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Green gas for grid as an eco-friendly alternative insulation gas to SF6 :
From the perspective of PD initiated by metallic particles under DC

Guoming Wang1 , Jiahua Shen1 ,
Demao Liu1 , Sung-Wook Kim2 , Gyung-Suk Kil3

This paper dealt with characteristics of partial discharge (PD) initiated by metallic particles under DC voltage in green
gas for grid (g3), which is an emerging and promising eco-friendly alternative insulation gas to SF6 . Experimental setup
was configured to simulate PD under DC in gas-insulated power facilities. Two types of particle, namely rectangle particle
and sphere particle were used. The results indicated that the discharge inception voltages in g3 gas were 90.1-92.5% of that
in SF6 . In two particles, PD occurred with higher average apparent charge and discharge repetition rate in g3 compared
with those in SF6 gas. The time-resolved partial discharge presented similar characteristics in g3 and SF6 gas. The time
interval between two successive discharge pulses were 0.1 ms-10 ms and 5 ms-15 ms in the rectangle particle and sphere
particle, respectively. Results from this paper are expected to provide fundamental material for the development of SF6

-free gas-insulated power apparatus.
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1 Introduction

Since 1960s, Sulfur hexafluoride ( SF6 ) has been used
as the most common insulation gas in the gas-insulated
power facilities, such as the gas-insulated switchgear
(GIS), gas-insulated circuit breaker (GCB), and gas-
insulated transmission line (GIL) owing to its high dielec-
tric strength, excellent arc-quenching ability, and good
heat transfer ability [1-4]. The use of SF6 permits the
compact dimension and reliable operation of power ap-
paratus. However, SF6 is one of the six greenhouse gases
indicated by Intergovernmental Panel on Climate Change
(IPCC) [5]. It has a global warming potential (GWP)
of 23,500 times of that of carbon dioxide (CO2 ) and a
long lifetime of 3 200 years that is more than 33 time
longer than that of CO2 . It was reported that 1kg of SF6

released into the atmosphere has the equivalent global
warming impact as 23.5 tons of CO2 [6]. Therefore, use
and emission of SF6 are being regulated, putting the in-
vestigation of an eco-friendly alternative insulation gas
to SF6 on the agenda. Although possible candidates in-
cluding dry air [7], Nireogen (N2 ) mixtures [8,9], perflu-
orocarbons [1], trifluoroiodomethane (CF3I) [10,11], hy-
drofluoroolefins [1,12] have been studied, all of them were
verified not appropriate for high voltage insulation appli-
cation owing to low dielectric strength, carcinogenicity,
mutagenicity, and low liquefaction temperature.

Until now, green gas for grid (g3, trademark of Gen-
eral Electric Company), which is a gas mixture composed
of NOVECTM 4710 and CO2 , has been regarded as the

most promising alternative to SF6 [13]. It was investi-
gated that g3 gas provides an ideal compromise between
insulation performance and minimum operating temper-
ature of power facilities, while significantly reduces the
environmental concerns. The AC withstand voltage mea-
sured on a 145 kV GIS at atmospheric pressure showed
that g3 gas with 18-20 % NOVECTM 4710 has dielec-
tric strength equivalent to SF6 [7,14,15]. AC breakdown
voltage tested in homogeneous, quasi- homogeneous, and
non-uniform electrode configurations presented that 20 %
NOVECTM 4710/80 % CO2 is an optimal potential sub-
stitute to SF6 in medium-voltage switchgear [16]. Light-
ning impulse breakdown voltage carried out in differ-
ent electrode arrangements indicated that 0.88 MPa and
1.04MPa 3.7 % NOVECTM 4710/96.3 % CO2 have the
same insulation performance to 0.55 MPa and 0.65 MPa
SF6 , respectively. The liquefaction temperature of 0.88
MPa gas is -30◦C, meeting the required minimum ambi-
ent operating temperature of outdoor switchgear [17,18].
As for environmental concerns, NOVECTM 4710 has a
GWP of 2100 and an atmospheric lifetime of 30 years,
both of which are much less than those of SF6 . The ozone
depletion potential is zero [19,20]. The 4 % NOVECTM
4710/96 % CO2 has a GWP of 378, which is reduced by
98.4 % of SF6 [17]. In addition, g3 gas has required prop-
erties for electrical insulation application, including low
toxicity, non-flammable, compatibility with other mate-
rials, high heat stability, and excellent switching perfor-
mance [21-24]. Although insulation performances of g3
gas were investigated in terms of AC breakdown volt-
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Fig. 1. experimental setup

