenperature surrounded by a cooler gaseous sheagh.reaches itpeak thermal
conductivityat around 2000°K as opposed to air aid®0°K This difference enablé& to cool
much more effectively than air at lower temperatures and is thereforeoaenproficient manager of
recover voltages fastefThis faster time constant is appreciated in comparison to air when large
transienteffects prevalent in transmissiomltage levels are expected.

3& circuit breakers within theigher end of the
distributionvoltage range are most commonly detahk
designs. In th transmissiorvoltage spectrum, 13RV
installations are common in both dead and live tank
designs with the latter typically being older designst tthial
not incorporate bushing current transformers. From 132
upwards to the 50&V system in NSWesigns are .
exclusively livaank. Many in theExtra High Voltage (EHV) 0
range(500kV)incorporate multiple breaking chambers,
grading capacitors and shurdsistors to aid current =TT 1A)
interruption. Pictured right is an EH3& circuit breaker i
utilising duaiinterruption chambers and grading capacitorrr).' -

- =

3& circuit breakers utilise one of two different internal
interruption methods to extinguish tharc, ramely the
puffer method orself blast method.

Figure3-10 EHV SF6 Circuit Breaker
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The3& puffer circuit breaker uses an internal puffer piston action to compress the gas and raise its
pressure to aid cooling. The gas is forced througleffonnozzle during th@peningstoke, however

the heavy arc blocks the flow of the gas until the current decreases towards zero. This blocking
effect may increase the pressure within the cylinder to a pressure well in excessaii@um no

load pressure. A high energy mechanism is therefore requiressure the contact movement
velocity is maintained. As the arc approaches current zero the arc reduces in diameter allowing
maximum gas flow past the arc when it is most needed. If the recovery voltage is too great the arc
may restrike but will subsegently be attempted to be extinguished with high success at the next
current zero.

Figure3-11 Puffer SF6 circuit breaker opening sequence

The3& self blast circuit breaker utilises a valve between egian and compression gas volumes
formed upon an opening operatiokVhen interrupting low currents the valve opens under the
effect of the overpressure generated in the compression volame the arc is extinguished similar

to that in a puffer systemn the case of high currents interruption, the arc energy produces a high
overpressure in the expansion volume, which leads to the closure of the. raltheéssecond high
current case aelf blast circuit breaker uses the pressure increase created by the aoenpress

the gas whiclextinguishes the arc aurrent zero. It is possible to reduce the mechanism energy
requirement by 70% in a self blast circuit breaker. A self blast circuit breaker directs hot gas from the
arc into a heating volume adjacent thet nozzle. The hot gas mixes with cold gas in this constant
volume resulingin warm high pressure gas which returns to the arc zone at current zero. The gas
between the open contacts is cooled and interruption is achie\ielf blast pictured belo\a)
closed,(b) interrupting low current, (cinterrupting high current, and {dopen.

a d

Figure3-12 Self blast SF6 circuit breaker
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3.5 Maintenance

Transgrid, the NSW state transmissarthority employs the follow maintenance intervals and
corresponding maintenance checks to their high voltage circuit breaker invelges Appendix C)

Table3-1 Transgrid Circuit Breaker Periodical MaintenanceeCks

Interrupter Type

SF6 Types in  SF6 Types
normal Reactive
Plant

CBs other
than SF6

Q

k)

=
=
2
o
S

Maintenance Checks Required

Detailed
Inspection
Minor

Timing measurement X X X X X X X X
Insulaion resistance across breaks and t¢ X X

earth

Alarm, interlocks and indication X X X X X X X X X
Energy source measuremer{teechanical X X X X X X X X
tolerance and accumulator pressures)

Lubrication without dismantling X X X X X X X X
Air or hydraulic oil consumption on trip X X X X X X X

and close

SF6 gas density checks and pressure sw| X X X X X X
settings

Close and trip checks:

f  Operation checks (includes CO | X X X X X X X X X
checks)
X X X X
1  Point on Wave operation checks
Operating Mechanism Cin, cutouts X X X X X X X X X
Replace Hydraulic Oil X X X X X X
For Small OiNon Pressurised CB units X X

change the oil
For Small Oil Pressurised CB units chang

X
the oil
Bushing DDF (whe DDF point fitted) X X
Contact resistance measurements X X
Dynamic Contact Resistance X X X
measurements
Interrupter Inspection X X X
Condition Monitoring Device data X X X X X
download
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Table3-2 Transgrid Circuit Breaker Maintenance Intervals

Circuit Breaker Service Intervals (All Voltages)

CB Interrunter Tvpe Operational Detailed Minor Major Service
P yp Checks Inspection Service

SF6 Annual 4 yrs 8 yrs 2,500 ops
SF6on reactive plant Annual N/A 4 yrs 12 yrs or 800 op;
SF6 capacitor=80MVAr | Annual N/A 2yrs 12 yrs or 800 op;
Small Oil Annual N/A 4yrs 12 yrs, 800 ops
Vacuum Annual N/A 4yrs 12 yrs or 800 op;
Bulk Oil Annual N/A 4yrs 12 yrs or 800 op;

Soure:Table 21 & 22 (Transgrid, 2012)
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Chapter 4: Case Study- The Central Western NSW

Building upon the foundation knowledge 8% and high voltage circuit breakepsesented in
Chapters Two and Ther€hapter-ourundertakes aegioral case study to analyse actual data
concerning3& circuit breaker usage. Obtaining some meaningful figures conce8&ingircuit
breaker usage in Austrahaegions is an important first stefp anyfuture elimination or reduction
strategesof the environmentally potent substance

The case study seeks to determine the curreaal life market share @& circuit breakers as well
as the massgkg)of 3& gas currently in servic®ata is intended to be obtained across the entire
transmissiorand distribution voltage spectrum. Additionally, this chapter provides a hriafysif
the discoveedtrends in specific voltage range applicatiasswell as preferred design types and
ages of equipment

The case study focuses on the Central Weskagion of NSW. The region presents a fair mixture of
generation, transmission and distribution and supports é&6@0kV network. The region is
predominately rural but also supports some moderate urban centres as well as large coal and gold
mines.

Accuratedata detailing thenumber of circuit breakers and theamount of inservice3& in

kilogramswill enablethe calculation of annua#/ equivalentleakage and handing activities

emissionsThe primary purpose of the case studydagain a realist perspectiveas well as obtain

tangi bl e wor ki ng numb3& use. The datatobtaenedom! voenrthe basislai s t r
subsequent chapterseeking to evaluate possible elimination or reduction strategies and their
associated benefits
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4.1 Central Western NSW

To analyse the usage 8% gas in high voltage circuit breakers in Australia, a bounded Australian
geographical regimwas chosen in which to investigate and record relewkta. The chosercase
studyregion washased orthat of CentraMWestern New South WaleéwustraliaFor the purposes of
this research projectite region of Central West NSW was deemed appropsdate enables
convenient proximityfor data collection as well ggesenting aeasonablesample of thdarger
Australianelectrical network andechnology mix.

Thechosencase studyegion ofapproximately sixtyeight thousandsquare kilometrs is gorimarily
rural arealocated right in theneartof the state of New South Wale$ heregionlies inland, directly
west of Sydng andthe Blue MountainsWith a regional population d&37,064its majorurban
centres areBathurst Dubbo,Orange and.ithgow

Historically when the rural regions of NSW were first developing their electrical supply networks the
stat e’ s e lretare ouisideafl Sydnay was enmade up of numerous isolated smaller
networks managed blpcalcouncilgovernments These smalbften diesel generated, load centred,
NSW municipal networks were not connectedaostate wide scale until the formation of Eleicity
Commission in 1950. The eventual transmissietwork of initially 134V and later 330 and 50¢/,
connectedthe new largerbase loadyenerators tahe previouslyexistinglocal government

networks Onceconnected thdocallymanaged networks were eventually amalgamated iast@ér

state controlled authoritiesThelocal government aligneadonnected networks characteristic of

NSW s overall el ectrical net work enables conve
Richmond
Nweed
SRR North W estem Northern
MidNorth
Coast

Hunter

Central West
“-Sydney Surrounds
™ .
Murrumbidgee OQuter Sydney

Inner Sydney
Murray Wlawarra

South
Eastermn

Figure4-1 NSW Regiondlocal Governmerivisions
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TheCentral WesElectricalTransmissioiNetwork connects many of the Central Western Local
Government regionsThe case studsegionchosenfor evaluation is primarily based on the
transmissiometwork and therefordliffers slightly from thes t a allecated combined Central West
NSW Local Government region pictured below.

Dubbo

#¥Newcastle

\/ Orange ® ()

~ {
‘CentralCoast
3 £

Bathurstiest\CLithgow
) : 4

/

9

SWollongong
o

1

Figure4-2 Central West NSW Regiehocal Council Boundaries (NSW Government Region)

Thesubsequentase studyreaincludesadditionalLocal Government regiotkeyto the Central
West Electrical NetworkTheregions of Dubbo and Wellingtare therefore included in this scope
and the region dbBlandis excludedas Bland it is connected and supplsaelyfrom the southern
Murrumbidgee region.

?Newcast\e

Y Orange ® \/ {
Central Coast
o

Bathursthest s sLithgow
9.

\/

(Wollongong

f

Figure4-3 Central West NSW Regiehocal Council Boundaries (For Project Purposes)
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4.2 The Central Western NSW Electrical Power Network

A Single Line Diagram of the Central West Electrical region of whiclaskestudyegionis mostly
based on can be seen on the following page.

The diagram depicts thaéual 500kV line(purple)that runs from Bayswater tBannaby down the

western side of the Blublountains Theselinesconnect the major coal fired power stations near
Muswellbrook (Bayswate2640MW, Liddel 2000MW) to those near Lithgow (Mt Pip@dd00MW,
Wallerwang 1000AW). It alsorunsdown to the soutlern portion of the state (Yass, Goulburn,
Canberra). The Il ine was intended to eventuall
runs down the eastern side of the Blue Mountains from Newcastle through Sydney.

From the two 500 k\substations loc&d in the Central Wegegion (Wollar and Mt Piperg30kV

lines (blue) from each run out west to the town of Wellington near Dublbcadditionaldual 330kV
line connects Mt Piper Sstation to Wallerwang Substation and also runs across the Blue
Mountatins to help feed the western portion Sydnéye 13XV netvork (red) connects the major
centresof the Central West (Bathurst, Dubbo, Orange etc) to each other and also back to tke 330
Substations. From there the &V (Brown) feeders supply the olddab Government Networks with
some 66KV interconnections between regions allowing for outage baekling and further
redundancy.

The followingieedersand substationgPink)and their associated HV Circuit Breakers have not been
included in the evaluatioscope for the subsequent reasons:

The 13&V*“940" and“941" feeders to Katoomba and Lawson out of Wallerwangk\33ubstation
have been excludeds they lie outside theCentral West region (considered more Blue Mountains or
Outer Sydney) and are alboth maintained by Endeavour Energy of which accedisdio siteswas
unavailable.

The 66kV“852 feeder out of Beryl 13RV Substation to Dunedoo and Coonabarates also
excludedas these sites are geographically substantially north of the choseonragid site

visits/data collection proved beyond time constraints.

The case study does include however, the circuit breaker equipment associated with the high

voltage lines that connect the Central West back to the rest of th&/ §8d. The reliabilitpf the

Central West network requires alternate supplias does the rest of the state requirthe Gentral
West’'s infrastructure to aikd/ i“thsA3r, edl, i6& b7i"[7 6 tt yhre
777 lines to kSW d‘n8e9ylytaing.dn et hteo 6 6

Consequently thease studyegionislargely based on the Central West Transmission Network

where possibleThe final region takes in the Local Government areas of Bathurst Regional, Blayney,
Cabonne, Cowra, Dubbo, Forbes, Lachlan, Lithgow\Wéiglern Regional, Oberon, Orange, Parkes,
Weddin and Wellington. has 14Transmission Substations and Bistribution Substations.

The major load centres for the Central West include Cadia MioghRarkes Mine, Dubbo, Orange
and Bathurst

The region presnts an adequate mix of high voltage circuit breakers across all voltages levels
present in NSW (56001 kV).
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Table4-1 SubRegional Break Down of Case Study Area

SubRegon

Area

Population

Dwellings

Major Towns

Substations

Chapter 4

Generation

(MW)

Bathurst 3830 38432 15852 | Bathurst 1 Transmission
Regional 4 Distribution
Blayney 1520 6991 3020 | Blayney 2 Distribution 9.9 MW
Carcoar (wind)
Milthorpe
Cabonne 6080 12815 5586 | Cargo 2 transmission | 1 MW
Cudal 3 Distribution (landfill)
Manildra
Molong
Cowra 2780 12141 5840| Cowra 1 Transmission | 22.5 MW
Woodstock | 1 Distribution (hydro)
Dubbo 3410 38747 16054 | Dubbo 6 Distribution
Forbes 4750 9217 4174 | Forbes 1 Transmission
3 Distribution
Lachlan 15060 6509 3223 | Condobolin | 2 Distribution
Lithgow 4530 20050 9420 | Lithgow 4 Transmission | 2400 MW
Portland 1400 MW*
Wallerwang (black coal)
Mid- 8750 22391 10899 | Gulgong 2 transmission
Western Kandos 6 Distribution
Regional Mudgee
Oberon 3660 5027 2597 | Oberon 2 Distribution 1.32 MW
(wind)
Orange 280 38002 16048| Orange 2 Transmission
4 Distribution
Parkes 5970 14612 6564 | Parkes 1 Transmission
Peak Hill 3 Distribution
Tullamore
Trundle
Weddin 3410 3647 1832 | Grenfell 1 Distribution
Wellington 4120 8483 3770 | Wellington 1 Transmission | 14.5 MW
Geurie 4 Distribution (hydro)
14 Transmission
Total 68150 237064 104879 41 Distribution | 2449.2 MW
1449.2 MW*

*Note: Wallerawang: EnergyAustraia advises that Wallerawang C unit 7 (500 MW black coal) has been removed
from service in January 2014. Unit 8 (500 MW) will remain available until the end of March 2014, and will then be

placed on a threemonth recall should market conditions change(AEMO: Australian Energy Market Operator, 2014)
reducing regional generation by 1000 MW

Sourcg(Google Maps: NEM Power Stations and Generation Sources, 2014)

(NSW Governmeng014)
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4.3 Data Collection Aim

The aim of the case study data collection is thexb relevant information on high voltaggrcuit
breakers in the case study region to obtain an overall insight3&tayas utilisation in this field.

3& insulatedhigh voltagecircuit breaker equipment has been utilized in NSW since its introduction
inthe7 0.’Asange of HV circuit breaker designs, models and insulation types are available in the
transmissiorand distributionindustries. An exact market share as well as an insight into technology
trends would be vital information for analysis of any even&l equipment replacement or

reduction.

The case study region data collection phase seeks to obtain informatimeicting the exact
numberofins er vi ce HV circuit breaker s sapdtransntissiong t
requirements. The exact proportion of HV circuit breakers utili8&gfor insulation orcurrent
breakingpurposes ishe most desirabl®bjective second to the mass in kilograms e$@mvice3&

gas. Subsequent relevant data concerning the possible trend towards replacing ed&non

insulated equipment with newes& models and tie growth of new infrastructure utilising&

equipment is also intended to be sort. Additionally, information on HV circuit breaker design types
(e.g. Deadrank or Liv&ank) and their respectiv@: gas mass amounts and market share trends is
desirable.

High voltagecircuit breaker data can be sortfromh e e qui p me n t-platedetaise ci f i ¢

+  ALSTOM

Typeides@natloin B e S1-145 F1 SYN Rated line-charging breaking current 50 A
Serial number = 9827-10—2037018/1 Rated SF,-gas pressure for interruption P, 0.68 MPa
@F’ !tlnqge B 7 145 kV |Rated supply voltage of
@Mnmg imp withstand volt;ge 7 7@0 kV |closing and opening device 125 vDC
Rated switching imp wutﬁstarnd voltage e kV |Rated supply rvcﬂége of auxiliary circuits 125 VDC
Rated frequency = 50 Hz | Rated supp|y7vataég of motor 125 VDC
Rated normal current 3150 A |[Contains fluorinated greenhouse gases covered by
Rated duration of short-circuit 3 s [the Kyoto Protocol
Rated short circuit breaking current 40 kA |Mass of SF,-gas 11.6 kg
First-pole-to-clear factor 1.5 Mass 1515.6 kg
Rated out-of-phase breaking current 10 kA |Rated operating sequence 0-0.3s-C0-3min-CO
Year of manufacture 2012
Temperature class -30...+445°C
Period Contract Q11/10C Stockline No. TE10 724 [Stockcode No. 3594835 Component No. TG008683
\” EN S 2 004 802 ALSTOM Grid GmbH L'I'Made e i \'/_
, Lilienthalstrasse 150, 34123 Kassel Germany Closed pressure system

Figure4-6 Example HV Circuit Breaker Napiate
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4.4 Data Collection Methodology

The process of collectindata regarding the quantities @& gas in irservice HV circuit breaker
equipment in Central West NSW began with investigating the number and locatédin of
transmissiorand distributionsubstations withirthe boundarief the chosernregion.

Access tahe 14 transmissiomand 41 distributiorsites was achievable by means of personal or
colleague employment with the relevant utility infrastructure owners, namelydgad (NSW
Transmission) and Essential Energy dNmtro NSW Distribution).

Note: Employee site access would not necessarily be considered crucial to the investigation as
similar results could have been compiled with mere site location knowledge, GBatjie circuit
breaker types/nameplate information, internet researchand staffcompany public relation officer
interviews Allof the Central West substations aveewable to the general public through mesh
security fences anis concealedl1kV indoorequipment was most commonly not 8& types.
Employee site access did howewadlow for a more accurate and comprehensive data collection.

Site visits were conducted over the two month period of June and July ini2@bgordance with
Transgrid and Egntial Energy substation entry safety rules by exigtiaigedinducted staff.

Where site visits were not feasible employee local knowledge and utility data base information was
sort by means of interview/discussion.

Upon site visitsthe substation same,address global positioning coordinates andltage levels
were recordedAllindividual HVand MVcircuit breakeraverethen investigatedand their attributes
recordedtaking into comideration the voltage level, manufacturer, model, type and ingomhat
medium. If the insulation medium was that8%. gas the mass of the contained gas in kilograms
was recordedThe relevant circuit breaker attribute information can be sourced from the circuit
breaker nameplate. All high voltage equipment has imdividualised namelate attached to it in a
readable location. The nam@ate contains vital information relevant to that piece of equipment
includingmanufacturer model number, mass, manufacture date, service voltage and other
individualised information.

In some transmissiogubstations it was noted that a proportion ofHivetank circuit breakers
utilised3& filled associatd post current transformex(CTspand therefore the mass oB& gasin
theseassociated GlTwas recaded as wellEquipment installation datewere desirable but exact
dates proved difficult to obtain in all circumstances. An installation window of whether or not the
equipment had been installed within the last five years wassidered obtainable to gasm
approximate trend in new equipment and aging equipment replacements. Installation information
was located frononsite log books, utility data bases, and onsite employee interviews.

The Recorded information was then tabulated in a large Excel spreatitshalow for convenient

data analysis and quer¥he site global positioning coordinates were used to map the case study
substations sites on Google Earth. The 55 Google Earth sites were then connected by their respective
transmissiorand distributionlines for presentation purposes.
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4.5 Results

A simplified representation of the obtained data collection results from the case study area is

presented below.

4.5.1 Transmission Sites Results

Table4-2 Transmission Sites Circuit Breaker Data

Circuit Breaker

Make =~ Model Type kv Inst5yrs
Wollar 500kV Siemens | 3AP2F22 SF6 Live Tank 500 64.4 3
Barigan Rd, Wollar
Mt Piper 500kV Siemens | 3AP3F12 SF6 Live Tank 500 96.7 10
Boulder Rd, Portland Sprecher | HGF215/2B SF6 Live Tank 330 33 7
Siemens | 3AP2F1 SF6 Live Tk 330 64.4 2
Siemens | 3AQ2 SF6 Live Tank 330 24 6
ASEA HLR 145 250E | Small Qil Vol 132 0 1
Wallerawang 330kV Areva GL 315 SF6 Live Tank 330 40.4 7
Heel St, Wallerwang Areva GL 315 SF6 Live Tank 330 40.4 | Yes 2
M &G FA2 SF6 Live Tank 330 40 3
Siemens | 3AS 2 SF6 Live Tank 330 43 2
Wellington 330kV Siemens | 3AS 2 SF6 Live Tank 330 43 5
Goolma Rd, Weligton Areva GL315 SF6 Live Tank 330 40.4 2
Siemens | 3AP1DT SF6 Dead Tank| 132 26.7 | Yes 1
ABB LTB145D1 SF6 Live Tank 132 5 4
ASEA HLR 18 250E Small Oil Vol 132 0 8
Alstom S1145F1 SF6 Live Tank 132 11.6 1
Wallerawang 132kV Areva DT1 145F1 SF6 Dead Tank| 132 34 | Yes 13
Heel St, Wallerwang Areva DT1 72.5F1 SF6 Dead Tank 66 13 | Yes 11
Mt piper 132kV ASEA HLR 145 29 Small Oil Vol 132 0 6
Boulder Rd, Portland ASEA HLR 84 2501B | Small Qil Vol 66 0 7
Beryl 132kV Areva GL 312 SF6 Live Tank 132 9.9 2
Beryl Rd, Beryl Siemens | 3AP1FG SF6 Live Tank 132 9.8 2
Areva GL 309 SF6 Live Tank 66 7.4 3
ASEA HLC 72.5 Small Oil Vol 66 0 1
Siemens | 3AP1FG SF6 Live Tank 66 4.5 2
Siemens | 3AP1DT SF6 Dead Tank 66 13.7 | Yes 3
Orange 132kV ASEA HLD 145 Small Oil Vol 132 0 1
William St, Orange Siemens | 3AP1FG SF6 Live Tank 132 9.8 2
Siemens | 3AP1DT SF6 Dead Tank| 132 26.7 4
ABB LTB145D1 SFaLive Tank 132 5 1
Siemens | 3AP1DT SF6 Dead Tank 66 13.7 3
Delle HPGE 9/12E Small Oil Vol 66 0 12
Orange North 132kV Areva DT1 145F1 SF6 Dead Tank| 132 34 | Yes 13
McLachlan St, Orange
Panarama 132kV ASEA HLR 145 250E | Small @ Vol 132 0 4
Mid-Western Hwy, Bathurst| ASEA HLC 72.5 Small Oil Vol 66 0 8
Alstom GL 390 F1 SF6 Live Tank 66 6 2
Cowra 132kV Siemens | 3AP1DT SF6 Dead Tank| 132 26.7 2
Bulkhead Rd, Cowra Siemens | 3AP1FG SF6 Live Tank 132 9.8 2
Alstom S1145F1 SF6 Live Tank 132 9 2
Semens | 3AP1DT SF6 Dead Tank 66 13.7 1
ABB EDFSk1 SF6 Live Tank 66 2.5 7
Alstom GL 390 F1 SF6 Live Tank 66 6 2
Forbes 132kV Alstom S1 145 FB SF6 Live Tank 132 12 2
Newell Hwy, Forbes Areva S1145FB SF6 Live Tank 132 12 1
ASEA HLR 145 250 Small Oil Vol 132 0 2
Alstom S1725F1 SF6 Live Tank 66 3 3
Siemens | 3AP1FG SF6 Live Tank 66 4.4 2
GEC FXT9 SF6 Live Tank 66 3.5 2
ABB SK 1 SF6 Live Tank 66 2.5 1
Delle HPGE 9/12E Small Oil Vol 66 0 2
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Make =~ Model Type kv Inst5yrs
Parkes 132kV Siemens | 3AP1DT SF6 Dead Tank| 132 26.7 | Yes 2
Pat Meredith Dr, P&es Sprecher | HGF 312 SF6 Live Tank 132 6 4
GEC FXTO SF6 Live Tank 66 3.5 4
Siemens | 3AP1DT SF6 Dead Tank 66 13.7 | Yes 3
Areva GL 390 F1 SF6 Live Tank 66 6 1
Molong 132kV Alstom S1145 F1 SF6 Live Tank 132 9 4
Delight St, Molong Alstom S1725F1 SF6 Live Tank 66 3 3
Reyrolle | LMVP Vacuum 11 0 6
Manildra 132kV Alstom S1145F1 SF6 Live Tank 132 9 3
Old Orange Rd, Manildra Siemens | 3AP1DT SF6 Dead Tank| 132 26.7 1
Reyrolle | LMVP Vacuum 11 0 9

