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ABSTRACT Gas-insulated systems are widely utilized in the electric power sector to transmit and distribute
electrical energy. Sulphur-hexafluoride (SF6) has dominated gas insulation in high-voltage insulation tech-
nology since the early 60s. It is a greenhouse gas with a protracted lifespan in the atmosphere. This paper
proposes an economical and comparatively more environmentally friendly R507 gas alternative to SF6 for
medium-voltage applications. R507 has been analyzed experimentally through power frequency breakdown
and lightning impulse testing to validate the performance and theoretical concepts. R507 has a very low
liquefication temperature of −46.7◦C, but it must still be mixed with buffer gases such as CO2, N2, or dry
air to meet the diverse liquefaction temperature applications. Various field utilization factors under AC and
lightning impulse voltages are used in the experiments, along with different electrode geometries, including
sphere-to-plane and rod-to-plane (i.e., quasi-homogeneous and inhomogeneous electric field distribution).
For comparison, identical experiments are conducted with pure SF6. R507 gas was found to be a promising
substitute for SF6 gas, with its dielectric strength being approximately 0.95 times that of SF6 gas. A positive
synergistic effect is present between R507 and CO2, along with the good self-recoverability property of the
gas mixture. The current research study serves as a fundamental resource for characterizing the R507/CO2
gas mixture insulation properties to be utilized in practical applications.

INDEX TERMS Global warming potential, SF6, insulation, refrigerants, lightning impulses.

I. INTRODUCTION
In high-voltage insulation, gas-insulated equipment (GIE),
including gas-insulated transmission lines (GIL), gas-
insulated switchgear (GIS), and gas-insulated transformers
(GIT), have been utilized for different voltage levels due
to their advantages of high reliability, efficiency, and long
maintenance cycle. Sulfur hexafluoride (SF6), a synthetic gas,
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has been utilized in GIE owing to its good insulation and
arc-quenching properties. With a global warming potential
(GWP) of 25,200 and an atmospheric lifespan of 3,200 years,
SF6 is one of the most potent greenhouse gases [1], [2], [3].
The key contributor to the greenhouse gas emission (GHG)
in electrical power systems is SF6 gas, of which 1 kg release
is equivalent to 25.2 tons of carbon dioxide (CO2) due to
its high GWP [4], [5], [6]. Additionally, the atmospheric
concentration of SF6 varies from 3.67 parts per trillion (ppt)
in 1994 to 10.41 ppt in 2020, showing a tendency of 10%
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annual growth in emissions [7], [8]. Therefore, much research
has been performed to find a substitute for SF6 as a dielectric
gas in GIE.

Recent studies show that reducing SF6 emissions requires
completely shifting to SF6-free technology. The ever-growing
installed base and the banked quantity of SF6 would lead to
gradually rising SF6 emissions (nearly doubling today’s emis-
sions in the next 80 years), even with the exclusive employ-
ment of the most sophisticated technologies with minimal
emissions [9], [10], [11], [12]. Therefore, the legal frame-
works need to be quickly adjusted and established to assist
and secure a complete transition as quickly as is technically
and economically feasible.

The primary concern about alternative gases is ensuring
that their insulation properties are equivalent to or superior
to those of SF6. Identifying and optimizing alternative gases
necessitates significant research and development [13]. The
quest for substitute gases represents a crucial stride toward
realizing a sustainable energy prospect. Substituting SF6
with alternative gases can reduce the ecological footprint
of high-voltage applications and positively contribute to cli-
mate change amelioration [14], [15]. Conventional gases such
as dry air, nitrogen, carbon dioxide, or mixtures exhibit a
lower global warming potential than SF6, but their dielectric
strength is limited to only 40% or less [16]. Incorporating
a buffer gas as an insulating or current-interrupting medium
would necessitate substantial modifications to the configura-
tion of high-voltage equipment. These modifications could
include augmenting the filling pressure or equipment dimen-
sions by a minimum of 2.5 times. Excessive elevation in
pressure can potentially jeopardize the power system’s safety
and stability [17].

