
Performanceinvestigationof SFo
freeGasInsulatedDC Systems
To reducetheCO,emissionof electricitygenerationandtransmission,SFgasneeds
to bereplacedby moreenvironmentallyfriendlygas.A solutionto replaceSFin high
voltageequipmentis themixtureof FluoronitrileC_F/NwithCO,and0,. In thispaper,
achoiceof insulatinggasbasedontheoreticalanalysisis mentionedincludingintrinsic
gaspropertiesandalsoCO,footprintanalysis.Experimentswerethenrealizedtoverify
the thermalanddielectriccharacteristicsof gasmixturein theequipment.Finally,
investigationtestswereconductedwith theactualSFdesignofGISbutfilled with the6
mixtureandshowedverygoodperformance.Theresultsconfirmthefeasibilityof using
CAFN-C0,-0,mixtureasinsulatinggasin HVDCGIS.
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Introduction

France'starget is to achieve 330% of

renewablesin theenergymixand40%of

renewablesin theelectricitymixby2030

to reduceCO, emission[1]. Amongthe

variousrenewablesources,offshorewind

isanimportantenergysourceto achieve

thesetargets.To transportoffshorewind

renewable energy, two technologies

are possible: High VoltageAlternative

Current(HVAC) and High VoltageDirect

Current(HVDC).The HVDC solution is

particularlysuitablefor the transmission
of high power over long-distance.

Dependingon the specificityof each

project,theHVDO technologyis generally

moreinterestingcomparedto theAC one
for the powertransmissionhigherthan
1 GW and the distanceabove100 km.

To collectenergyfrom differentoffshore

windfarms,offshoreplatformsareacost-

effective transmissioninfrastructure.For

theseplatformswheretheircompactness
impactsdirectly the investmentcosts,
DC Gas InsulatedSystems(GIS) offer

significant benefits in terms of space

requirements.

Up to now, the available productsof

DC GIS are all basedon SF. gas. SFsis

a veryperformantgasfor both insulating

and interrupting aspectsbut it is a gas
with very high globalwarmingpotential
(GWP). To reducethe CO, emissionof

electricity generationand transmission,

SFs gasneedsto be replacedby more
environmentallyfriendly gas.A solution

to replaceSFsin highvoltageequipment
is the mixture of Fluoronitrile, CF,N,
with CO,and 0,. In this paper,a choice

of insulatinggas basedon theoretical

analysisis mentionedincludingintrinsic

gas propertiesand also CO, footprint

analysis.Experimentswerethen realized

to verify the thermal and dielectric

characteristicsof gas mixture in the

equipment.Finally, investigationtests

were conductedwith the actual SF.

designof GIS but filled with the mixture

andshowedverygoodperformance.The

results confirm the feasibility of using

C,F,N-C0,-0,mixtureasinsulatinggasin

HVDC GIS.

Challengesfor the
developmentof HVDC GIS

In comparisonto theconventionalHVAC

GIS, thechallengeforthedesignof HVDO

GIS, in the insulationpointof view,is the

difficulty to predicttheelectricfieldunder
DC voltageandunderdifferenttransient

conditions.Theelectricfield distribution

in HVDO equipmentturnsprogressively
from a capacitivedistribution which

dependson material'spermittivityto a

resistivedistributionwhich dependson
material’sconductivity.As results,various

parameterswhich are usuallyneglected
underAC voltagesuchasthe operating

temperature,theappliedvoltage,thegas
humidity,theelectroderoughnesshave

to bethenconsideredduringthe design
of theHVDOequipment.Thus,advanced

field simulationsshouldbeperformedto

haveanaccurateelectricfield distribution

in all the possibleoperatingandtesting

conditions,to havea reliabledesignthat

canthenbevalidatedbytesting.

Insulatinggasin high
voltageequipement

In literature, different studies

demonstratedthe reliability of HVDC

GIS usingSFsgasas insulatingmedium

[2](3]. Theworld-first320 kV SF. HVDC

GIS is alreadyinstalled in an offshore

platformin theframeworkof theproject
Dolwin6 [3]. However,SFegasinsulation

is not an eco-friendly solution as it

presentsa very high Global Warming
Potential(GWP). Differentsolutionsare

investigatedand presentedin the last

decade as SF. alternatives.Mixtures
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basedonC,F,N,CO, and0, havebeen

recognizedas a solution to replace

SF. in AC high voltage equipment

while keeping the same benefitsof

compactnessand performances[4].

