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Working Group Scope

= Describe methods for identifying new insulating gases and gas mixtures.

* Investigate and summarize the dielectric properties and
= the practical insulation performance

of new non-SF; insulating gases and gas mixtures for gas-insulated systems.
[Terms of Reference, 18/08/2016]
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Part A

State-of-the-Art Summaries
. [Status of 2019]
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Typical SF4 use conditions in MV and HV electrical equipment

Type Voltage range | Typical operating temperature Mass of 5Fg
pressure of SFg range (order of
(relative) magnitude)
MV Ring main unit 3.6-52 kv Mainly 30 kPa,upto | -25to40°C ~1kg
(RMU) / GIS 250 kPa for the (indoor)
highest voltage range
Load break 3.6-52 kv 30 kPa -25to40°C ~0.1kg
switches (indoor)
Circuit breaker 3.6-52 kv 250 - 500 kPa -25to40°C ~0.2 kg
Auto-recloser 3.6-52 kv 30 kPa -40to 50°C ~0.4 kg
(outdoor)
HV Gas-insulated 72.5-1200 kV | 400 - 650 kPa -30(-50 *Cwith | 30->1200 kg
switchgear heating) to
40°C
Circuit breakers 72.5-1200 kV | 400 - 650 kPa -30to40°C 2 - =400 kg,
(Live tank and various designs
Dead tank)
Gas-insulated 115-1200 kV | 350-900 kPaat20°C | -25to40°C 5 - 30 kg/m,
lines (depending on depending on
voltage level and gas voltage level
mixture)
Mixtures with SFg:
SFgfNa Circuit Breakers 72.5-735kV 325 - 890 kPa -50to40°C 36-80 Vol% SFs
3kgto73 kg
. a 'i/’
Gas-insulated 230 - 550 kV 340 - 930 kPa -30to40°C 20-60 Vol% 5Fs '.04 “‘
lines 3-6kg/m ‘:/" CIm
SFe/CFy | Circuit breakers | 72.5-735kv | 600 - 900 kPa -60 to 40 °C 25-52 Vol% SF; = o power oo expertise
1-83kg




Environmental concerns with Sk, use
Evolution of SF; concentration in the atmosphere

= Global mean with 1-sigma errors
— Linear fit: 0.28 ppt per year growth
12 —_— —_

Global Mean SFg (ppt)

i ! 1 ! I ! | ! i ' I ! I ! 1
1994 1998 2002 2006 2010 2014 2018 2022

@ NOAA Global Monitoring Laboratory

Jan 22, 2021 Time

* Intensive measures to avoid SF; emission, since long time
* Nevertheless increasing Sk, concentration in the air
* Review of worlwide regulations is given in the brochure



Alternatives to SF, for electrical insulation

* Non-gaseous insulation: Solid, liquid and vacuum
* I[nsulation with gases of natural origin

» Synthetic gas, or gas mixtures alternatives

» Technical as well as non-technical requirements on gases are
given in the brochure



Example of estimation process for the choice of

an Sk, alternative mixture

EHS criteria, (ODP,

Insulation toxicity, REACH Minimum
capabilities compliance, ...} operating
(screening/tests) temperature

/

_____________________
4 l
I [
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¢+ Arc quenching

s i choice of individual . .
application ] O s | Mixing ratio

S — molecules
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and thermal
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Description of methods to find new gases

« Screening methods by observing relations of microscopic molecule properties
with electric strength and boiling point
 Summary of studies from 1977 until 2019

« Overview of descriptors used for the prediction of electric strength (ES) and boliling point
(BP)

* Methods for filtering considering environmental and safety aspects

* Dedicated chemical engineering to find latest generation of insulation gases



Methods to characterize gases

* Physical properties
e Vapour pressure / Boiling points of pure substances

« Equation of state and pressure-temperature curve for gases and mixtures
(= volume / molar concentration # partial pressure filling)

 Thermodynamic and transport properties
(enthalpy, specific heat, thermal and electrical conductivity, speed of sound, viscosity)

e Chemical properties and stability

e Thermal stability
« Stability under permanent electric stress and partial discharge
e Stability under X-ray irradiation

» Electron interactions with the gas
 Electric breakdown strength



Gases selected in this working group

» Sk,

* C4-FN mixtures (in CO,)

e C5-FK mixtures (in CO, and air)
« HFO-1234ze(E)

e CF;l (mixture)

Pre-Study for natural-origin gases (CIGRE WG D1.51):

“Dry air, N,, CO, and N,/SF; mixtures for gas-insulated systems”
TB 730 (2018)
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Summary of know-how on gases and gas mixtures