The main requirements for a specific gas or gas mixture
used in high voltage insulation applications are high dielec-
tric strength, low condensation temperature, thermal stability,
minimal environmental impact, low toxicity, chemical inert-
ness with other constituent materials of the apparatus, non-
flammability, availability, and moderate cost [18]. Table 1
lists the disadvantages of dielectric gases as an alternative to
SF6.
Refrigerant gases have been acknowledged as feasible

alternatives to SF6 in high and medium-voltage applica-
tions owing to their comparatively lower GWP than SF6
and convenient availability. R410A [19], R12 [20], R134
[21], R1234yf [22], R1234ze(E) [23], and R32 [24] are
commonly employed refrigerant gases. Refrigerant gases
demonstrate advantageous insulating characteristics and pos-
sess dielectric strength equivalent to or superior to SF6.
Furthermore, their remarkable ability to extinguish elec-
tric arcs makes them suitable for utilization in high-voltage
applications [24].

Nevertheless, utilizing refrigerant gases as a substitute for
SF6 presents certain obstacles. One of the primary obstacles
pertains to the flammability of refrigerant gases, which could
compromise safety if not appropriately managed. Moreover,
certain types of refrigerant gases exhibit high costs and may

TABLE 1. Comparison of SF6 substitute gases.

not be economically viable for all high-voltage implementa-
tions [25].

This paper presents an investigation of the dielectric prop-
erties of a novel gas medium. To our knowledge, no study
has been published on the insulation strength of R507 gas
until now. This study analyzes the fundamental dielectric
properties of R507 gas mixtures with CO2/N2 under varying
pressure, air gaps, and electric field configurations. R507 is
predominantly employed as a refrigerant gas; however, it has
been subject to investigation as a prospective substitute for
SF6 in gas dielectrics for medium-voltage applications. The
present context highlights several benefits of employingR507
as a dielectric gas. R507 has a GWP of 3985, much lower
than SF6 (25,200). This indicates a significant reduction in
the discharge of greenhouse gases. R507 is a safe alternative
to SF6 due to its non-toxic and non-flammable properties. It is
cost-effective and readily available in every country and can
potentially mitigate the system’s total cost, particularly when
retrofitting pre-existing systems. The proposed gas is com-
patible with pre-existing refrigeration and air conditioning
systems. The basic physiochemical properties of R507 gas are
presented in Table 2. R507 is a blend of two refrigerant gases,
R125 and R143a gas; it is conventionally treated as a singular
gas entity in practical applications due to the uniformity of
its constituent proportions. Mardolcar et al. [26] performed
a density function theory analysis on different refrigerant
gases based on their polarization and relative permittivity and
analyzed R507 as a potential dielectric gas. The chemical
composition and molecular structure of R507 components
can be seen in Table 3. The liquefaction temperature graph
of R507 can be seen in Figure 1.

II. EXPERIMENTAL SETUP AND PROCEDURE
A. TEST PLATFORM
The dielectric breakdown strength of R507 and its mixture
was examined under HVAC and Impulse voltage conditions,
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TABLE 2. Comparison of physical and chemical properties of R507 with
SF6 and CO2/N2.

TABLE 3. Composition of R507.

FIGURE 1. Liquefaction temperature versus pressure curve of R507.

following the ASTM D2477-07 and IEC60270 standard,
while keeping laboratory atmospheric conditions constant
(temperature t0 = 20 C, pressure b0 = 0.1013 MPa, absolute
humidity h0= 11 gm/m3) [27], [28]. The experimental inves-
tigations utilized the TERCO test configuration to produce
the requisite test voltages. The test vessel was modified by

installing a linear actuator at its bottom layer to fulfill the
technical necessity of adjusting the electrode gap length. The
vessel was fabricated utilizing aluminum as its primary mate-
rial, while its viewport was made of Plexiglas. The test vessel
possessed a vertical dimension of 56 cm, a horizontal dimen-
sion of 120 cm, and a wall thickness of 5mm. These dimen-
sions yielded a test gas volume of approximately 5.2 liters and
a pressure-bearing capacity of 0.6 MPa. Pressure and vacuum
gauges were installed to ensure precise gas pressure within
the vessel.

