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ABSTRACT

GencticilLgorithmis.lPPliedtorindtheopt)mumgasmixtureratLOaSgasinsulaト
ingnlediumsubsliLulingpureSF6･CenetjcAlgoriLhmisyeryusefultorlndtheOPI
LhllunlSOLutionrrom vastse･lJ-CllillgI)OSSibiLitics･TestingcachgiLSnlixLurebyex-
Perjmenlre(JuiresaloIlgtime.ThepresentrneLhodisverycfYicLCnltopreselectthe
c･lndidatesorg･lSnlixluresbeforemorethoroughbutLime･consurMnglnVeSLigilLion
viaexperimentiscarriedOULThegasnllXlureriltioisco°edas.1Seriesorbitssinト
ulaLing.lgeneticseqLLenCeOraLjfbForm.TIVO-termLiolt'Lmannequationisusedlo
caJcu)aleLhccfrcctivcionizatiollCOeIT)eierLLOreachgasnlixturethatisusedtoeval-
uaLclhcdegreeortldilPtalionoreLIChindiyidulllreprcsel1tingoneSCLorrnLXlurera-

tiosITwotypesordegreeoradaptationitreusedlocyalLJaLccachindiyiduill,theer-
rectIYeionixalioncoefrICienlatthecriLic'lLrati(…rtheelectricIIcLdtotJlegasden-
sityorSl㌔or359.3×JOヱlvmZ,andtheglob.llwarm■ngPOtentiaLBasedonthede一
greeoradaptation,bcLlerindjvjdualscilnbeselectedtlSparentsorthenextgenem-
tion,lcilYmgtheirgel1eStOrllLurcgtnerillions.ArlcrsomegcncrilLiollS,lhcgroLL])Or
indiyiduulsconycrgesintotheoptimumwithlhebesldegreeor.ldaptation.

lndexTermsI GeneticAlgorilhm〉giLSmlXtureISF61global､,ur.I.i.lgpole,.I.all
bolt'LmilnJlim王IJysLS･

1 1NTRODUCTION

T sliF.U,scc.C?crlrc.Lcoas.edp.e:≡,'Tnspu3aallotnussyごae,n,1.ur;dguacse:ntsll:

1<11edpowersystems,suchasgasInsulatedswLIchgear

(GIS)andgas･nsuLatcdpowertrとInSm■SSIOnl'nc(GIL),

arewidclyusedespecLallylnurbanarcヱlS,WherethesIZe

reductionLSnCCCSSiLTYLokeepthelal-dcostlow SF6has
beenwLdclyusedasthegaslllSulatlngmCdlUnl,because

notOnlylthasexceltcnLlnSuLatlollCaPabllLty,butalsoltIS

l10n-tOXIC,ChcmLCaHystable,Ìnd non-nammablc.SF6,
however,hasaveryhlghglob上-IwilrmlngPOtCnttaI(GWP),

24000llmCSthatofCO2ll]lLlsanllCIPaLcdthatlnthe

ncaTruLurethereWLHbeanlnternatJOnaLregulatl0nlLlat

mand{lteSthercducLtonoreventhecompletebitnOnthe

useorSF6Thescarcl.Tor<lnlnSulatLnggastO SubsHuLe
SF6 lSgOIngOtlallovertheworldTherearegasSPeCleS

cxcccd-ngthelnSUIaLlngCaPab.I.lyofSFGTr､veLakeInto
accountoLhcrchZLrとLClerLSIICS,however,suchtlStOXtClty,
chcmlCalslablIIty,andnammablllLy,LL ISWldclybelleVed

thatnogLISCOuldexceedSF6aSlongasas-ngLegasSPCCies
lsLLSedl2]

JtILZl''Lm PIrpce.LVLtOl.lZDer〝"bq_'002,F'EPnL7Ifom'.'0 ^L''rZOOl

hLSkT10､VnthatbymLXlngmUllLPLegasspecJeSaLaCCr-

LalllratlO,theLnSu)aLJngC'lP{1bllltydramallCilllyIncreases

E･lChgashasd■frerenL.neJasticcolt.sio.1Cross-SeCt10nIf
･VcselectamJXIurcratlOWhereeachgassupplementsthe

olhcr'sdcrlCIellCy,themlXlurec'tnhaveLlnlllSulallngCa~

pablILLyormorethantheaverageorbothspccLeS,lhalLS,
apositlVeSynerg.SmC{lnbeobLained･rr､vcm.XmoreLharl
thrccgasspcc■csw■Lhtheaccuracyofsevcra】perce■-tsand