4.5.2 Distribution Sites Results

Table4-3 Distribution Sites Circuit Breaker Data

Circuit Breaker

Make Model Inst 5yrs
Bathurst 66kV Alstom unknown SF6 Dead Tank 66 13 | Yes 10
Russell St, Bathurst Email J18 Bulk Qil 11 0 9
Bathurst Uni 11kV Holec unknown Vacuum 11 0 1
Blayney 66kV Reyrolle | LMVP Vacuum 11 0 10
Marshall Lane, Blaney Siemens | 3AP1DT SF6 Dead Tank 66 13.7 6
Burrendong Dam 66kV unknown | unknown unknown 66 0 1
Canowidré6kV Hawk Sid | Horizon SF6/Vac 11 2.6 2
Eugowra Rd,@owindra Sprecher | FXTO SF6 Live Tank 66 35 1
Condobolin 66kV Hawk Sid | Horion SF6/Vac 22 2.6 9
Maitland $, Condobolin AEI LGIC/44 Bulk Qil 22 0 1
Siemens | 3AP1DT SF6 Dead Tank 66 13.7 5
Cowra 66kV M& G Evolis 17P1 Vacuum 11 0 14
Wyangla Rd, Cowra Siemens | 3AP1DT SF6 Dead Tank 66 13.7 | Yes 2
Cumnocke6kV Kyle KFME OilRecloser 11 0 4
Baldry Rd, Baldry Siemens | 3AP1FG SF6 Live Tank 66 45| Yes 1
Dubbo132kV Delle HPGE 9/12E Small Oil Vol 66 0 1
Wheelers Lane, Dubbo Siemens | 3AP1DT SF6 Dead Tank 66 13.7 7
Sprecher | FXTO SF6 Live Tank 66 3.5 2
Alstom S1725F1 SF6 Live Tank 66 3 1
Siemens | 3AP1FG SF6 Live Tank 66 4.5 1
ABB EDF SK1 SF6 Live Tank 66 2.5 1
Oerlikon | TOF 60.6 Small Oil Vol 66 0 1
ASEA HLR 145 2502B| Small Qil Vol 132 0 1
Siemens | 3AP1DT SF6 Dead Tank| 132 26.7 5
Alstom DT1 145F1 SF6 Dead Tank| 132 34 1
Specher | HGF 112 SF6 Live Tank 132 4 1
Dubbo Soutl 32kV Siemens | 3AH52042 Vacuum 11 0 10
Boundary Rd, Dubbo Areva DT1 145 F1 SF6 Dead Tank| 132 34 | Yes 4
Dubbo West 132kV Reyrolle | LMVP Vacuum 11 0 9
West St, West Dubbo Siemens | 3AP1DT SF6 Dead Tank| 132 26.7 4
Eulomogo66kV M& G Evolis 17P1 Vaccum 11 0 10
Sheraton Rd, Dubbo ASEA HLR 72.5 Small Oil Vol 66 0 4
Forbes 66kV
Patterson St, Forbes M&G Evolis 17P1 Vaccum 11 0 14
GeuriellkV Nu-Lec N15 SF6/Vac 11 1.8 1
Mitchell Hwy, Geurie Nu-Lec uU15 Vacuum 11 0 3
Grenfell 66kV Kyle KFME OilRecloser 11 0 4
Cowra rd, @nfell Sprecher | FXT9 SF6 Live Tank 66 3.5 1
Gulgong 66kV
Hsher St, Gulgong M &G DM1-A SF6 Live Tank 22 2 3
liford 132kV ASEA HLR 145 2502B| SmallOil Vol 132 0 1
Iiford Hall Rd, llford Siemens | 3AP1DT SF6 Dead Tank 66 13.7 1
Areva unknown SF6 Dead Tank 66 15 1
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Make

Model

Circuit Breaker

Type

kv

Inst 5yrs

b2z®

Schnider | unkown SF6 Dead Tank 66 2.9 1
Lake Cargellico 66kV
LakeRd, Lake Cargelligo Nu-Lec N24 SF6/Vac 22 1.8 2
Mandurma 66kV Nu-Lec N24 SF6/Vac 11 1.8 3
Felltimber Rd, Mandurama | Reyrolle | 66 OSM Small Oil Vol 66 0 1
Molong 66kV Galileo OCEG60 Small Oil Vol 66 0 3
South St, Molong W’ h o u| unknown Bulk Oil 11 0 2
Moolarben 66kV
Ulan Rd, Ulan Siemens | 3AP1DT SF6 Dead Tank 66 13.7 | Yes 1
Mudgee 132k Hawk Sid | Horizon Vacuum 22 2.6 10
Mortimer St, Mudgee GEC GL 107 SF6 22 2.5 1
Delle HPGE 9/12E Small Oil Vol 66 0 1
Siemens | 3AQ1FG SF6 Live Tank 66 44| Yes 1
Mumbil 11kV
Neirea Rd, Mumbil Kyle KFME OilRecloser 11 0 3
Oberon 132kV ABB SACE HA1/ZC | SF6 11 1 12
Lowes Maint Rd, Oberon ABB LTB145D1 SF6 Live Tank 132 5 3
Oberon 66kV M &G Evolis 17P1 Vacuum 11 0 10
O’ ofnell Rd, Oberone ASEA HLC 72.5 Small Oil Vol 66 0 1
Siemens | 3AP1DT SF6 Dead Tank 66 13.7 1
Orange Industrial 66kV BBC HBS 12.06.25C | SF6 11 1 11
Cleargate Rd, Orange EIB HPFA 409G Small Oil Vol 66 0 4
Orange North 66kV
March St, Orange Reyrolle | LMVP Vacuum 11 0 14
Orange South 66kV Reyrolle | LMVP Vacuum 11 0 17
Lords Place, Orange Siemens | 3AQ1FG SF6 Live Tank 66 4.4 | Yes 3
Siemens | 3AP1DT SF6 Dead Tank 66 13.7 | Yes 3
Orange West 66kV GEC SBV2 Vacuum 11 0 11
Glendale Cre<Orange Siemens | 3AP1DT SF6 Dead Tank 66 13.7 1
EIB HPFA 409G Small Oil Vol 66 0 3
Parkes TowB6kV Siemens | 3AH52042 Vacuum 11 0 15
Brolgan Rd, Parkes Siemens | 3AP1DT SF6 Dead Tank 66 13.7 4
Sprecher | FXTO SF6 Live Tank 66 3.5 1
Paytens Bridge 66kV AEI JB821 Oil 11 0 3
Paytens Bridge Delle HPGE 9/12E Small Oil Vol 66 0 1
Peak Hill 66kV Nu-Lec N15S SF6/Vac 11 1.8 4
Whitten Park Rd, Peak Hill | Siemens | 3AP1DT SF6 Dead Tank 66 13.7 | Yes 1
Phillip St (Dubbo) 66kV
Phillip St, Dubbo Reyrolle | LMVP Vacuum 11 0 13
Raglan 66kV Siemens | 3AF01434 Vacuum 11 0 8
Adrienne St, Raglan Areva GL 107 SF6 Live Tank 11 2.5 3
M&G Evolisl7P1 Vacuum 11 0 3
Hawk Sid Vaccum 11 2.6 1
ASEA HLC 72.5 Small Oil Vol 66 0 4
Stewart 66kV GEC SBV2 Vacuum 11 0 11
Mitchell highway, Bathurst | ASEA HLC 72.5 Small Oil Vol 66 0 5
Trundle 66kV Hawk Sid | Horizon Vacuum 22 2.6 4
Back Trundle Rd, Trundle | Nu-Lec N15S SF6/Vac 11 1.8 3
Siemens | 3AP1DT SF6 Dead Tank 66 13.7 1
Ulan 66kV
Ulan Rd, Ulan Nu-Lec N24 SF6/Vac 22 1.8 3
Ulan Switch 66kV Siemens | 3AQ1FG SF6 Live Tank 66 4.4 1
Ulan Rd, Ulan ASEA HLC 72.5 Small Oil Vol 66 0 6
Wellingtan Town 132kV M& G Evolis 17P1 Vacuum 11 0 9
Pierce St, Wellington ASEA HLC 72.5 Small Oil Vol 66 0 3
EIB HGF 312 SF6 Live Tank 132 4 1
West Jemalong 66kV Reyrolle | LMVP Vacuum 11 0 7
Condobolin Rd, West Siemens | 3AP1DT SF6 Dead Tank 66 13.7 | Yes 2
Jemalong Siemens | 3AQ1FG SF6 Live Tank 66 4.4 4
Yarrendale66kV ASEA HLC 72.5 Small Oil Vol 66 0 1
Yarrendale Rd, Yarrendale | Siemens | 3AP1DT SF6 Dead Tank 66 13.7 | Yes 1
Reyrolle | LMVP Vacuum 11 0 10
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4.5.3 Results Graphics

Circuit Breakers Less than 166

= Vacuum

m Bulk Oil
SF6/Vacuum

m SF6

135.4kg of SF6

Figure4-7 Pie Chart of Case Study Resulf$rcuit Breaker Types (less than 66kV)

The below 66&kVrangewas made up of the 11 and X¥ distributioncircuit breakers. In this range
the 312circuit breakersthe majority utilised vacuum interrupters. A moderately low numbeB&f
breakers were recordedrhe42 3& /vacuum models only usg& gas for phase to ground
insulation, utilising vacuum interrupters for current breéady

Circuit Breakers 66kV

m SF6 Live Tank
SF6 Dead Tank
m Small Oil Volume

1121.7kg of SF6

37%

Figure4-8 Pie Chart of Case Study Resulfircuit Breaker Types (66kV)

Above 66&Vthe choice of circuit breaker wdisnited to either3& dead/livetank orSmall Oil
Volume(SOV) Designs. Tih88 Circuit breakers saw a nearly equal share of the three types.
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Circuit Breakerd 3V

m SF6 Live Tank
SF6 Dead Tank
m Small Oil Volume

1840.5kg of SF6
46%

Figure4-9 Pie Chart of Case Study Resulf§rcuit Breaker Types (132kV)

Thel09132KkV ciraiit breakers displayed a surprisingly large market share of the pop&laiead
tank design type. This number was contributed by two fairly recently constructe&\132bstations
in the case study area that utilised only detadk designs.

Circuit Breakers330kV and Above

m SF6 Live Tank

2529.4kg of SF6

Figure4-10 Pie Chart of Case Study Resulfsrcuit Breaker Types (330kV and Above)

The49, 330kV and above circuit breakers were28 live-tank models. In this range few othe
designs can functionally compete.
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4.6 Age of Oil Circuit Breakers / Growth of ne Circuit Breakers

The case study revealso main types of high voltage circuit breakers in:u8mall Oil VolumésSOV)
and3& . The NSW state transmissianthority Transgrid, suggests in its Netwdnagement Plan
2011-2016(see Appendix Ohat:

“Small Oil Volumeircuit breakers are how considered to be obsolete technology and this type of
circuit breaker is no longer generally available. Maintenance costs for this type of circuit breaker are
higher than SF6 unitsnd a substantial level of maintenance knowledge and effort are required to
ensure continued reliability of the circuit breakers. Support for these circuit breakers from
manufacturers is limited as this type is no longer suppli€transgrid, 2011)

Transgrid indicates that an expected economic life Eivaircuit breaker is up to 40 years or shorter
taking into consideration reliability and supportability. Transgrid and the distribatighority
EssentiaEnergy conduct economic evaluatiams circuit breaker replacements on a case by case
basis. Occasionally entire model replacements are recommended where trending data indicates
future type fauls area high possibility.

Aging circuibreakerreplacenent is not limited to obsolete Small Oil Volurtyges but can also
encompass earl$& designs (19782987). These designs have also proven to be prone to type faults
(e.g. corrosion, gas leaks) and refurbishment programs have been largely proven unsuccessful

Transgrid as an entire compaagnploys 1483 high voltage circuit breakers in its NSW transmission
infrastructure, ranging from 500kV. The company stopped purchasBmall Oil Volumgype
circuit br eaker s adiminishifg@aumbex of the a§ifg technaogydstill inasesvice.
The overwhelming majority of obsolefmall Oil Volumeircuit breakers are replaced with ne3&
models in the 3%V and above voltage range

Ageof In-serviceCircuit BreakergTrarsgrid)

400
350
300

250

200 I

150

100

: EER

1965-1969 1970-1974 1975-1979 1980-1984 1985-1989 1990-1994 1995-1999 2000-2004 2005-2010
Time Period Purchased

m Small Oil Vol = Bulk Oil mSF6 = Vacuum

No. Circuit
Breakers

Figure4-11 Bar Graph oTypes of Circuit Breakers Purchased 12650 (Trangrid)
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Table4-4 Circuit Replacements from 2011 Onwards

Make Model Type Install Project No.in Case No.in Case

Date Time Study Area  Study Area
Range Frame  (Transgrid) (total)

Brown Boveri | ELF SF6 66| 198186 2013 0 0
Delle HPGE | Small Oil Vol| 66| 197375 2018 14 17
ASEA HLD Small Oil Vol| 132| 196881 2020 1 1
M&G FA1 SF6 132| 198086 2013 0 0
ASEA HKEY | Small Oil Vol| 132| 195760 2011 0 0
ASEA HLR Small Oil Vol| 132 | 197284 2014 21 23
Sprecher HPF Small Oil Vol| 330| 197681 2015 0 0
Mé&G FA2 SF6 330| 198084 2019 3 3
M&G FA4 SF6 500| 198283 2017 0 0
ASEA HLR Small Oil Vol| 66 1983 as req. 16 20
Magrini Bulk Oil 11 | unknown 2016 0 0
Siemens 3AS2 | SF6 330| 198284 | asreq. 7 7
Siemens 3QS2 | SF6 330 | 1991-93 as req. 6 6
Total: 68 77

Source(Transgrid, 2011)

Tr ans gi-2046 Netw@&kMardagemd Plan identifies 1BV circuit breaker models it plans on
replacing in the next five years. Six of these modelsSanall Oil Volumgypes in the 66&V and
above voltage range which will more than likely need to be replaced3&itimodels.

If Essentl Energy follows a similar replacement strategy as Tranggérglausible that #otal of 61
new 3& type HVcircuit breakers coultde installedn the case study area in the next five years.

An analysis of the new equipment installackrosshe ca® study area in the previous five years
presents that ofacoincidental 61 newly installed circuit breakers-E& kV)all of which were3&

type.

Of these 61 new installations in the -882kV range themajority were of deadtank type
construction. [Badtank 3& circuit breakers contain significantly mo3& gas then their livaank
counterparts. The average &% 3& deadtank contains 1¥g of3& gas compared to the average
3& live-tank that contains about #g. The 13XV 3& circuit breaker range sees about a RJ to
10kg difference in the deathnk and livetank designs respectively.

The 66kV3& circuit breaker range saw 95% of new installationsinithe last 5 years to be
deadtank type constructiorwith the Siemen8AP1DT being the most populdie 13XV range

saw a 100% market share of newly instaB&d deadtankswith the Areva DT1 145F1 the most
popular in this rangeThe deaetank type construction is often stipulated in the model number with
the IBTters *
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Newly InstalledCircuit Breaker$6kV (Casey Study)

m Siemens 3AP1DT

Siemens 3AP/Q1FG
m Areva DT1 72.5F1
m Alstom DT 72.5

Figure4-12 Pie @art of Case Study Resuli®ewly Installed Circuit Breaker Types (66kV)

Newly InstalledCircuit Breakerd 32kV (Casey Study)

m Siemens 3AP1DT

Areva DT1 145F1

14
74%

Figure4-13 Pie Chart of Case Study Resdli¢ewly Installed Circuit Breaker Types (132kV)
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4.7 Dead-Tank vs Live-Tank

From the case study results itdpparent that deaetank type circuit breaker construct is the
preferred design type of ne®& circuit breakeiinstallationsin the 66132kV rangeOf the 205 in
service3& 66-132kV circuit breakers in the case study region 119 (58%) were-thaaids.
Deadtank designs in NSW have beestalled from2001 onwards. Many manufactures including
SiemensAlstom, Areva and Mitsubishi offer competitive detathk designsDeadtank designs
requireroughly three times thé& gas needed for insulation purposes then their live tank
counterparts.This last dcadeé movement towards deadank designs is seeing a growing shift in
their installationsand consequentla growing amount of in servi@& gas.

132V & 66kVSF6 Dead Tank vs Live Tank Compar{§€asey Study)

132kV 50
66kV 69
0 20 40 60 80 100 120 140
66kV 132kV
SF6 Dead Tank 69 50
m SF6 Live Tank 51 35

Figure4-14 Bar Chart 132kV and 66/8F&Dead Tank and Live TaBkmparisons

Deadtank designs are seen as preferabtethey allow for the interrupter tank to be located at
ground voltage potential ¢ on szardpotertiad THe designd” i n
type allows for the tank to be safely contactable during operating conditions.

Thedead ank design’s main advantage is that it al
bushing type, current transformers on both sidddfwe interrupter. Current transformers are vital

for conveying a useable, reduced ratio, representation of the primary operating current. The

reduced secondary current is supplied to protection and metering relays which monitor and operate
the circuit breakerin the event of a high current faulTHs reduced representative current supplied

to the relays allows for smaller secondary cable ssresreduced relay component insulatiofihe

deadt ank’ s all in one compact -tadkedssiggwhichuslises een as
separate high voltage “post currenvetankr ansf or 1
infrastructure arunwanted overall larger installation footprint
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4.8 SF6Metering Current Transformers

Although livetank 3& circut breaker designs exhibit lower amounts of requi@& gas inslation,
this is not alway$he case given the overall infrastructuneededfor circuit breaker operation.
When considering a circuit r e a kuerent transformer (CT) requirements, addital 3& may not
have been accounted for.

As mentioned previously, laigh voltage circuit breaker requirextremely accurat€Ts taonvey
smaller representative currents to protection relays. The protection raléijise the secondary
representativecurrents to deermine whetherthe circuit breaker needs to operate in the event of
large fault currents. Liveank circuit breaker designs minimise the overall required amount of non
solid insulation medium (oil @& ) by housing only the interruptionessel (or tank) atopolid-
dielectricpost insulators. Unlike the deadnk design the require@Tsare not housed within the
sameunit Being that the interruption t an/MKurthes hel ¢
insulation and a cumbersome designCTewoul d be r e

As such, th&€Tgequired for livetank circuit breakers are housed inside or on top of separate,
speci fic hi €T .v oTl hteasgee ,sepAsuetyeCirestly ddjacerd structures in
series with the circuit breaker.

Traditional H\CTanost commonly consisdo f a i “‘nHaiprmrp mary codowhuct or t
though multiple toroidal current transformers all submerged in insulatihgrhe submerged

current transformers are hougkin a tank at ground potential whilst the hairpin extends up though

the post porcelain housing to the high voltage conductésthe transformer oil is rarely subject to

arcing the oil does not suffer the same high maintenance regasssciated with carbonising circuit
breaker oi] however it does still require periodic monitoririgor this reason oil po&Tshave been

regarded as adequate for their purpose however rising maintenance and condition monitoring cost
have seeran onsetof new designs.

Livetank post CTs are a more modern design where the primary conductor and current transformers
are housed in a tank held at the livperating voltage atop a post intor. The secondary wiring is
insulated ad taken to ground. This desigften utilises3& as the tank filled insulation medium.

The shorter primary conductaf this arrangemengives better rigidity and high short circuit current
withstanding capability.

In the case studgrea 46 livetank circuit breakers were observéol have3& insulated adjacent
post CTaitilising a total of 423%g of3& . Three CTs per circuit breaker gave a total of 388
insulated CTDisregarding the 50KV range where 100% of circuit breakers 3&e live-tanks with
3& postCTs, the post CT equipment category adds a further 2304.6kg of in s2&vitethe case
study area.

33% of 33V circuit breakers the case study are@ll livetanks in this range) utilise8&
i nsul at ed p o skVra@d25563% dbettanks isedB&1li3n2zs ul at ed post CT
of 66kV livetanks
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Table4-5 Case Study AreS8F6Current Transformer Results

Circuit Breaker CT Totalng
Make Model ne (kg)per CT (X))
Forbes 132kV Areva |S1145FB | 132 1 13.5 40.5
Molong 132kV Alstom | S1725F1 66 3 6.4 57.6
Molong 132kV Alstom | S1145F1 132 4 6.6 79.2
Orange 132kV Siemeng 3AP1FG 132 2 13.5 81
Mt Piper 500kV Siemens| 3AP2F1 330 2 25.7 154.2
Wallerawang 330kV| Areva | GL 315 330 2 25.7 154.2
Wallerawang 330k\| Siemeng 3 AS 2 330 2 25.7 154.2
Wellington 330kV | Areva | GL315 330 2 25.7 154.2
Wellington 330kV | ABB LTB145D1 | 132 5 13.5 202.5
Wallerawang 330kM M & G | FA2 330 3 36 324
Wollar 500kV Siemens 3AP2F12 500 3 49.6 446.4
Wallerawang 330kV| Areva | GL 315 330 7 43 903
Mt Piper 500kV Siemensg 3AP3F12 500 10 49.6 1488
Total 46 4239

Figure4-15 Livetank CircuitBreakers with adjacent SF6 Post CTs (left) and QOil Post CTs (right)
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4.9 Re-closers

Another important consideration in the case study dre&&& quantities is that of Line Relosers A

Line Recloseris a pole mountedircuit breaker hat resides outside the substati@iong MV
distributions linegmainly 1122 kV)to sectionalise the line in the event of a fault. In particular on
long sections of radial lines, the use of multipledResers enables a minimum amount of supply loss
to customers. When a fault occurs on a radial line the closestléser upstream of the fault will
operate. The operation of the Rdoser cuts supply to the downsiam faulted section of line whilst
ensuring supply is unaffected upstream. AdReser ears its name from its ability toerclose
automatically after a small time delay post fault operation. This time delay often letgramipous

fault instigators, such as a fallen tree branch, clear and sugppistored open relosing. A B
closercanoftenbe et t o operate or “trip” and then cl os
fault a chance to cleaMainly rural feeders utilise Reosers due to their long distance nature
where it would be inconvenient to lose supply to the whole line when thit faould be sectioned
off only at the extreme end.

Evaluation of every feeder in the -RRkV range in the case study area would be a large evaluation.
For the pupose of this research project tenral feeders were chosen at random and the types of
Reclosers utilised recorded.

Table4-6 Feeder Recloser Numbers: Case Study Sample

Recloser Insulation

Make Medium

Noja 1 1 1 1 4 2 2 2 1 2 Soliddielectric
Reyrdle 1 1 1 1 1 Qil

Lexington | 4 2 3 1 Oll

Nu-LecN 3 6 4 4 3 3 4 3 2 SFé&Vacuum
Nu-LecU 2 3 2 2 2 3 3 Soliddielectric
Nu-LecW 1 Soliddielectric
NuLec 2 3 3 1 1 2 3 Soliddielectric
Duo

Kyle 1 1 1 2 1 1 1 1 Oil

One p@ular type of Recloseris theNu-LecN Rries The N Series utilises vacuum interrupters

within a3& filled tank B& for phase to ground insulation purposes). The N Series can handle up to
38KV operating voltages arfthsrelatively high fault current interrupting capabilitiess It
selfsustainingcontrol system runs off small batteries-chargedfrom the HV conductors via a small
power transformemwhich makes itonvenient foroutlying rural substations also.