The R507 liquefaction temperature is higher than CO2 and
N2. Gas mixing is done following Dalton’s law of partial
pressure, as seen in Equation 1. According to the law, the
partial pressure of the individual gases is equal to the sum
of individual component gases.

PT =

∑n

i=1
Pi (1)

Here PT is the total pressure inside the pressure vessel,
where Pi is the partial pressure of individual component
gas. The saturated vapor pressure under different liquefaction
temperatures is shown in Figure 1.

B. EXPERIMENTAL PROCEDURE
The test procedure involved evacuating the test chamber to
a pressure of 100 kPa using a vacuum pump and intro-
ducing CO2. The process was iterated five times to ensure
the absence of contaminants within the pressurized vessel.
A standing time of 24 hours is allotted to ensure the uni-
formity of the gas mixture. Furthermore, a unidirectional air
valve was installed at the lower flange to facilitate the inlet
and outlet of gas from the container.

The utilization of two distinct electrode configurations,
namely sphere-plane, and point-plane, is employed to gen-
erate quasi-uniform and non-uniform electric fields. The
quasi-uniform electric field dominating the GIL and GIS
coaxial structure led to the selection of electrode configura-
tion. To maintain clean electrodes, they undergo a cleaning
process involving anhydrous alcohol and subsequent drying
with cotton to eliminate dust particles. To achieve a surface
roughness of less than 2.5 µm, the electrodes undergo a
polishing process utilizing 5000 mesh sandpaper. Further-
more, three aging tests are performed on the test electrode
arrangement before each test to eliminate any protrusions and
minuscule particles on the electrodes.

A three-minute interval between two consecutive break-
down occurrences is established to accommodate the insu-
lation self-recovery. A gradual increment in voltage is
employed to prevent the statistical time lag-induced overes-
timation of electric strength, albeit at the cost of prolonging
the experimental duration.

Consequently, it is common practice to employ a rapid volt-
age ramping rate of approximately 80% to 90% of the antic-
ipated breakdown voltage, succeeded by incremental voltage
augmentations of 0.5kV/s relative to the initial breakdown
threshold. At least ten iterations of testing are conducted for
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each test condition. In cases where the discrepancy between
the initial and successive breakdown voltage exceeds 10%,
the test is repeated, and the mean value of the test is docu-
mented as the breakdown voltage. Pure SF6 gas is utilized for
conducting benchmark tests.

The dimensions and shape of electrodes are configured
to cover the electric field ranging from quasi-uniform to
nonuniform. The field utilization factor, η, for each electrode
configuration, is calculated using equation 2.

η =
Emean
Emax

(2)

where Emax is the maximum electric field of the electrode
measured with the finite element method. Figures 2 and 3
show a typical example of simulation and computed electric
field utilization factor for electrode geometries under consid-
eration. The mean electric field Emean is given by equation 3.

Emean =
v
d

(3)

Here v denotes the applied voltage, and d is the electrode
gap. The calculated electric field utilization factor, η, for
two electrode geometries at different air gaps are shown in
Table 4.

TABLE 4. Simulated electric field utilization factor.

C. TEST SETUP
A test transformer, a protection resistor, and a capacitive
voltage divider make up the HVAC experimental circuit. The
output voltage of the AC test transformer is 100 kV for
single-stage operation and 200 kV for two-stage operation.
A resistor is connected in series to protect the test transformer
from damage during HVAC breakdown. A control desk with a
peak, impulse, and DC voltmeter regulates the supply voltage
to operate and control the Impulse and HVAC equipment.
Using a measuring capacitor, the voltmeter determines the
breakdown voltage in real time, as seen in Figure 4(a). The
lightning impulse (LI) voltage experimental setup of 1/50µs
wave is shown in Figure 4(b). The impulse waveform is gen-
erated by applying the DC charging voltage specified for the
gap, and then the resistors at the wave tail and front produce
the wave. A low-voltage divider unit is used to determine the
voltage. The LI test 50% breakdown characteristics of the gas
mixture were determined using the up-and-down method.