trylofHldthet)CSLmlXture'aL■OaSLlle■l-Sul･ltOrgas,the

numberorcombmatIOnSISenOrmOuS･-rwetrythesearch

forthemlXLurer之1110VLZLCXPer.rr-Cut,WCfLrSthave10Put

eachgasspeclesllltOagZISCllamber,mlXthemwclIand

carryoutanexperLmen1Onlyafc､vcombH-at10nSCanbe

testedLnOnedayalnlOSt,andlHakes;I)011g tlmCtOtry

aH posslblcconlbll12LtlOnSEvenlfweuseacomputerStrrl-

ulatlOn,ltI;LkcsaslgnJllCantamountoftLmeLOlestalJ
comblnal10nS

TtlCPurposeOrthepresentpaperlSLodevclop･,Irnett-Od

Lorl-1dtheopL…lummLXturCraLLOVIAgenellCalgorlLhTll

(GA)GAlssullablctorindtheopt.mum value.ntheVaSt

searchingspaceal'dhZlSbeen L̀P Pl'edsuccesslu‖y.∩∩-any

･LreaSreCCnlly ltlSCSPCCl(llly uscrul､vhelHllthoughthe
llunlbcrorparamctcrsLSSmall,Lhcnul-1beroflhe)rCOTD-
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binat)onsishugeGAlSnotanewmethodandthereare

manytextbooks(seer3HoranexarTIPle)descr･b.ngLII･-
1hlspaperwcuseastandardtype ofGA.ThISWOrkISlhc

firstappllCatlOnOrGAtof)ndagasTT)LXtLJreratioforagas

InsulatorWedonotcLalmlhaHheopllmumnlLXturer･1110

roundintheprescnLmethodgLVeStheFinalsolutionorthe

gasInsulatorsubslllullngSF61BuHhemLXtuTCral10de-

rlVedintheprescnlmet)10d名lVCSagoodsLarllngPOlnt

beforeathoroughJnVeStLgalLOnlSCarrledoutvlaeXPerl-

mentsBecause wedonothavetodoexpcrlmen110nar-

ro､vtheparameler(mlXIureratlO)range,WeCanSavea

slgnlr)Cant amOutllOrtlmebyusLngGAtoprcselccttlle
candldateg l̀SmLXlure

tnlhcpast,thereweremanystudleSCarrledoutlorlnd

tlleOPtlmurngasmLXu)rerall0MostoftheearLICrWOrks

wereexpenmcntalMaHkelal【41revLCWedtheworksor

1970S･ChT)SLophorouelall51atlemPIcdtoldcnltryaller-

natlVCdICIcclncgasestopLlrCSF6011thebas･solpLlb-
lLShedsLudlCSuPLOl9905andconsutlat10nWltheXperlsln
thelleldTherewereonlyarevnumencalorlhcorellCal

sludlCStOlmdH-copLlmumgasmlXlurczatlO Itohelal
(6lcarrledoutBolt7.mannanalyslstorltldtheoptmW一一
mLXlurc raLl00faternarymLXturecomposedorSF6,C-

C.F8,andN2ThcycillculaLedallposslblecomblllallOnS
ortheterniLrymLXturCbysoIv)ng(hethree-【ermapprOXl-

maL10nBoLtzmannequatlOn

TheF)resentProblemoHLl1dlngtheopt)mumgasmix-

turelSCategOrlZCdasacomblnatOrlalopt)mlzatlOnPlOb-

tem.NowadaysLhercaremanymethodstosolvethecom -

blllatOTJaJoptlmIZalionproblemsTotheauthors'kzlOW)-
edge,lhcrcwasnoearllerWOrktosearchfortheoptlmunl

gasmLXturerat10aSaCOmbLnatOr)aloptlmlZat10nProb-

一em Theworkor【61maybecountedasone,lhoughthe

nlethodusedLSthemostpnmlt)VeOne,SearchingaHpos-

slbLccomblnauonslntheprescnlproblcm,Lhesystem)n-

putLSthegasmLXturera110andtheoutputlse)therlhc

insulaL.n旦prOPerl.esOrGWPofthegLVengasnlLXLure･

Therelationsh■pbcLwccntheInputandoutputlSVery
cOmplLCatedandnon)lnearTherefore,ltlsvery1)kelythal

thesystemoutputCOnta)nSmanylocalextremesForsuch
acase,coIIVenl10nallocalsearchmethods(forcxample

seeL7】)basedonthegradientareJlkclylofallto∩ndthe
gJobalcxtrcmcs Recentlymany mela-heurlSLLCSalgo-

