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Part A
State-of-the-Art Summaries

[Status of 2019]



Typical SF6 use conditions in MV and HV electrical equipment



Environmental concerns with SF6 use
Evolution of SF6 concentration in the atmosphere

• Intensive measures to avoid SF6 emission, since long time
• Nevertheless increasing SF6 concentration in the air
• Review of worlwide regulations is given in the brochure



Alternatives to SF6 for electrical insulation

 Non-gaseous insulation: Solid, liquid and vacuum
 Insulation 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 SF6 alternative mixture



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 boiling 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

• 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)

• Chemical properties and stability
• Thermal stability
• Stability under permanent electric stress and partial discharge
• Stability under X-ray irradiation

• Electron interactions with the gas
• Electric breakdown strength



Gases selected in this working group

• SF6
• C4-FN mixtures (in CO2)
• C5-FK mixtures (in CO2 and air)
• HFO-1234ze(E)
• CF3I (mixture)

Pre-Study for natural-origin gases (CIGRE WG D1.51):
“Dry air, N2, CO2 and N2/SF6 mixtures for gas-insulated systems” 
TB 730 (2018)



Summary of know-how on gases and gas mixtures



Summary of know-how on gases and gas mixtures



Summary on insulation strength related characteristics

For all four selected gases and gas mixtures

 Swarm parameters: effective ionization coefficient
 Electric breakdown strength
 Stability of insulation performance
 V-t characteristics (if available)

Detailed values not shown here 
 see Technical Brochure

[Status of Summary March 2019]



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 η = 0.15 – 0.5 η = 0.45 – 0.8 

Strongly non-uniform MV and HV
Sharp edges η = 0.05-0.15
Protrusions η = 0.01-0.05

MV HV
Typical surface quality Rt =15 – 50 µm Rt = 15 – 50 µm
Chosen reference surface quality Rt = 50 µm (±2 µm) Rt = 20 µm (±2 µm)

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% O2 / 90% CO2
C5-FK 13.5% C5-FK / 17.3 % O2 / 69.2% N2 5.5 C5-FK / 11.2 % O2 / 83.3% CO2
CF3I 30% CF3I / 70% CO2 30% CF3I / 70% CO2
HFO 100% HFO1234ze(E) was not proposed for HV application



Recommended tests

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

(these were also performed within this working group)

Always a Rogowski-profile was 
used as low-voltage electrode 



Recommended tests

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

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



Definition of protocol and measurement guidelines 
 Very detailed step-by-step documentation of 

 experimental setup
 preparation procedure
 experiment execution
 documentation procedure

 Template for measurement protocol.

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

https://doi.org/10.3929/ethz-b-000482801


Part C
Electrical Insulation Strength of novel gas mixtures



Overview

 Data Evaluation Methods and Example Results
 Test Data Analysis

• SF6
• C4-FN mixtures
• C5-FK mixtures (in CO2 and air)
• HFO-1234ze(E)
• CF3I (mixture)

 Summary & Conclusion (Part C)

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



Data Evaluation Methods
AC voltage rise breakdown test

• 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)]

AC AC



Data Evaluation Method Examples
AC voltage rise breakdown test

• Good examples
• «conditioning» effect for first 

few shots may be present
• ≥ 30 shots seems reasonable 

AC AC



Data Evaluation Method Examples
AC voltage rise breakdown test

• «Bad» examples
• Decreasing or increasing trends
• Polarity despite uniform field not 

randomly distributed

AC AC



Data Evaluation Methods
LI voltage data evaluation



Data Evaluation Methods
LI voltage data evaluation



• Good examples

(even though starting value is very low) 

Data Evaluation Examples
LI voltage data evaluation

LI-LI-



 «Bad» examples

 Typically increasing or 
decreasing trend

Data Evaluation Examples
LI voltage data evaluation

LI+LI+



Fundamentals of Electric Breakdown in Strongly Attaching Gases

 Initial electron
(radiation ionization, detachment, cathode surface emission)
 Primary avalanche
 Secondary avalanches and Generation Mechanism
 Streamer Initiation
 Streamer Propagation
 Streamer-to-leader transition
 Leader Breakdown

 The chosen test geometries and arrangements should 
allow to study all these different mechanism.

(as known from SF6, to be shown if also present in new gas mixtures)



Results for SF6

AC breakdown in uniform electric field (1 bar, 5 mm) 
(all data points, no need to reassess)

• SF6 is well studied and used as reference gas
• Identify all basic breakdown processes
• Benchmark for inter-lab comparison

• Reasonable agreement in between labs 
• ~ 15 % uncertainty
• Reasonable agreement to literature

AC AC



Results for SF6

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

• Even for SF6, some test series had to 
be excluded from the evaluation.

• Inter-laboratory comparison shows 
significantly increased scatter.

AC

LI- LI+

LI- LI+ AC

LI- LI+

LI- LI+



Results for SF6
• Only few labs performed HV test with SF6.

(dedicated gas handling equipment needed)
• Inter-laboratory comparison best for AC voltage
• Largest scatter for LI positive.