The dielectric strength of the R507 gas mixture is ana-
lyzed in this research using the 50 % breakdown voltage
(U50 %) under a standard lightning impulse, which was

FIGURE 2. Emax simulation for electrode configuration with (a)
Sphere-plane and (b) Point-plane.

FIGURE 3. Electric field utilization factor at different gap distances.

determined using the up and down technique per the Inter-
national Electro-Technical Commission (IEC) 60060-1 [20].
U50 % was calculated from at least 30 repetitions of valid
test results [19]. Considering the insulation self-recovery
time and space charge phenomena, a specific time interval is
required between two consecutive shots. When the relaxation
time between consecutive tests is maintained at 1 minute,
an illustration of an up-and-down approach under the U50%
test shows a large deviation from the mean value, as shown
in Figure 5(a). The variation is reduced while maintaining
the relaxation time of 5 minutes, and the standard deviation
(SD) value is minimized, as seen in Figure 5(b). A fresh gas
mixture and experimental electrodes were used for each test
to guarantee the data’s accuracy.
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FIGURE 4. Schematic diagram of (a) AC and (b) Impulse voltage test
circuit.

FIGURE 5. LI 50% breakdown testing example at 150 kPa with a time lag
of (a) 1 minute and (b) 5 minutes.

III. EXPERIMENTAL RESULTS
In this section, experimental results are discussed and
presented. First, the proposed gas insulation strength is

compared to SF6 under quasi-uniform and highly non-
uniform fields for varying pressure and gap length. The
experiments use varying HVAC air gaps and pressure for LI
voltages. Then, the proposed gas mixture with CO2 and N2 is
tested and analyzed under different electrode configurations
and applied voltage test setups. The main objective is to
determine the optimal mixture composition of R507 with
CO2/N2 for industrial applications that can substitute SF6.

A. INFLUENCE OF FIELD UNIFORMITY ON ELECTRICAL
STRENGTH
Inherently, gases function perfectly as insulators. Nonethe-
less, ionization occurs using an electric field generated by
certain free ions, and electrons gain sufficient energy through
the collision. The symbol ‘α’ represents Townsend’s initial
ionization coefficient, which denotes the number of electrons
generated during the one-centimeter travel of an electron in
an electric field.

R507 is a solid electronegative gas with a significant attrac-
tion for free electrons; detachment produces positive ions,
while electron-neutral atom binding produces negative ions.
Equation 4 indicates that the coefficient of detachment is
represented by γ .

dN = N (α − γ ) dx (4)

The distance traversed by each electron is denoted by dN
in Equation 4, whereas the initial quantity of electrons is
denoted by N . An exponential increase is observed in gas
breakdown when α > γ condition is met.

B. HVAC BREAKDOWN VOLTAGE OF R507 GAS MIXTURES
AT UNIFORM PRESSURE
This study examines the effects of altering the pressure and
mixture ratio of R507 gas and CO2/N2 in sphere-plane and
point-plane configurations on the properties of power fre-
quency breakdown. In adherence to the guidelines outlined
in ASTM D2477-07 and the IEC60270 standard for medium
voltage applications [27], [28]. The analysis aims to deter-
mine how changing the mixture ratio affected the insulation
characteristics of R507 gas and the variation of air gaps.

The breakdown voltage rises with increasing electrode sep-
aration distance and vice versa. This is because balancing the
electric field between the high voltage and ground electrodes
requires a greater field potential. Hence, the breakdown volt-
age increases, as seen in Figures 6 and 7. The relationship
between the breakdown voltage and electric potential to the
gap distance can be seen in Equation 5.

E = f×
v
d

(5)

where E is the electric field, f is the electric field non-
uniformity factor, v is the breakdown voltage, and gap sep-
aration is represented by variable d .