Another solutionconsistsof usingdry

air asinsulatingmediumin combination

with vacuuminterrupterto breakshort-

circuit current [5]. While the main

drawbackof SFo gas is its very high

GWP, SF. alternativesolutionsshould

notbe chosenonlybasedon theglobal

warmingpotentialof gas. To consider

the global contribution of electrical

equipmentto the globalwarming,Life

CycleAssessment(LCA) is thepreferred

analysisas it allowsto consider,not only

the GWP of gas,but alsoa wider range

of otherenvironmentalimpactsincluding

the fabricationof theequipmentitself.

As mentioned in [6], a comparisonis

donebetweenSF.and5%C,F,N-13%

0,-82% CO, at typical rated filling

pressurefor electricalequipment.It is

observedthat any solution using SF.

implicatesa majorCO, footprint, even

with low leakagerates.On the other

hand,C,F,N basedmixtures havethe

lowestCO, impactbecausethey keep

low footprintbut removethe majorSFa

impacton GWP.Solutionsusingvacuum

interruptersandairfor insulationhaveno

direct polluting gasemissions,but the

size increasehasa direct impact on its

footprint,makingit morecritical on the

total CO, impactthanC,F,Nsolutions

butstill betterthanSF.solution[6].

ThesolutionbasedonC,F,Nmixtureis

thusselectedinthisstudyasreplacement

for SF6 gas in HVDO GIS. The selected

gas composition is 50% C,F,N-13%

0,-82% CO, to have a mixture with

liquefaction temperatureof -25C [7].

Theoretically,the ratio of dielectric

strengthbetweenSF.andthismixtureis

1.7 [8] meaningthat the320kV DCGIS

filled with minimumfunctionalpressure
of 0.55 MPa SF6 requiresa minimum

functionalfilling pressureof 0.93MPa of

50%C,FN-13%0,-82%CO, mixtureto

reachthe samedielectricperformance.

With thissuchhighpressure,theexisting

enclosuresneed to be modifiedand

requireincreasedmaterialthicknessto

handlethepressureandthusincreasing

CO,footprint.Ontheotherhand,theSFe

filled 320 kV DC GIS has beentested

with the maximum lightning voltageof

1050 kV while, in the standardIEC TS

62271-5CD, the maximumrequiredLI

voltageis only 950 kV. This reduction

of LI level can leadto the reductionof

gaspressure.The minimumfunctional

pressureis thus fixed to 0.8 MPa of

50% C,F,N-13%0,-82%CO, and this

pressureshouldbe enoughto coverthe

dielectricperformancerequiredby the

IEC standard.The performanceof DC

GIS with this mixture pressurewill be

investigated.

Thermalperformance

During the design phase of an

apparatus,the thermaldimensioning

of electric parts is important for the

optimizationof the product in order

to respectthe maximumtemperature

and temperaturerise defined in the

IEC 62271-1.By changingthe gas,

the thermal exchanges,governed

mainly by convectionin GIS, will be

modifiedwith a direct impacton the

temperaturerise.

The calculationof heat transfer via

convection phenomenais quite

complex as it needsto take into

accountthemotionof fluid. Tosimplify

the calculation process, one can

considertheconvectionphenomenon

likeconductionphenomenonbutwith

an effectivethermalconductivitykeff.

It is much higher than the thermal

conductivity as it represents the

sum of heat exchangesincluding

convection. The simplified method

cannotgiveanexactnonhomogeneous

temperaturedistributioninsideelectric

apparatus, but it can give quite

accuratetemperaturegradient.With

thedimensionof our320kV DC GIS,

the effective thermal coefficient is

estimatedfor both SF. and the gas
mixture with their corresponding

pressure(Table 1). The resultsshow

that the C,F,N mixturehas lowerkefr

meaningthat GIS filled with this gas
will havehighertemperaturerisethan

theonefilledwith SFg:

Breakdowntestsin gas

To investigate the dielectric

performanceof 50% C,F,N-13%0,-

820% CO,mixtureat0.8MPa,dielectric

tests in coaxial configurationwere

Solutionsusingvacuuminterruptersand
airfor insulationhavenodirectpolluting
gasemissions,butthesizeincreasehasa
directimpactonits footprint,makingit

morecriticalon thetotalCO, impactthan
C.F,Nsolutionsbutstill betterthanSFa

solution.‘

Gas SF. 5%C,F,N-13%0 -82%co,

Pressure(MPa) 0.55 0.8

Equivalentthermalconductivity
0.88 0.85

ke(W.m-1.K-1)

|Table1: Equivalentthermalconductivity.
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performedin IsO 9001 SuperGrid
Institute High Voltage Laboratory

(Fig. 1). Differentstressesincluding
AC, DC, Lightningimpulses,switching

impulseswere performed and the
resultsin DCstressarethencompared
with theoneobtainedwith SF.at0.45
MPa.The SFs pressureis chosento
be closeto the theoreticaldielectric

equivalentof themixturebasedonthe
resultspresentedin [8] whichis about

0.47MPa.