Property C4-FN C5-FK Trifluorciodomethane Hydrofluoolefin
1234 zeE

Chemical formula (CF3)2CFCN CF3C({O)CF(CFs)z CFsl C3HzF4

Boiling peint (°C) 4.7 26.9 -22.5 -19.4

Molar Mass (g/mol) | 195.04 266.04 195.91 114.04

Relative electric =200 ~200 ~119 ~85

strength

(% of 5Fg )

Ozone depletion 0 0 Very low 0

potential (ODP)

Global warming 2100 <1 0.4 <1

potential (GWP)

Flammability No Mo Mo No according to ASTM
E681-01, to slightly
according to 150
817:2014

(1): depending on the method applied for the calculation of the GWP, this value can vary from 1490 to 3646 [126] [127]
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Summary of know-how on gases and gas mixtures

Property C4-FN C5-FK Trifluoroiodomethane Hydrofluoolefin
1234 zeE
Thermal stability Stable up to 700 °C | Stable up to stable up to 120 °C Stable up to about 550
T =500 °C °C

Toxicity (LC 50) >10000 and >13956 and Inhalation (rat): >207000
(ppmv) <15000 <20086 LC50 274,000 ppm/15 min

Cardiac sensitization (dog):

NOAEL™ 2,000ppm;

LOAEL™ 4,000ppm
CAS number 42532-60-5 136-12-7 2314-97-8 29118-24-9

CMR classification
(4)

Mutagenicity : not

mutagen (in vitro).

Carcinogenicity —
reproductive
toxicity : no data
are currently
available or data
are not sufficient
for classification

Mutagenicity :
not mutagen (in
vitro)
Carcinogenicity —
reproductive
toxicity: no data
are currently
available or data
are not sufficient
for classification

Mutagenicity: tests showed
mutagenic in vitro not in vivo
Carcinogenicity : no data are
currently available or data
are not sufficient for
classification.

Reproductive toxicity: NOAEC
2%

Mutagenicity : not
mutagenic (in vitro and
in vivo)

(2): highest dose at which there was not an observed toxic or adverse effect
(3): lowest dose at which there was an observed toxic or adverse effect
(4): according to ECHA data at date of 11/03/2020

For power system expertise



Summary on insulation strength related characteristics

[Status of Summary March 2019] K )
T, L. i ¥
;5 ; CO, : + j'
For all four selected gases and gas mixtures 5 : + .; ¥
/; 1o i j 10
= Swarm parameters: effective ionization coefficient 12%
= Electric breakdown strength ’ 100 ;‘Ij\?(m) A
. Stablllty Of IﬂSUlatIOn performm ‘ ® Mixture 3.7% Fluoronitrile/96.3%C02  APureSF6
= V-t characteristics (if available) 180 -
170 - 0
160 A ; % + Y
. < 150 - ¥ K2
Detailed values not shown here £ 140 ] P 2
- see Technical Brochure S A
=
110 - >
100 - SN
e | wagre

Pressure (MPa absolute)



A U A

Part B

Newly proposed test methods and procedures



Practical Insulation Performance

= Behaviour under non-ideal conditions
= Non-uniform fields (weakly and strongly)
» Electrode surface roughness
= Electrode surface size
= Partial-Discharge Inception
* Impulse Voltage Waveshape

» determine applicable limiting values for a reliable design of
Industrial gas-insulated systems



Proposal for practical tests

= electric strength for AC and transient voltages
= electric strength under weakly non-uniform electric fields

» sensitivity to electrode surface conditions and size (i.e. area
effect)

» sensitivity to strongly non-uniform electric fields in the form of
Imperfections such as protrusions and particles

= relation between AC and LI breakdown strengths
= test conversion factors according to IEC 60071-1



Definition of a representative test parameter set

MV HV

Typical gap distance 25-60 mm 30-100 mm *
Chosen reference gap distance |10 mm (£ 1%) 15 mm (£ 1%)
Weakly non-uniform arrangement | MV HV
Typical degree of homogeneity Nn=0.15-0.5 [n=0.45-0.8
Strongly non-uniform MV and HV
Sharp edges n = 0.05-0.15
Protrusions n = 0.01-0.05

MV HV
Typical surface quality R, =15 —50 um R, =15-50 um
Chosen reference surface quality | R, =50 um (2 pm) |R, =20 pm (%2 um)

MV HV
Typical pressure (absolute) 0.12-0.16 MPa 0.5-0.8 MPa
Chosen reference (absolute) 0.13 MPa 0.6 MPa