The R507 gas mixture exhibited comparable performance
to SF6 under a Point-plane HVAC test setup, as shown in
Figure 6. Noticeably, at 1.5 cm air gap, the R507/CO2 mixture
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(90/10%) with a field utilization factor of 0.08 exhibited
nearly equivalent breakdown strength to SF6. In contrast, the
R507/CO2 mixture (80/20%) at a 1.5 cm air gap demon-
strated 0.89 times lower dielectric strength than SF6. At an
air gap below 1.5 cm, the R507/CO2 (90/10%) mixture shows
breakdown strength equal to SF6. On the other hand, the
R507/N2 gas mixture of both 80 and 90% reveals equivalent
dielectric strength at and below a 1 cm gap distance. Hence,
applying R507/N2 at low voltage levels is suggested. The
results showed that the breakdown voltage of the R507/CO2
mixture surpassed that of pure R507 due to the synergistic
effect achieved through the combination. Besides the syner-
gistic effect from the results in Figure 6, it is observed that
by increasing the content of R507 in the gas mixture, the
breakdown voltage decreases for a higher proportion relative
to the R507 gas mixture with CO2/N2 mixture. It is due to
the high attachment cross-section of R507 at low energies
of 0-0.5eV. Hence, a small proportion of R507 can increase
the attachment of low-energy electrons, resulting in a higher
breakdown voltage value. Conversely, all other mixture com-
positions displayed dielectric strength inferior to SF6 under
identical test conditions.

Figure 7 shows the influence of the R507/CO2/N2 mixing
ratio investigated under the point-plane configuration. The
experimental results revealed for R507/CO2 a discernible
linear correlation between the breakdown voltage and the air
gap up to a distance of 1.5 cm. Beyond this critical point,
however, a pronounced and abrupt decrease in the insula-
tion strength of the mixture relative to SF6 was observed.
Under the point-plane configuration, gas mixtures containing
R507/CO2 at compositions 90%/10% with a field utiliza-
tion factor of 0.43 exhibited a superior dielectric strength,
surpassing a maximum of 0.94 times to SF6 at a 1 cm air
gap. while the only R507/N2(90/10%) gas mixture show
equivalent dielectric strength to SF6 at and below 1.2 cm of
gap distance. It is observed that the R507/N2(90/10%) gas
mixture at 1.8 cm has comparable results to SF6 at a 1.5 cm
gap distance. Consequently, these findings substantiate that
R507 presents itself as a viable and environmentally advan-
tageous alternative to SF6 for medium voltage applications,
given its remarkably minimized Global Warming Potential
(GWP).

C. LIGHTNING IMPULSE BREAKDOWN CHARACTERISTICS
OF R507 GAS MIXTURE AT UNIFORM GAP DISTANCE
This investigation focuses on the R507 gas mixture lightning
impulse breakdown characteristics with CO2/N2, considering
different absolute pressure conditions. In compliance with
ASTM D2477-07 and IEC60270 standard standards, a fixed
air gap, represented as d of 0.5 mm, was maintained for
the lightning impulse (LI) U50% testing. The pressure was
then changed to within the range of 50 to 200 kPa. The
gas dielectric strength and pressure are directly correlated.
Pressure increases cause the electron’s mean free path to
condense, which lowers the electron’s kinetic energy between
collisions and potentially causes a reduction in ionization

FIGURE 6. The HVAC breakdown voltage of point-plane electrodes at
varying gap distances for (a) R507/CO2 and (b) R507/N2.

and an increase in breakdown voltage. Figure 8 shows the
relationship between breakdown voltage and pressure.