The resultsarepresentedin Fig.2 for

both gasesin DC, SI and LI stresses.
In DC stress,like SF6ponecanobserve
a difference in terms of dielectric

strength of the mixture between

positiveand For

positivepolarity, both gaseshavethe

same dielectric strength while the
dielectric strengthof CF,N based

mixtureis slightly higherthan thatof
SFain negativepolarity.By comparing
in caseof SI andLI, Fig. 2 showsthat
the CAF,N based mixture has the

breakdownvoltageslightlyhigherthan
thatof SFa gas butthey remainvery
close.This differencecanbedirectly
linked to thetestedSF.pressurethat
is slightly lower than the estimated
theoretical dielectric equivalent

To investigatethe
dielectric
performanceof5%

CE,N-13%0,-82%
CO,mixtureat
0.8MPa,dielectric
testsin coaxial
configurationwere
performedin
IsO 9001SuperGrid
InstituteHigh
Voltage
Laboratory

Figure1: Dielectrictestsetup.
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| Figure2: PerformancecomparisonbetweenSF,and 5%C,F,N-13%0,-82%CO,«All thevaluesarenormalized
tothebreakdownvoltageof in negativeLI.
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pressure(0.45 MPa in place of 0.47

MPa). One can note that the ratio

betweenSI andLI is morethan800%

for bothgasesin negativepolarity.

Leakagecurrentin gas

It is demonstratedin literaturethat non-

negligible currentsare passingthrough

gaswith a high dependenceon applied

polarity, electroderoughnessand gas

humidity [9]. Experimentswere thus

carriedoutinorderto characterizethe50%

C,F,N-13%0,-82%CO, mixture using

theplane-planeelectrodeconfiguration.

Fig. 3 showsan exampleof results

wherethecurrentspassingthrough50%

C,F,N-13%0,-82%CO, with smooth

(Ra= 1.2 um)and rough(Ra= 6 um)

electrodesarecompared.It is observed

that, like SFgr the measuredcurrentof

gasmixtureis muchhigherthanthatwith

only naturalionization (in the rangeof

fA). Suchhighcurrentis thecontribution

ofsupplementarychargecarrierscoming

from a metallicelectrodeto thegasby

variousmechanismssuchasthermionic,

fieldemissionor micro-partialdischarge

[9]. The high current in gas influences

significantlytheelectricfield distribution

in DC stressandneedsto be carefully

takeninto accountduringthedesign.

HVDCGISinvestigation
tests

To verify the performance of

DC GIS, Cigre TB842 gives the

recommendation for testing [10].

It includes thermal and dielectric

performancesvalidation. Moreover,

thestandardIECTS 62271-5CD gives

the ratedvaluesfor insulationlevels

assummarizedin Table2. Testson DC

GIS filled with 50%C,F,N-13%0,-82%
CO,at0.8MPahavebeenperformed

according to the specifications

mentionedin this table.

Testsetup

A test setupwas built to investigate

theperformanceof 320 kV HVDO GIS

filled with 5% C,F,N-13%0,-82%
CO,at0.8MPaasminimumfunctional

pressure.The test setupconsistsof

9 HVDC insulators, 4 T-housings,

1 disconnector switch, 1 air/SF,

bushing,6 busbarcompartmentsand

1 current transformer.The current

transformeris mounteddirectly to the

HVDO GIS to generatea load current 000

1,0E-05

1,0E-06

1,0E-07 –eRoughelectrode Ra 6 pim

3 –gSmoothelectrode–Ra= 1.2 pm

1,0E-08

1,0E-09

1,0E-10 .
1,0E-11

1,0E-12
0 2 4 6 8 10 12 14 16

E (kV/mm)

Figure3: Leakagecurrentmeasurementin5%C,F,N-13%0,-82%CO,mixtureat0.6MPa.

Gas Value Unit

NominalDC voltageU +320 kVas

RatedDCvoltageU, £336 kVa.

RatedDCwithstandvoltageUw £505 kV.

RatedLI withstandvoltageUp £950 kV

RatedSIwithstandvoltageU, £850 kV

RatedS/IMPLI withstandvoltage

LightningImpulsevoltage 4950 kV

DCvoltage £336 kVa.