Definition of a representative test parameter set

MV HV
C4-FN | was not proposed for MV application 5% C4-FN / 5% O, / 90% CO,
C5-FK 13.5% C5-FK /17.3% O, / 69.2% N, 5.5C5-FK/11.2% O, / 83.3% CO,
CF.l 30% CF.l / 70% CO, 30% CF.l / 70% CO,
HFO 100% HFO1234ze(E) was not proposed for HV application
Minimum Temperature Reference
MV GIS indoor -5°C IEC62271-200
MV GIS outdoor -25°C 62271-200
HV GIS outdoor -25°C/-40°C IEC62271-203
HV GIS only indoor -5°C/-25°C IEC62271-203
HV AIS -30°C IEC62271-100
HV GIL (tunnel installation) -10°C IEC 62271-204
HV Special application in cold -50°C IEC 62271-1
countries




Recommended tests

(these were also performed within this working group)

Pre-study with AC: Mixture and pressure screening in homogenous arrangement

Test 1. AC withstand voltage test in weakly non-uniform arrangement
Test 2: Lightning impulse breakdown test in weakly non-uniform arrangement

Test 3: Lightning impulse breakdown test in strongly non-uniform arrangement

medium voltage high voltage high voltage Always a Rogowski-profile was
non-uniform el. field non-uniform el. field strongly non-uniform el. field used as low-voltage electrode
weakly strongly weakly strongly disassembled

Rogowski-profile:
yasix *{x2 + exp(x*nis))
— with 5= § mm

23,26
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Recommended tests

(these are recommended but were not performed within this working group)

Test 4. AC breakdown test in strongly non-uniform arrangement

Test 5. AC breakdown in weakly non-uniform arrangement with varying surface size
Test 6: Switching impulse breakdown test in strongly non-uniform arrangement
Test 7. AC breakdown test in uniform arrangement with varying surface roughness
Test 8: LI breakdown test in uniform arrangement with varying surface roughness
Test 9: PD activity in strongly non-uniform arrangement

Test 10: PD measurement in quasi-uniform arrangement with particle on insulator
Test 11: AC breakdown voltage after ageing of gas

Test 12: Withstand voltage under VFT conditions

Test 13: PD measurement with hopping particle attached to HV electrode

Test 14: AC breakdown in uniform arrangement with insulator at varying humidity ,sgé}, C|g|'e



Definition of protocol and measurement guidelines

» Very detailed step-by-step documentation of
v’ experimental setup
v’ preparation procedure
v’ experiment execution
v documentation procedure

» Template for measurement protocol.

(all available for future use at https://doi.org/10.3929/ethz-b-000482801)
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https://doi.org/10.3929/ethz-b-000482801
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Overview

«Part C: Electrical Insulation Strength of novel gas mixtures»

» Data Evaluation Methods and Example Results

» Test Data Analysis
« Skq
e C4-FN mixtures
e C5-FK mixtures (in CO, and air)
e HFO-1234ze(E)
o CF;l (mixture)

= Summary & Conclusion (Part C)



Data Evaluation Methods

AC voltage rise breakdown test

115

110

V)

=< 105
[1}]

100
95

90

breakdown voltag

89

80

AC

0 5 1015202530
breakdown number

in chronological order

115

110

KV)

= 105

100

95

90

breakdown voltage

89

80

sorted to increasing order

_ . 75% confidence

of
84 13 percentile

5%
confidence
of median

5% confidence
of
1587 percentile

AC

0 5 101520 25 30
breakdown number

Sort by breakdown voltage
Median (incl. confidence interval)

16 and 84 percentiles (with 75%
confidence)

[H. Schmid, IEEE Solid-State Circuits Magazine 6(2), 52 (2014)]
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Data Evaluation Method Examples

AC voltage rise breakdown test

Voltage waveform: AC
Electrode config: Rogowski, Gap distance [mm]: 5
Gas: SF6/None/None, 100 kPa

48 - o
47 -
46 -
< o« *
£ .,
g 457 %
E‘ L ] [ ]
3 N L 2 %
44 e
[ ] [ ]
-. < =
43 - -
(]
24 AC
1 1 1 | 1 1 1
0 10 20 30 400 10
No of Shot

——Median=44.4 kV
——75% confidence of median=44.0 & 44.8 kV

15.87% & 84.13% with 75% confidence=43.6 & 45.9 kV
e Polarity: +

e Polarity: -

Voltage waveform: AC
Electrode config: Rogowski, Gap distance [mm]: 5
Gas: SF6/None/None, 100 kPa