Of the 31211-22kV crcuit breakers in substations in the case study area a conseevat
approximation of 20% could essumed as supplying rural feeders. From the sampled data it could
be hypothesised that each rural feeder has an average of 3.2 N SerlescReclosers The 61

likely rural feeders could accommate 195 N series Rdosersgiven the sampled data trends. Each
N SeriedNu-Leccontains 1.&g of3& gas, equating to approximately 3%Q of additionaB& in the
case study area.
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4.10 Environmental Effects a nd Cost

From data collected@ canbe deduced that transmissioand distributionsubstations in the case
study area employ a total of 9866kg ofdarvice3& gas for circuit breaker and associated current
transformer purposes in 2200kV equipment range. With an additional estimated 3g0for
distribution line Reclosers the case study could quite possibly contain exafes3216kg of3& gas
in its electricalnfrastructure network. The over 10 tonne$ stored3& hasa global warming
potential of 23,0 times that of carbon dioxide.

Of the contained 10 tonne potential, minimal environmental impact is caused unless the gas is
released to the atmosphere. The two main cause3&fgas loss from H¥ircuit breaker equipment
are vessel/seal leaks and lessluring handling activities such as routinaimtenance.

The Australialovernment Department of Climate Change and Energy EfficietsyNational
Greenhouse Accounts Factors report of July2fifesent an annud& gas leakage rate of gas
insulated switchgear and circuit brealkapplications as 89% of capacit{see Appendix EThis

figure is based on the National Greenhouse and Energy Reporting (Measurement) Determination
2008 (Section 4102)

Using the example calculations in the report as basis to determing/theequivalent the case
study aredeakageemissionqO) are calculated hy

0 0wl (4.1)

0
DTTT
Where:

E= Emissions (tonnef )

Q= Quanity (kg)

GWP= substance global warming potential rating
L=Annual kakage rate (decimal %) i.e. 10% = 0.1

. PMTCPQO WTTL v e
@) ST T T Y o p XOE € @D

Mai nt e n a nypiallyWwdtween 2 % and 0.4% of the nathegpt e capaci ty’ i
handl i ng (Raiemeierveaal., @B OAt minimum a detailed inspection of3& filled circuit
breakeris required every 4 years (in real8% alarms or circuit breaker service faults could cause
for more regular handling activities). A detailed inspection requB&sdensity and pressure checks
which require3& handling activities. Taking anerage handlingpss as 1.2% of capacity every four
years(or 0.3% annuallythe handling emissions of the case study area can be calculated as:
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Annual handling emissiof® ) of case study equipmertan similarly be calculated as:

Tt OWTT o
(0] PTCP? Timoyx oo ¢ &€ VI
PTTT

The total annual case studj emissions can be calculated as:

(0 o © (4.2)

Total annual case stdy ¢ emissions = 2905.5 tonné&E equivalent

Using the abovesbkage and handling loss rates a@hd annual cost 08& replacemer at a rate of
$55 per kilogram, the annual cost@% replacement in the case study arean also beletermined,
and has been calculated:as

0 v O 0 0 W (4.2)
Where:

C = Annual cost @& ($)

Q= Quanty (kg)

0 = Annual leakage rate, leakage (decimal %)
0 = Annual leakage rate, handling (decimal %)
¢ = substance cosep kilogram ($/kg)

PTICEPEIMYWPTCPIBITT UL AP @ gy

This equates to $267,454 over the 40 year life cycles of typical circuit breakers.
Alternatively if carbon pricing fo#/ wasreturned to$23/tonne, this would equate to 10 times the
value: $2,674,548

Note: leakage = 90.92I8% , handling loss = 30.65[84:
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4.11 Case StudyData Summary

Table4-7 Case Study Data Summary

Population: 237,064
Area: (Qa) 68,150
Dwellings: 104,879
Generation: (MW) 2449.2 (1449.2wallerawang closed
Substations: No. Mass of SF@kg)
Distribution: 41 12814
Transmission: 14 8584.6
total: 55 9866.0
Circuit Breakers No. Mass of SFEkg)
11kV 279 58.1
22kV 33 77.3
66 kV 189 1121.7
132kV 109 1840.5
330kV 36 1369.2
500kV 13 1160.2
total: 659 5627.0
Current Transformers  No. Mass of SF@kg)
66 kV 9 57.6
132kV 36 403.2
330kV 54 1843.8
500kV 39 1934.4
total: 138 4239.0
Reclosers* No. Mass of SFEkg)
195 350
New CBs (<5yrs) No. Mass of SFEkg)
66 kV 42 514.3
132kV 19 1180.9
total: 61 1695.2
CB Replacement (5yrs) No. Mass of SFEkg)
66 kV 37 0
132kV 24 0
330kV 16 565
total: 77 565
Annual Emissions % Mass of SFekg) ‘AE Equivalent(tonne)
Leakage 0.89 90.26 2173.0
Handling Activities 0.30 30.65 732.5
Total: 1.29 120.91 2905.5

*calculations based on reasonabassumptions
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Chapter 5: SF6 Replacement & Reduction: Materials, Technologies &
Strategies

Chapter Fivef this dissertatiorexplores materials, technologies and strategies to replace or reduce
3& and its associated emissions in high voltage circuit breajpglications. Due to the

environmental and OH&S concerning attribute8&f, replacement and reduction strategies are
seeing further development and utilisatiorWith the major use d3& being forinsulation inHV

circuit breakes andtheir assocate apparatus, innovations providing either replacement or

reduction in this field are highly welcomed.

ChapterThree explainedhat after the overwhelming industry acceptance3& insulated circuit
breaker t echand otBefe 'wasrdenwdndvations in circuit breaker and interrupter
designs. The industry experienced a relatively stagnate innovative period leading intevthe n
millennium, excusably contémvith the highly reliable, low maintenance, space saving and
affordable designs offed by3& .

It wasn’t wuntil the global community became mo
2000’ s t hat 3&mndatsgobabwarenimgpotential sparked agensideration othe
medium. By this timg30 plus years of contingkinvestment irB& circuit breakers hadefined the
design to such proficiency and market affordability that alternatives would have to be extraordinary
to compete Energy is one of the most scrutinised and essential commodities. Energy providing
utilities suffer extreme public and consequently government pressure to ensure that their service is
of the highest possible reliability at affordable prices. Hence the indastgmajority is quite
conservativevhen it comes to new technology that seeks éplace its already reliable service at
“acceptabl e prices.

Despite this conservative nature, recent public environmental awareness pressure has seen a re
evaluation of some previously overlooked technologies prior to3ferevolution as well as the
introduction of some new ideas. This Chapter examines more closely these technologies and also
strategies that seek to reduce or eliming8& in HV circuit breakers and associated apparatus. The
conceptspresented are a mixture of some already indusicgepted practices gaining popularity to
some that are in theoretical stages. However all boast competitivene3& tavith some even
suggesting benefits (beyond environmental) above wB&tdesigns currently offer.

The sevemeplaement/reduction concepts are:

soliddielectriccircuit breakers

dry air/vacuum circuit breakers

Livetank circuit breakers witlil current transformers

Livetank circuit breakers witlnon-conventionalcurrent transformerdNCCT)
Octafluorocyclobtante

Leakage monitoring specialistamera equipment

Government regulations.

No gakwdpE
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5.1 Continual Development of the Vacuum Interru pter (VI)

The first two3& alternatives presented in this chapter have relied heavily upon the development of
the vacuum interapter (VI)over the past half century. Being that the vacuum interrupter is one of
the most promising alternatives; its developments are therefore worthy of a brief consideration.

5.1.1 Vacuum InterrupterLimitations

Vacuum Circuit Breakers came into use inth@ 6 On'theary a vacum is an ideal dielectric

medium- no substance should result in any conducting electrons. However, in reality a vacuum does
see a dielectric strength limitation and this limitation is more a function of contact or electrode

shape as well ashe contact material usednd contact opening distanc&he required contact

distance to maintain dielectric strength for a vacuum interruptereases quite quickly faoltages

above 3kV. For this reasoviltechnologyhas previously beeaxclusive to medium voltage
applicationg(typically 1133 kV)

The main hindrance tthe Vldevelopment has been the technical difficultiesolved inits

construction. These included such areas as the degassing of the comdsttealack of the proper
welding or solderingechnologies needed to effectively and reliabilittachthe external ceramic
envelopes to the metallic ends of the interrupteBoth of these technical difficulties have been
improved dramatically over thiast 30 yearsDegassing the contacts is an especially important
requirement as the release of any gases trapped within the contact metals can significantly degrade
the vacuumlt is essential that the materials used for the contacts and the surfacesitaatovith

the vacuum be very pure and ghse.

Although the small insulation gap required rapitligreases for voltages above B@, the simplicity

of the mechanisms means the vacuum bulb can generally be very compact. It is actually the breaking
capadty, which is proportional to contact diameter, which is the defining property of the vacuum
internal envelope volume. Externally however, it is the dielectric strength of the external enclosure
material that defines the overall device siZdie external eklectric strength is limited by the
insulationcapacity the surrounding air or medium. A requirement for compensation for adverse
ambient conditions such as soiling of the ceramic surface or extreme condensation is needed and
typically takes the form ofrainsulating gas or mould.

Up until the last 20 year¥/ldesigns had been limited to sub RS voltagespplications This

limitation was mainly to maintain the functional sizes required for integration into tank type circuit
breakers. Initially high vage vacuum designs utilised combinations of glass containers and spiral
electrodes insulated externally wi& gas. Although there weneo discharge products, and
relativelysmall amouns of 3& gas wereaused, ithad previouslynot beenpossible tocompletely
eliminate the use 08& gasfor external insulations for high voltages

5.1.2 Vacuum Interrupter Development

To maintain the maximum vacuum bulb seal, mobile inserting parts are avoidéddésigns.
Contacts are consequently placed simply emémd.
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Contact materials are sort to have a low resistance to reduce the tendency to weld which can occur
after closing under shoitircuit conditions. Low contact to contact resistance is a desired property
maintained by means of high contact pressuegjuiring contacts to attribute high mechanical

strength al so. I n the early 1980 s cooper Chr

exhibiting superior current interruption and voltage withstand performance.

Contact shapes and designs have dlsenexperimented with Designs seeio take advantage of
either axial or radial magnetic field interactions with the arc to maintain its defused state and aid
interruption. Explanations of developed contact shape designs have been previously outline in
section 34.3

Upon developinghe superior current breakingaxial magnetic field electrode structures in the

190’ s, a combination of glass contai nmR21 and
developments in ceramic bulb constructititat had previously been unique to sub Bgdeigns
extended to 6&V. Cerami®/Ichamlers exhibit greater production ability and higHzaking
temperatures which resulh cleaner vacuum interiorgurthermore detailed electric and magnetic
field amméagueinentteshnologies carried @utddevelopedprior to 2001optimised

the modern electrode structureThiselectrode optimisatiorcombined witha more capable ceramic
bulb construction paved the way to high capacity, higher voltage withstand waauterrupters.

The modern vacuum interrupteraxternaldielectric strength is still howevdimited somewhatby
the insulationcapacity of the surroundirgyalthoughmediums other thar8& gascan be usedA
major advantagef the Vlover other interruption mediums is that the internal dielectraquires no
checking whatsoever throughout therwice life of the interrupterFunctional @signs are now
available that utilise vacuum interrupters and eliminate the us8&fexternal insulatingyas in the
11-66 kV range Soliddielectricand dry compressed air are two such dielecBc gas elimination
mediums.

Cover plate

Ceramic

Shield

Cover plate

Fixed
contact rod

Ceramic

Movable

. contact rod
Arcing contacts

Bellows

Figure5-1 Vacuum Interrupter Layout
Source(Dr. Drews, 2013)
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5.2 Vacuum Interrupters Embedded in Solid-dielectric

5.2.1 SoliddielectricDesigns

“One method of increasing the external dielectric strength of the vacuum interrupters is to embed
the chamber in a solid material (e. g. silicone or gpesin moulding compound). In such cases, the
vacuum interrupteris additionally well protected against external mechanical influences such as
impacts” (Fenski, et al., 2007)

Likemosthighvoltagecircuit breakers &oliddielectridvacuum circuit breaker is a three pole
device consisting of three interruption chambers (vacuum interrupters) actuatediblyead
mechanical or magnetic operating mechanism. Poles can either be manufactured in column or
embedded form. In each case each pole of$b#d-dielectricdesign consists ofdl, bolted to its
terminal connection@mbeddedinside an insulating tuber castingof epoxy resin.

In the embedded csting technique thé/Ican be encapsulated wiiththe resign with the smallest
numberof bolted connections. This technique eliminates maintenance and facilicatepact and
robust desigs.

“The main advantages of embedded poles are high dielectricgttiamithout additiona external
compensation in air. The design also sees higbility in an extremely wide range dfmatic
conditionsandgood protection of the vacuum interruptédrom dust, mechanical impacts and
moisture.Furthermore, the greatly reduced number of individual parts required allows significantly
increased production reliability to be achieved with shortened production titn@enski, et al.,

2007)

Soliddielectricembedded pole dsigns are available and established on the Australian market for all
indoor and outdoor applications up to 4¥ with short circuit breaking capacity of %@

Alternate epoxy resin systems are available for outdoor applications to withstand even the most
adwerse environmental conditions. Thgdrophobic cycloaliphatic epoxy regiHCEPj)ow

commonly used boasts high ultra violet resistance, high impact strength and is unaffected in
temperatures as low as minus 60 degrees Celsius.

Thissolid-dielectrig highly compact, robust and maintenance free design is fast becoming the
dominating technology of choice in medium voltage circuit breakers. Thantirfail design has an
extremely low irservice environmental impact and eliminateand3& handling activities
inherent to the alternatives.
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Upper terminal

Vacuum interrupter

Epoxy resin

Stem

Lower terminal

Flexible connection

Contact force spring

Connection to operating
mechanism

Figure5-2 Vacuum InterrupteEmbedded irSoliddielectric

Source(Fenski, et al., 2007)

5.2.2 Implication of Soliddielectric Designs on Case Study Area

The strong movement towardsoliddielectricv acuum t echnol ogy in the
breaker range below 6KV can be already seeResults shov89% of circuit breakers in substat®n

in this range where found to be vacuum interruptgpe designs usingolid-dielectricor in some
cases simply the ambient air as the external dielectric medium. Also, 4R#&ctifsess were found

to be solid-dielectricvacuumtypes.

However, 23% of circuit breakers less thark®6n case study area substations are still utiliSi&g
gas, attributing to 28.8 tonnes of annu#ll emissions in leakage alone. It should be noted that
more than half of the8& containing @rcuit breakers in this range were using vacuum interrupters
for current breaking combined witB& gas for external dielectric purposes only. Furthermore, 30%
of Recloses were also usin8& for external dielectric purposes, witin estimated 35Ckg of3& in
this field attributing a further 74.4onnes of unnecessary annu#l emissions. Thus, a total of 98
substation circuit breakers (includes 26 oil type) and possibly 340 8§l éracuum relcosers could

be beneficially replaced withsolid-dielectricvacuum design.
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The routine maintenance of a vacuum circuit breaker compared ®8afvacuum circuit breaker is
typically the same (both based on vacuum tyméth a minor service ever 4 years, major evag
years or 800 operations. However, tB& /vacuum design is more prevalent to nooutine call out
activities such a8& leakage alarms3& filled circuit breakers also require additiorg& handling
equipment such as evacuation/filling yps and storage cylindefsr moreinvolved maintenance
activities which increasemaintenance costs and logistics

Additionally8% of substation circuit breakers and 22% of fieéetloses, all in the sub@kV range
were still utilising @ as the instation medium and wouldbe soon due for replacement. A sensible
replacement for these aging models would be the respective indoor or outsl@dielectric
vacuum replacementsather than3& AAOECT O

Many indoor high voltagboard type circuit breakedesigncompanies produce a replacement
modular vacuum design that can be utilised in the same compartment as the previotebtaakl
circuit breaker Other replacements includentire module exact matching swap designs with th
only difference being the internal circuit breaker now utilises vacuum interrupters encasetidn
dielectricresin.Newer indoor designs offer comparative or even slightly smaller installation
footprints.

Outdoors,solid-dielectric Recloses are smaller and weigh less than thé8r counterparts ANu
LecU Seriessolid-dielectricmodel weighs 14&g and is significantly smaller than theSdties 327kg
3& model. This same installation footprintduction can been seen in rural substations also which
useRecloses mounted on steel structures within the yard aconvenient self sufficient circuit
breaker replacement. In the case study area substations, 16 of tl3& 7idsulatedcircuit brealers
below 66kV where N Seriddu-LecRecloses, utilised as substations permanent circuit breakers.

Furthermore, and maybe most importantihe continued investment in sokdielectric/ vacuum

circuit breakerover the last decade has reduced theirgerto that lower ther8& models. With
comparative maintenance regimes and installations sizes, zero emissions and cheaper purchasing
costs the soliedielectric design is unsurprisingly gaining dominance in the market.

Table5-1 Vacuum Solid-dielectric Implications Summary

Item SFECB Vacuum/Soliddielectric
CB

Casestudy Substatiorunits effected 72 -

Casestudy Recloser units effected 195 -

ne (kg) total 485.4 0

Annual Leakage emissions (kg) 4.32 0

Annual Leakage emissioE equiv (bnneg 103.2 0

Typical unit cos{$) 20,000 18,000
Maintenance requirements Comparative Comparative
Installation size Comparative Comparative

*Prices based on 22kKRecloser models
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5.3 Vacuum Interrupters Encased in Dry Air

5.3.1 Compressed Dry Air Designs

For 66kV circuit breaker applications, a high
voltage withstand vacuum interruptdras been
developed. The elvelopment was made possible '
by the optimisation of the electric field with axial .
field electrodes and encapsulation of the
interrupter within composite insulationAn
environmentally friendly insulation type gaining
popularity is that of high pressure dayr.

Conventional vacuum circuit breakers in the

66 kV range utilis&& gas filled tank enclosures
to externally insulate the internal vacuum
interrupter. Dry air insulated vacuum interrupter
designs seek to replace tI3& gas with the
compressed dry air medium within a similar
installation footprint/design size. It was
additionally theorised as a possible retro fitting
directreplacement option.

Figure5-3 Sumotomo DryAir/\Vacuum 66kV CB

The dielectric strength of dry asabout one thirdthat of 3& gas.Early designs accommodating the
additional gas andakger container sizes required for a similar dielectric respoesalted in actual
equipment being unsatisfactorily large. To reduce equipment sizes down to that similar to existing
3& designs someadditional dielectric strategies were undertaken. These strategies involved
increasing the pressure of the sealed dry air tugher valughan that of seale®& and also

adopting dielectric moulded coveriafpr the internal high voltage conductorshdse delectric

design adjustments meant that the overall circuit breaker could be made to a similar size to that of
existing3& designs.

One consequence of utilising the insulation medium at higher pressures than existing designs is that
“the contairer and bellows of th@acuum interruptemust withstand excessive strégdatsui, et

al., 2006) This consequence has been overcome by means of an alternatively de¥igtiedture

in which the bdbws it not adversely effected by external pressimerease.

There are currentlypoth deadtank and livetank 66kV dryair/vacuum circuit breakers available on
the market. The Japanese company Sumotomo producesk¥ @@adtank circuit breaker with
integrated low voltage bushing type current transformers similar to that of the Siemens 3ARDT1
design. Alternatively, Alstom now produce§@kV dryair/vacuum VL109 liveank as a direct
replacement for it3& type GL309.

One design altercation #t Alstom noted in its development of the GL309 replacement was that of
the lower required stoke of the vacuum interruptéfrhe modified mechanical energy balance meant
optimising the mechanical chain/spring operating mechanismmake it possible to keep their
established Fiype operating system.
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“An environmental lifecycle analysis has shown that the vacuum technologged VL108ompared
to its 3& equivalent, has climate change impact 24 percent lower but with a higklectrical and
mechanical | i f eDriDresvs,2003) rel i ability."”

5.3.2 Implications of Dry Air Designs on Case Study Area

With both live-tank and deaeank dry-air/vacuum designs now available in thel@6circuit breaker
range it is possible that 100% chse studgircuit breakers in this range could be eventually
replaced with this technology. The available technoleggibleszero inservice equipmen8&
emissions. However, with only limited companies offeringairnydesigns, awaiting a greater market
spreadmay be warrantedn any across the board replacement strategies to avoid type fault
consequences.

Rising3& amounts associated with ongoing replacement of obsolete oil insulated 66 kV circuit
breakers could be ab be reduced with drgir/vacuum alternativesCurrently the 113& filled, in-
service, dead and liveank 66kV circuit breakers within the case study area attribute 238.5 tonnes
of annual#/ equivalent emissions in leakage. Anng&l emissims and handling activities could
be greatly reduced with a phased replacement of aging oil3&ndilled 66kV circuit breakers

Mai ntenance wise, Transgrid’ s currentiregaegi me sugd
minor maintenance every fowrears as opposed to3& model only requiring a detailed inspection
in the same time frame. However, a minor maintenance for a vacuum circuit breaker requires the
same number of activities as a detailed inspection f8&acircuit breaker and wouldpproximate

the same personndabourhourscost

One of the great design philosophies of circuit breaker manufactures is to deign entipimilar

to, or smaller than, that oéxisting equipment installation footprints. This is especially important in
substation design where phase clearances and equipment spacing is of fundamental concern. There
has been no exception to thihilosophyin the development 08& free equipment with very few

designs making the market that can not directly compete gitlsting equipment installation sizes.

Thus, making any possible future replacement options as straight forward an activity as possible.

Additionally, investigations into equipment pricing have shown that currently the leddipgnese
manufactured66 kV dy-air/vacuum deaeank is $36,000 cheaper than the leadiBgropean

manufactured3& modelAr guabl y nati onal economic factors J|an
marketing could reflect in the price difference, however, both designs advertise similaioiozldy .

Table5-2 Vacuum/Dry Air Implications Summary

Item SFECB Vacuum/Dry AirCB

Casestudy Substation uits effected 119 -

né (kg) total 1121.7 0

Annual Leakage emissions (kg) 9.98 0

Annual Leakage emissioE equiv (tonnes) 238.6 0

Typical unit cos{$) 105,000 69,000
Maintenance requirements Comparative Comparative
Installation size Comparative Comparative

*Prices based oSiemens 3APDT3& ) and Sumotom®T VCB &c/dry-air)
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5.4 Current Transformers

Livetank circuit breakers utilise one third of the insulation gas required in daakl designs, but
require external current transformers. Additiora8. usage reductios can be made by utilising
live-tank circuit beakers with nor3& adjacentcurrent transformers

5.4.1 Oil Current Transformers

Qil filled current transformers may seem dated but they may still present some relevance
considering the environmental potency of tB& alternatives Mineral oitbased traisformer oil

used in C3can be made from either naphtha or paraffifhe production ofnore commonly used
naphtha, requires extraction from crude oil and further refining processes. Being as naphtha is just
one of many refinery productés shareexhibits a moderag production energy requirement;.6 MJ
(0.44kwh) per kilogram of transformer oil producédppiatt, 2007) Based on these figures each
tonne of transformer oil refined in a NSWould produce387.2kg of#/ emissionsinterestingly,

1.8kg of in servic8& exhibita similar amount off/ equivalent emissions annually.

To recap from section.48 , traditional oi | i nsul ated CTs mo
conductor that loopglown though muliple toroidal, paper insulatedurrent transformers all

submerged in insulating oil. The submerged current transformers are house in a tank at ground
potential whilst the hairpin extends up though the post porcelain housing to the high voltage
conductors.

Theconcerningransformer oil additivéPolychlorinated biphenyls (PCB&re banned in 1975
(Australian Governement Department of Environment, 20MQnitored transformer oil can achieve
a 30 year plus life spannlike a pwer transformer the secondary windingéa CTlexpecs minimal
current flow and intense heating of the oil is uncommon. The oil is also rarely subject to electrical
arcing and so carbonising is also uncommon. Moisture comtéhin the oil is the maina@ncern
which can adversely affect t Oeeofihe betdfita of thesagaha p e r
technology is that experience in oil testing can predict oil degradation rates and CT failures

As3& is environmentally potent to the atmosphe, oil canalso be a pollutanthe ground and
water ways. Substations have accommodated oil equipment for the majority of their existence and
are equipped with bunds and oil spill kits however this pollutant property should be noted.