'-LhmshavebccnproposedandappILedsuccessfullyto

vanouscomblna10rlalopllmlZalIOnProblemsGenct 】caI-

gOrLlhm usedlnlhlSPaperLSOneOftherneta-heurlSLICS
atgorllllmS

Oncchar･lCtCrlSllCOrthepresentproblem ■sLhtltlllS

verylH1-eCOnSum1-1gWccalcLllatetheeffccl.ve IOIllZatIOn

coell.C.cnLoh gNCngLLS mLXIure bysolvlngthetwo-lclm

ilPPtOx,mallOtlBollznlと=1t-equallOnLhallSthehStCStani卜

lyllCil】lTlCLhodLo c<llculatelhce汀cctlVC10nlZat1011COCrr卜

clenLEvenTor(l gasrnIXtureOrSLXSPeCleS,forexamp一e,a
LypIC̀ltCPUI"ncloc'1lculatetheerrecLIVelOnlZaliollCO-

crflClentalこIglVenreducede)ecLrlCrleldlS5～uslngLL
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persona一computerwithaspeedor800MHzThcreroreLo
try 104comb.natiozISWeneedJ4h lrwelakeulLoac-

countthesearchlngspacetohecovered,alongtlmelS

requlredlodomanyrunstotunethep;rrametersorlhe

scarchlnga)gorlthm TorunGA,wcneed10dcrlllettlCb)1

sIZe,theseLect10nrate,thepopuIatJOrtSlZeandthenluta-

t10nralcOneadvanlageofGALSthatlllSVeryTObuslt8】

Evenlf､veseLccltheseparameterslnlu)tlVeIy,therelSa

goodchancethatthealgorlthmrindsthesoLutlonanyway

JuLhoughtheconvergencespeedmlghtnotbethefastest,

)ImlghlbesttJlraste日hanspendlngLI〔-e)nf=ldlngthe

bcslparametersloglVethefastestconvergel一cc

Therenlaybeotherrnc1110dssultabJctosolvcLhc

presentproblem Forexample,S)mulatedannealHlg(SA)

(91hasbccl-aPPt･edsuccesstullytomanycomblnatOrlal

optJml'Latl0nProblemsltlssaldthatlhcannealmgsched-
utcmustbcrlne-tunedtoobtalnaSOlu110nW】lhlnanaC-

cepl･lb】eLlmCllmllThercroIc,wemlghLJleedlospenda
collSldcrableamountorcomputerresourcelnthelrLalto

rlndLlgoodannealmgschcdulcbcrore､vcevenbc即日hc
acILl̀ltSearchro√thegasmixtureraltoThcreroL-C,Lnthe
presentproblemwehavechosenGAasthesearch]ngl̀I-
gorlthmmalnlybecauseofItsTObusllleSS

lnSeclton20ftheprcsclltpaper,WCdlSCuSSlhcdetall

orthesearchlllgmethodwhereGA andlhetwo-term

ThllzmannanalysISareCOmblned lnScchon3,wcpre-
scnlthecompulat)onalresultIllSccLIOn4,wcconchLde

wlthSuggestionstorfuturework

2 SEARC卜‖NGMETHOD

WecomblneGAandthetwo-termBollzmannmc1110d

losearchfortheoptimummlXturerat)0 InlhlSSCClion,

WepresentonlyspeclncpoJnlsrelevantLOthepresent

problcm･ThemostlnlPOrlanlpart)neachproblernapp)y-

)ngGA)showwelransrormthegenctlcseqL)enCeusually
madeofbltSerleSOrOor]tolhcformulaofsolutLOnin

thesearch)ngspace.BecauseGAslmulalestheevolul10n
orlife,eachsolut10nCandldalelscalledanLndLV)dualln

thepresentcase,eachindlVldua=laSthenlLXtureraいoor

eachgasasItsgenet)csequencelnFLgurC1weshowan

cxampleofgeneticsequenceofan)ndLVldualconsISllngOt

threespecleS･InFtgure1thegenCtlCSequencelSCOm-

posedoF24b)ts.TheFirst8bllsdc1101eSthegasspeciesA

Thesecond8blLsdenotesthegasspeclcsBandthethlrd

8bltSdenotesthegasspecleSC.Each8blllSlrallS†ornlCd

GasA Gasa GasC

genCtlC
eXPreSSIOrt

declmal
lluTllbcls

nl)XtUre
mn0
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generationofinitialgroup

く>optlmum SOlutionFIgure2･Flowchart0rgCnC

tlCiLlgorlthnlLnLoallumberordec1-11こIIsystemsIJIF唱urC1

the8bllsForlhcspccLCSA,=10日0100日beconleSL80LlkeWL

SC,LhC8blLsforthespeclCSBllndCbecome37al1d217,resp

cc-LIVelyThen,Wctakethesumorthethreenumbe rs,180

+37+217-4342LnddlVldceachdeclmalnunlbersbylhcsumloo♭

t;LlnthemixtureratIOOfeachspccLCSThemLX-1ureralioorspccICSA,B.and
CISO415,0085and0500,respectlVCly.WlththlSmethod,

eachgenesequenceIStranstormcdIntothemLXture

ralLOOreachspccleSlnFlgurC2Wesho､vtheno､VcharLorth

cscarchmcLhodWeflrSlgenerateagrouporlndIVldualsort

hcflrSLgCnCr-aLlonLlSLngl.lndonlnUmbcls Fore'lChbLLol

gcnc se-quence,0orLISdeter111lnCdbyal̀lndoml

lumberhlthepresentpaper,thenumberorlndlVldu'llsa
teachgencra-tlOnlS200UnlessstatedolherwISeThercrore,