50

48
>
X
£ 46 4
3
44
42 H
.
a0 ° AC
1 1 1 1
0 100 200 0 50
No of Shot

——Median=46.5 kV
——75% confidence of median=46.4 & 46.6 kV

15.87% & 84.13% with 75% confidence=45.5 & 47.8 kV
e Polarity: not given

Good examples

(conditioning) effect for first
few shots may be present
> 30 shots seems reasonable
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Data Evaluation Method Examples

AC voltage rise breakdown test

Voltage waveform: AC
Electrode config: Rogowski, Gap distance [mm]: 5
Gas: HFO1234ze/None/None, 300 kPa

100 A
90 +
2
=
2 80 -
)
70
60
1 1 T 1 1 1
0 50 100 150 0 20
No of Shot

——Median=87.6 kV
——75% confidence of median=87.0 & 89.2 kV

15.87% & 84.13% with 75% confidence=76.5 & 97.3 kV
e Polarity: +
e Polarity: -

Voltage waveform: AC

Electrode config: Rogowski, Gap distance [mm]: 5

Gas: CF31/CO2/None, 30/70 kPa

* «Bad» examples

34 + o . .
: * Decreasing or increasing trends
- L L] L3 L3 L3
Bl e s * Polarity despite uniform field not
1 ® e o e
S IR P S randomly distributed
¢ 3’0 (4
> 31 + 2 hd e
ﬁ ° O'......
330 |t =o0g
& A R
3, 1Y% 32 e
e @ "0.
28 - Wﬂ -
L Ry g1
27 -
..
26| AC
0 100 200 0 100
No of Shot
——Median=28.1 kV
——75% confidence of median=28.0 & 28.5 kV =
15.87% & 84.13% with 75% confidence=27.6 & 30.9 kV %
e Polarity: +
e Polarity: -

g

TN
2 cigre
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Data Evaluation Methods

LI voltage data evaluation

volta voltage LI voltage peak prospective
Jg; hold: LI measured peak voltage 1 / S€ PEAt PTOSP
LI voltage peak prospective —}—"
«1 LI measured breakdown voltage
in rising edge
S e time
time time to breakdown

volta%? fail and falling edge: LI measured peak voltage

Ll voltage peak prospective—}———"

. LI measured breakdown voltage

«— [f] LI breakdown in falling edge

For power system expertise
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Data Evaluation Methods

LI voltage data evaluation

o = highest hold -
not O ®
i o
o considered ° ° O calculation ®
8 O o o ® ® O [ ofmean
= O o o ©
S o o O e
O o O ~lowest fail L
O O -0
5 ! ! representation
OO \Q . _ ot perfect
up and down
O hold Impulse application number
@ fail



Data Evaluation Examples

LI voltage data evaluation

Voltage waveform: LI-

le config: NeedlelnSphere-Plane R0O.2mm L3mm, Gap distance [n

Gas: SF6/None/None, 600 kPa
200 —* s Y
° o ®
See 3;-&-3 o e
pJ“O G @ o e®®
1804 oco®® oy o &> oA
® o o
Q
2 160 o 1 ;
£
~ [}
a
> 140 o . 1
o]
120 q o k k
(o)
100 o LI . .
1 1 1 1 1 I 1
0 25 50 75 100 O 25 0 25
No of Shot Hold Fail
o hold
o fail

——Mean = 186.9 kV
Minimum = min(fail) = 178.2 kV

Maximum = max(hold) = 200.0 kv

Voltage waveform: LI-

le config: NeedlelnSphere-Plane RO.2mm L3mm, Gap distance [n

Good examples
(even though starting value is very low)

Gas: C5-FK/C02/02, 33/499/67 kPa
180 E E
® 3 o
js s}
160 - —W%O o
ce °
c@'o ¢, *
CE L
&
140 S 1 .
(o]
S
= o
= 1204 8 ; ]
£ g |
: $
o
=) [
1004 & . 1
Qo
o
(o]
Q
o]
804 ¢ : -
o
o]
e}
o
(o]
60 q© LI E
1 1 1 1 1
0 50 100 0 25 0 25
No of Shot Hold Fail
o hold
o fail

——Mean = 159.3 kV
Minimum = min(fail) = 144.3 kV

Maximum = max{(hold) = 170.0 kV
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Data Evaluation Examples