5.4.2 Implications of Oil @rrent Transformers on Case Study Area

It was found thatl383& CTs account for 4238 of3& gas in the case study area and contribute
for more than 900 tonnes of equivalent anndil emissions in leakag@ substantial3&

reduction couldoe made with the uptake of an alternate current transformer medi@ii filled
current transformers do require more regular maintenance and monitoring 8&anhoweverthese
savings could be outweighed in the future if haB8h emissions fees anegulations are imposed.

“Environmental regulationsn greenhouse gasses requB& be handling carefully, and recycling
where possible. This can create additional installation and repair costs, depending on local laws
(Hdman, 2013)
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Although Qil filled CTs are not without their own inherent costs theyshghtlycheaper to purchase
then3& CTs and maintenance staffs are confident with the established technology. Power utilities
are also already equipped to handlad maintain the assets, making them a viable possibility.

Table5-3 Oil Current Transformers Implications Summary

Item SFECT OillCT
Case study units effected 138 -
ne (kg) total 4239 0
Annual Leakge emissiongé (kg) 37.72 0
Annual Leakage emissiotts equiv (tonnes) 901.7 0
Typical unit cos($) 9000* 8000*
Maintenance requirements Limited Periodical monitoring
Installation size Comparative Comparative

*Prices based on 132kV siagihase units66-132kV range

5.4.3 Non-Conventional Current Transformers

The exciting newdevelopments in noftonventional current transformers and their applications
could comprise a separate dissertation in themselves. This small section seeks to preseint a br
summary of the technology and their relevance in reducing the u8&ofas, in particularly in
live-tank installations utilisin@& insulated adjacent post GT

“Todaynon-conventional current transformef@NCCTS)ave achieved high performaes with a
very small volume. laddition ther digital outputs comply with the most stringentequirements of
protective relys and meters. The designs takto account the harshat environmental conditions
of temperature, vibrations and electromagnetiorapatibility.” (Roussel, et al., 2001)

Two systems are commoniynployed in the NCCT field. The first of which is known as a Rogowski
coil, named after its operating principals definer in 1912, it has seen some high voltdupatpnms

since 1986 onwards. The second is based on the Faraday Effect of polarised light interacting with a
magnetic field.

The Rogowski coil has been utilised in laboratories for many years but now also poses a case for
continual industrialisation inthigh voltagesThe Rogowski coillinear voltageoutput takes
advantage of Ampheinstahtaneotishmeasurestie dialtnltd inherentlinearity

gives it many advantages including the possibility of reducing winmdtigyvarieties (standardation
potential) andexcellent response in transiestates (zero saturation, hysteresis and residual flux).

“In 1845 Michael Faraday discoverddt the polarisation plane of polarisdijht rotates as it passes
through apiece of glass placed in a sigmagnett field and propagated parall& this field. The
polarisation rotationangle (F) is proportional to the ciratilon of the magnetic field (Hlong the
optical path(l) .(Teyssandier, 199%3ee fig %4 ).

The Feaday effectbased optical principal is achieved by means of optical crystals or fibres. In both
cases a polarised, monochromatic light source with a single frequency is required. The optical
information is conveyed to the protection, control or meteriredays by means of optical fibre
cabling.
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“ @nverting the optical signal into an electrical signal is achieved by comparing the light beams
emitted and received, generally using polarisisgparating prisms combined with photodiodes
which convert the lighsignal into an analogue electrical sigh&l.eyssandier, 1995)

The optical crystal NCCT utilises one or more crystals surrounding (or in close proximity) to the
conductor through which the current to be measured is flowMtiereas, the fibre technique uses a
monomode optical fibre wound several times around the primary conductor.

The primary insulation of NCCT is simplified relative to conventionakfeealingCT The insulation
of NCCT is provided by means of conventieso@lporting porcelain or composite insulator. The
composite insulator has an advantage that an optical fibre can wound through the polymer to
ground. This is seen as reliable and xpensive form of insulation.

4 grystals making up
e sensing element.,

"~ linear polarisation

linear polarisation
transmitted Hght

Figure5-4 Graphic Representation of Faraday Effect (left) Faraday Effect Current Sensor (right)
Source(Teyssandier, 1995)

5.4.4 Implications of NonConventional Current Transformers on Case Study Area

Not only could norconventional current transformers possibly replace the B88post CTs in the
case study area but there are also design concepts to #fétidCCTs to liveank conductor
connections. This retrfit concept could in affect benefit a liank circuit bre&er with the
incorporated CT advantages that modern deadk designs boashoweverwith one thirdthe
insulation gas requirements.

As stated previously the 13& CTs account for 423@ of3& gas in the case study area and
contribute for more tlan 900 tonnes of equivalent annu&l emissions in leakage. Any reduction
in there usage would certainly be environmentally beneficial. A replacement@ekddesign with
incorporated low voltage bushing CTs is one reduction strategy in repla8agiae-tank circuit
breakers with3& post CTs combinations. However, replacing3&e post CTs witl3& free
alternatives and keeping the existing litank circuit breaker with itseducedinsulation
requirements could result in further redtions then simple deathnk replacement.
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Substations with completely digital secondary systems are the next logical step in substation design.
NCCTsffer HVhardware with digitalsingle wire outputs ideal for digitised modern protection and
control relay systems. Another advantage is that CT ratios can be changed with software

With NCCTs direct bus mounting is possible, as well as horizontal mounting or assembly directly on
the circuit breakers:The total substation footprint can be reduced by as musiiato 259%.
(Alstom, 2012)

One of the main promising features of NCCTs is the possibility of their integration into th& 330
plusranged circuit breaker applications. This rang almost exclusively of liank constructon in

Australia. Oil CTs in the extra high voltage range k808nd above) were neexistent in the case

study area and the 330kV oil CTs are extremely large. The adaption of NCCTs is this range could save
large amounts of space as well as draivaty reducing3& gas usage. An EHV dual interruption
chamber3& circuit breaker with integrated NCCTs on either end would also eliminate the problem
known as blind spot that is inherent to most htanks with adjacent post CT installations.
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Figure5-5 Draft Design of a Liviank CB with Optical CTs (left) Prototype (right)
Source(Roussel, et al., 200&) (Alstom, 2012)

Unfortunately the cost of BCTs, in particular the optical sensarieties are extremely expensive
when compared to traditional CTs. Their lower installation and maintenance costs mayem#gn
as completive alternatives in the higher voltage ranges.

Table5-4 Non-Conventional Current Transformer Implications Summary

Item SFECT Non-ConventionalCT
Casestudy units effected 138 -
ne (kg) total 4239 0
Annual Leakage emissions (kg) 37.72 0
Annual Leakage emissiotts equiv (tonnes) 901.7 0
Typical unit cost ($) 9000* 40,000*
Maintenance requirements Limited Undetermined
Installation size Standard Significanly reduced

*Prices based on 132kV single phase units18BkV rangg¢3& and optical sensor)
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5.5 Octafluorocyclobutane (c-A€ )

5.5.1 Octafluorcyclobutare as an Insulating Gas

There exist manftuorocarbonswith a much lower GWP
than 3& . Octafluorocyclobutae(A # & ) also known as
Perfluorocyclobutanés one such fluorocarbon that has
been considered asneelectrical insulation gas. Lild& , c-
# & is a very stable, electronegative gas.

“Its combination ofelectro negativity high molecular
weight, and chemical stability is responsible for its
outstanding electricgb r o p e (Blbodgeits1959)

Figure5-6 Molecular Model of

. . Octafluorocyclobutante
Properties of & & , like3& , greatly reduce the tendengc Horoeyelont

of electrons to from a conductive path.

Unlike3& however, e# & has been identified by thAustralianGovernmentDepartment of
Climate Change and Energy Efficiency as having adB8/®0 as opposed tche 23900 rating

of 3& . The 64% less GWIPc# & corresponds to half as much warming effect as SF6 at an
identical pressure considering the difference of molecular weight betvegér& (200 g/mo) and
SF6 (14@/mol). The dielectric strength of# & is suggested to be even greater to that3af ,

about 3.6 times that of air as opposed to 3 times in the caf&of Aengineering paper frorkyoto
Unversity, Japan iiabectricSt@rgthcandoa angwhedrehfrant 1.1i to 1.80 tirdes
that of 3& .

A possible disadvantage of the use &éf & is however the presence tifie carbon atoms which

create conductive dust particles post decompositidhis insulation deterioratig property limits €

# & to applications where it would not typically be subject to intense electrical arcs that accelerate
decomposition. Hence/# & could be suitable fopurelyinsulationpurposes associated with

circuit breakers (separatCTs, external insulation for Vigjt would be unsuitabl@s a specific

current interruption medium.

An additi onal -#'&i$ issdighvpece, wiaich s now teveral times higher than that
of 3& . However, this is considered maimlye to the fact thatc-# & is not used in large quantities.

There is an enough possibility of considerably reducing the price by applying a large ammunt of
#& i n power (Takondapesd.,r1999)”

5.5.2 Implications of Octafluorocyclobutaneon Case Study Area

Although research in Octafluorocyclobutane as an insulation gas has been conducted for many
decades the substances is still merely a consia@matompared to the traditiona& . Industrialised
applicatons of the gas in the power industry are at this stagperimental and the Australian power
community is oblivious to any commercially available products. However, the reduceaf3/WVP

# & could see the substae gain more attention as an intermediate technology medium given the
rising GWRoncerns associated witd& .
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If the application of the gas was deemed appropriate for-sarrentinterruption insulation
purposes, € & could be utilised for a number of purposes in the case study area. Examples of
which would includereplacement gas insulation for listank circuit breaker adjacent po§iTsas

well as the external insulation f&fl circuit breakers requiringuch a medium.

The case 538gadigsulaed poat’CEs could benefit from the replacemenibas.
4239kg of CT insulating gas would when subject to the predictive annual leakage rate of 0.89%
would only emit 328 tonnes of equivalefit emissionswhen filled with e# & as opposed to 902
tonnes when filled witl8& .Filling with e# & equates to areduction of 574 tonnes of equivalent
#/  emissions annually.

Additionally, the 4Zase studyircuit breakers anthe estimated195Recloses in the medium
voltage range that us8& to externally insulaté/lused for current breakingould benefit from €
# & filling in these norarc subjective applicationdhe 42 circuit breakers contribute 9&kdgs of
3& insulaton whilst the 199Recloses account for a further 35Kg. Ths 446.4 g of 3& emits 94
tonnes of equivalern#/ emission annually in leakage. #c& filled alternative network would
emit only34.5 tonnes, providing a reduction of 59.5 tosnaf annua#/ emissions

As mentioned earliethe use of in Octafluorocyclobutane is only a consideration at this stage. The
refilling of3& equipment with e# & could result in warranty voids and is not recommended
outside of dedicate apjpwed trial experimentation.

Equipment Maintenance and monitoring regimes &f & filled equipment would be expected to
remain relatively similar to that && equipmentrequiring periodical gas purity analysfdditional
carbon concentrationampling may be required in a similar fashion to the monitoring of oil filled
equipment to monitor the deterioration of the gas. Similarly tq t@ting over time could predict
the needc# & gas replacement given carbonising trends.

Table5-5 Octafluorocyclobutane Implications Summary

SFeEquipment cA ¢ Equipment

Casestudy units effected
Current transformers 138 -
Substation Vacuunig Circuit Breakers 42 -
Reclosers Vacuunmf 195 -
ne (kg) total 4662 -
Annual Leakage emissions (kg) 41.49 -
Annual Leakage emissioiE equiv (tonnes) 991.7 361.0
Typical unit cos{$/kg) 55 150*
Maintenance requirements Comparative Comparative
Installation size Comparative Comparative

*Price based on international currency conversions
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5.6 Leakage Monitoring

5.6.1 Leakage Calculation

Crcuit breaker3& gas leakage is an important issue which should be closely monitored. Circuit
breakers containing& are fitted with “loss of gas” al ar ms
for circuit breaker functionality reasons as opposed to environmental concerB&. Alled circuit
breakerrequires the correct amount @& for contact dampeninggperation belowa minimum
amount of3& can cause damage to contacts.

As an example of leakagenounts the popular 68V Siemens 3APDT1 deahk circuit breaker has
been chosen for analysis. There was found to be 47 Siemens type 3APD¥ardesad the case
study area which equates to 25%thé total 66 kV case studyircuit breakers and 37% afl 3&

filled circuit breakers in this range.

The 66kV Siemens 3APDTL1 contains 1) 6f3& gas at a preferred iservice pressure of 6 bar at
20 degree<LelsiusThe 3APDT1 has a I@& alarm at 5 barThe molecular weight @& from
table 2.1 is shown as 146.05 g/mol

Number of moles

. (5.1)
a € 0 'Q@WQ

Where:

¢ =initial number of moles

a =initial mass (g)

a € a 'Q'@8amol weight (g/mol)
POXTT

W@ aQi

p T8

Utilising the Ideal Gdsaw for the 6 bar normal conditioto determine volume

0w £VYY (5.2)
Where
0 = initial pressure (N/
V = volumel( )
¢ =initial number of moles
R = gas constant 8.314 (J/mol.K)

T= temperature (K)

EYY @MU PTC v
0 @ pT

@ T ép
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Now utilising the ideal gas law for the 5 bar alarm condition:
Where:

¢ = final number of moles

0 = final pressure

Dw L pTT TWYP

YY (PTG WL

m-

X ® @€ aQi

Remaining mass:

a € aé&aQmQ (5.3)
Where:
a =final mass (g)
¢ = final number of moles
a € & Q"@amol weight (g/mol)

X® o p18UL ppTRUP @ PQQ

Mass of leakage losefore alarm igaised

a a @ (5.4)
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5.6.2 Leakage Monitoring

From5.6.1it can be seen &/pical 66kV3& circuit breaker instahtion could emit upwards from
2 kg of3& gas before an alarm is raised, equating to almost 48 tonnes dvalgnt CO2 emissions
¢ ¢ &w T mThus, repetitive& leakage to the point of alarm is preferably avoided.

Leaks are most commonly found within the proximity of faulty vessel or bushing seals. Leaks are
usually slow releasingnd can takenonths to reach alarm activating levels.

Leaking3& gas is transparent and odourless in nature making human detection extremely difficult.
This detection difficulty is further compounded by the fact that entire sections of substations can
sometimes experience nmbhs of nhorpersonnel presencaBy the nature oHVequipment also3&
containing vessels are commonly situated outside sifelearance distanca®akingaccess to
equipment only possible during eenergised outagefRaising of théloss of3& " alarms is the most
common initial indication that a leak existsdditionaly, 3& filled CTs “ | 8&s's ad &er ms
commonly grouped with the circuit breakenthere for leakage monitoring of such equipment is
heavily relianton periodical gauge gpedions by means of personnel sigig and recording

When a detected leak is pin pointed and repaired it is preferable to monitor the leakage area to
determinef t he | eak has been rectified. Simpld'y awai
alarm months later should never considered a satisfactory leakage repair monitor. Specialist
equipment including gas detectors and infied cameras are preferred methods.

Simple gas detectols n 0 wn a s maydealowf cosebutdn be inadequatethey rely on
proximity to the leak to provide leak identification. Such proximit@&o leaks in substation
environment is often unavailable due émuipment arrangements and Hééfe approach distances.

A far better option is infraed camera technalgy. Infra-red cameras can visualize leaks in real time
enabling inspection without the need for supply interruption. Cameras can trace leaks to the source
and identify leaks meters away. Specialist models offer additional advantages such as temperature
measurements, a range of gas detections and GPS coordinate recording.

“Infra-red 3& detection video technology operates in the 1€.8.7u nmspectrum rangé€. (FLIR
Systems, 2014)

Figure5-7 SF6 CTleft) Infra-red Imagery of Leaking SF6 Qight)
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5.6.3 Implications of Leakage Monitoring in Case Study Area

Unfortunately some utilities only own one or two infrad cameras to monitor hundreds 8&

circuit breakers across substial geographical distances. Camera monitoring is usually only

consi der ed33&"f telrar‘mso shksawd been raised numerous
breaker. Onus is directed onto maintenance staff to successfully identify and rectifyadsyulging

proximity detectorswhich can be understandable difficult

With an estimated 0.89% of capacity expected to leak annually this equates to approximaktegly 90
of the 10216 kg case study area. At a rate ok@ loss before alarm indication per airfcbreaker this
insinuates 45 leakage alarm incidences per year irc#se study area.

The cost of quality infraed 3& leakage detection cameras admittedlyquite expensiveHowever,

3& leakage amounts prior to alarm activation are extremeggtly to the environment not to

mention the cost oB& refilling and required maintenance stadéfbour. Camera monitoring of all
leakage repairs would drastically reduce repetitive leakage and further maintenance staff call outs.

Upontheraisingofa | o 8&” od Icanmaon practicawith in the case study area to call out a
maintenance technician to top up the leakiaigcuitbreaker. This is done immediately to avoid non
function of the <circui t-olbt e awibard.2ddripfessureviosslol nort
3& gas(typically) Lockout renders the circuit breaker inoperable to avoid detrimental contact

damage that can occur within the circuit breaker due to lack of the dampening medium. The
secondary function of th8& gas is to act as a dampening medium for the contact opening and

closing operation.

From this point, arquipmentoutage for leakage repair is often scheduled. If this scheduling also
prompted the coordination of t leakagerapaiecouddbe qui pr
expected every time. Such scheduling arrangerseatildrequire further investmentfor additional

cameras however first time repairs3& consumables and environmental saviragswell as reduced
equipment revenue lossexchievedmay far outweigh additional purchasing costs.

For geographically large utility coverage areas a profitable strategy could be to basasatne
centres of subregionsto reduce travelling cost#\ single camera based at a central location within
the case study are couklignificantlyreduce repetitive leakage events

Table5-6 Leakage Monitoring Implications Summary

ltem | SF6 detector SF6 Camera
Case study units effected 795 795
ne (kg) total 5627 5627
Annual Leakage emissions (kg) 50.0803 Estimated P% reduction
Annual Leakage emissiofs equiv | 1197 Estimated P% reduction
(tonnes) 837.9*
Typical unit cost ($) 200-300 130,000
Maintenance requirements - Refill upon call out - Refill upon call odteaklID
- Equipment outage - Equipment outage
- Leak identification/Repair | - Repair
- Await further alarms - Instant verification
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5.7 Government Regulations

5.7.1 Government Regulations

Government egulations are a strong influence on the useswfthetic greenhousgases in a
particular country Synthetic greenhouse gasg&GGjnclude refrigerants and insulating gases
which common types arbydrofluorocarbons (HFCs), perfluorocarbons (PFCsyxaddnost
importantly for this reportsulphurhexafluoride (SF6).

Onthel™July 2014 the Abbott government repeal ed
known as the carbon tax. The carbon,tatroduced 1 July 2014 by the Gillard governmentt to
provideincentive to reduce the usage of @mnmentally potentsubstancesThe taxequiredthe
country’ s | apuglasetemigsions pemiitebased ititially on a $23.00 cost per tonne

of equivalent emitted?/ . Emissions werbased ora substance Global Warming Potential

Synhetic gases exhibit high GWE3,900 in the case @& ). The intent was to make their usage
expensive and nopreferable in effort to encourage more environmentally friendly industry

practices and developments. The to§3& increased by a factor of ten per kilogram under the

carbon taxegislation

Postcarbon tax repeal, synthetic gases in Australia are currently subject to the same regulations
prior to the tax. Currently @ministrative arrangements under tH@zme Protection and Synthetic
Greenhouse Gas Management Act 198Quirethe licensing of manufacturers and importers of
SGGsln addition he Ozone Protection and Synthetic Greenhouse Gas (Import Levy) Act 1995
andOzone Protection and Synthetic Greenho@ses (Manufacture Levy) Act 19@sjuirethe
payment of a levy based on the weight of gas imported

“ The application of a carbon price equivalent pipggked on these arrangements and required
importers to continue to pay the esting levy on a quarterlgasisand an additional levy based on
the GWPof each gas and the relevant carbon price for the calendar yéawoboda, 2013)

In 2006 he European Union banned several use3&fin its territories, including its use in double

glazing, shoes andtirets.he Uni on’ s reasoning for the excepti

alternative would be availabl&ecently however,everal Europeareen political groups have put
motions forward to ban the use @& in MV switclgeargiven competitive alternatives exidh

2013 Dutch Green Member of EuropearliamentBas Eickhout put forward an amendment to ban
3& in MV switchgearfrom 2020,he later compromised toonly new MV switclyear beyond 2028f
which is still under debate

Other countries and American states have also received public and political party pressure to reduce
or ban3& in MV switctgear applications. Carbon pricing and tariffs are also being explored
politicaly by the global community.
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5.7.2 Implications of Government Regulations on Case Study Area

NSW utilities currently purchas8& at a rate of $55 perilogram. A substantial rise iB8&

purchasing costs as a resaftgovernment regulations would undbtedly pressure utilities to

consider alternative technologies when budgeting new circuit breaker installations or maintenance
regimes.

Additional3& costs would also see a more congi@g response in terms of equipmed& leakage
management. A jicerisemay see the reevaluation of the importance @& leakage detection
cameras and alarm mechanisms. Continual refilling of leaking equipment could prove expéasive.
recovery and recycling from decommissioned equipment would also be regjavritle a higher
importance.

A European influenced ban & in MV switchgear in Australia would impact 23% (7Ags) of
substation circuit breakers in the case study area. The replacement of this moderate percentage
within a specified time frame (sd years) with government incentives would actually be quite
achievable. The estimatelP53& filled field Recloses would be a significantly larger task however.
Fortunately moderrRecloserinstallations incorporate an overhead-pass switch whicbould

allow replacement without supply interruption. Cost reduced replacement strategiesonly the

tank portion of the existing installation replaced, leaving the control gear unaffetristillation

and commissioning coswould beanadditional finarce attached to any across the board
replacement strategy.

Currently the NSW electrical distributiamd transmissioinfrastructure is owned and maintained
by the government. Selling or leasing of assets to peiedttities is however a current political
debate that could affect the near future. Conservative government strategies could change when
they are not personally responsible for financing the consequences of harsher regulatidfs on
pricing or equipmenbanning.

80




Chapter 6

Chapter 6: Environmental, Costé& Life Cycle Analysis

ChapterSixanalyses the environmental, cost and life cycle viewpoin@oin HVcircuit breaker
equipmentwith a particular focus o8& equipment growth and emissions. To gain a better
understanding of the benefits of the altemitives presented in Chapter Figa analysis of current

3& equipment growth trends and associated environmental consequences needs to be explored.
Furthermore, projected outcomes of a future with no changeument HV3& equipment practices
and one in whicl3& is banned tomorrow are presented in this chapter.

Emissions forn3& filled HV equipment is primarily proportional to the amount of stoB&1 gas

used in inservice equipment. Additionah€tors such as manufacturing, transportation and recycling
further add to the emissions tallg& filled HV circuit breakers now form the overwhelming

majority of circuit breaker infrastructure in modern HV electrical networks, particular in thehigh
voltage spectrumElectrical infrastructure growths are normally projected to coincide withsiiize
electricity supply demands. However, despite
continuing replacement of obsolete oil circuit breakand investments in a greater percentage of a
renewable energy generation mix has s&&n circuit breaker numbers continue to grow.

Australia is currently aiming in to reduce its annual greenhouse gas emission levels to five percent
below its year 2000 level ke year 2020. Although in the grand scherB& emissions from

electrical equipment currently amount to less than 1% of national emissions, projected growth rates
are concerning andll reductionsconsideredoeneficial to the national objective.

With the continued replacement of all HV oil circuit breakers expected to be completed by 2025, HV
networks, particularly in applications above 68 will most likely utilis8& circuit breakers imear

100% of applications. This projected insulating medimamopoly will leave the industry extremely
vulnerable in the event of ar3& reductions regulations or taxes imposed by the ever increasing
environmentally concerned communitin an industry already over 70% comprise@&f circuit

breakers in aplications 66&kV and above the costs of deferring frahe 3& reliant networks could

be unachievable without phased technologies changes and developments.
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6.1 Australian Electricity Demand and Infrastructure Growth

6.1.1 Australian Electricity Demand

“Populaton and income growth were largely responsible for the steady increase in electricity
demandin Australigprior to 2006. In recent years, growth in elgcitty demand has moderated and
electricity consumption has declined in every year since 2MYAustralian Government
Department of the Environment, 2013)

Pre 2009 peak demand growth wesnsiderable steady at an approximate 2% pa.