Jnthecx-ampleshowllHIFlgure1Weuse24×200-4800r

andonlnumbersLOgeneratelhegroupoflndlVlduZllolthe

rlrsLgenCrall0nWclhcncvaluateeachlndlVld

ualbasedontheevatlJa-horLfunct10n TheevaluatlOl-

runCrlOnlStheal-alogylomeasurlnghowc'tS･lyea
chLndLVldualad叩tSLothecnvt-ronmcllt10SUIVLVelnthe

preselltPaper,WCusetwolypesorevalLIaL10nruIICll0nTherlrStOnel

SLhccrrecllVel011-)zat･oncoerr･C.e･-I,･e (α-Tl)/N

,.whcrcN,,･sthegasdcn-slly,α lSthe10nlZatLOnCOC
frlClenL,andT7)Sthealtach-meltLCOerrlCICnLWcusethee

rrecILVe10nlZatl0】lCOCrrl_cLentatE/Nn-3593Td(ITd-1×)0-2LvmZ)asthe evaluELtLOnrunCLIOn rl/～,,-35')3

TtLISChosenbecLluSCltlSLhecrtttc;LlraL100rLhcelc

ctrlCrlCIdtothegasdcnslty IorSF6alwh･ch(αT7)-O

llOIThercrorelftheerrccl･vcLOnlZ;LtIOnlSnegat)VC,theln

divlduaHStlbcttcrgasll-SUIa-LorthanSFb Byllmlllngt
hecvaluatlonlullCtlOntOlhcerrectlVC10nizaLl0n

COCrriclcntalZlSLnglevalueorlhcra-tioorthefleld

tolhcgasdenslly,wccanmlnlml'LCthecomput'ttLOna

ltlmCWcsolvctheBollzmanneqUltl10nbasedonthe～

te(tdyslateToWnsend mclhod wlth two-tc川1aPPrOXlmtltl
Onl日,12],beciluSCLtlStherastesLmClhodtoc;llculatcl

heerrccLIVCIOnlZallOnCOerrlClentS Tnthetwo-term t3olt7.-m;lnnCquatlOn,thecolllSLOllternl lSexpressed{lSlhc

sumofcolllSionsbetween clcclronsilnd each neutralgasspeclcsW

edonotCOl1SldcrrcacllOnSamonglOnSOrneu-1ralsexccp日he

clLSeOFtllCthree-bodyilllachlTlenL.Toranexample02lnLllethree-bodyalLachmenl,t

helh･rdbodycanbcanyl-eutr;LLgilSSPCCICSLllLhc

mixture ThegasdensILyLS l̀SSuJTledLobcN,,-25× lO之5.-

1-iThcsecondevZl1UELtlOnfLuncllOnlSGWPTheloWcJtheG

WPthebeuerthe‖-dtvLduaH sWecalcuhLc(E/N.)｡.,orcach

LndLVldualgasnlLXtUrC FromthlSValue.＼vccalcu-慧 -il.:cgnagSLhPraC,TEニcwZ?5n㌫bsauSeFSWIL,lleLLi:essas:1,Cet:S,u
i:; IMPalsopcraLLOnalprcssurcormanySF6 basedgasl

nSu-lillcdsystclTlSForilnCXamPle,lrGWPorgasspe

c)esAandBare200andLO,respectlVCJy,il-1dthemlxtu

reratlO IlS08azld02,rcspccLIVely,LhcGWPofthegasmLnlrelS

O
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paTtLnlX

parcnLY

thlldX

cJllldY

FlgUre3Schcmt1日CPICLLlrCOfcrossovcrm(′thodorgc】lCtI

C SC-quCnCCSlecLCdasaparentOrLhcI-CXlgCllelatLOnA
randomnum-berJSdra､vn10SCIecl

afi)Lherfromthetop80%.AnotherralldomnumL)crlS

drawntosdeclamolherfromthetop80% AnJndtv-dualc

anbecomeZlPatentmullIP)cLlmcsBut,llcannotbca
ratheralldan10theratthesametlme.Itthes.