LI voltage data evaluation

Voltaée waveform: LI+ Voltage waveform: LI+
le config: NeedlelnSphere-Plane R0.2mm L3mm, Gap distance [n Electrode config: Rod-Plane R3.5mm, Gap distance [mm]: 10
Gas: CF31/CO2/None, 180/420 kPa 100 - Gas: SF6/None/None, 139 kPa
°
100 . he
h ]
oe [ 1]
o 90 ® « oo |
° ® @ W wewo
90 - ce g @080 G O ®
Qg0 a ®0 O
L | | 0 0.0 a°
o & i [ ®© J
3 [ i 80 ® o o
£ 80-4° 1 £ ™ ®©
=< et ™ 90 &0
g b33 ®ao %
= o, ;. = cw®
o °® ° 70 occo i
70 A > o o ol o o
WY g oo @ o _S
oe ®ape 0.0.0 . © > I
0 W Ho Q)‘) °
60 4 o o®®m o o 60 4 o i ]
o = o
o o
LI+ LI+
50 - ) ) ) 1 ) = 1 1 1 1 I 1 1 T T T
0 25 50 75 1000 10 0 10 0 25 50 75 10®@ 10 0 10
No of Shot Hold Fail No of Shot Hold Fail
—Mean = 69.6 kV o hold ——Mean = 81.4 kV o hold
Minimum = min(fail) = 58.6 kV e fail Minimum = min(fail) = 64.7 kV e fail
Maximum = max(hold) = 95.0 kV Maximum = max(hold) = 92.8 kV

" (Bad» examples

= Typically increasing or
decreasing trend
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Fundamentals of Electric Breakdown in Strongly Attaching Gases

(as known from SF¢, to be shown if also present in new gas mixtures)

= |nitial electron
(radiation ionization, detachment, cathode surface emission)

* Primary avalanche

» Secondary avalanches and Generation Mechanism
= Streamer Initiation

= Streamer Propagation

= Streamer-to-leader transition

» | eader Breakdown

2

. (575
» The chosen test geometries and arrangements should ":/31‘ C|8|'e
allow to study all these different mechanism.



Results for Sk,

Upa (kV)

50.0 402 T—— . ]
] 400 - L]
05 AC 100 AC SF, is well studied and used as reference gas
4901 304 ] * |dentify all basic breakdown processes
] 392 1 . .
48.5 390 * Benchmark for inter-lab comparison
b 388 4
48.0 386
47.5_5 B 384 1
§ e ild * Reasonable agreement in between labs
47.09 S 378 0 )
465 ] 5278 * ~ 15 % uncertainty
1 -T- = 11 T H
46.0 3 | w3y i * Reasonable agreement to literature
455 368 1
b 366
45.0 4 364
g 362 1
44.5 - . ¢ ggg : il .
44.0 356 4
] 354
43.5 i =] 352 A —
b 350 + =
430 | T T T T T 348 ] T T T T T
1 2 3 4 5 1 2 3 4 5
Laboratory Laboratory
& 1. ETH Zurich I 4 TU Darmstadt & 1. ETH Zurich I 4 TU Darmstadt
"W~ 2. RWTH Aachen ¥ 5. TU Munich "W~ 2. RWTH Aachen ¥ 5. TU Munich
TK_ 3. Schneider Electric TK_ 3. Schneider Electric

AC breakdown in uniform electric field (1 bar, 5 mm)
(all data points, no need to reassess)
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Results for SF; @+ )

U (kV)

+_ Hanyang University _®_ Nari Group
¥ Siemens Berlin Toshiba
4 Schneider Electric

LI+ !

130
130 "4 ABB Baden “¥_ Hanyang University _$_ Nari Group 125 % :::I I;:\\/Iadenh N
1259 |Z#_ EPRI Manchester —_¥_ Siemens Berlin Toshiba ¥ ETHZ a?ch ester
120 ¥ ETH Zurich 4 Schneider Electric 1201 L g urle
' | ) \ 115 ]
115 ——
"'\ T 110
110 NS =
. o] AC
100 A
100{ AC Ll- LI+
o5 ] 95 4
904
904 E o .
85 .y It
] *
80 A * 80
“Tle ]
75 1 75
70
° 1 ! 65
65 4
60 1 =
60 * [ -
55 1 : * |
50 ] I — 30 I
® 45 ~ -
o] 1L | L+ 7§ L
40 1—— ‘ r . . 40— ~
= = il v M £ £
£ £ £ ©T ., ©T 4 £ £
g 3 g % g 5 g3 A a
0 0 n g g wny ©m .
gy ] gt e+ HEd LES
[y -4 LS W = i ]
S 53 ng= by @
[ wl )

Results for “practical insulation performance MV”
(left: all data, right: reassessed)