“Fr o m-1@t0 2093-14, annual energy usage declined by 13,613 GWh (an annual average
deci ne of 1. 8 %) (AEMO:1A8Bstralidh ErgergyAWsitket Operator, 2014)

A number of recent evenis Australishavecontributed towards the moderation of thpreviously
risingnationalelectricity demand. The2010/11 Quasland floods, milder eastern state weather,
strong growth in photovoltaic solar generatigtrong growth in energy efficient technolognd
incressed tariffswere allseen asnitiators ofthe demandreduction

Significant electricity demand reductiomsAustralia however, have been the result of the reduced
production or closure of aluminium smelters in response to less favourable economic conditions.
The closure othe NSW, 30MW, Kurri Kurri aluminium smelterin20l2nd t hi s year
the 360 MW Point Henry aluminium smelter in Victorfzave seen a reduction of approximately
5700 GWh in annual deman@ther Australiarsmelters haveeportedlyreduced production by up

to 50%.Projected national electricity demand is not expect to increageréwious trend levels until
2020.
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Figure6-1 Australian National Electricity Demand Forecast
Source(AEMO: Australian Energyy Market Operator, 2012)
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6.1.2 Infrastructure growth

It is a reasonable asmptionthat beyond the replacment rates of aging equipment, new high
voltage infrastructure in Australia would grow proportionalthe national electricity demand. Aging
equi pment is certainly aastructwehaweveritm20MABMOr al i a’ s
Report projectsamediumscenario base@.3% demand growth in the next ten yeats.6%min ,
1.4% max)

Consequently all four NSW electricity network authoritiaasgrid, Endeavour, Essential &
Transgridhave presentededucedto steadycapital expenditure proje@dns for the period of 2014

19. Of the four, the state transmission authority, Transgrid, presented the a brief rise in capital cost
for the next three years primarily in asset replacement but treinad below ts 2014 expenditure

by 2019

Prior to 2012 theagingNSW networlexperiened dramatic increasgin capital expenditureThe
coindding of thisupgrade with a number of other econontrcumstancesvas seen to raise
electricityprices.The media later termred the period“ go | d " plod t it i gnevitably puldic Kk .
demand for a reduction irisingelectricityprices a change in governmeand a realisation of a
newer, adequately reliable network hasompted network authorities to reduce spending.

Despie decliningcapital expenditurgrojectionsin immediate futurenew electrical infrastructure
projects will still be undertaken where essentidlnumber of aspects will still prompt continual
infrastructure upgrades byterhaps nowat slightlyslower tha previously predicted uptalse
Additionally, many large projects budgeted aswmmenced prior to the 2014 expenditure
reductions are still being undertaken. Many other projects thatrditicommence are siply being
postponed, subject tpost 2019 finaneil and electricity demand forecasPredictions of increased
capital expenditure post 2019 are common to all NSW distribution and transmission authorities.
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Figure6-2 Planned Investment in Electricity tastructure 20082021

Source(Infrastructure NSW, 2013)

83




Alternatives to SF6 in HV Circuit Breaker Insulation

6.1.3 Infrastructure Drivers

The foll owing aspects are seen as t he simatheor
coming years.

1. Aging equipmentA significanproportion of NSW electrical infrastructure still in operation
is fast approaching its 40 year end of |
significant electrical infrastructure undertaking in NSW. Taking HV circuit breakers as one

f

example,off ransgrid’ s 1,483 units, 29% af%areappr

pre 1975 models.

2. Supply reliability demandVith the privatisationof NSW electricity retadnd generation
providers in 2010the stateauthority effectively positioned itslf asa network operating and
maintenance providing utility only. Reliably connecting its two customer groups, generation
companies to retail end usersas become thenain business objective. Network operating
authorities need to maintain, develop andterd upon exiting infrastructure tprovide for
stringent network reliability requirements. Such requirements for 1irerrupted supply
are driven by the private owners of the generation and retail sectors for their respective
customers.

3. Inter-regional tansmission connection The eastern states of Australia are all
interconnected with electrical transmission linggerated by theNational Electricity
Market (NEM)
“The c ap a-gidnal electficityitrade teas a direct impact on the wholesakisco
and competitiveness of the national market and therefore the prices paid by businesses and
households. A recent study investigating increased iregional power transfer capabilities
in the national electricity market has demonrsted potentialmarke benef i t s”
(Infrastructure NSW, 2013)
The geographical positioning of NSW in the centre of the eastern states places the states
electrical infrastructure aavital component of the NEM grid. Infrastructure upgrades to
facilitate larger and more efficient interegional transmissioare predicted within the next
20 years

4. New generation mix Currently Australia has in plaedRenewable Energy Target (RET)
schemethat is designed to ensurethat20er cent o f trichywcentesfoh i a’ s
renewable sources by 2020he scheme promotes both environmental benefits and job
creation but will also raise electrical infrastructure requirements for the connection of the
generation sites to the national griBy their nature, ren@able generation sites are often in
isolated locations and require additional infrastructure to support their integratd®W is
currently committed to seve new renewable power stationthree wind and four solar
amounting to 616 MW of extra generatia@apacityby 2016 Generation infrastructure is
also privately funded and constructed; positioning its expenditure outside the state
governments reduced infrastructure budgets.
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NSW Generation Mix
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Figure6-3 NSW Generation Mix
Source{AEMO: Australian Energy Market Operator, 2014)
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6.2 National Emissions

6.2.1 Australian Emissions

Australia is currently aiming in teduce its annuajreenhouse gasmission levels to five percent
belowthe year 2000 | evel by 2020. “Over the peric
from projected baseline scenario emissions to achieve the minus five per cent emissions trajectory is
431 Mt#/ . In 2020, the minus five per cent target equaite an emissions reduction, or

abatement task, of 131 Mt/ " (Australian Government Department of the Environment, 2013)

The current annual emission rate of Australia is approximately 608 Mt

Ml CO-&
70
TOO +17%
650 4 Emissians
reduction task
G600 4 in 2020
431 Mt e
%01 5%
S00 1 %o change on
2000 level
430 4
400 4
350 4
300 4 i I 7
20040 2005 2010 2015 2020
— Carryover of surplus Kyato units —iAbatement challenge

—Projected business-as-usual emissions ——Net emissions, -5% trajectory

Figure6-4 AustralianAbatement Task to 2020
SourcefAustralian Government Department of the Environment, 2013)

6.2.2 NSW Emission& Case Study Perspective

Of therecently steadyapproximate 600 M#/ annualnational emissions, the contribution of NSW

in 2012 waseported to be 154.7 M#/ (NSW Government Environment & Heritage, 20N8arly
half of all NSW emissions in 201® were from the stationary energy seci@rimarily from

electricity production Despite aeduction in this sector (2% decline since 2009), the burning of fossil
fuels still amoundg for 99% othe NSWenergy sector emissions. Of the 154.7#1t emissions in

NSW, coal fired power generati@ecounts for 36% (62 MY/ ).
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NSW Greenhouse Gas Emissions
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Figure6-5 NSW Greenhouse Gas Emissions by Sector
Source{NSW Government Environment & Heritage, 2012)

Although the niche application @& gas in high voltage switgear would appear in a different
leaguetothelargé/ e mi ssi on oothert et et aat et ke case study
tonnesof #/ equivalent emissions is none the less digant. With case study emissions based

purely on static equipment leakaged handling activitiest is here that attention must be drawiot

relative size of Chapter Fdus case study area in regards to t

1 The case study arexcommodates 3.25¢237K of the NSW populatioof (7.3
million)
9.0%6(1449.2 MW)pf NSW generationcapacity(16,000 MW)

15.8%(235)of the Transgirctircuit breakers (1483)
91% ( 14) o ftransnhissionsubstationd $4)

=A =4 =4 =4

T 6.2% (41) of the state’s distribution z

Regardless of size and annual |l eakag8& gasnount s
cannot be ignoredits 3& filled circuit breaker equipmentds a satic emissiongotential of 244 kilo
tonnes of#/ equivalent(10.216 23900)

I f t he c3& ieuitbrealied igfrastructure percentage was estinchgeet 12 % of t he

total, the NSWstaticemissions potential could be estimatetl2.03Mt #/ equivalent (Equating
244kt to 12%)

Additionally the st at e’ ssesecoultbe asgmated at22.Rilatgrmesa n d
#/ equivalentper year.(Equating 2.90kt #/ equivalent from section 3.10 to 12%)
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Alternatives to SF6 in HV Circuit Breaker Insulation

6.3 SF6 Euipment Emissions life cycle

6.3.1 Manufacturing of Equipment

Australia currently imports 10 to 20 tonnes3& annually, of whiclover 80% is estimated to be

used for the filling of hi gB& wsagk tespangbiltgshoe ct r i c &
limited to purely its import inventoryrnowever. Consideration must also be given to the

manufacturing process required to produce the B& filled equipment servicing the Australian

network whether it be manufactured locally or internationally

Manufacturing wise, Australia accommodates very few large scale HV circuit breaker manufacturing
companies. One of possible note is the-INc Industries manufacturing facility near Brisbane

Airport which manufactures th8& containing Nseries Recloser, however recent trends have seen
their U-seriessolid-dielectricmodel become more popular. Typically the majority of HV circuit

breaker equipment servicing the Australian electrical grid has been manufactured in either Europe
or Japan.

“Various symposiums have reported that the emissions during the manufactur8&y efjuipment
represent an average of 4.5% of tB& used in the apparatus. This amount is aiming to be reduced
by all manufacturers and may reach 1% infineire years’(Bessede, et al., 2006)

Smaller metal enclosure, deadnk type circuit breaker models are often laser welded and then
tight tested with helium. They are later filled wii& and the filling mass recorded. Igar livetank
type circuit breakers require chamber insulators made of porcelain or comp&sistomersealing
made of ethylene propylene diene monom@&PDN), arecommonlyused for the sealing of the
breakervesselsOf the final three pole design, inddual pole columns are filled with rat&&

service pressure and tested in turn for service ability in a seriimated process. After the test,
filling gas from the insulator pole column is evacuated, stored and then reused for the next test.

Note: Emissions due to the synthesisatior¥a gas initially have not been included in this
emissions life cycle analysis.

6.3.2 Transportation of Equipment

Newly manufactured equipment is the filled with either nitrogen or a reduced volun3& oét a

pressure slightly above atmospheric to eliminate moisture ingression during shipping or storage. The
filling medium is either replaced or topped wiB& to the operational required amount and

pressure once the circuit breaker is positionedsninstallaton location. Withirthe transportation
process3& emissions are most prevalent during gas handling tasks such as the multiple filling and
reclaiming activities during the assembly and delivery stages. Gas can leak from fittings or hoses and
is typicaly a result of poor practices or faulty connection hardware.
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6.3.3 In-service Equipment

The primary purpose @& gas in HV circuit breakers is to extinguish quickiktremely high
temperature electrical arcs. Althoudi®& gas is one of the most relilbsubstances for arc
extinguishment, decomposition will eventually occur and the gas purity will be compromised. Most
utility companies test HV circuit break& gas for purity every four years (depending on individual
company policy). This is achésl/by the connection of a special gas analyser to the filling valve of
the circuit breaker. Analysis requires a portion of the internal gas to be withdrawn, analysed, and
replaced. Gas changes dam endorsed if purity is of concern.

Certain maintenance &ci vi ti es require t h8& gantohereeldingedlyfan t h e
appropriate gas recovery unit to allow for internal inspection. After the internal work is completed

the equipment is placed on a vacuum for several hours and thdiled with either new3& gas or

the previous3& gas if deemed suitable. Emissidrom equipment during their iservice life are

primarily as a result of slalong termleakage opoor gas haudling activities. Leakage rates are

advisedat 0.89% of capacity annually and handling activities are suggested at between 2% and 0.4%
of capacity each activity which occurs at a minimum every foursy@endling lossetaken as 1.2%

per 4 yrs or 0.%annuallyas average)Over a 40 year iservie life this equates to 35.6% of gimal

capacity in leakage and %2for handling activities.

6.3.4 Equipment Decommissioning

Once the equipment has eventually served its purpose decommissioning is required. During
decommissioning3& emissions are again mipgrevalent during handling activities. Such handling
activities include reclaiming gas, stock piling the gas at storage fadilitiethe recycling of the gas.
The ecycling stage itself can involve multiple gas movements to often clean and filterdtigasl
ready for reuse. A conservative estimate for emss during entire recycling periag about 2% of
recoverable3& . Deux, 2008, suggestsodern facilities with state of the art process are advertising
ambitions ofless than 0.5%missionf recoverable3& .

Shipping Maintenance [12%) Recycling (23] | Recycled
- s st Gas
CB Manufacturing [4.5%) Service Life [35.6%) Decomissioning [1.2%)

Ty szized Gas
Synthesised Gas Installation [1.23)

Figure6-6 HV Circuit Breaker SF6 Emissions Life Cycle (% CB Capacity)

Life cycle emissions of a 13.73& Siemens Deathnk equat to 565% of itsoriginal capacity,
producing 774 kg of3& emissions or 18%onnes of#/ equivalent emissions.
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6.4 SF6 Usagef Nothing Changes

In a future where climate change is ignored, or simply where the percentagfe e@missions as a
result of highvoltage electrical equipment onsdered to be a limited contributor, a projected
outcomes based on this dissertations findings caexamined

Currentl y t he3&chaldings far inserdicg H\A diraiiibreaker equipment haheen
evaluated at approximately 10 tonneBhe Catral Western NSW Region evaluated plays a vital part
in connecting northern and southern NSW as well as linking across the Blue Mountains into western
Sydney. This positioning increases its electrical infrastructure requirements of the stigiaily,
particularly in the transmission spectrum. With this is mind the case study area percentage of NSW
3& electrical infrastucture has been estimated at ¥&espite its low population and zone

substation numbers. This figure aligns more closely with thegreage of transmission level
substations (9.1%gnd Transgrid circuit breaker numbers (15.8%) considahagthe majority of

3& equipment is in the high voltage rangdismust be noted that the Sydney Metropolitan Area
utilises numerous Gas Insutat Substations (GI®)r space saving purposes which additionally
increases theiB& percentage.

Without change he 2.D5kilo tonnes &/ equivalent)of case studyannual3& equipment
emissions will contiueto affect the atmosphere unhindered. Thisrrespondgo approximately
24,200tonnes of NSW#/ equivalent emissions annually. The NSW electricity consumption for
2012/13 was 74,373 GW, whigles3 0 % of Awustralia’'s 249 ,perb® GW ¢
(Australian Government Bereau of Resources and Energy Economics, 2§ih§)demand as a
rough basis for infrastructurd u s t r a |l i 8& drculN@eakeroequipment ersgions could be
estimated at 80/00tonnes of guivalent#/ emissions annually.

Without change current emissions will grow. Electrical infrastructure growth will continue to utilise
3& gas insulated circuit breakers as oil and air blast replacement technology as well as in new
installaions in future years. The case study apeasented a total of 61 small oil volume circuit
breakers in the 64.32kV range that have been identified for replacement in the next five years. The
37 circuit breakers in the 86V category will most like be rigzed with a popular 13 kg fille@&
deadtank. Likewise the 24 circuit breakers in the X32range would expect a Xg filled3& dead

tank as their replacement. This equates to a 1,126 kg ri8& iigas insulation in the caseusty area

in the next five years (11% increases) or 2.2% increase annually.

Transgriccircuit breaker aggrofile reporting (see section.@or Appendix Dsuggests thaP9% of

its circuit breaker inventory is due for replacement in the next 10 yegrproximately 30Qnits (or

21%) of Transgrid’s inventory are obsolete oil
age profile. Under a pr8& scenario these 300 units would most likely be replaced @&thfilled
equipment.This 20% increase ovdra next 10 years equates to a similar 2% annual increa@ in

circuit breaker infrastructure and associated emissions.
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Based on aging profilebeyond2025 the states entire HV oil circuit breaker inventor will have been
(most likely)yeplaced with3& filled equipment From here3& amounts of inservice equipment

would typically be expected to be reduced as ol@&r equipment is replaced with more compact

modern designsHowever, current design trends suggest that the future replacernéaging3&

live-tank circuit breaker$66-132kVrange) nst al l ed i n the 80's and 90
tank type designs fahe advantageous integration of their favourable bushing CTs. faad

designs incorporate three times tf8& insulation of the livetank versions they seek to replace.

With approximately one third of circuit breakers in the-882kV range falling into this category the
overall3& increase can be projected a8% for the period of 2022045

Hence any reduatins seen by modern designs in the higher voltages where-tdds are
unappropriated or the reduced need for exterig® CTs would benore then countered by the
deadtank volume increase in the 6832kV rangelt is noted that asmall reduction wouldlso been
seen in the replacement of aging& equipment in the sub 66kV range with more maintenance
friendly vacuum designs preferred. Considering reductions due to modernising equipment but also
increases due to the preference of detahk designsthe 202520453& massin HV circuit breakers
due to aging equipmeris estimated at still in increasing 1% pa.

Apart from the increases due to aging equipment replacements, increases are also expected from
infrastructure expansions. Currently the dripnational electricity demand and rise in consumer
prices has seen reductions in state infrastructure expenditure. However in an aim to diversities
Australia’s gener atbhy2020N8W ix curtently @idrffited te severmvrew | e
renewable powe stations. Each station will require connection to the state gnd subsequently

some form of substation and associated HV line and equipment protection circuit breHlkars.
average of 200 k8& was utilised in each of the new generation &tdrcuit breaker equipment a
further 0.3% pa state increase in the is expected over the next 5 years to 2020.

One of the big state infrastructure prospects for NSW is the extension of the\b@étwork to

allow for greater state power transmission and assist intesregional electrical power transfer.
Currently the Bannaby to Sydney South &®0ine is in the consultation process. 30Lcircuit

breakers and associated €quipment isat this stage exclusivel$& insulated and requirglarge
amountsof the gas (+200 kg for a 58Y CB and associated CTs). Any eventual extension in the 500
kV network, wether just in NSW or along the entire east coast would significantly in@&assage

in circuit breakers.

One topic this ddudgysexploreda any reail exterd is that df Gag nsulated
Substations (GIS). This concept of entire bus and associated circuit breaker networks and cables
being completely insulated witB& for space saving circumstances is fast gaining populaty. H
Market underground 33V Substation in Sydney CBD is enti@8y insulated (even the
transformers). Bathurst hasreew outdoor GIS at its Russel St Substation that was not included in
the scope of the case study. GIS preference is an@®eincreasing factothat needs to be
considered in a pr@& future as it will become more and more utilisékhe 66 kV Siemens GIS at
Ashmont Zone Substation in Wagg Wagga NSW replaced a possible five 38. tdéadtank

design (68.5 kg total) with270 kg3& five circuit breaker GIS installation.
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Furthermore to the foreseeabld& circuit breaker increases due to either infrastructure changes or
ageing equipment replacementmfrastructure increaseare expected to rise proportionally to
electricity demand. The currently declining to steady demand is expected to begin to rise again post
2020 slightly less than pre 2008 levéiis2%pa)

Maintenance and staffing wise with no altercation to current tienutilities will still maintai3&

circuit breakers via a detailed inspection every fgears, minor service every twelyears and a

major service every 25,000 operations. The case study maintenance teams will still attend to their 45
leakage monitring alarms every year increasing by the same percentagesafririce equipment

numbers for subsequent years to follow. Oil maintenance will no longer be required by 2025 and
maintenance staff particularly in the transmission ranges will deal exclusiwtblyhe OH&S

concerning3& more and more regularly.

Distributed Mass Growth of SF6 in Electrical

Newtork Circuit Breakers
200,000

180,000 ~

160,000 e

140,000 yd
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100,000 /
80,000 = SF6 Mass Cse Study Area (K

60,000

Mass of SF6 (kg)

40,000
20,000 = —
0
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Figure6-7 Theoretical Distributed Mass Growth of SF6 in Electrical Network Circuit Breakers

The case study area in 2035 could potentially acconat®a923 HV circuit breakers (an increase of
264 units) and approximately 16,800 kg okervice3& (an increase of 6,600 kg)
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6.5 SF6 Usagef SF6 is Banned Tomorrow

In contrast to a zero change future reality, analysis of an alternative future wherage of3& in

HV switchgear is banned tomorrow is worthy of assessment. Europe has already seen calls for the
banning of3& in medium voltage applications and with an increasingly environmentally concerned
global community8& bans are not eritely fictional concepts.

A complete banning of the use 8& in HV electrical equipment would almost be unthinkable at this
stage. Over the past 30 years our electrical supply networks have become heavily invested, reliant
and ultimately committedt®& t echnol ogy . Over 70% of our tra
breakers utilis88& gas for insulationThe infrastructure investment required to replace the banned
equipment would be asbnomical and could not possibbccur overnight or even withia decade.

With respect to the sheer magnitude of the proposal it is practical to breakndhe alternative into
to subalternativeplausiblescenarios

1. A European influenced banning@& in MV equipment
2. Phased replacement of @& insulated arcuit breakers similar to that of oil and @fast
equipment replacements over the past 30 years.

6.5.1 Banningof né in MV equipment

I f the case study’s results are i nnatomvidebanay r e
on 3& in MV swvitch gear would actually be somewhat achievable in a reasonable time frame. Only
23% of substation circuit breakdess than 6&V utilised3& gas. These 72& unitscould be

combined with the 26 bulk oil units thatilvbe needed to be replacecanyway.Vacuum alternatives

in this range boast just as adequate functioning capabil@ies less maintenance intensive

practices Vacuunbreakersdo requireslightlymore frequent maintenance but this maintenance is

less intrusive antksstime consumingas awhole. Vacuum breakers a@dsonot as susceptible to

gas leakage callouts or circuit breaker lockouts.

A ten year proposal aligning with the replacement of MV oil technology would require a 400%
increase in investmerto extendthe scope of the opett#on to include3& circuit breaker
replacements also. Further savings could be made in this field in situations where manufacturing
companies offesolid-dielectrid vacuum interchangeable tanks with their curréd& in-servce
designs. The Nblec, Nseries Reloser falls intghis category with 17 unit2G8% of the required

3& units to be replaced in the case study area interchangeable wibrigssolid-dielectrictanks
Reyrolle also offer a vacuum carriage replacatiank for their obsolete oil breaker ragble

carriage designalsa

Additional savings could also be made in situations where multiple outdodd@hsulated circuit
breakers could be replaced with indoor modular vacuum circuit breaker/bus de€gok modular
buildings can often be manufacture off site and supplied only requiring HV cable terminations and
auxiliary power connection.

A non3& MYV future would see reductions in maintenance call outs, gas handling actig8ies,
filling replacement costs aneéquivalent?/ emissions.
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6.5.2 Phased Replacement of alf Insulated Circuit Breakers

If a phased replacement of && insulated switchgear was initiated the major cost component
would be in the development of suitable replacements for the high voltage circuit breakers.
Currently there is no massqutuced nor3& option for Circuit Breakers over 38¥.

A phased replacement would see the relative immediate stop in purchasB& aircuit breakers

for new and replacement installations. Much like the replacement of the oil addast circuit
breakers over the last 40 yesa existing3& equipment would see out its service life and then be
replaced with a nof8& alternative. This strategy initially would be quite challenging as there may
not exist suitable not8& replacements for sme circuit breakers in the high end voltages. This may
result in specific equipment requiring stayingsiervice past its recommended life expectancy
increasing associated maintenance costs. Another consequence could be that new transmission
developmentsare run at reduced voltages where reliable Aga circuit breaker designdo exist.
Duplicate 13XV transmission lines could be used instead of B30ines for example while ne3&
technology in the +33RV is developed.arge oil insulated or iablast designs could see are
emergence to fill the void in the high voltage spectrum but they would need to be significantly re
designedo keep maintenance and reliability competitive.

Luckily the 50&V network in NSW i®lativelynewand its circuitbreakers still have a 30 plus year
life expectancy allowing a larger window for technology developmientisis area. Despite what
strategies are employed the highvoltage spectrum is definitely the most vulnerable3
banning. Developments are uadbtedly needed in this area.