lmClndlVldua)乙ISthemother)～sclectedastherather,
Wedrawanotherralldom numberloresclecHhemclthe

ronceagaHIWhcnWeuseGWPas

theevこIluoll0nrullCLJOn,thedlS-qual汀lCdtndlVldui)ls
occupyLhcbotlon10日lleI2111klngBut,Lhenumberoflnd

lVIdualssome=meSmayexceed20% orwJth(E/N,,) C,<200Td

thetotalpopulZLHon lni_t▲1-･･,ithatease,weslmPlyselec

tparentsonlyrronlthequa)llLedndlVIdua】S,ie,(

E/N")∫.≧200TdOllCCWeSC)eelapalrOrParenlS,Wem

akecrossoverLOgeneratetwochlldrenlnFlgUre3wcsho､v

anexampkolacrossovcrprocessTheTCarcalsovarlOuSmethodsof

crossover川GA,
butwca酔tnusethes)mplestmethod
Wes.mp)ycutthegcneL.CSCquenCeatOnePOJntandex-
changeeach fragmcntWherewecuHhc

genelSdcter-mlnedbydraWLngarandomnumberlrthep
opul;LtlOnCOnSLStSOr200LndlVLduats,werepeattheprocess

orscJccL.onuldcrossoverlootimes,becauseeachprocess

generatesl､VOlndlVidualsorthenextgenera-110nArtcHveg
clleratealll九elndlVidualsorthene･ylgen-eratlon,w

ecausemutatlOnThemulaLl0nlSmOdelcdbyn仰 tlgOnebllfrom0t

o1olVICeVCJSa､Vlthacert-1PrOb̀.bLILtyThemutatl

0nratedcfHleSLhcpzobablHlythatanyoneblLntpSbetween0andlberorcgolngLothenext Table2GWPofgasspec[

esusedinthesearchll]GWPofthegasesnotllStedlnthISTab

lolSaSSumCdtobe0SpccICS GWPSFもCJF.C2F6C

F.CO ,gcneTaLlon-InthepresentWork,weusePoo一 asthe
nlu-1allOnratlOunlcssslatedotherWISeTllen,fora

mはIure ortllreegasSPeC･CS(24b･15)W･lh200日.d

iv･duals,approxl-rnately4or51ndlVlduals(481obe

exact)sulfcrmutatLOIlH101lebltArlcrexamH1日1gWllC川erth
emLItaいotlOccursornotForalllhcbltS,WeCalcul.ltethe
evaluatlOl1rLLnCIJOllotc･lChlnd)vldualohhe一一exl

gcneratl0nThen,lhcpro-cessesorseleclion,crossover,

muLatIonandevaluationarcrcpealedunlllther

esultsconvcrgcorlhcpredelcrn-lnedllumbezorgcl-CraLIO

nS(typIC.lHy100-400gellCraLl0n)lSdotleBerorewebeg
三InlhcsearchorgllS mLXLureralLO,WeconlPlledsetsore

lecITOn-neutralcoHISl0tlCross-SCCt10ndataortherollowLn

g14spccICSSF6,CF.,C2Fb,C3F8,N2,02,COZ,CO,H2,H
20,I-Ic,Ne,ArandXcThecoHISl0nCrOSSISeCLlOIld

atahavebeentZlkenfrom manyHtCT.atureSourcesTheda

tasetslとLkenfromtllelltel･(ltLHeh(lVCbeenmodlfled
sothZllthecrfcctlVelOnlZal10nCOerr卜C)ellLSCalcuIaledb

yLhctwo-lcrm Boltzmannequatlonmatchwllhthedataor

literaturebeLwCel1200Tdand500Td･AnotherGA makesthe

mod･r]cal･on lntheAp-pendlR,Wed)scusslhcdetalla

ndshowthegraphsorcolll-slOnCIOSS-SCCtl011Amollgt
heroulteCngLlSeS,pernLJOrO-carbol1gasesllaVebeenc

hoseJlbccausctheyarckt10Wn10beeJcctro-ncgilllVegasesandregardedaspossLblcs

ubstL-1ulcstoSF6r13]Othermoleculargaseshavebeenchosenbccausctheyareabundantll日heatmosphere
andrela-ltvclyllarmless10llle

enVirollmenlalldhunlanS Rareg.lSeShavebeenchosenForthes'lmereasonsTheserour-
1eellSPCCleSarenottheonlyspecJeSthatshouldb

clookedalTherecouldbeotherspecle
SthatarcabundL1111andharmlcssOnceWeoblalnarel

lablecolllSlOnCross-SeCLl0ndata,wecameaSLlyexpandthenumberorgasspec
)estobelnCIudcdinthesearc
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20 40 60 80 100generatIOnFIgUrC4.TllCbcsL;LVC
ragC,alldworstvillucsorLhじCVIILuLIL10nrLmCLlorlllleachgcncrtlLl0nfoHhccl̀SC1