RatedS/IMP SI withstandvoltage

SwitchingImpulsevoltage +850 kV

DCvoltage £336 kV..

RatednormalcurrentIr 4000 Ae

Insulatingmedium 5%C,F,N–13%0,–82%CO,

Ratedfilling pressure 0.85 MPaabs@20e0

Minimalfunctionalpressure 0.8 MPaabs@20PC

Minimumambienttemperature -25 oC

|Table2:Specificationsfor 320kV HVDCGIS.
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(max 4000 A AC) inside the loop.

Humidityabsorberswerealsoinstalled

to limit thegasmoisturecontent.

Temperaturerisetest

As theDCGIS was designedfora rated

current of 4000 A, the temperature
rise tests(AO currentof 4000A) were

performed with different measuring

temperatureprobes installed on the

enclosureand two probesfor ambient

temperaturesas illustratedin Fig. 4. The

recordedtemperaturesare presentedin

Fig. 5. The averagetemperatureon the

enclosureis about48Cwhiletheaverage

ambienttemperatureis 26’C meaning

thatthetemperaturerise is about229C.

Thesametestwasperformedfor 320kV

DC GIS filled with SF6 at 0.55 MPa [2].

The temperaturerise was about20C
and it is slightly lowerthantheonewith

gasmixture.The reasonfor this is that
the equivalentthermal conductivityof

gasmixture is slightly lower thanthat of

SFogasas illustratedin Table1. It should

be however noted that all values of

temperaturerisearewithin the required

temperaturerise limitsof IEC62271-1.

Dielectricperformance

To verify the dielectricperformance
of 320 kV DC GIS filled with 5%

C,F,N-13% 0,-82% CO, mixture

at 0.8 MPa, tests were performed
with AC voltagefor partial discharge

measurement,DC voltage,lightning(LI)

andswitching(SI) impulsesaswell as
superimposedlightningandswitching

voltages.Thedielectrictestsfollow the

test procedureas mentionedin IEC

standard60060- 1. For superimposed

impulse voltage, the switching or

lightning impulseswere applied to

the GIS after 2 hoursof DC voltage

applicationswith bothDC polarity.

An exampleof testresultsis illustrated

in Fig. 6 for the partial discharge

measurement.The apparentcharges

arepresentedwiththeappliedvoltage.

Fig. 6 shows that, for both applied

|Figure4: 320kV DCGIStest loop. T1 toT6: positionsof differenttemperaturesensorson theenclosures,T7=
T8: ambienttemperaturesensors.
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voltage levels, the apparentcharge
is alwayslowerthan the limit of 5 pO

fixed by IEC standard62271-203.

Table 3 summarizedthe performed

tests.Onecanunderlinethatallthe

includingthe superimposedimpulses

passed successfully demonstrating

the performanceof 320 kV DC GIS

filled with 50% C,F,N-13%0,-82%
CO, mixture. It confirms also that

the minimum functional pressure
of 0.8 MPa is enoughfor the rated

lightningimpulsevoltageof950 kV as

mentionedin therecentIECTS 62271-

5 CD.

To completethetypetestof 320kV DC

GIS filled with 50% C,F,N-13%0,-82%

CO, mixture, according to the Cigre

recommendation[10], testingunderrated

currenttogetherwith voltage(insulation

test)needsto bedone.Simulationswere

performedin high load conditionsand

showed electric fields lower than the

designcriteria.Theexperimentis planned

to verifythisconclusion.

Conclusions

This paperpresentsinvestigationtestsof

320kVHVDCO filledwith50% -,F,N-13%

0,-82% CO, gas. Typical requirements

as mentionedin Cigre recommendation

TB842 and IEOTS 62271-5CD including

thermal and dielectric performance

were investigated.The obtainedresults

demonstratethe feasibility of using50%

C,F,N-13%0,-82%CO,gasasinsulating

gasin HVDCGIS.Furthertestsareplanned

to completelyvalidatetheperformanceof

theSF.freeHVDO GIS.
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Test ZL/HL Voltage(KV) Impulse(kV) Comment

PDAC ZL 356/285rms / Passed

DCwithstand ZL +505/- 505 DC / Passed

LI withstand ZL / +950/– 950 Passed

SIwithstand ZL / + 850/– 850 Passed

S/IMPLI ZL +336/-336DC +950/– 950 Passed

S/IMPSI ZL +336/ -336DC + 950/–950 Passed

Polarityreversal ZL +/-420 DC(2h) / Passed

|Table3: Performedtests.
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