Sub 33V circuit breakers could be replacas neededvith the increasinty improving compressed
dry-air/vacuum circuit breakerdf anything the increased investment in the technology could see it
satisfy a larger proportio of the required replacement marketeFhaps using multiple vacuum
interrupters in seriegould be an optiorin the higker end of the voltage spectrum. Gas insulated
Substations would need to be-thought, most probably resulting in relocating back intore space
exhausting traditional sized outdoor sites.

Whatever the replacement strategy, it is quite evident that a total baB&nin switchgear would

be extremely expensive and require extensive infrastructure altercations. Unfortunately this cost
would also most like be passelown to electricity consumers, i.the general publicThe reasons

that 3& insulated switch gear has become the dominate technology in HV applications is no secret.
Its cost effectiveness, minimal maintenance requiremerggiabilityand compact installation sizes
were unrivalled and are all extremely hard to replicate and replace.

The staged banning 8& is not such a fictional reality. Staying one step ahead is definitely
recommended. By exploring and investinginvironmentally and OH&S friendly alternatives3t
where possible, utilities can reduce their vulnerability3® .
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Chapter 7: The Proposal

The following proposals comprises of a mixture of recommendations based on this dissertations
research and findingshilst alsotaking into consideratioeconomic and organisational objectives of
modernAustralian electrical network authorities.

The environmental and OH&S concerning attribute8&fare evident. Howevegivenrecent
electricity commodity price res,future reduction or eliminatiorstrategies must be both reliable
and cost effective as to not increase network operating costs.

The following proposals attempt to provide reasonable utility operating and infrastructure
investment strategies that wiboth reduce3& emission and personnel handling requirements
whilst simultaneously being practical and affordal3& insulation still has a vital role to play in
higher end voltage applicationso propose an all oud& ban and across the boastjuipment
replacements would be unrealistic. This disser
achievable strategies that will position utilities in less consequential futures given the concerns
associated witl8& .

Another concerning #nd with3& insulated switchgear is the fast approaching kemonopoly of

the substancen applicatiors 66 kV and above. Utilities could consequently be placing themselves in
a vulnerable situation at the mercy of any harshly impo3&dregulations or price rises. It makes
sense to try and diversify the market where appropriate to avoid any such market ambush.

The followingrealisticproactive actions and trial initiatives arecommended with project cost and
environmental benefits for utility awsideration:

Primary Proposals: Proactive Actions

1. Medium Voltage (MV3& Switchgear Purchasing Suspension
2. Dryairto3& 50% market Share (66 kV) by 2035
3. Regional Leakage Detection Cameras

Technology Trial Initiatives

4. Optical Current sensoifrials
5. Octafluorocyclobutane Trial
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7.1 Primary Proposal: Proactive Actions

Based on these dissertation’s findings the fol
considerations.

7.1.1 Medium Voltage (MV) SF8witchgearPurchasing Suspension

This proposal ipretty much a win winnitiative for utilities. A self imposedr regulated indefinite
suspension of medium voltag® insulated switchgear purchasing demonstrates environmental
responsibility to the general publigith no real reliability losser dramatic cost increasein fact this

is actually a cheaper option for utilitiemplemanufacturing companies produceore than
adequatevacuum and solidlielectric/'vacuum MV circuit breakerthat cater forall applicationdess

than 40kV. The technology is reliable, cost effective, requires less intensive maintenance and is the
trending medium of choice in the MV range anywlaxisting3& insulated equipment in this range
could remain with intentions to be replaced with aneatftative mediums when due.

A move such as this by utilities would not only attract environmental accolades buadatually
reduce maintenance cost8& stockpile requirements, employee call outs, employee OH&S
concerns, installation footprints andost importantly3& leakage emissions. With most utilities
seeming to be movinin this direction anyway, a company regulation and public announcement
would give purchasing offices zero choice. The result would drive investment inaréaely stable
soliddielectric/vacuum industrywhich may consequently produce developments in the high voltage
ranges.

With recent calls in Europe for a regulated bar3&f in MV switchgear it makes sense to position
Australia one step ahelaEspeciallyvithin a market that the case study of this dissertation suggests
is only 23%atered for by3& equipment. Self imposed suspended purchasing by utilities would
position themselves in profitable circumstances given erentual governmentegulated

suspension.

Building from this concept, phased replacement of existing3\Vinsulated circuit breakers five to
ten years ahead of life expectancy wotidally eradicate3& in the MV equipment by 2035he
eradication of M\M3& equipment would drastically reduce th&& maintenance and monitoring
equipment amounts required by distribution authoriti€such authorities wouldubsequently only
require such equipment for their 86/ and above zone substationdéoming feeder circuit teakers

Currently soliedielectric/vacuum circuit breakers are typically $18RED00 cheaper thaB&

models projectinginstallation cost savings of between five and ten percent. The reduced call out
and required maintenance activities in an & free future in the case study area is estimated at
15% (given that only 23% of circuit breakers in this range are cur@atiysulated)

As mentioned in earlier chapters many MV circuit breaker manufacturing companies offer new
replacement soliedielectric/vacuum interruption chamber tanks that can be interchanged with their
previous3& insulated models. This initiative reduces change over cost for utilities that can still
utilise the existing control mechanisms whilst maintaining company loyaltiyet existing
manufacturer.
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An interesting point of note is that in the case study area more than half o88/¢ircuit breaker

designs utilised vacuum interrupters for current interruption &&l purely for phaseo-ground
insulation which is nowompletely unnecessary in this range.

Table7-1 Case Study Area Proposal Implications: MV SF6 Switchgear Purchasing Suspension

Stage
Timeline
Action

Units Effected
ne (kg)

‘AE emissions
(tonnes)
Installation Cost
)
Ongoing
Maintenance
Cost (%)

2015 20152035 2035
Immediate suspension Phased early Last of MV3& insulated
of MV 3& switchgear | replacement of M\B& switchgear

purchasing switchgear decommissioned
Zero initially 267 -
485.4 transitional Zero
103.2 transitional Zao
- 5-10% cheaper theB& -
alternatives
- transitional

15% overall operating
cost reduction
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7.1.2 Dry-air to SF&0%Market Share(66 kV)by 2035

Initially a recommendationf dry-air insulated circit breaker technology in the 66vrangewas
intended to be a triainitiative. However, installations of two Sumotomo B8 dryair insulated
circuit breakers have been in service within E
i nst alissue freie applisationsnd reduced costsave seen Essential Energy invest further in
the technology with up to 12 subsequent units intended for Albury and other regional sites.

The dryair/vacuum technology which is exameid in detail in section.8 utilisescompressed dry air
as the insulation medium and vacuum interrupters for current breakingnokeproven reliable
designs are available in the populaatttank types withintegratedLV bushing current transformers
and utilise zer®& . They havébeen designed in such a way that their installation footprints mimic
that of current3& insulated deadanks in the 6&V range.

A wider uptake of the3& eliminating design is recommended aproactive strategy in reducing
network reliance or8& as well as offering othesubstantial benefits. A notable benefit is obviously
the reduction of future irservice3& amounts and their associated potent leakage emissions, but
the technology also offers much needeetsificationin the industryand is actually lower in price

Currently all obsolete oil circuit breakers approachingdhd of their irservice livesre being
replaced exclusively witB& designs. With the last of the oil insulated breakers in this range
installed pre 1985, witim 10 years theeplacement scheme will render tHf& kV range exclusively
3& insulated.Diversificationn this range would be extremely advantageous considering the
concerns associated wi& and calkinternationally for its banning in the lowaoltage spectrums.

Besidedliversify the66 kVrange, dryair/vacuumcircuit breakersffer no real disadvantage when
compared ta3& . Maintenance wise vacuum circuit breakers presently require similar redones
3& but just utilise different ternmology.The f our yearly “3&eitcdti | ed i ns
breakers comprises of a similar amount of activities required for a four yearly minor maintenance on
a vacuum circuit breaker. Additionally, leakage from aairynsulated circuit breakaxould require

a similar staff call out activity but is of substantially less environmental consequence. Installations
sizes of the two designs are similar and offer all the same funct@ursently Japanese company
dry-air/vacuum designs are leading th&uropean competitors and their units are typically $30,000
cheaper than the established Europea® deadtank alternatives.

Alstom and other companies are also now offering-tevek style dryair/vacuum designs. Currently
both obsolete oil insulatednd agind3& insulatedlive-tanksand their associated Cage expected
be replaced wittB& insulated deadanks. Modern deadanks are peferred as they offer an
all-in-one circuit breaker and CT installation. In a continual budget restrictingefueplacing old
live-tanks with new livaanks and utilising the existing post CTs could be a cheaper option.
Installations of new CTs require additional CT accuracy, polarity and saturation commissioning
checks to be conducted where as a straight-tevek swap over does not. Howevén situations
where the existing post CTs @& insulated it may be more environmentally friendly to replace
both the circuit breaker and CTs with a iy deadtank.
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In any casé is evident thatconsiderations ohew 66 kV circuit breaker installatiorshouldinclude
either dry-air insulated deadanks or livetanks in low to medium fault level installations. In
extremely high fault level installations suchlasgye powertransformer breakersit may still be
appropriate to utilise the high current breaking strength3& insulations. However, there is no

reason why the now proven diy i r

feeder and medium levedubstation 66&V circuit breaker range

t e ¢ h maupy an gxpanding share of the industries

A 20 yeaexpanding uptake of drgir/vaccum circuit breakers in new 66 Bplicationss
recommended by this dissertation. In replacing both obsolete oil and &§ingnits in this range a
consideration of dnair technologyis advised, aiming fa 50%dry-air/vacuum to3& market share
by the year 2035Currently the case study area ha@8lof 66 kV units, 69 of which are oil insulated
and will be due for replacement in the next 10 years. If a furthe3&5nsulated livetanks are due

for replacement by 2035 and new installations increase at a rate of 2% annually up to 120 new 66 kV

circuit breaker installations are expected before 2035. A 50% market share of the of the then 264
total unitswould reduce a projected case studgnual#/ emissions by ug64.6tonnesand
installation costs by $4,752,000

Table7-2 Case Study Area Proposal Implicatiomy-air to SF6 50% Market Share (66 kV) by 2035

Stage
Timeline
Action

Units in-service
Units Effected

Market Share

ne (kg)

‘AE emissions
(tonnespa)
Installation

Cost ($)

2015

2025

2035

Intention of 50% market
share dryair to 3& by

Last of the 66 kV Oil
circuit breakers

50% market share drgir
to 3& achieved

2035 decommissioned
188 226 264
Zero 690il replacements | extra253& replacements
38 new installations | extra38 new installations
69 Oil transitional 0 Oil
50 SF6 LT 25SF6 LT
69 SF6 DT 107 SF6 DT
O Dryair LT 25 Dryair LT
0 Dryair DT 107 Dry-air DT
1121.7 transitional 1466
(3180 if 10098& )
238.6 transitional 311.8
(676.4 if 10098& )
Zero transitional 13,098,000

(17,850,000 if 100%% )
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7.1.3 Regional Leakage Detection Cameras

The investment into infraed leakage detection cameras capablepérating in the micro meter
spectrum required to visualis# gas is considerabl@) the order of $130,000A recommendation
of regionally based equipment in distributed locations is advised on the basis of current
maintenance practice regularity aradsociated long term benefits of camera acquisitions.

Currently, utilities in NSW typically utilise one or two infea camera units based oof

metropolitan Sydney. Inumerous instancemaintenance staffs rely on proximity detectors for both
leakage @tection and repair validation. Considering the current operating costs of indivddual
leakage identification and repair activities as well as the associated equipment outages, additional
detection cameras may be warranted.

Currently, ech equipmengas leakage repair operation is generallysidared to cost invell in
excess of $2W0 and includes;

1. The initial call out of a singular maintenance technician in resptinge “ | 8&s"s ad far m.
Alarms can be raised at any time and need to be attenmeimmediately to avoid
equi pment “lock out”. Of the normal eight

technician response will be required outside of standard hours. Typical utility pay award
agreements are usually negotiated subht technicians on call receive a minimum four
hours overtime pay for out diours call out activities ($320 for technician on 84D

2. Gasrefillingcosts. Lo s3&8” afarms are generally raised
reached less than five bafnexample sbstance losss calculated in sections 5.6.1 as up to
2 kg of3& . Gageplacementin such a caseequired upon call out amousto $110 ($55/kg)

3. Equipment revenue losdlow that leak existence has been establisaadequipment outage
is scheduled focloser inspection, leak detection and repair. Depending on the circumstance
the utility is liable to revenue losses from customer suppltagesor penalties from the
Australian Energy Market Operator for network redundancy losses.

4. Leakage repaiilypicaly, for safety reasons, at least two qualified technicians are required
to hold an access authority to work on-daergised HV equipment and in any case repair
the | eak. The B&eimevacuatgd, thegeak rgparredhand then refilled,
within an eight hour workinday at a labour cost of $640

5. Transportation. Ithe centralised infraed camera is required for repair assistance then the
transportation cost of the unit to the leakage site could be quite substantial including fuel
and driver I@our for multiple hours to reach regional locations.

6. Equipment depreciationAdditionally the deprecating cost of the required maintenance
equipmentsuch as gas evacuation pumps, hoses and cylinders as well as ladders,dsarness
elevated work platforms ahtechnician vehicles add to the total activity cost.

At a designated leakage rate of 0.89% annually the slightly above 10 tonne case study area leaks
approximately 90 kg @& in losses each year. If a typical leakage loss prior to repaireaasnaly
assumed at 2 kg, thexjuates to 45 leakage repair activities per year. Granted there is both an
environmental and financial case to try and reduce leakageirggévities amounting to $9000

and 2100 tonnes of#/ equivalent emissions. Not to m&on the reduction of personnel exposure

to the OH&S concernir@& insulation gas.
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Often repairattempts can subsequently falle to poor validation equipment such as hand held

proximity

detectors

or

“sni f f eactigties reqaréd, up toe

fort

one third can be due to repeat offenders that have been difficult to validate repair effectiveness.
Infra-red detection cameras not only offer real time monitoring and repair validation but could also
significantly reduce repeagpair activities. Currently centralised Sydney based units are only
dispatched to regiondbcations in the event of multiple repair failings.

If camera acquisition in regional centres could achieve even a 20% reduction in maintenance costs, a
single unti could justify its initial investment in less than eight years. The NSW electrical grid outside
of the Sydney metropolitan aregccounts for approximately %50 of the states electrical

infrastructure. This regional grid is typically segmented into North€entral West and Southerof

which the subregional centres of Tamworth (north), Orange (central west) and Wagga Wagga
(southern) could substantial benefit from infrad detection camera placements. Cameras operating

out of these regional centresould easilyservice their respective areagnits couldpossiby be

shared betweenor service both the needs ofegional transmission and distribution authorities
(Transgrid and Essential Enerdygakage reduction initiatives such as these could see ttienah

leakage estimate of H¥& equipment reduced from 0.89% which could ease concerns associated

with 3& in HV equipment.

Table7-3 Case Study Area Proposal Implications: Regional Leakage Detectarera

Stage
Timeline
Action

Units Effected
Annual leakage Repair

Activities
né (kg)

‘AE emissions
(tonnespa)
Installation Cost ($)
Maintenance Cost ($)

2015

2023

Purchasing of regional based
infra-red leak detecting cameras

Camera purchase paid off

520 603
45 41
(52 if no camera purchase)
10,216 11,850
238.6 252.1
130,000 -
90,000 82,000

(104,000 if no camera purchase
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7.2 Technology Trials Initiatives

7.2.1 Optical Current Sensor Trial

From the case stydarea results in Chapter Four it is evident that a significant contributi@& o

the region was a result of transmission leveldigak circuit breakers utilising& insulated adjacent
post current transformers. Although oil insulated CTsslightly cheaper and offer less litgcle
emissions, their high monitoring and maintenance regimes are deemed less desirdddeinrent
operating cost driven industry answerable to rising electricity commodity pridetsonly do
maintenance activiés cost in terms of personnel and equipment they alsoimply reduced

revenue from out of service equipment intendéat supplying electrical power to paying customers.
Forthisreasom hi s di s s er t atsimoderhakernativeswitroadditionsl beaedite ne
such alternative that this dissertation recommends as a trial initiative is that otoamentional
current transformers, particularly optical current sensors.

Despite their substantially higher initial cost, $40,000 compared to $9H@@ptical current

sensors offer significant benefits additional to that3&f elimination.Although their investment

may not be warranted in the lower voltage applications, higher end HV to EHV applications could
benefit from their spacesaving and maitenance reducing attributes.

The Alstom Grid Optical Solutions website informs thdividual optical current sensors offer wide
dynamicsensinganges with each unit capable of replicating numerous CT ratios (altered via
software) which in turn reducdsventory stock requirements. They are light weight (approximately
10% of oil filled transformergnd are capable of flexible installations such as HV bus mounting and
direct circuit breaker terminal attachmeniTheir usage can reduce the total substatfootprint by

as much as 15 to 25%ransportation of units is far easier and personnel are no longer at risk to
ferro-resonance and dangerous open secondary concerns associated with magnetic transformers.
Furthermore they attribute reduced secondary wiginequirements and next to zero maintenance.
They are extremely accurate, do not suffer the saturation limitations of magnetic transformers and
areeither analogue of s m-g r i{lEC'61850eady.

Modern optical current sensor protection and metering aeaies exceed that of traditional CTs and

it appears their integration into modern HV networks is only a matter of time. The technology has

the potential toreducethe current dependence on both @hd3& i nsul at ed CTitss. Wh
integrated useon livetank circuit breakers terminals could replaaiébenefits attributed to

deadtank integrated CdesignsA 3& live-tank requires one third the insulation gas its counterpart

and also boasts a significantly smaller installation footprint (88@action). Currently the only set

back of the livetank design is its large adjacent post CT requirements that could be eliminated by
optical sensor integratioriThe benefits are even more substantial in higher voltage rangesk{s00

where typically altircuit breakers are livanks withadjacent 3& insulated CTs

Given these benefits but also the conservatiature of network utilities possiblgoncerned with

the associated investment required is recommended that a trial of the technology bedertaken.
Initially a feeder bay with existing CT’'s coul
sensors in addition. The outputs of the traditional and modern technologies could be monitored and
compared with the traditional CTsventuallyremoved after a given time frame (say 6 months).
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Building from this, five to ten percent of new feeder bays over the next five years could be designed
utilise optical current sensors. If utilities would prefer to keep the new technology centralised
perhaps a one off new substation ear marked for smart grid demonstrations could be designed to
incorporate the new current sensors.

Table7-4 Case Study Area Trial Implications: Optical Current Sensors

Stage
Timeline
Action

Units in-service

Redaction of
ne (kg)
‘AE emissions

(tonnespa)

Installation
Cost (%)

6 months

5 years

Future

Trial of optical sensors ii
series with traditional

Designated feeder
bays or complete

Optical current sensors
replace all post CT

CTs substation applicationg applications
3 single phase 1520 138-All enclusive
Zero approx. 300 4239
- approx. 902
120,000 600,000800,000 +5,440,000
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7.2.2 Octafluorocyclobutanerrial

Octafluorocyclebutane # & ) exhibits about one third of the global waing potentialof 3&

and could be a “go to” s u3&gdstacionsDud tocarkomamnteaty e n t
of A # &, which can form conductive particles post arc initiated decomposition, it is not
appropriate for current interrufion applications. Despite this short fall, the uséfof # & could

still be beneficial in nowurrent interrupting dielectric applicatiorsich agjasinsulated current
transformersand gas insulatell circuit breakers. In these situations the gesuld rarely be subject

to intense electrical current arcs unless in a significant design fault. Even in the rare event of arc
exposureA # & is more than capable of extinguishing the arc but subsequently would require
monitoring or gas changingtafwards.

The significantly reduced GWaingof A # & , positionthe substances a worthy trial medium in
HVdielectric applicationsAlthough the price oA # & is high in comparison, its application would
primarily be in high voltage CWhich exhibit significantly ledsakageregularity due to their static
installation nature. Unlike a HV circuit breaker a CT does not have any fast acting, highly forced
operating mechanisms to stress or vibrate the apparatusphasizing vessel integritgilures.

The superior dielectric strengthf A # & compared ta3& (1.2timesthat of 3& ) indicates that
the substance could beasilyinterchanged witt3& in non-current interrupting HV equipment. Such
a dielectric strength also implies that no altercation to vessel sizes wouledodred. Its gaseous
nature additionally allows the utilisation of existing filling valves and equipment.

Investigations into the kservice capabilities &k # & could assist governmemtr private high
voltage network operators aiming to reduce themissions contributions. In an uncertain future
that could eventually impose hargienalties on company emissiotige substance could be utilised
as an intermediate solution to electrical equipment gas insulation leakage emissions.

A five year trial bA # & is recommended in exclusively designated applications such as two to
three sets of HV gas insulated post CT's and
Medium voltage gas insulated vacuum interrupter circuit breakers that ctigrese3& to insulate

the internal interrupter from the ground (vessel enclosure) would be better replaced entirely with a
solid dielectric model. However a trial Af # & in this application with positive results could leave
utilities with theoption of replacing the gas in such equipment to obtain a greater service life out of
the existing enclosure and interrupterfrastructure

Table7-5 Case Study Area Trial Implications: Octafluorocyclebutane

Stage
Timeline 5 years Future
Action Trial of A # & ingas CTs All remaining3& CTs
and 3& /vac CBs and 3& /vac CBs
Units in-service 6 CTs 138 CTs
23& Ivac CBs 421 ¢/vac CBs195 Reclosers
Redaction ofi¢ (kg) 124 4662
ReductionAE emiss. 26.4 991.7
(tonnespa)
Installation Cost ($) 18,000 699,300
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7.3 Company Strategies

The final proposed recommendations are for overall electrical network authority company
approaches to eliminating or reducing reliance3sh insulation in HV circuit breakeesd asociate
apparatus. Thero-activeproposasand trial initiatives recommended in sections 7.1 and 7.2 are
great starts in compan$& reduction s but further strategies would also be beneficial.

It is vitally important for all network authorities uting3& insulated switchgear to make conscious
efforts to maintain current awareness of developing technologies that caidld& reduction and

their associated benefits and casEnvironmentallfriendly, cheaper, and less OH&®cerning

insulaion technologies are rapidly been introduced into the HV switchgear makkielitional to
alternative circuit breaker and current transformer designs are also advances in handling equipment,
such as gas evacuation systems, gas analysis devices and geagtliods.In an uncertain future
regarding3& regulations staying in tune with alternatives could not only save companies a lot of
money but also better complimergnvironment and staff well being.

Company instigated professional development andfgtaining in regards to bette8& handling

and equipment maintenance practices could also greatly re@8cemissions and dangerous
exposure to personnel. Keeping staff up to date with the latest safe operating methods and gas
handling expectatios can reduce gas losses which can subsequently save operating companies
money in3& stockpile amounts and also in equipment time revenue losses.

An important company strategy that was brought about due to the introduction of the carbon tax in
2012,dueto 3& rise in pricewasthat of accurate3& gas inventory monitoring. Gas cylinders used
for equipment filling are weighed prior to and after each use andnlass of3& utilised is

recorded. Every six months an inventory check is conduatddtze obtained mass compared to

that of inventory records. This is a great company imitative and should be continued 3&.any
utilising future.

A final recommended company 8&"r aatleagrymsi st ot hpee rah
a lower tolerance levetor emission reduction and savings3& mass replacements. Real time data
monitoring of3& pressures in HV equipment by SCADA systems is being considared as

advancement on simple low gas alarm triggering points. Compangateti developments in this

system could lead to more reliable and robust, emission reducing networks.
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Chapter 8: Conclusion

8.1 Conclusion

Australiais an environmentally concerned developed west@ation; howevelit is also subject to

localhigh cost of living presires as well as internationebmpetiveness for industry investments

and job creation. Currently, high global warming potential emission reductions3€orimsulated
switchgear unfortunatelydesn ot t op Australia’s “to do I|ist?”.

Aust r al igalyisnovhtigesnatare ahd is a proficient accepter of new technology wiéch

sparked from its geographics¢paration from the western world during its development years.