Results for “practical insulation performance HV”
(only reassessed)

AC

LI- LI+ LI- LI+



Summary: SF6 measurements

• Chosen geometries suited to test for all breakdown phenomena
• In general good inter-laboratory agreement.
• Even in SF6 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)



Results for C4-FN (mixtures)

Mixing ratio scan of C4-FN in CO2 at 100 kPa in uniform field.
(both: reassessed data)

• Strong synergy, especially  < 10 %
• With 20% similar to SF6

AC



Results for C4-FN (mixtures)

Pressure scan of 5% C4-FN in CO2 in uniform field.
(reassessed data)

• Linear increase with pressure
• At 100 kPa approx. 65% of SF6
• With ~170 kPa similar to SF6 at 100 kPa

AC



Results for C4-FN (mixtures)

Practical Insulation Performance HV of C4-FN 
(reassessed data)

• In general good inter-laboratory comparability
• For LI similar behaviour as SF6

• Weakly non-uniform: ULI+ > ULI-
• Strongly non-uniform: ULI+ < ULI-

AC LI- LI+

LI- LI+



Summary: C4-FN measurements

• breakdown voltages in the C4-FN mixture showed similar trends to those in SF6
• no unexpected effects were observed
• gas mixture can be considered self-restoring

 Existing test and design rules, known from SF6, can be similarly applied to 
C4-FN mixtures when scaled with the ratio of electric strength.



Results for C5-FK (mixtures in CO2)

Mixing ratio scan of C5-FK in CO2 at 100 kPa in uniform field.
(both: reassessed data)

• One lab consistently lower 
(no plausible reason found)

• Due to boiling point 100% not measureable
• Strong synergy, especially  < 10 %
• With 30% similar to SF6

AC



Results for C5-FK (mixtures in CO2)

• Breakdown field almost constant 100-300 kPa
• At 100 kPa approx. 55% of SF6

Pressure scan of 5.5% C5-FK in CO2 in uniform field.
(reassessed data)

AC



Results for C5-FK (mixtures in CO2)

Practical Insulation Performance HV 
of C5-FK / CO2 mixture 
(reassessed data)

• In general good inter-laboratory comparability
(one exception)

• For LI similar behaviour as SF6
• Weakly non-uniform: ULI+ > ULI-

(one exception)
• Strongly non-uniform: ULI+ < ULI-

AC LI- LI+

LI- LI+



Results for C5-FK (mixtures in air)

Mixing ratio scan of C5-FK in 
air at 100 kPa in uniform field.
(reassessed data)

• Electric strength in air slightly higher than in CO2.
• Strong synergy, especially  < 10 %
• With ~30% similar to SF6

AC



Results for C5-FK (mixtures in air)

Practical Insulation Performance MV 
of C5-FK / air mixture
(reassessed data)

• In general good inter-laboratory 
comparability

• Chosen gas mixture has ~70% withstand 
strength as SF6

• Effect of purging in between shots clearly 
visible for LI+AC LI- LI+



Summary: C5-FK measurements

• Breakdown voltages in the C5-FK mixture showed similar trends to those in SF6
• No unexpected effects were observed
• Gas mixture can be considered as self-restoring

 Existing test and design rules, known from SF6, can be similarly applied to C5-
FK mixtures when scaled with the ratio of electric strength.



Results for HFO 1234ze(E) 

Pressure scan of HFO in uniform field.
(left: all data, right: reassessed)

• Empty markers show «first» breakdown
• Full markers are evaluation of full series
• For some labs: large difference between 

first and consecutive breakdowns.
• Linear increase with pressure
• At 100 kPa ~70-85% of SF6

AC AC



Results for HFO 1234ze(E) 

• Strong degradation effects observable
Non-self-restoring gas



Results for HFO 1234ze(E) 

Practical Insulation Performance MV 
of HFO1234ze(E)
(reassessed data)

• For AC good inter-laboratory comparability
• Large scatter for LI weakly non-uniform 

measurements
• Strongly non-uniform: ULI+ < ULI-
• Soot deposit in test vessels, strongly 

influencing LI+ tests

AC LI- LI+ LI- LI+



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.



Results for CF3I

Mixing ratio scan of CF3I in CO2 at 100 kPa 
in uniform field.
(left: all data, right: reassessed)

• 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.

AC

AC



Results for CF3I

• 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

• ULI+ < ULI-
No unambiguous conclusion can be derived.

Practical Insulation Performance MV 
of CF3I in CO2
(reassessed data)

AC LI- LI+LI-



Summary: CF3I 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.



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

 Samples prepared centrally
 Shipped in sample bottles
 Analysed in (up to) 7 laboratories

(gas chromatography –(mass spectroscopy), FTIR



C4-FN / O2 / CO2 mixture (5% / 5% / 90%)

 Prepared with commercial mixing unit
 Composition measured with mobile analyser after mixing

(5.07 %mol / 5.17 %mol / rest)
 Liquefied and transferred to 50l shipping bottle
 On distribution site: evaporated into 1000 l vessel and mixed

(measured to be 5.3 %mol / 5.42 %mol / rest)
 Filled smaller sample bottles and transfer to labs



C4-FN / O2 / CO2 mixture (5% / 5% / 90%)

• reported values from 5.23 %mol to 5.57 %mol
(within mutual uncertainty)

• but above target value and measurement before 
liquefaction



C5-FK / O2 / CO2 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 / O2 / CO2 mixture (5.5% / 11.2% / 83.3%)

• reported values from 4.84 %mol to 5.65 %mol
• four out of seven within mutual uncertainty and 

around target value
• three significantly below others and below target



Summary & Conclusion

 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

«Part D: Gas Mixture Analysis»
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Summary and Conclusions

• Comprehensive summary of know-how about fluorinated non-SF6 gases

• One of the largest round robin breakdown test series was performed 
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 SF6 only.

TB 849
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Summary and Conclusions

• Despite extreme care, intra- and inter-laboratory reproducibility and 
comparability was not always possible to achieve 
(sometimes even for SF6).

• C4-FN and C5-FK gas mixtures show the same principal discharge 
behavior as SF6 (self-restoring gases for pure insulation purposes).

• HFO1234ze(E) and CF3I 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

• Overall, an uncertainty of ±0.2% abs. seems to be not easily 
achievable, even under laboratory conditions

TB 849
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