age and lightning impulse breakdown voltage, few studies
have been carried out to deal with its partial discharge
(PD) characteristics under DC voltage. PD causes pro-
gressive deterioration of insulation system and is an early
stage and an indicator of insulation breakdown, and it
is therefore an essential part to evaluate the insulation
ability of newly developed g3 gas [25-28].

In gas-insulated power apparatus, free moving metal-
lic particles are the most common insulation defects that
generated during the process of production, assembly,
transportation, and switching operation [28,29]. Such par-
ticles can move along the enclosure, jump and finally
reach the high voltage conductor, or attach on the insula-
tion spacer, leading to insulation breakdown or insulator
flashover [31, 32]. Therefore, free particles (FP) were se-
lected in this paper to compare the PD characteristics in
SF6 and g3 under DC, for the purpose of investigating the
availability in using g3 to replace SF6 . PD characteristics
in terms of discharge inception voltage (DIV), apparent
charge, discharge repetition rate, and time-resolved par-
tial discharge (TRPD) characteristics were analyzed.

2 Experiment and method

The configuration of experimental setup is illustrated
in Fig. 1. A 220V/50kV dry-type transformer controlled
by a regulating transformer was used to apply high volt-
age AC. For generating high voltage DC, a rectifying
diode and a capacitor were used. A resistor was con-
nected in series with the circuit to limit the current in
the test system. The transformer, resistor and diode were
immersed in insulation oil to avoid corona occurring ad-
jacent the connection terminal. A capacitive high voltage
probe with a ratio of 10 000:1 was used to measure the
applied voltage. An electrode system was fabricated to
generate PD initiated by FP. For accuracy PD measure-
ment, a non-inductive detection resistor was connected
between the lower plane of electrode and ground to de-
tect discharge current pulse. The electrode system and
detection resistor were placed in a shielding room to re-
duce external interface. Signal acquisition was achieved
by using a digital storage oscilloscope (DSO) with a sam-
plingrate of 5 GS/s and NI PXI with a sampling rate of
250 MS/s [33,34].

Figure 2(a) shows the electrode system that was used
for simulating PD initiated by FP in gas-insulated struc-
tures. A sphere electrode with a curvature radius of 10
mm was used as the high voltage conductor and a concave
plane electrode was grounded to present the enclosure of
gas-insulated structures. The distance between two elec-
trodes was 10mm. Two types of particles, including the
sphere particle with a diameter of 5mm and the rect-
angle particle with a size of 15 mm(length) × 5 mm
(width), were used to simulate the free moving insulation
defects. Types of metallic particles are shown in Fig. 2(b),
both of which were collected from the manufacturing site
and may appear in gas-insulated structure. The electrode
systems were filled with SF6 gas or g3 gas with 4 %
NOVECTM 4710/96 % CO2 . Before each experiment,
the electrode system was vacuumed for 30 minutes by a
vacuum pump and then was filled with CO2 and vac-
uumed again. This procedure was repeated 3 times in
order to prevent any pollution of gas. In addition, the
electrodes were conditioned with metal polishing paste
and were cleaned carefully with isopropyl alcohol [15-17].

(b)

(a)

Fig. 2. experimental setup: (a)– electrode system, (b) – particle

The DIV in this paper was defined as the applied
voltage at which repetitive PD pulses with magnitude
over 10 picocoulomb (pC) were first observed when the
voltage applied to electrode system was increased gradu-
ally [32]. Since FP initiated PD has no phase correlation
and DC voltage has no phase information, the TRPD
method rather than phase-resolved partial discharge was
used to analyze discharge pulse sequences. Characteris-
tics including relation between discharge magnitude and
time interval to preceding pulse q(∆tpre), relation be-
tween discharge magnitude and time interval to successive
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pulse q(∆tsuc), density function of the discharge magni-
tude H(q), and density function of discharge time in-
terval H(∆t) were extracted from TRPD. The analysis
application was developed based on LabVIEW real-time
operation system that captured high-frequency PD pulse
with precise timing and high degree of reliability.