3 SEARCHRESULTANDDISCUSS10NlnFlgure

4､VcshowhowthecompulatIOnCOnVergCSlnthertgure,we
ploLthebest,average,andworstvaluesortheefrccllVelOn

IZall0nCOerrlClenls'lmOng200HldlVldualsaleachge

ncrahonforcase1hllhlSC XamPlewehLIVCtesLcdagasm
lXturCcomposedor6spccICSThes)RSPCCleShave been

chosenLomilnlreStthaHhcprescnLproblemllaSmanyLocal
extTemCSalld､vehavetoluncthepZLr州 1 e -LcrSOfGA_The

'lVeragCandbcsLvZLluessho､VshiLrPde-CrciLSCSaSlhc

generaLIOnProceedsandbecomestciLdyillapproxLmaLe
Lygothgencra110nTheWorstva一ueLendstodecre;lSClnlLl

allybutlnCreaSeSSoonandscalterswldeLyafterward_

lnthisexamplcthemutaLIOnrateLS0.001.1nFLgure5､v
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lCLudcdAslongasweusePFCgas,theGWPofLhcgasmlXt

ureCanbeveryhLghlnc之LSC4,､vesc(trChlhcgZLSmLXLulC

SCOmPOSedofnotl-PFCg･tSCSonlyandshowthereS

Uh川 FlgurelLThesctlrChcon-vergestopureCO.lndlhCerrC
CtlVel0nlZaLl0nCOerrlCLClllLSI69×lOlZtmコTherefor

c,ifweuseno■1-PFCgas,theb

estsoluIl0lHSlousepureCOSoI-altheerrectlVCIOnl･L;ltl

0nCOCrrlCICnlh【LSbeenuseditstheevalùltIOnrunCl10nThe

rtǹ11puIPOSeOrLhLSStudy,however,lStOrlndgasln

SUIatl0nmCdlaLOrCPlaccSF6from theenvlronmcntaLpoln
LorVICW.Evenlrthecfrcc-1ivelOnlZ呈Ltl0nCOCrncICllLISlo

､vcrth州 lhaLorSF6,､VCCこLnst1日usethatgasbyra)slnglh

coperLILIOnalpressureTherelSaPraCLJCaLllmlLOntheop

cratLOn'llprcssurcrronlthes呈IfctypolnLofvleW lfLh

cpressureweretoohlgh,lhccosttolmplemenHhesar

clymechanlSm tOthegascon-1a"1erWOuldbcunacccptablcLnlhcpresentstudy,lVCSet
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cc.luSeabove1MPaJapancSela､vtequlreS乙1⊂ldlLLOnこII
～;.relyprotccl.onro√LhcgこlSCOnlaLnCrWehaveselected0

9MPatohaveilmarglnOrOIMP乙llothellmLtOH MPilBecause

thestandardpressureofgaslnSulate(Isystemus

edlStyPLCaHyO･5MPa,weLOIcr{lLcthegtlSmLXlurCW.th

thecr.tLC,llrat100rtheeleclr.Cl.eldtogitSdcl1S

･ty,(E/N,,)rr,upto360×05/0･9±200Tdhlthese.lrCh,wer
HSLc̀11culaLc(E/N,,)C,,oreachmd卜vldualWecalculaLe(α-Tl)/N,.alE/Nn-200T

d lrlLISposlt)Ve

,､VedlSqLlilllfythemdlVldualauLomaLLCally汀 ltlSllCgat
lVC,､VeCalculiLte(E/Nn)"wlLhaprcclS10nOf±03TdTh

enwecalcuhLeGWPGWP-蒜 ,!.G･X･ (L,･vhcreG.･stheG

WPofeachgasspec-esllS(edLnTablc2andX,LSthem
lXtureTaL100feilChgasspccLCSBecausewchavetoca

lcL･htc(E/N,.)C,,ltrCqulreSmuchlongerCPULImCthan

thesearchesLTICaSCSト4､vherezISlnglevtLlueor(α-77)/N
nat3593Tdhasbccnusedaslheevatu･ 1alionfunc110n_T

hercforc,LnCase5,､veIlmlttheg̀lSspec.esLomajorg
asSpec.CSthathavesho､vnstrongmnu-cnceovertheolherspe

cleSWeselcctLhcsevenspccleSb̀lSCdonthe

resLIltorcase2shownlnFlgurC8,､vhcrelhcsegiLSSP

CCleSSt<lyrelallVClyl0-1gCr､VLthouLbelngre-movedbythescl

ccILOnPrOCCSSCSlneVOluttonTabLe31lSLstheresultsor

case5.ThecnLICalreducedclccLrlCrleLdofthLSga
snllXturC IS200Td,cxZlCtLyLhclo､V-esltHTlltLlllow

tlbleFortheuseat09MPaRcplacltlgthesmallamounto

rC2F6 andCF.byC3F8does l101m.lkemLJChdLrrerC

l1CeThe m l.YturCr(ltl0OrO5% olSF6,how -cvcr,

makesalとIrgedlFrerencc.∩theresLLltTherefore,theg

asml血 rCCanbemzLdeolSF6,CO,CO2･N2,andc3Fg
BecauseCJFホhasareLatlVeLylowGWPcomparedtotheolhcr