Australia is also proudly influenced by its indigenous heritage and its 40,006ty@ag

sustainability practices. As a united community, Australia is generally concerned for the environment
and our effects on future generations. The modern nation seeks a sustainable mix of industrial and
technological progress, economic security aothpetiveness, as well as environmental

conservationl t i s the combination of Australia’ s acc
motivations that will drive future change in the field3& insulated HV switchgear

Australia also does noeem afraid to lead global conversations, implemegprogressivedecisions
andpolicies such as th€arbon &x The Carbon Tax, despite its short comings sparked major
changes in industry practices. The argument stands that the tax was evidegjyroptiate for
Australiaat the time; howevethe dramatic price rise iB& (even for a shorperiod) prompted

utilities to reconsidet h e s u bpseviausilydnstincsive applicationf 3& insulation was to gain

an eventually monopoly in the HV ra;ng Carbon Tax like price rise in the order of ten times current
value again would dramatically effect electricity network costs.

Qulphur hexafluoride still has a vital role to play in Australia highest voltage applications. Australia is

a geographicallgispersed nationEfficient EHV inter e gi onal transmi ssion ne
the nation’”s major | oad centres along its east
In 330 kV and above applicatioB& unfortunately has no practid¢alternative.lt is the trending

growth of 3& in HV applications below 330 kV that is concerning.

The 2,905tonnesaf/ equi val ent emi ssi ons3&finsubataed cirduie c a s e
breakers each year suggest 24,200 tonnes for NSV8@¥@d0 tonnes annually for Australia. With

an expected increases at above 2% per year these amounts could more than double in the next half
century.

Reductiors or eliminatiorsof 3& in MV and norcurrent interrupting HV applications are highly
warranted. This dissertation hademonstrated comprehensively that alternative technologies and
strategies do exist and in many instances is actually the more cost effective option.
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There is reasgticallyno credible reasomwhy 3& insulation needs to be dised in medium voltage
switchgear applicationanymore Slid-dielectric/vacuumMV alternatives ardar superioron all

criterion including price, maintenance and environmdbty-air/vacuum circuit breakers amso

implying an increasing lack of relevaof 3& in 66 kVapplications.A major market share swing

away from3& in 66kV circuit breakers is fast approaching with price and environmental compliance
playing a major roleDigital substation control and monitoring is promising to be thgtidg

innovative revolutionn electricity grids. Noftonventional current transformers and other
instrumentationare positioning themselves as the new space saving, maintenance reduced and
environmentallyfriendly options.

With these design changes eslishing a foot hold in modern networks a future where thse3&

is limited to high end voltage liv&nk circuit breakers only is not unrealistic. Disassociating itself
with 3& in MV and norcurrent interrupting HV applications égractical andeconomical viable
option for Australia. The limited use 8& in EHV applications would significantly redpegsonnel
contact with the OH&S concerning substance as well see the assumed leakage emission rate of
0.89%possiblyfall.

A concernin@& trend that is however the gaining popularity is that of Gas Insulated Substations
(GIS) for their space saving benefits. The substantial increase in re@&iretsulation gas of these
installations can be upwards from five times that of a traditionadstation yards. A further up take
of space saving neconventional current transformers and other digital HV instruments could see
GIS applications reconsidered.

The use of sulphur hexafluoride in MV and rmnrent interrupting HV applications has rus i
course.Future harsiB& restrictions, regulations and price raises associated with the global
warming potent substance are highly plausible in the modern environmentally concerned world.
Additionally, the OH&S concerns associated with the decomipadiy-products of3& are

alarming. Given the previous four decade strong hol88finsulated circuit breakers and their
perceived benefits the eventual alternatives needed to be extlamary to compete, and they are.
The modern alternatives sjak for themselves; reducedosts,reducedsafety concerngeduced
environmental impats andreducedmaintenance requirements.

The time for the consideratioof alternatives is over. It is no longer a question of aiming tore
step ahead by embraajnthe new 3& alternativessbut r at her being one ste
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8.2 Further Work

The following items are noted as desirable further work objectives:

1.

Chapter 8

Expanding the case study are&xpanding the case study are to thakotire NSW would
give an greater picture of the use 8& . Current, estimates based on the rucalse study
region alone could be drastically underrating the real usage in greater metropolitan Sydney

Real instanceebkage recording A six to twelve montteakage recating according study

of the case study area would be beneficial as a comparison to the prescribed leakage rate or
0.89% of equipment capacity. Obtain data or developing a mechanism for the case study
utilities to record data concerning equipment leakagé oat instances and leakage loss
amounts could determine whether the prescribed leakage rate is conservative, accurate or
misleading.

Analysis ofeakage repair An analysisa current leakage repair activity could give further
insight into the current mthods, equipments used, handling techniques 8&dloss
amounts.Actual leakage repair success rate with traditional equipment would also be an
interesting data collection in terms of validating infied camera technology.

Alarm level tolerancesAn i nvestigation into any benefit
3%” al arm tolerances. A detailed | ook at wh
an increased cost in call outs compared to environmental3#adstock pile savings.

Installaion trials alternatives- A real installation trial of either optical current sensors or
Octafluorocyclebutane gas replacement suggested in section 7.2 would be produce realistic
data on the benefits of such installations. An interesting trial would la¢ o a livetank

circuit breaker with optical current sensors fitted to its terminals in an attempt to compare
the installation with the current benefits of deddnk circuit breakers.
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FOR:

TOPIC:

ENG 4111/4112 Research Project
PROJECT SPECIFICATION

MICHAEL MARLAND

ALTERNATIVES TO SF6 INSULATION IN HV CIRCUIT BREAKERS

SUPERVISORS: Mr Andreas Helwig

ENROLMENT: ENG 4111 -51, External 2014

ENG 4112 -S2, External 2014

PROJECT AIM: This Project seeks to investigate the increasing relevance of alternative HV

circuit breaker insulation as opposed to SF6 gas as well as safety, cost and
environmental benefits associated with SF6 gas alternatives. The project
seeks to explore circuit breaker design features that could aid 5F6
reductions as an effective, practical and environmentally friendly alternative.

PROGRAMME: Issue A, 16" March 2014

1.

Research - the environmental impacts of SF6, in particular production footprints, global
warming potentials and greenhouse effects

- brief background of HV circuit breaker designs as well as HV circuit breaker standards
- Circuit breaker designs eliminating SF6 as either the current breaking or phase-to-
ground insulation medium

- Circuit breaker designs utilising SF6 for phase-to-ground insulation

- The Insulation effectiveness of alternatives and desired characteristics of insulation in
HV circuit breakers

- Occupational health and safety aspects associated with SF6 when utilised as HV circuit
breaker insulation gas

- Alternative designs that replace SF6 and the design components that enable SF&'s
effective replacement

Survey a case study region to obtain data on the quantity of 5F6 insulated HV circuit
breakers in existing infrastructure and their associated costs/maintenance

Explore alternative circuit breaker designs eliminating or reducing the reliance on SF6
gas insulation and evaluate the outcomes of alternative design inclusions based on the
case study area results

Explore the maintenance and cost consequences of alternative designs as opposed to
existing SF6 circuit breakers

Propose effective designs and strategies that could minimise SF6 gas insulation in circuit
breakers to the same effectiveness

Conduct a benefit and life cycle comparison analysis of replacing SF6 insulated existing
equipment with alternatives
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As time and resources permit

7. Test alternatives researched above and evaluate effectiveness compared to SF6 alternative
design.

AGREED

M.Marland (Student) __ A. Helwig__ , (Supervisors)
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Appendix B: SF6 MSDS
Page : 1

AIR LIQUIDE MATERIAL SAFETY DATA SHEET VP ——
- Date 771172012

Supersedes 224/ 1072012

Sulphur hexafluoride AL016

Warning

I SECTION 1. Identification of the substance/mixture and of the companyl/undertaking |
1.1. Product identifier
Trade name : Sulphur hexafluoride
SDS Nr : ALO16
Chemical formula . SF6
1.2. Relevant identified uses of the substance or mixture and uses advised against
Relevant identified uses . Industrial and professional. Periorm risk assessment prior to use.
Test gas / Calibration gas. Laborafory use Contact supplier for more uses information
Use - Industrial applications.
1.3. Details of the supplier of the safety data sheet
Company identification - Air Liquide Australia Limited

Level 8/ 380 5t. Kilda Road
Melbourne VIC 3004 Australia
Tel: + 61 3 9697 9888

Fax: + 61 2 9690 7107

ALAEnquiries@AirLiquide.com
1.4. Emergency telephone number
Emergency telephone number - 1800 812 588
| SECTION 2. Hazards identification |

2.1. Classification of the substance or mixture
Hazard Class and Category Code Regulation EC 1272/2008 (CLP)

» Physical hazards . (Gases under pressure - Ligquefied gas - Waming - (CLP : Press. Gas) - H280
Classification EC 67/548 or EC 1999/45

: Mot classified as dangerous substance/mixture.
2.2. Label elements
Labelling Regulation EC 1272/2008 (CLP)

* Hazard pictograms

+ Hazard pictograms code : GH304
= Signal word © Waming
» Hazard statements : H280 - Contains gas under pressure; may explode if heated.
« Precautionary statements
- Storage - P403 - Store in a well-ventilated place.

2.3. Other hazards
> None.

Air Liquide Australia Limited In case of emergency : 1800 812 588
Level 9/ 380 St. Kilda Road Melbourne VIC 3004 Australia

Tel: + 61 3 9687 9858

Fax: + 61 3 9690 7107

ALAEnquiries@AirLiquide.com
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ﬂ AIR LIQUIDE

Sulphur hexafluoride ALO16

| SECTION 3. Composition/information on ingred-ients |

3.1. Substance/ 3.2. Mixture

Substance.
Substance name Contents CAS No EC No Annex No Classification
Sulphur hexafluoride - 100 % 551-62-4 212-B54-2 - 2 Mot classfied (DSDVDPD)
Lig. Gas (H250)

Contains no other components or impurities which will influence the classification of the product.
*1: Listed in Annex IV /¥ REACH, exempted from registration.

* 2 Reqgistration deadline not expired.

* 3 Registration not required: Substance manufactured or imported = 1ty

Full text of R-phrases see chapter 16. Full text of H-statements see chapter 16

| SECTION 4. First aid measures |

4.1. Description of first aid measures

First aid measures

- Inhalation > In high concentrations may cause asphyxiation. Symptoms may include loss of mobility/
consciousness. Victim may not be aware of asphyxiation.
Remove victim to uncontaminated area wearing self contained breathing apparatus. Keep
victim warm and rested. Call a doctor. Apply artificial respiration if breathing stopped.

- Skin/eye contact - Immediately flush eyes thoroughly with water for at least 15 minutes.
In case of frosthite spray with water for at least 15 minutes. Apply a sterile dressing. Obtain
medical assistance.

- Skin contact . Adverse effects not expected from this product.
- Eye contact . Adverse effects not expected from this product.
- Ingestion > Ingestion is not considered a potential route of exposure.

4.2. Most important symptoms and effects, both acute and delayed
. Refer to section 11.

4.3. Indication of any immediate medical attention and special treatment needed

: None.
I SECTION 5. Fire-fighting measures |
5.1. Extinguishing media
Extinguishing media
- Suitable extinguishing media - All known extinguishants can be used.
5.2. Special hazards arising from the substance or mixture
Specific hazards . Exposure to fire may cause containers to rupture/explode.
Hazardous combustion preducts > If involved in a fire the following toxic andfor comosive fumes may be produced by thermal
decomposition :
Hydrogen fluoride.
Sulphur dioxide.

5.3. Advice for fire-fighters
Specific methods > If possible, stop flow of product.
Coordinate fire measure to the surrounding fire. Cool endangered containers with water spray
jet from a protected position. Do not empty contaminated fire water into drains.
Move away from the container and cool with water from a protected position.
Special protective equipment for fire - Use self-contained breathing apparatus and chemically protective clothing.
fighters

Air Liquide Australia Limited In case of emergency : 1800 812 588
Level 9/ 380 St. Kilda Road Melboumne VIC 3004 Australia

Tel: + 61 3 9697 9888

Fax: + 61 3 9690 7107

ALAEnquiries@AirLiquide.com
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I SECTION 6. Accidental release measures

6.1. Personal precautions, protective equipment and emergency procedures

Personal precautions

6.2. Environmental precautions

. Try to stop release.

. Evacuate area.
Wear self-contained breathing apparatus when entenng area unless atmosphere is proved to
be safe.
Ensure adeguate air ventilation.

: None.
: Try to stop release.

Prevent from entering sewers, basements and workpits, or any place where its accumulation
can be dangerous.

6.3. Methods and material for containment and cleaning up

Clean up methods
6.4. Reference to other sections

 None.
: Ventilate area.

. See also sections 8 and 13.

|_SECTION 7. Handling and storage

7.1. Precautions for safe handling
Safe use of the product

Safe handling of the gas receptacle

Handling

: Use only properly specified equipment which is suitable for this product, its supply pressure
and temperature. Contact your gas supplier if in doubt.
Only expenenced and properly instructed persens should handle gases under pressure.
The product must be handled in accordance with good indusfrial hygiene and safety
procedures.
Do not smake while handling product.
Ensure the complete gas system was (oris regularily) checked for leaks before use.

. Refer to supplier's container handling instructions.
Do not allow backfeed info the container.
Protect cylinders from physical damage; do not drag, roll, slide or drop.
When moving cylinders, even for short distances, use a cart (frolley, hand truck, etc.)
designed to transport cylinders.
Leave valve protection caps in place until the container has been secured against either a wall
or hench or placed in a container stand and is ready for use.
If user experiences any difficulty operating cylinder valve discontinue use and contact
supplier.
Never attempt to repair or modify container valves or safety relief devices.
Damaged valves should be reported immediately to the supplier.
Keep container valve outlets clean and free from contaminates particularly oil and water.
Replace valve outlet caps or plugs and container caps where supplied as soon as container is
disconnecied from eguipment.
Close container valve after each use and when empty, even if still connected to equipment.
MNever attempt to fransfer gases from one cylinder/container to another.
Never use direct flame or elecfrical heating devices fo raise the pressure of a container.
Do not remove or deface labels provided by the supplier for the identification of the cylinder
contents.

. Suck back of water into the container must be prevented.
Do not allow backfeed into the container.
Use only properly specified equipment which is suitable for this product, its supply pressure
and temperature. Contact your gas supplier if in doubt.
Refer to supplier's container handling instructions.

7.2. Conditions for safe storage, including any incompatibilities

. Keep away from combustible materials.
Keep container below 50T in a well ventilated plac e.
Observe all regulations and local requirements regarding storage of containers.
Containers should not be stored in conditions likely to encourage corrosion.
Containers should be stored in the veriical position and properly secured to prevent toppling.
Stored containers should be perodically checked for general condition and leakage.

Air Liquide Australia Limited

In case of emergency : 1800 812 588

Level 9 /380 St. Kilda Road Melboumne VIC 3004 Australia

Tel: + 61 3 9697 9888
Fax: + 61 3 9690 7107
ALAEnquiries@AirLiquide.com
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I SECTION 7. Hand-ling and storage {continued-}

Storage

7.3. Specific end use(s)

Container valve guards or caps should be in place.
Store containers in location free from fire risk and away from sources of heat and ignition.

. Keep container below 507 in a well ventilated pla ce.

: None.

| SECTION 8. Exposure controls/personal protection

8.1. Control parameters

Occupational Exposure Limits
Sulphur hexafluoride

DNEL: Derived no effect level

PNEC: Predicted no effect
concentration

8.2. Exposure controls

8.2.1. Appropriate engineering
controls

8.2.2. Individual protection measures,
e.g. personal protective equipment

Personal protection

- MAK (AU) Tagesmittelwert (ml/m*) - 1000

- MAK (AU) Kurzzeitwerte (mg/m®) - 12000

: MAK (AU) Tagesmittelwert (mg/m?) : 6000

© MAK (AU) Kurzzeitwerte (ml/m?) - 2000

: TLV@ -TWA [ppm] - 1000

: LTEL - UK [mg/m?] : 6070

: LTEL - UK [ppm] : 1000

- LTEL - UK [ppm] - 7590

© STEL - UK [ma/m?] : 1250

- VME - France [mg/m®] : 6000

: VME - France [ppm] : 1000

> AGW (8h) - Germany [mgfm®] TRGS 900 : 1000
- AGW (8h) - Germany [ppm] TRGS 900 : 6100
. Exceeding factor AGW - Germany TRGS 900: 8
- VLA-ED - Spain [ppm] : 1000

© VLA-ED - Spain [mg/m3] : 6075

> NGV - [ppm] : 1000

© NGV - [mg/m?] : 6000

. Granservaerdier (DK) (ppm) - 1000

- HTP-varden (Fl)- 8 H - [ppm] : 1000

: HTP-varden (FI)- 8 H - [ma/m : 6100

: HTP-varden - 15min - [ppm] - 1300

: Greenserveerdier (DK) - 6000

© HTP-varden - 15min - [mg/m] - 7900

- GY Value Limit (Norway) [ppm] - 1000

. GV Value Limit (Norway) [mg/m?] : 6000

: TLY-TWA (Belgium) (ppm) : 1000

© None available.

: None available.

. Systems under pressure shoud be regularily checked for leakages.

Provide adequate general and local exhaust ventilation.
Consider work permit system e.g. for maintenance activities.

: Anisk assessment should be conducted and documented in each work area to assess the

risks related to the use of the product and to select the PPE that matches the relevant risk.
The following recommendations should be considered.

‘Wear safety glasses with side shields

‘Wear leather safety gloves and safety shoes when handling cylinders.

: Ensure adeguate ventilation.

Do not smoke while handling product.

Air Liquide Australia Limited

In case of emergency : 1800 812 588

Level 9/ 380 5t. Kilda Road Melboumne VIC 3004 Australia

Tel: + 61 3 9697 9888
Fax: + 61 3 9630 7107
ALAEnquiries@AirLiquide.com
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I SECTION 8. Exposure controls/personal protection (continued)

8.2.3. Environmental exposure
cantrols

. Refer 1o local regulations for restriction of emissions to the atmosphere. See section 13 for
specific methods for waste gas treatment.

| SECTION 9. Physical and chemical properties

8.1. Information on basic physical and chemical properties

Appearance

- Physical state at 20C / 101.3kPa

- Colour

Odour

Odour threshold

pH value

Molar mass [gfmol]
Melting point [T]

Boiling point [T]

Critical temperature [1]
Flash point [{T]
Evaporation rate (ether=1)
Flammability range [vol% in air]
Vapour pressure [207C]

Relative density, gas (air=1)

Relative density, liquid (water=1)

Solubility in water [mg/l]

Partition coefficient n-octanol/water

Viscosity at 20C [mPa.s]
Explosive Properties

: Gas.

. Colourless gas.

- No odour waming properties.

. Odour threshold is subjective and inadequate to wam for overexposure.
- Not applicable for gas-mixtures.

. Mot applicable for gases and gas-mixtures.
. -50.8

© B4(s)

- 455

. Mot applicable for gas-mixtures.

: Mot applicable for gas-mixtures.

: Not applicable for gas-mixtures.

: Mot applicable.
21 bar

.-

c 14

4

. Mot applicable for gas-mixtures.
Mot applicable.

. Mot applicable.

9.2. Other information

Other data . Gas/vapour heavier than air. May accumulate in confined spaces, particularly at or below
ground level.
Molecular weight - 146

I SECTION 10. Stahiﬁty and reactivity

10.1. Reactivity
: Mo reactivity hazard other than the effects described in sub-sections below.

10.2. Chemical stability

. Stable under normal conditions.
10.3. Possibility of hazardous reactions

: None.
10.4. Cenditions to avoid

: None.
10.5. Incompatible materials

: MNone.

10.6. Hazardous decomposition products

. Under normal conditions of storage and use, hazardous decomposition products should not
he produced.

Air Liquide Australia Limited

Level 9 /380 St. Kilda Road Melbourne VIC 3004 Australia
Tel: + 61 3 9607 4888

Fax: + 61 3 9650 7107

ALAEnquiries@AirLiquide.com

In case of emergency : 1800 812 588
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I SECTION 10. Stahmty and reactivity (continued)

moisture.

. Stable under normal conditions.

. Thermal decomposition yields toxic products which can be corrosive in the presence of

| SECTION 11. Toxicological information

11.1. Information on toxicological effects

Toxicity information

Acute toxicity

Rat inhalation LC50 [ppm/4h]
Skin corrosion/irritation

Serious eye damage/irritation
Respiratory or skin sensitisation
Carcinogenicity

Germ cell mutagenicity

Toxic for reproduction @ Fertility
Toxic for reproduction : unborn child
STOT-single exposure
STOT-repeated exposure
Aspiration hazard

. No known toxicolegical effects from this product.
: No known toxicological effects from this product.
. No data available.

: No known effects from this product.
- No known effects from this product.
- No known effects from this product.
- No known effects from this product.
. No known effects from this product.
: No known effects from this product.
: No known effects from this product.
: No known effects from this product.
- No known effects from this product.
- Not applicable for gases and gas-mixtures.

I SECTION 12. Ecological information

12.1. Toxicity

12.2. Persistence - degradability

12.3.

Biocaccumulative potential

12.4.

Mobility in soil

12.5.

: No data available.

: No data available.

: No data available.

: No data available.

.5. Results of PBT and vPvB assessment

12.6.

.6. Other adverse effects

Ecological effects information
Effect on the global warming

Global warming potential [CO2=1]

: No data available.

Calculated GWP of mixture : 22200.
For quantities refer to cylinder label.

1 22200

. Contains Fluorinated greenhouse gases covered by the Kyoto protocol.
. Contains fluorinated greenhouse gases covered by the Kyoto protocol.

Air Liquide Australia Limited
Level 9/ 380 St. Kilda Road Melboumne VIC 3004 Australia
Tel: + 61 3 96597 98838
Fax: + 61 3 9690 7107
ALAEnquiries@AirLiquide.com

In case of emergency : 1800 812 588
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I SECTION 13. Disposal considerations

13.1. Waste treatment methods

General

- May be vented to atmosphere in a well ventilated place.
Do not discharge into any place where its accumulation could be dangerous.
Refer o the code of practice of EIGA (Doc. 30/10 “Disposal of Gases, downloadable at hitp/f
www._eiga.org) for more guidance on suitable disposal methods
Contact supplier if guidance is requirad.

. Do not discharge into any place where its accumulation could be dangerous.
Contact supplier if guidance is required.

13.2. Additional information

: None.

I SECTION 14. Transpor‘t information

UN number

1080

Labelling ADR, IMDG, IATA

Land transport (ADR/RID)

» 2.2 2 Non flammable, non toxic gas.

H.l.nr © 20

UN proper shipping name . SULPHUR HEXAFLUCRIDE
Transport hazard class(es) 12

Classification code D 2A

Packing Instruction(s) : P200

Tunnel Restriction

. CJ/E Tank camiage: Passage forbidden through tunnels of category C, D and E; Other
carriage: Passage forbidden through tunnels of category E

HAZCHEM - Emergency Action Code : 2TE

Sea transport (IMDG)

Proper shipping name

Class

o 2 = Fine water spray.
T = Recommended personal protective equipment - Full fire kit and breathing apparafus.
Appropriate measures : dilute.
E = There may be a public safety hazard outside the immediate area of the incident, and that
the following actions should be considered
1. People should be wamed fo stay indoors with all doors and windows closed, preferably in
rooms upstairs and facing away from the incident. Ignition sources should be eliminated and
any ventilation stopped.
2. Effects may spread beyond the immediate vicinity. all non-essential personnel should be
instructed fo move at least 250 metres away from the incident.
3. Poilice and fire brigade incident commanders should consult each other and with a product
expert, or with a source of product expertise.
4. The possible need for subsequent evacuation shouwid be considered, but it should be
remembered that in most cases it will be safer to remain in a building than to evacuate.