T T
Z QX
O T 0T 4
3= ]
= =4

SF6
Sphere(R3.5mmj) 4
LI+

Even for SF,, some test series had to
be excluded from the evaluation.
Inter-laboratory comparison shows
significantly increased scatter.
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Results for SF6

660
640
620
600
580 1
560 4
540 1
520 1
500 4
480
460
440
4204
400
§ 380 1
3 360
340 4
320
300 4
280
260
240
220
200
180 4
160 4
140
120 4

100 A

# EPRIManchester _#_ Hanyang University
“E_ GEVilleurbanne ¥ Siemens Berlin

Toshiba

AC I
T

LI- LI+

h

I\

LI- LI+

80

Results for “practical insulation performance HV”

SF6
Sphere(R20mm)

AC

SF6
Sphere(R20mm) -

LI-

SF6
Sphere(R20mm)

LI+

(only reassessed)

SF6
Needle
LI
S5F6
Needle
LI+

Only few labs performed HV test with SF,.
(dedicated gas handling equipment needed)

Inter-laboratory comparison best for AC voltage

Largest scatter for LI positive.

For power system expertise



Summary: Sk, measurements

* Chosen geometries suited to test for all breakdown phenomena
* In general good inter-laboratory agreement.

* Even in SF, some measurement series shown trends and thus, measurements
have to be carefully questioned always.

* Application of purging voltage between shots has significant influence
(maybe even effect of different background radiation can be seen)



Upa (kV}

Results for C4-FN (mixtures)

1154

1104 AC

105 4

100 4
95 4
90 4
85 3
80 3
75 4 45

70—5 /
65 3 40 +

60 3 :
55 3 E 3 35-:

E Fs, 100kP ]
50 3 SFs, 100kPa 30 1

45 4 &

357 | =

30 3 20 4 =
aC
-
3

25 3 ]
3 15 _I

I

Uga (kV)

20 3
15 3
10 ST

0 10 20 30 40 50 60 70 80 90100

Percentage of C4-FN in CO;

01 2 3 456 7 8 91011
Percentage of C4-FN in CO;

@ Lab: ETH Zurich
W Lab: TU Darmstadt

“§_ Lab: TU Munich

§ Lab: ETH Zurich ¥ Lab: TU Munich

®  Lab: TU Darmstadt

Mixing ratio scan of C4-FN in CO, at 100 kPa in uniform field.

(both: reassessed data)

e Strong synergy, especially < 10 %
*  With 20% similar to SF,
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Results for C4-FN (mixtures)

85 AC

2T { * Linear increase with pressure

~ e At 100 kPa approx. 65% of SF,

0 * With ~170 kPa similar to SF, at 100 kPa

SFe.
554 100 kPa ;

50 4
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40 1

F
35 4 I
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25 1

(kV)

U

201

15
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Pressure (kPa)

@ Lab: ETH Zurich - Lab: TU Munich
W Lab: TU Darmstadt

. . . T
Pressure scan of 5% C4-FN in CO, in uniform field. ". }cc.gre
(reassessed data) =
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Results for C4-FN (mixtures)
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Practical Insulation Performance HV of C4-FN
(reassessed data)

In general good inter-laboratory comparability

For LI similar behaviour as SFé6

Weakly non-uniform: U, > U,
Strongly non-uniform: U;,, < U,
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Summary: C4-FN measurements

* breakdown voltages in the C4-FN mixture showed similar trends to those in SF,
* no unexpected effects were observed
* gas mixture can be considered self-restoring

» Existing test and design rules, known from SF,, can be similarly applied to
C4-FN mixtures when scaled with the ratio of electric strength.



Results for C5-FK (mixtures in CO,)

80-:
sq AC i
0]
65 1 * One lab consistently lower
1 measured
] at 60 kPa .
60 I (no plau5|ble. l:eason f?und)
55 4 * Due to boiling point 100% not measureable
z
£

i
/ * With 30% similar to SF,
B |

j: SF4, 100kPa / % * Strong synergy, especially < 10 %
ik

] < 25
: z 77 Ky
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] 3 204 ]
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Percentage of C5-FK in CO; Percentage of C5-FK in CO,
¥ Lab: ETH Zurich § Lab: TU Darmstadt —®_ Lab: ETH Zurich W Lab: TU Darmstadt
Lab: RWTH Aachen ¥ Lab: TU Munich Lab: RWTH Aachen  _§_ Lab: TU Munich

Mixing ratio scan of C5-FK in CO, at 100 kPa in uniform field.