As per the experimental data, the dielectric strength of the
R507/CO2 mixture rises with increasing pressure. Specifi-
cally, under a quasi-uniform electric field at 100 kPa, the
R507/CO2 mixture with a 90% R507 and 10%CO2 composi-
tion yields 0.96 times higher dielectric strength than SF6. So,
as the pressure rises above 100 kPa, SF6 insulation strength
shows a more noticeable improvement than the R507 gas
mixture. In contrast, using a sphere-plane electrode design,
the R507/N2 gas mixture exhibits a lower breakdown voltage
value than SF6. For the applied pressure range 50-200 kPa,
the optimal mixture ratio containing 90% R507 gas with 10%
CO2 and N2 gas mixture at 200 KPa shows 2.5 and 1.5 times,
respectively, improved breakdown strength than its equivalent
value at 50 kPa.

When considering the overall findings, the R507/CO2
mixture exhibits encouraging prospects for use in medium-
voltage applications. Notably, the mixture’s dielectric
strength reveals improvement as pressure rises. However,
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FIGURE 7. The HVAC breakdown voltage of Sphere-plane electrodes at
varying gap distances for (a) R507/CO2 and (b) R507/N2.

it does not outperform SF6 at pressures higher than 150 kPa.
These findings demonstrate the potential of the R507/CO2
combination as a substitute in medium voltage applications,
necessitating additional research and development for real
GIS applications.

Likewise, LI U50 % experiments were performed to eval-
uate the behavior of the gas mixture for a highly non-uniform
electric field. Figure 9 illustrates the nonlinear response that
was found through investigation. Notably, at pressures higher
than 1 kPa, a significant improvement in insulating strength
was noted. The R507/CO2 (90/10%) composition of all the
investigated gas mixtures showed the best insulating strength.
The breakdown strength of the R507/CO2 (90/10%) mixture
was 0.96 times greater than that of pure SF6 gas. The break-
down voltages increase nonlinearly and beyond 160 kPa due
to the non-homogeneous characteristics of the electric field;
the SF6 values are larger than all gas mixtures tested.
Moreover, further experimental investigation of break-

down voltages reveals that 90% R507/10% CO2 under quasi
and non-uniform electric fields at 180 kPa and 200 kPa are
comparable to SF6 at 150 kPa. It is observed that the optimal

FIGURE 8. Impulse breakdown under point-plane electrode settings at
different pressures for (a) R507/CO2 and (b) R507/N2.

composition of 90/10% of R507/CO2 at around 220 kPa gives
equivalent LI dielectric strength to SF6 at 150 kPa under both
quasi and non-uniform electric fields. The LI experimental
results better understand the pressure variation versus the
breakdown voltage characterization, as seen in Figure 9.

IV. R507 GAS MIXTURE INSULATION
SELF-RECOVERABILITY ANALYSIS
A study at 150 MPa pressure and 5 mm gap separation was
carried out to assess the insulator’s self-recoverability under
high voltage alternating current (HVAC) conditions. To eval-
uate the gas insulator’s capacity to recover following each
breakdown event, a set of 50 consecutive breakdown shots
was performed. Figure 10 shows the measured mean break-
down voltage value of R507/CO2 for the quasi-uniform elec-
trode arrangement, which was 33.17 kV, with an exception-
ally low standard deviation of 1.00217. The R507/CO2 gas
insulation self-recoverability properties for the non-uniform
electric field design are carried out in the same experimental
settings. With a standard deviation of 1.064, the R507/CO2
mean breakdown voltage was measured as 21 kV. It is evident
from Figure 10 that under a non-uniform electric field after

47074 VOLUME 12, 2024



R. Ahmed et al.: Insulation Performance of Novel Refrigerant Gas as an Alternative to SF6

FIGURE 9. Impulse breakdown under sphere-plane electrode settings at
different pressure for (a) R507/CO2 and (b) R507/N2.

the 30th breakdown, the breakdown voltages of R507/CO2
(90/10)% mixture show lower voltages than its mean break-
down voltage(21kV).

On the other hand, under a quasi-uniform electric field,
it happens after the 45th breakdown shot. Hence, it is also
concluded from this analysis that the proposed gas mixture
at prolonged electric field stress and time will behave effi-
ciently for a quasi-uniform electric field as compared to a
non-uniform electric field.