PFCgLLSeS,thegasbecomesekclronCgatlVebyh̀LVmgC3FB

､VhLlekeeptnglowGWPTosupplcmcntlhc"-sul;111-1gC叩'LLnE■ly之ILl

ow E/N,,,N2.CO,̀LndColarencedcd ALlo､vE/Nn,these
g王LSSpeCleSSho＼vmoreOrlcssthesameefTccllVelOnlZall0

nCOCrrlClentaSShownlnFlgurCLOltlSdlrrlCulHoconsl

dertheresuhofcasc5.Theglobal､V<lrmlngPOtCntlこll

lSCerti"1lyreducedtotlPl)rOXlmalClyone-e.ghLhoFpureS

FbBuい LtsstLH32OO,､vhlChlSCVCllhLghcrlha
一日hcGWPormill-yhydronLIOrOCarbons(トIFCs)thatilr

ealsotheliLrgelorpossLbleregu)al10naSglobal､varmLnggL

lSeS Forexample,lhc GWP oH -tFC-125(rTiF2CF,).S2800日 Therc-ore,probtl

blyreplilCerllenlTable 3 ThebestgasmIXtUreratl0foundlnthesearchOfcase5and ltS
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orSF6bythegヱ1SrnixluTCJISLedlnTable31VtJhlOLbe

lLISl･rle-HromlhcvleWPOtntOrCnVlrOnmCntalprotecllOn

lnthepresentpaper,weh̀lVClookcdrottheoptlmUm

g;lSnllXtL=C riIL10miltnJyFrom thevIC､VPO"llorenvlIOn-

mentalprolcctlOnThepresentmethod.however,91m be
usedlolookfortheopIHTlummlXturCraL)0fromdlffcrenl

perspectlVC,SuchascostThecostlsespcclallyzmIX)rtanl

WhenweconsJderalargcamountOfSF6gasusedlllGIL

TofLndLhccheapestgasmLXtUrerat10Whi虹ma-nlalnlng

sufflCJCnLInSulat10nStrength,lhcmethodusedForcase5

canbcdLreCLlyapplledThetoralcostorilglVengasmtX-

1UICCanbeca】cultllcdbyreplac■■鳩 G,ofcqual･On(1)by

thecostoreachgasspec)esOtherproperllCS,SUChこLStOX-

1Clty,Che111lCalsLablllty,IlqLlefacLl0ntClTlperature,CIc,Can

bealsolnCO叩OratedlnthesamemanneronceWellaVea

certaLnnumerlCalmdexoreachproT)Crtyforeachgas

SPeCJCS

4 CONCLUSION

A tごeErT...maesl:aosd..-tsoutar.1,..1.dgnL::ed.aO,望;nLuc:'n,g,a.sp.Ti芸~
GeneLICaLgorllhm(Ĝ )lSusedwlththel､vo-1ernl BoIlz一

mannequaLlOlltO∩ndthecombmationofgasspeclcsthat

canposslbLyrcplaceSF6､VlthhlghcrJnSUht･OnCaPablllty

andlowcrglobalwarmlngPOLcntLal(GWT')Th･smethod

cansaveasLgnlflCantamOtLntOrtlmebypreseleclmgpos-

slblecitndldatesbcroretheyilrelhorotLgh)ylnVeSllgZLIcd

bycxpcrlmentOrnlOredelalledanalysJS

WehavesearchedfortheoptlmumCOnlbmat10nOrgaS

mLXturefrom 14gasspecleS,SF6,CF.,C2F6,C3FS,N2,

02,Col,CO,Ll2,日20,He,Ne,ArandXeThe"-su)a-

1lOnCaPabllLtyOreaChgasmlXtureISCValuatedbytheef-
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3JlfectLVe10111Z<11)011COCfrlCLentat3593Td