(both: reassessed data)
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Results for C5-FK (mixtures in CO2)

260 4 -T- AC

@

255 4

250 4

e Breakdown field almost constant 100-300 kPa
* At 100 kPa approx. 55% of SF,
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@ Lab: ETH Zurich I Lab: TU Darmstadt
\ Lab: RWTH Aachen ! Lab: TU Munich

. . . . 'r(‘,‘.‘
Pressure scan of 5.5% C5-FK in CO, in uniform field. )
(reassessed data) ‘,{!‘4 CIg'e
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Results for C5-FK (mixtures in CO2)
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In general good inter-laboratory comparability

(one exception)
For LI similar behaviour as SFé6

Weakly non-uniform: U, > U,
(one exception)
Strongly non-uniform: U, < U,,.
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Results for C5-FK (mixtures in air)

4

SFg, 100kPa

Upg (kv)
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Percentage of C5-FK in Air

——
30

@ Lab: ETH Zurich §_ Lab: TU Munich

Lab: RWTH Aachen

* Electric strength in air slightly higher than in CO.,.
e Strong synergy, especially < 10 %
* With ~30% similar to SF,

Mixing ratio scan of C5-FK in

air at 100 kPa in uniform field.
(reassessed data)
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Results for C5-FK (mixtures in air)

€ ABB Baden i EPR| Manchester i Schneider Electric
¥_ ETH Zurich #_ Hanyang University _#_ Nari Group
Siemens Berlin
P -
:ﬁil E
¥ L &
1 .
T T - T T T
< —_ <t —_ <t —_
S E E S E E 8 E g
SE 5 2E g 2E 5
0 w0 -0 wom P oM 4
T2y ez "2 s “g4 S
Z¥ 5 3 5 23~ 5
VR i T o = T o -
w = [=% w = [=% w = [«%
& n & n o v
() W) W)

* In general good inter-laboratory
comparability

e Chosen gas mixture has ~70% withstand
strength as SF,

* Effect of purging in between shots clearly
visible for LI+

Practical Insulation Performance MV P TAN
of C5-FK / air mixture 29 Clgl'e
.a_‘
(reassessed data) For power system expertise



Summary: Co5-FK measurements

* Breakdown voltages in the C5-FK mixture showed similar trends to those in SF,
* No unexpected effects were observed
* Gas mixture can be considered as self-restoring

» Existing test and design rules, known from SF,, can be similarly applied to C5-
FK mixtures when scaled with the ratio of electric strength.
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Results for HFO 1234ze(E)
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* Empty markers show «firsth breakdown

80 4
* Full markers are evaluation of full series
™ * For some labs: large difference between
70 ] first and consecutive breakdowns.
. * Linear increase with pressure
* At 100 kPa ~70-85% of SF,
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Pressure scan of HFO in uniform field.
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Results for HFO 1234ze(E)

Voltage waveform: LI+
Electrode config: Rod-Plane R3.5mm, Gap distance [mm]: 10
Gas: HFO1234ze/None/None, 130 kPa

|

* Strong degradation effects observable
» Non-self-restoring gas

Upeak in kV

0 25 50
No of Shot

75 10@ 250 10
Hold Fail

——Mean = 56.2 kV o hold
Minimum = min(fail) = 50.0 kV e fail
Maximum = max(hold) = 92.7 kV
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Results for HFO 1234ze(E)

130

1251
120 1
115
110 1
105
100 1
95
90 1
85
80 1
75
70
65 1
60 1
55
50 1
45
40
351

30

E
Yy
i

EPRI Manchester
ETH Zurich
Schneider Electric

"4 ABB Baden

¥ Hanyang University
+ _ Siemens Berlin

$_  Nari Group
Toshiba

AC

\

-

LI-

LI+

S ——
=

LI-

L

LI+

%ﬁ | |
¥ -
T T T T T T T
- - - — ey ) o w o
£ £ £ £ £ N = N =]
YE E @t £ £ XL ©£3L xo P82
N N MmMS ., we—- M4 wvg3
] 1 < 1 n n Ny = Ng T =
MMy wemy Mm, oM, wng 29 =g
N L or = Leoe= Lol o= o=z
A= HZ=<C H=—- n=—- n=3 e
oyg IS og ) I T T
fnd fnd
[} ] ) ] ]
T c = I c = Ky
[=3 a a [ a
wn ] [ n ]

* For AC good inter-laboratory comparability

* Large scatter for LI weakly non-uniform
measurements

* Strongly non-uniform: U, < U,

* Soot deposit in test vessels, strongly
influencing LI+ tests

Practical Insulation Performance MV
of HFO1234ze(E)

(reassessed data)
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Summary: HFO 1234ze(E) measurements