These findings offer important new information on the
insulator’s self-recoverability properties in HVAC settings.
The close relationship between the average breakdown volt-
age values and the nominal voltage demonstrates the insu-
lator’s effective recovery following each breakdown occur-
rence. The low standard deviations in both field configu-
rations indicate the insulator’s reliable and consistent self-
recovery capability.

V. SYNERGISTIC EFFECT ANALYSIS OF R507 GAS
MIXTURE
HVAC breakdown experiments were conducted at 100 KPa
in a quasi-uniform field to investigate the effect of the mixing

FIGURE 10. R507/CO2 dielectric gas mixture self-recoverability analysis
under HVAC test voltage for (a) non-uniform electric field and (b)
quasi-uniform electric field.

ratio on the HFO-1336mzz(E) mixtures’ breakdown strength.
The results are shown in Figure 11. It has been noted that
when the base gas concentration rises, the breakdown voltage
of the R507 gas mixture containing buffer gases also rises.
Compared to all the other mixes tested, the R507/CO2 mix-
turewith a 90/10%mixture concentration exhibits the highest
dielectric strength value comparable to SF6 gas. The key find-
ing from this analysis is that the breakdown voltages of the
R507 gas mixture are comparatively larger than those of the
pure R507 gas, suggesting a synergistic action. In addition,
the voltages of R507/CO2 were higher than those of R507/N2.
Hence, it can be proposed that R507 has a decent synergistic
ability when mixed with buffer gas CO2.
Hence, the synergistic effect has been further studied by

utilizing Equation 6 to evaluate the gas mixture’s non-linear
breakdown voltage properties in the proposed gas mixture.
The test results reveal that mixing R507 with CO2 and N2
results in varied dielectric performance. Therefore, exam-
ining how both mixed gaseous mediums work together is
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FIGURE 11. AC breakdown characteristics Sphere-plane of R507 gas
mixture (P=100 kPa).

essential. The equation takes into account the breakdown
voltage of Vbuffer at their highest content under pressures
ranging from 50 to 200 kPa, as determined through tests.

Vmix = Vbuffer +
m

(
Vbase − Vbuffer

)
m+ (1 − m) S

Vbase > Vbuffer (6)

S in the equation denotes a synergistic coefficient whose
value is (0 < S < 1). The coefficient is defined as the mea-
sure of non-linearity in breakdown voltages of gas mixtures.
When the S = 1 for a given mixture, its breakdown voltage
linearly increases with an increase in base and buffer gases’
breakdown voltage. If S=0, then the gas mixture is made up
exclusively of base gas (Vmix = Vmixbuffer ). When the S value
lies between 0 and 1, the mixture breakdown voltage will
non-linearly increase with breakdown voltages of base and
buffer gases. Therefore, it should be noted that the smaller
the value of S enhanced the synergistic effect.

For a certain mixing ratio and pressure range, a smaller
value near zero indicates a positive favorable synergic effect,
meaning the gas mixture is more suited for use as a dielectric
medium. Particularly in themedium-pressure region of 100 to
200 kPa, the mix of R507/CO2 gas (90/10 percent) functions
relatively well. The value of S for R507 gas mixed with
CO2/N2 is represented in Figure 12 below. Figure 13 indicates
that under HVAC voltage, the gas mixture at 150kPA has a
lower S value than the corresponding R507/N2 gas mixture.
It is also observed that with the lower mixing ratio of R507,
the coefficient S value is greater, and as the mixing ratio of
base gas increases, the S value decreases. The lower S value
for CO2 indicates a positive favorable synergistic effect than
N2. Hence, it is concluded that CO2 is a better buffer gas to
add to the R507 base gas.

Figure 13 below shows the S value for R507/CO2 and
R507/N2 for pressure ranges from 50-200 kPa and the mixing
ratio of base gas ranging from 60-90% in the mixture. The
results showed that the synergistic effect of the R507/CO2
mixture is lower than that of R507/N2 for all the experimental

FIGURE 12. Synergistic analysis of R507 gas mixture.

conditions. In the case of R507/CO2, the optimal mixture
composition, i.e. (90/10 %), shows the S coefficient value
close to zero, indicating a positive synergistic effect for all
pressure ranges. Moreover, the R507/CO2 S values are 0 to
0.18, while the R507/N2 values range from −0.3 to 0.23.