: SULPHUR HEXAFLUORIDE
122

Emergency Schedule (EmS) - Fire . F-C
Emergency Schedule (EmS) - Spillage : 3-V

Packing instruction - P200
Air transport (ICAQ-TI / IATA-DGR)
Proper shipping name (IATA) . SULPHUR HEXAFLUORIDE
Class 122
Passenger and Cargo Aircraft  Allowed.
Air Liquide Australia Limited In case of emergency : 1800 812 588

Level 9/ 380 5t. Kilda Road Melbourne VIC 3004 Australia

Tel: + 61 3 9697 98588
Fax: + 61 3 9600 7107
ALAEnquiries@AirLiquide.com
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ITECTION 14. Transport information (continued) |

Packing instruction - Passenger and : 200
Cargo Aircraft

Cargo Aircraft only . Allowed.
Packing instruction - Cargo Aircraft » 200
only

Special precautions for user

- Avoid transport on vehicles where the load space is not separated from the driver's
compartment.
Ensure vehicle driver is aware of the potential hazards of the load and knows what to do in the
event of an accident or an emengency.
Before transporting product containers
- Ensure there is adequate ventilation.
- Ensure that containers are firmly secured.
- Ensure cylinder valve is closed and not leaking.
- Ensure valve outlet cap nut or plug (where provided) is correctly fitted.
- Ensure valve protection device (where provided) is correctly fitted.
-IMO-IMDG code
- ICAQ/ATA
Other transport information . Avoid transport on vehicles where the load space is not separated from the driver's
compartment.
Ensure vehicle driver is aware of the potential hazards of the load and knows what to do in the
event of an accident or an emergency.
Before transporting product containers
- Ensure that containers are firmly secured.
- Ensure cylinder valve is closed and not leaking.
- Ensure valve outlet cap nut or plug (where provided) is correctly fitted.
- Ensure valve protection device (where provided) is correctly fitted.
- Ensure there is adequate ventilation.
- Compliance with applicable regulations.

I SECTION 15. ﬁegulatory information |

15.1. Safety. health and environmental regulations/legislation specific for the substance or mixture
EU legislation
Seveso directive 96/82/EC : Mot covered.
National legislation

: Ensure all national/local regulations are observed.

15.2. Chemical Safety Assessment

: A CSA does not need to be carried out for this product.

| SECTION 16. Other information |
Indication of changes . Revised safety data sheet in accordance with commisssion regulation (EU) No 453/2010
Training advice - Asphyxiant in high concentrations.

Receptacle under pressure.

Keep container in well ventilated place.

Do not breathe the gas.

Ensure all national/local regulations are observed.

Contact with liquid may cause cold bums/frosthite.

The hazard of asphyxiation is often overlooked and must be stressed during operator training.

List of full text of H-statements in : H280 - Contains gas under pressure; may explode if heated.
section 3.
Further information : Classification in accordance with calculation methods of regulation (EC) 1272/2008 CLP / (

EC) 1999/45 DPD.
This Safety Data Sheet has been established in accordance with the applicable European
Union legislation.

Air Liquide Australia Limited In case of emergency : 1800 812 588
Level 9/ 380 St. Kilda Road Melboume VIC 3004 Australia

Tel: + 61 3 9697 9888

Fax: + 61 3 9690 7107

ALAEnquiries@AirLiquide.com
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[ SECTION 6. Other information (continued)

Note . This Safety Data Sheet has heen established in accordance with the applicable European
Union legislation.

DISCLAIMER OF LIABILITY - Before using this product in any new process or experiment, a thorough material compatibility

and safety study should be carried out.

Details given in this document are helieved to be comect at the time of going to press. Whilst
proper care has been taken in the preparation of this document, no liability for injury or
damage resuliing from its use can be accepied.

The contents and format of this SDS are in accordance with EC Commission Directive 2001/58/EC.

DISCLAIMER OF LIABILITY The information in this SDS was obtained from sources which we believe are reliable. However, the
information is provided without any warranty, express or implied, regarding its comectness. The conditions or methods of
handling, storage, use or disposal of the product are beyond our control and may be beyond our knowledge. For this and other
reasons, we do not assume responsibility and expressly disclaim liability for loss, damage or expense arising out of or in any way
connected with the handling, storage, use or disposal of the product. This MSDS was prepared and is to be used only for this
product. If the product is used as a component in another product, this MSDS information may not be applicable.

End of document
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é}? TransGrid

Maintenance Plan - Substation Assets

Summary:

This plan applies to the maintenance of substation assets owned and managed by TransGrid

Revision no: 0 TRIM No: 2003/1447 (D2003/2312) | Approval/Review Date: 26 August 2014
Enter No: GM AS 51 001

Business function: Strategic Asset Management Document type: Maintenance Plan

Process owner: Manager/Asset Performance

Responsible Manager: Substation Systems Engineer Inform: EGM/Network Planning and
Performance

Author: K Wyper - SSSE Electronic approval 18 August 2014
via workflow 21389

Contributors: | Substation Working Group Electronic approval 18 August 2014
via workflow 21389

Reviewer: T Gray - SSE Electronic approval 18 August 2014
via workflow 21389

Approver: G Chubb — M/AP Electronic approval 26 August 2014
via workflow 21389

When referring to TransGrid’s policies, frameworks, procedures or work instructions, please use the latest version
published on the intranet.

Maintenance Plan — Substation Assets Revision no: 0 Page 1of41
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7.3 Required actions
The following guidelines for required action to be taken shall apply to all Thermographic Survey measurements

carried out on any equipment at any time.

7.3.1 Conductors, Connections and Disconnectors (Contact Interfaces)
Connections remade due to a hot joint should be reinspected by Thermographic Survey within 1 month.

Guidelines for repair timeframes and priorities for hotspots at bolted aluminium palm to palm joints and at
compression fittings, disconnector fingers etc are detailed in the Condition Monitoring Manual (GM AS 51 008).
The table contained in the Condition Monitoring Manual categorises response time based on possible loads and
the recorded hotspot temperature.

Time to repair any hot spots identified during a Thermographic survey will depend largely on load conditions at
the time of check since heating is a function of the square of the load current and this should be considered in the
application of the Condition Monitoring Manual guidelines.

7.3.2 Qilfilled Bushings, Qil Filled CTs and Power Transformer/Reactor cooling circuits

For measurements made of the external surface temperatures of transformer or reactor bushings, Qil Filled CTs
and Power transformer/Reactor cooling circuits, any unexplained abnormalities evident that are more than 5°C
above ambient shall be reported and investigated by the Substation Manager, particularly if the adjacent
equipment is of similar make, carrying similar loads and does not exhibit the same abnormality. These
investigations are required within one month from the date of the check.

7.4 Diesel Generators
To be maintained in accordance with the manufacturer's recommendations unless otherwise advised.
7.5 Pressure Vessels

Inspection of all Pressure Vessels is to be carried out in accordance with Pressure Vessel Inspection standard GM
AS 52 009.

8 Routine (Preventative) Maintenance - Circuit Breakers
8.1 General

HV Circuit Breakers (CBs) will be maintained on a time, operations or I*t (fault energy) basis as defined below.
Requirements for maintenance on circuit breakers fitted with a functional ELCON online monitoring system is
defined in section 8.3.

8.2 Servicing Plan for Circuit Breakers (excluding GIS)

Servicing of a CB will be as follows:

(a) Warranty period checks - Refer to Section 14 of this Implementation Plan.
(b) Operational Checks - All CBs must be operated at least once per year.
(c) Inspection and maintenance - To be carried out as per table 2:
Maintenance Plan — Substation Assets Revision no: 0 Page150of 41
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Interrupter Type
Maintenance Checks Required |.-.;lc.::md SFGTW,ES ",‘""“' S::a:ﬁs V:::::I
Types application Plant B8.3.3)
=3
IR IR SN AR AN
= 2 E = = H

Timing measurament (See Note 1) X X X X X X X X
Insulation resistance across breaks and to earth where the insulation X %
medium comprises fibre board and/or oil
Alarm, interlocks and indication X ® X b3 X X ® X X
Energy source measurements{mechanical tolerance and accumulator X X X X X X X X
pressures)
Lubrication (where appropriate) without dismantling X X X X X X X X
Air or hydraulic oil consumption on trip and close X X X X X X X
SFi6 gas density checks and pressure switch settings (see 8.3.3) X X X X X 2
Close and trip checks:

*  Dperation checks (includes CO checks) X X X X X X X X X

*  Point on Wawe operation checks (Ses Note 1) X X X X
Operating Mechanism Cut-in, cut-outs X x X X X X X X X
Replace Hydraulic Oil X X X X X X
For Small Qil-Non Pressurised CB units change the oil X X
For Small Oil Pressurised CB units change the oil X
Bushing DDF (where DDF point fitted) X X
Contact resistance measurements (See Note 2 & 5) X X X X X
Dynamic Contact Resistance measurements (See Notes 2 & 4) X X X
Interrupter Inspection (See Note 3) X X X
Condition Monitoring Device checks {See 8.3.5) X X X X X

Note 1: Timing Measurements

For CBs with mechanical operating mechanisms (spring/spring), close/open timing measurements must be carried
out in addition to regular closing and opening timing tests. Close/open timing measurements should not be
carried out in-service due to the possibility of system disturbance. All Reactive plant CBs fitted with Point on
Wave relays require an in service timing measurement of voltage and current waveforms to confirm correct
operation/settings of the POW relay.

Maintenance Plan — Substation Assets Revision no: 0 Page 16 of 41
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Note 2: CBs with Internal CTs (Dead Tank types)
Primary DC current injection through the CTs may result in magnetisation of the CT magnetic core. The CT
secondaries are to be shorted and earthed according to approved procedures prior to injection of DC current to
measure contact resistance (dynamic and static). The use of instruments employing demagnetising techniques for
this measurement require prior approval by the SSE.

Note 3: Interrupter Inspection

For circuit breakers (other than SF6 or vacuum), dismantle interrupter chambers of the phase with the worst
contact resistance results and inspect arc control devices and contacts. If results are satisfactory then reassemble
and re-test timing, contact resistance and insulation resistance as required. If results of inspection are not
satisfactory, then undertake dismantling and/or inspection of remaining interrupters and repair as necessary.

For SF; circuit breakers with diagnostic testing results outside the operating limit for the circuit breaker (refer to
GM AS S1 008 Substation Condition Monitoring Manual), dismantling and inspection of the interrupter(s) is
required. Where SF; circuit breaker interrupters are dismantled, a formal Inspection report shall be completed
and copies provided to the Substation Systems Engineer for comment, review and filing.

Note 4: Dynamic Contact Resistance
Contact resistance of SF6 CB Interruptors should be measured using Dynamic Contact Resistance methods where
possible.

Note 5: Vacuum Circuit Breakers

Vacuum circuit breakers shall be maintained to the same regime as SF6 circuit breakers. Interrupter inspection is
not required. Contact resistance measurements are not required. SF6 pressure checks may be required where
SF6 is used to provide primary insulation.

8.3 CB Type Specific Maintenance Requirements

Specific additional maintenance may be required on particular circuit breakers. The following type specific
maintenance has been identified and shall be completed as described below. Where the need for further type
specific routine requirements is determined, approval of the Substation Systems Engineer is required prior to
implementation and the additional requirements shall be subsequently added to this section of the Maintenance
Plan.

8.3.1 Sprecher & Schuh HGF215/2B CB with mechanism FKF2-9(2-12)

Operating rods to be replaced at 500 operations. Refer to OER-0504 for details of management plan.
832 SOVCB's

Where a SOV CB has reached 80% of the recommended It at the time of a Minor Service, a Major
Service shall be carried out.

Maintenance Plan — Substation Assets Revision no: 0 Page 17 of 41
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8.4 Service Interval for Circuit Breakers

Circuit Breaker inspections and maintenance will be carried out at either intervals recommended for that CB in
the table below, or when the number of operations of that CB exceeds the limit for that CB (whichever comes
first). The first Minor Service will be carried out just prior to Warranty Expiry or four years after commissioning
(whichever comes first) and thereafter at an interval recommended for that CB in the table below.

Major Service Work for any similar group of CB within TransGrid will be spread over the major service cycle to
distribute workload. This programming should ensure that at least 1 of each type of CB receives a major service
at four yearly intervals where more than 3 CBs exist, so as to ensure monitoring of the general condition of each
group of CBs. This process shall start after the first major maintenance and will be coordinated by the Substation
Systems Engineer.

Where a CB has reached a predetermined number of fault operations or interrupted a predetermined amount of
fault energy (I’t - refer to manufacturer's recommendations) a documented review shall be carried out to
determine if these maintenance requirements should be changed (eg. convert Minor Service to Major Service). CB
types so affected (and remedial action required) shall be listed in section 8.3

Circuit Breaker Service Intervals (All Voltages)
Operational | Detailed . . . . Online Data
CB Interrupter Type i Minor Service Major Service .
Checks | Inspection recording

SFs (see Note 1) Annual 4yrs 8yrs 2,500 ops 4yrs
SF; on reactive plant Annual N/A 4 yrs 12 yrs or 800 ops N/A
SF on capacitor

Annual N/A 2yrs 12 yrs or 800 ops N/A

>=80MVAr
Small Oil Annual N/A 4 yrs 12 yrs, 800 ops N/A
Vacuum Annual N/A 4 yrs 12 yrs or 800 ops N/A
Bulk Oil Annual N/A 4 yrs 12 yrs or 800 ops N/A
Maintenance Plan — Substation Assets Revision no: 0 Page 19 of 41
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Appendix D: Transgrid Management Pla n 2011-16 Excerpts

4;"? TransGrid

Network-Management Plan
2011-2016
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About TransGrid

TransGrid is the owner and manager of one of the largest electricity transmission
networks in Australia, connecting generators, distributors and major end users in
NSW and the ACT.

TransGrid, with 91 substations and over 12,600 kilometres of transmission lines,
facilitates interstate energy trading and forms the backbone of Australia's National
Hectricity Market, one of the most extensive electricity systems in the world.

TransGrid Metwork Management Plan 204 1-2016
About TransGrid
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Our Objectives
TransGrid is a State Owned Corporation (SOC) with its
principal objectives stated in Section 68 of the Energy Services
Corporations Act 1995 No 95:
- To be a successful business, and, to this end:
— To operate at least as efficiently as any comparable
businesses
— Maximize the net worth of the State’s investment in it
— Exhibit a sensa of social responsibility by having regard
to the interests of the community in which it operates
- ﬁmmmwmmmn
compliance with the principles of ecologically sustanable
development contained in section 6 (2) of the Protection
of the Environment Administration Act, 1991,
—» Bxhibit a sense of responaibilty towerds regional development
and decentralisation in the way in which it operates.
- Operate efficient, safe and reliable facilities for the
transmission of electricity and other forms of energy.
~» Promote effective access to those tranamession facifties.

Our Network

The system, which has a replacemeant value of aimost $10 bilion,
operates at voltage levels of 500, 330, 220 and 132kV. The
substations are normally located on land owned by TransGnd,

TransGnid has staff strategically based at locations throughout
NSW in order to mest day to day operstion and maintenance
requrements as well as being ahile to provide emergency
responsa. The head office is located at the comer of Park and
Elizabeth Streets in Sydney. Field staff are co-ordinated from
major depots located in Western Sydney, Newicastle, Tamworth,
Orange, Wagga Wagga and Yass.

TransGnid's network is shown on the electnicity network

maps balow.

TransGrid Network Management Plan 2011-2016 5
About TransGrid
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Chapter 1 Part 4

Circuit Breakers
TranaGride circuit bresker population comprises 1483 units in the voltage range from 11k to 500KV, The types of circuit breakers
usad includa Bulk Cil (BO), Small O Volums (S0V), Vacuum and SF_

Circuit Breaker Age Profile
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All recant circuit breaker purchases at 66k and showe are of the SF; type with a preference for spring oparating mechanism. The type
and age profilas given above refiact the vanows numbsars and types of circult breakers instaled on the network as at 1 January 2011.

Instrument Transformers

TranaGrid manages & total instroment transformer populetion of 8157 unite ranging in voltage from 11k to 500KV, compising:
=+ 3850 Cument Transformers (approsimately 53% of population)

-+ G52 Magnatic Voitage Transformens (approsimately 11% of population)

-+ 1615 Capacitor oltage Transformens (approximately 26% of population)

Thi age profile shows that 7% of these units were manufactured before 1970 and some of the cldest units before 1957 . All of the
ahove units ae of the pest freestanding type and any instrumeant transformers contained within metal clad switchgear, gas insulated
switchgear, power transformers and ol filed reactors are not includad in the above statistics.

Instrument Transformers Age Profile
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Appendix D

Small Cil ASEA HLCT2.5 1600 ] 61 1978 1982
Small Cil ASEA HLD145 132 55 1968 1981
Small Cil ASEA HLR1452501E 132 74 1980 1989
Small Cil ASEA HLR145/25028 132 2 1980 1980
Small Cil ASEA HLR145/3152C 132 22 1980 1984
Small Cil ASEA HLR1TO2502 132 2 1972 1972
Small Cil ASEA HLRB4/25018 GG 17 1983 1983
Srmall Cil DELLE HPGE 9A12E ] 50 1973 1975
Small Cil MAGRHIMNI 3BMGE1500 33 17 1978 1982
Small Cil MAGRHIMNI 12MGS00 11 4 1980 1981
Small Cil SPRECHER HPFS15C6FS 330 3 1976 1981
Small Cil SPRECHER HPFS0EH GG 1 1978 1978
Small Cil SPRECHER HPF512M/2FS 132 4 1980 1980
SF, AES EDFSK1 GG 22 1986 1967
8F, AES EDFSK1 33 2 2003 2003
SF, AES LTE145 132 68 1986 1967
SF, AES LTB170 132 17 2004 2005
SF, AES LTB420 330 3 2009 2003
SF, AES HPL145 132 58 1980 2001
5F AES HPL1TOD 132 4 1987 1942
SF, AES HPL245/2581 220 17 1986 1988
5F, AES HPL3GZE1A2 330 29 1982 1967
5F AES HPLAZD 330 5 2001 2002
SF, AREVA GL312 132 3 2009 2009
SF, AREVA GLIS 330 7 2003 2010
SF, AREVA GL309F1 GG 17 2002 2010
SF, ALSTOM FX220VCIN 500 1 2000 2000
5F, ALSTOM 51-72.6F1/2620 G5 30 2000 2008
SF, ALSTOM FXT-15 330 128 2000 2008
SF, ALSTOM FXT-16 330 5 2001 2002
5F, ALSTOM SF145F1 132 BE 2000 2007
5F, BROWN BOVERI HB.24.16.25L 22 4 1986 1985
SF, BROWN BOVERI HB.3G.12.25L 33 3 1988 1980
SF, BROWN BOVERI ECK132 132 18 1975 1978
8F, MAGRIMNI 36GB20 33 2 1984 1984
8F, MAGRIMN 36GIE 33 15 1986 1967
SF, MERLIN GERIM PFA1 GG 3 1986 1985
SF, MERLIN GERIM FAl 132 [ 1980 1985
5F MERLIN GERIM FA2 330 48 1980 1984
SF, MERLIN GERIM FAd 500 il 1982 1983
TranaGrid Mebwork Management Plam 2011-2016
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5F, MITSUBISHI DEAD TANK 132 10 2009 200
8F, MITSUBISHI DEAD TANK (] 13 2009 2o
8F, SIEMENS 3a02 330 36 1991 193
5F, SIEMENS 3AS2 330 ar 1882 1984
8F SIEMENS 3AP1-FG 132 22 2000 2007
5F, SIEMENS 3AP1-FG (] 20 2005 2009
5F, SIEMENS DEAD TANK 66 42 200 2o
8F, SIEMENS DEAD TANK 132 9 2001 20
5F, SIEMENS B0omMe 132 18 2005 2005
8F SIEMENS B0oMa &30 4 2005 2005
5F, SIEMENS 3AP2 &30 24 2009 200
5F, SIEMENS 3AP3 500 17 2009 2009
8F, SPRECHER FxT9 66 a 1992 193
5F, SPRECHER HGF309 GG 4 1986 18a1
5F, SPRECHER HGF112A11C 132 27 1986 1965
5F, SPRECHER HGF312A1GC 132 20 1992 19684
5F, SPRECHER HGF21528 330 40 1986 1889
Buk: Oil REYROLLE LMAT 11 20 1980 1880
Vacuum JOSLYM VBU-4 220 2 1978 1878
Vacuum ALSTOM X35 33 48 2000 2007
Vacuum ALSTOM G42883 2 3 2001 2001
Total 1483
15 TransGrid Metwork Management Plan 2011-20M6

Appandic B: Asset Inventory
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Appendix E: Australian National Greenhouse Gas Accounts Excerpts

vernment

Department of Climate Change
and Energy Efficiency

AUSTRALIAN NATIONAL
GREENHOUSE ACCOUNTS

National Greenhouse Accounts Factors
July 2012

change - i .
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NATIONAL GREENHOUSE ACCOUNTS (NGA) FACTORS

Stockp, is the stock of HFC or SF; contained in equipment. by equipment type (fonnes of
CO4y-e): and

Lj; is the default leakage rates by equipment type.

For the factor Stock;,. an estimation of the stock of synthetic gases contained in an equipment
type may be based on the following sources:
(a) the stated capacity of the equipment according to the manufacturer’s nameplate:
(b) estimates based on:
(i) the opening stock of gas in the equipment: and
(ii) transfers into the facility from additions of gas from purchases of new
equipment and replenishments: and
(i1i) transfers out of the facility from disposal of equipment or gas.

Table 24: Leakage rates for synthetic gases

i Default annual leakage rates of gas
Equipment type HECs SFg
Commercial air conditioning—chillers 0.09
Commercial refrigeration - supermarket systems 0.23
Industrial refrigeration including food processing and cold storage 0.16
(Gas insulated switchgear and circuit breaker applications 0.0089

Source: National Greenhouse and Energy Reporting (Measurement) Determination 2008 (Section 4.102).

Example: Calculation of emissions generated from the operation of a commercial
chiller

A company operates a commercial air conditioning-chiller, which contains 160 kg charge of
HFC134a.

Convert HFC134a into a CO,-equivalent using the global warming potential of 1300 (from
Appendix 1)

=160 x 1300/1000
=208 tonnes COs-e

Applying the annual leakage rate of 0.09 (i.e. 9%) gives:
=0.09 x 208

Total scope 1 GHG emissions = 19 tonnes CO-e

50 DEPARTMENT OF CLIMATE CHANGE AND ENERGY EFFICIENCY
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The Global Warming Potential (GWP) is an index used to convert relevant non-carbon dioxide
gases to a carbon dioxide equivalent (CO,-e) by multiplying the gquantity of the gas by its
GWP in the table below.”

Table 26: Global Warming Potentials

Gas Chemical formula Global Warming Potential
Carbon dioxide CQO, 1

Methane CHa 21

Nitrous oxide N2O 310

Hydrofluorocarbons HFCs

HFC-23 CHF3 11,700

HFC-32 CHazF> 650

HFC-41 CHaF 150

HFC-43-10mee CsHaF 10 1,300

HFC-125 CaoHFs 2,800

HFC-134 CaHaFs 1,000
(CHF2CHF3)

HFC-134a CaoHaF4 1,300
(CH2FCF3)

HFC-143 CaHaFs 300
(CHF2CH2F)

HFC-143a CaHsF3 3,800
(CFaCH3)

HFC-152a CaHa4F2 140
(CH3CHF3)

HFC-227ea CsHF5 2,900

HFC-236fa CzHaFs 6,300

HFC-245ca CsHsFs 560

Perfluorocarbons PFCs

Perfluoromethane CFy 6,500
(tetrafluoromethane)

Perfluoroethane CaFe 9,200
(hexafluoroethane)

Perfluoropropane CsFg 7,000
Perfluorobutane CaF1o 7,000
Perfluorocyclobutane c-CaFsg 8,700
59 DEPARTMENT OF CLIMATE CHANGE AND ENERGY EFFICIENCY

139




AppendixE

NATIONAL GREENHOUSE ACCOUNTS (NGA) FACTORS

Gas Chemical formula Global Warming Potential
Perfluoropentane CsFq2 7,500
Perfluorohexane CgFqs 7,400

Sulphur hexafluoride SFe 23,900

*These GWP factors are those used for calculating emissions in Australia’s National Greenhouse Accounts.
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