* Gas decomposition occurs in all tests and is visible as “soot” on

electrodes
(test circuits with strong energy input limitation are essential)

* Some tests strongly influenced by decomposition products, though not all
gas mixture should be considered as non-self-restoring

» Progressive test stress procedures more suited to test this gas.
» Gas suited for insulation purposes only
» Additional design margin required to prevent any flashover.
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Results for CF,l
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Lab: Cardiff University Lab: Cardiff University
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"W Lab: TU Darmstadt "W Lab: TU Darmstadt

* Gas shows strong decomposition and
formation of sticky deposition layer on

electrodes
(stronger at higher mixing ratios and pressure)

* One lab systematically above two
others
* Many test series had to be excluded.

» No unambiguous conclusion can be
derived.

~/

ST
Mixing ratio scan of CF3l in CO, at 100 kPa ’:’E’,’}}‘ C|8re
in uniform field. -

(left: all data, right: reassessed)
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U (kV)

Results for CF,l
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* Again, many test series had to be excluded.

* No valid test series for weakly non-uniform LI+

* Best comparison for strongly non-uniform LI test
Uy < Uy

» No unambiguous conclusion can be derived.

Practical Insulation Performance MV
of CF;lin CO,

(reassessed data)
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Summary: CF;l measurements

* Strong gas decomposition with sticky layers on electrodes observed.
* Gas mixture should be considered as non-self-restoring

* If considered for application: material compatibility tests should precede
experimental campaigns.

» Test series proposed by WG D1.67 unsuitable to investigate this gas mixture.
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Part D

Gas Mixture Analysis



Round robin gas analysis campaign

* New gas mixtures contain small amounts (around 5%)
of compounds that dominate the electric strength.

—> accurate mixing and determination of mixing ratio important

* Round robin tests performed on 2 gas mixtures

v’ Samples prepared centrally
v' Shipped in sample bottles

v' Analysed in (up to) 7 laboratories
(gas chromatography —(mass spectroscopy), FTIR



C4-FEN /O, / CO, mixture (5% / 5% / 90%)

= Prepared with commercial mixing unit

= Composition measured with mobile analyser after mixing
(5.07 %mol / 5.17 %mol / rest)

» Liguefied and transferred to 50l shipping bottle

= On distribution site: evaporated into 1000 | vessel and mixed
(measured to be 5.3 %omol / 5.42 %mol / rest)

» Filled smaller sample bottles and transfer to labs



C4-FEN /O, / CO, mixture (5% / 5% / 90%)
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C5-FK / O, / CO, mixture (5.5% / 11.2% / 83.3%)

» Prepared with mass-flow controlled mixing device into large device
» Filled smaller sample bottles and transfer to labs



C5-FK / O, / CO, mixture (5.5% / 11.2% / 83.3%)
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Summary & Conclusion

«Part D: Gas Mixture Analysis»

» Gas analysis with £ 0.2 % abs. neither trivial nor consistently achievable

* No single root cause for deviations determined.
Could be:
— Calibration (no traceable calibration gases available)
— Different analysis methods
— Sample preparation and shipping



Summary and Conclusions

TB 849
* Comprehensive summary of know-how about fluorinated non-SF, gases Electric perf
erformance of
* One of the largest round robin breakdown test series was performed gas_iisﬁ’:tzgigaf Mmixtures for
ystems

with 14 laboratories contributing.

* A set of test series was defined that lays the basis for qualification of
new gases and can be taken as a guideline for future gas assessment.

* The experiments were designed separately for high-voltage and
medium-voltage applications.

* Mixtures were selected based on proposals from manufactures to
represent typical mixtures in application. A direct comparison of the
novel gases was not aimed for, but comparison is made versus SF, only.




Summary and Conclusions

TB 849
* Despite extreme care, intra- and inter-laboratory reproducibility and Electric perf
ofjeo L3 L] e Orma
comparability was not always possible to achieve SF6 gases anqg ga';cri:(i:fw ?on-
. as-j es for
(sometimes even for SF,). gas-insulated systems

* C4-FN and C5-FK gas mixtures show the same principal discharge
behavior as SF, (self-restoring gases for pure insulation purposes).

* HFO1234ze(E) and CF;l are identified as non-self-restoring gases with
degradation after breakdowns under the given conditions. An extra
design margin is recommended to prevent flashovers during testing.

* A further round-robin test was conducted on gas analysis of C4-FN and
C5-FK based gas mixtures

* Opverall, an uncertainty of £0.2% abs. seems to be not easily
achievable, even under laboratory conditions
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