3 Results and discussion

3.1 discharge inception voltage

Figure 3 shows the DIVs in SF6 and g3 gas with
4 % NOVECTM 4710/96 % CO2 of two types of de-
fects depending on the gas pressure. In each specific case,
the DIVs did not change greatly with the gas pressure
as PD occurred only when the particle moved owing to
the coulombic force. The DIVs of rectangle particle were
much lower than those of sphere particle. This was be-
cause the electric filed concentrated more intensively at
the sharp edge of rectangle particle, making PD occur
at a lower voltage level. The average DIVs of rectangle
particle in SF6 and g3 gas were 15.3kV and 14.1kV, re-
spectively. In the sphere particle, the DIVs of g3 gas were
90.1 % of that of SF6 gas, which were 20.9 kV and 23.2
kV, respectively.

3.2 apparent charge and discharge repetition rate

The change of average apparent charge with the ap-

plied voltage of two particles in SF6 and g3 is demon-

strated in Fig. 4. As the applied voltage increased, the

average apparent charge increased slightly. In the rect-

angle particle, the average apparent charge at different

voltages in SF6 gas was 87 pC whereas it was 116 pC

in g3 gas. The average apparent charges of sphere parti-

cle were 320 pC and 347 pC in SF6 and g3 gas, respec-

tively. It was revealed that the apparent charge in g3 gas

is higher than that in SF6 . The discharge repetition rate

depending applied voltage in SF6 and g3 gas is shown is

Fig. 5. The average repetition rate of rectangle particle

in SF6 and g3 were 531N/s and 1466N/s, respectively. In

the sphere particle, the average discharge repetition rate

was 81N/s in SF6 and 104N/s in g3. Since higher voltage

was applied to the sphere particle, PD presented greater

apparent charge in the sphere particle compared with the

rectangle particle. Owing to more intensive electric field

concentration, discharge repetition rate in the rectangle

particle is higher than that in the sphere particle.

3.3 Time-resolved partial discharge (TRPD) character-

istics

The TRPD characteristics presented similar distribu-

tion regardless of the types of insulation gas. Figure 6

and Fig. 7 show examples of TRPD characteristics of

rectangle particle in SF6 and g3 gas, respectively, includ-

ing q(∆tpre), q(∆tsuc), H(q), and H(∆t). Most of PD

pulses had apparent charge lower than 200 pC and the

time interval between two successive pulses distributed

in 0.1ms-10ms. In sphere particle, most of PD pulses oc-

curred with magnitude lower than 500 pC and the time

interval between two successive pulses had a range from

5m-15 ms.
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Fig. 6. TRPD characteristics of sphere particle in SF6 : (a) – TRPD, (b) – q(∆tpre ), (c) – q(∆tsuc ), (d)– H(q) , and (e) – H(∆t)/
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4 Conclusions

In this paper, PD initiated by metallic particles under
DC voltage was studied in SF6 and g3 gas for investigat-
ing the performance of promising eco-friendly insulation
gas alternative to SF6 . PD characteristics, namely DIV,
apparent charge, discharge repetition rate, and TRPD
characteristics were analyzed. From the results, the DIVs
in g3 gas were 90.1-92.5 % of that in SF6 depending on
the types of particles. In addition, both the average ap-
parent charge and the discharge repetition rate in g3 were
higher than those in SF6 gas. The TRPD characteristics
distributed with similar patterns regardless of the type of
insulation. Although g3 gas showed slightly lower insula-
tion performance compared with SF6 , it is regarded as
the most promising eco-friendly insulation gas to be ap-
plied in the gas-insulated power facilities given the envi-
ronmental concerns. Results from this paper are expected
to be used for insulation design of SF6 -free gas-insulated
electrical apparatus using eco-friendly g3 gas.
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