LhaLISthecrltLCa)r{11100fthefieldtothegasdenslt

yOrSF6[101TTleb)marymLXtureOrSF6todC2F6lmPrO

VCSthelnSulatlOnCaPabll-llyofpureSFOBuH hc lnlPrOVe

mCntlSnotlarge cl10ughloJUSl■fythe rcplaccmcntof

pu･cSF6by lhc bl‖LITYmLX-lule WlthoulSF6,nOC

OmblnaLlOnOftheother13gasspec.cshasexceededthe lnSul

atLOnCaPabLHlyorpureSF6ThebestgasmLXturCSCCOndtopur

eSF6lStheternarymixtureorCO/C2FJC,F8-027/0

25/048AlthouglH hLSgasmLXlurCISbetterthanany
sLnglcspecleSOrallyblnarYmlXtureLlnlOllg13gasspecLeS,ll1SStl1日一･lSLLVery

hlghGWPThescalChroHhcoptlmumgasamongthe10J10-

PFCgasspccLCS(N2,02,Col,CO,H2,1120,Ile,Nc,T̂

,Xe)hasrcsulLedI一lPureCOAssumLllgthatthemcrea

seofgaspressureupto)4I,mesorpureSl=6(0･9MPa

comparedto05MpaofpureSFb)istoler･lled,theg

asmixturewllhthelowestGWPwhtlemiIJnta=一mgthegas
lnSUlatl011StrengthhasbeencamedoutThesearcll

hasrcsultcd"lhcgasmlxlureorSF6,CO,Col,N2,a

t-dCっF8ButGWPortheOPll-ltTlgasmLXturCISStll

lhLghcrlわan3200,whlClllSnotlowenoughtorcplacelhepure

SF6bytlHs8aSmixtureA]thoughthesearchJngmethodha

sbeenprovenusefuland qu)ckto testmanyposslblecom

blllatIOnSOfgasspe･cles,lhescarcllrCSILllshavebeena
LLllledLSaPPOLntlngllleSeaZChresulthaslndeedconr

irmcdthecxcellcnCeOrSFGaStllCg乙ISlnSulaltonmc

dlUm TheadvantageorthepleSenlmcLhod,however,LSlhaLIL

ISVeryeasyloexp<tndlrWeWallH0addanolhcrgassp

ccleSaSaPOSSlblecon-sLltuentOrgasmLXture aSlong;
lSa rellable setorelectron-neulraLcoHlSioncross-scctl0

nisavailable.Forthemoment,wchaveformulatedthecollLSlOnCross-Section

datasclsTor14gasspccIC SBuHhere arcstll lmanyother
gasspcc LCSthat areabunda ntanden

vlrOlmlel-taHyacccpL-abLcAdd山onorsuchuntcs

ledgasspccLCSTlllghtproduce0oo0000543211(NLuzzOI)U～/(1L-V) UO(⊃ ×○○ ×/＼

10∪○ ×○○ × IX. I200
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evenruaHyanewgaslnSulallngmedlarePklCmgSF6gLlS

ThlSmethodwouldbeusefultojudgewhethelthenew

gasmLXIurelSWOrthlnVeSllgat】ngLhoroughlybyf;lrmo一e

expenslVeandllme-COnSum=lgCXPerlmCntThesearchfor

theopllmum g̀lSmlXturealternatlVetOSF6fromacom-

prehellSIVePOmtOr〉lew,lnCludH1gtheaspectsorenvlrOn-

menl,cost,】tquefEtCllOl11emperalure,toxICltyandottlerS,

]salsoallOtherLntCreStlngflltureSubject
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5 APPENDIX

Ilereweexpl211ntheformulatlOnOfthesetsorcol)lSlOn
cross-sect10ndataThedata0ntheelectrol1-neutralcolll-

sl0nCross-SeClLOnarePublLShedlntheltteriLture.Thed̀lta
arebilSe(Ionmeasulenlent,Monte-Carloslmutat10n,Or

Boltzmannana[ysISThcrcarc;LIsomaLlyPublLSheddata
onlheCrfecllVelOntZat10nCOeFflClentandothereleclron

clastLC 10tllS.ltlOn (Hhe.KCILallr)n
き蒜 ｡nlol･l冊 l･HololoP冊 ltl･･･-EⅢ互巨Ⅷ
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ulatlOnandBo】tzmannan;IlysISlnthepresentpaper,W

eusethetwo-te)m Boltzmannequzlt1011LocalculateLhceffecLIVe10111ZZLtl0nCOefflCICnLThlSISthef(ISteStmCLh

odLoc'llculatc,butaHhesamellmeenlPIoysthecrudest

approxlmatlOnThererore,for'ltlCXamPle,Ifweca一culat
elllC efrectlVe lOnlZtttlOn COeffIclenLwlth the colllSIOn

cross-sectl0ndZttadetermlnCdbyexperlnlenlalmeasur

e-mentorMonle-Carloslmuh110m,theresulLs'1reOmendlf-
rerenLfrom theeffectlve

10mZatLOtlCOerflClenllTICaSuredbytheexperlmCntAL
so,theexpcrlmel1talmeasulemCntorthecolllS10nGLOSS-SeCIIOndataalwayscol-Lal

nSaCCr-talndegreeorunce rlalnty

lnthe prcsenL paper,
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