Thus, synergistic effect analysis confirms that although the
dielectric strengths of the buffer gases are nearly equal when
tested alone, in amixture with R507, the dielectric breakdown
strength of R507/N2 is lower than that of R507/CO2 mixtures.

VI. INFLUENCE OF ELECTRIC FIELD VARIATION ON
INSULATION STRENGTH OF R507 GAS MIXTURE
An electric field sensitivity parameter, denoted as ‘K ,’ is
added to assess the difference between SF6 and the R507/CO2
gas mixture since it is imperative to investigate the sensitivity
of the suggested gas to the applied electric field. Equation 7
defines the parameter as the extent to which a gas’s insulation
performance is degraded in a highly non-uniform electric
field compared to a uniform electric field.

K =
Vq − Vn
Vq

(7)

Here, the non-uniform field is represented by Vn, and the
breakdown voltage of the quasi-uniform electric field is rep-
resented byVq. The degree of inhomogeneities is indicated by
K values; the higher the K value, the more sensitive the gas is
to the applied electric field. Figure 14 displays the variation of
K value with gas pressure for SF6 and R507CO2 gas mixes.

Figure 14 shows that the R507/CO2 mixture has a lower K
value than SF6 at a pressure below 120 kPa. The sensitivity
to the electric field increases with the amount of R507 gas
concentration in the mixture. At 150 kPa absolute pressure,
the R507 gas mixture with a composition of 90%,80%, and
70% shows the highest K value. The SF6 K value is rising at
a nearly steady pace, and at 150 kPa, it surpasses the entire
R507/CO2 gas mixture composition, indicating a greater sen-
sitivity to the electric field. As a result, it was determined from
the analysis that, relative to SF6, the R507/CO2 gas mixture is
less sensitive to the external electric field at pressures below

47076 VOLUME 12, 2024



R. Ahmed et al.: Insulation Performance of Novel Refrigerant Gas as an Alternative to SF6

FIGURE 13. Synergistic effect of (a)R507/CO2 (b) R507/N2 gas mixtures.

FIGURE 14. Influence of electric field inhomogeneity for R507/CO2 gas
mixture.

150 kPa. Consequently, at pressures lower than 150 kPa,
the R507/CO2 gas mixture has fascinating application
possibilities and has a stronger insulating performance adjust-
ment to the electric field than SF6.
Furthermore, to analyze the effect of different buffer gas

mixtures with R507 gas, a variable Rb is introduced. Rb is

the ratio of the R507 gas mixture to the SF6 gas under the
same experimental conditions. The HVAC test setup under
a quasi-uniform electric field is utilized here with a gap
separation of 5 mm and varying absolute pressures from 50-
200 kPa. The optimal gas mixture proportion of 90% R507
and 10% of CO2 and N2 is used for comparison purposes with
SF6. Equation 8 demonstrates the calculation parameters.

Rb =
R507AC
SF6AC

(8)

Figure 15 illustrates the Rb Curve variation at different
pressure ranges and buffer gas compositions in relation to
SF6. The breakdown voltage ratio of R507 gas with SF6
exhibits a declining trend with rising pressure above 120 kPa.
It can be seen that all pressure ranges R507/CO2 have
higher breakdown strength than the R507/N2 gas mixture,
except at 150 kPa, where both gases show almost equivalent
dielectric strength. Beyond 150 kPa, the R507/CO2 mixture
again reveals higher insulation strength than its counterpart.
Thus, this investigation indicates that the R507/CO2 mix-
ture exhibits a greater dielectric strength value than SF6 at
medium-pressure voltage ranges, specifically at or below
120 kPa.

FIGURE 15. Relative breakdown strength of proposed gases to SF6.

VII. GLOBAL WARMING POTENTIAL
CHARACTERIZATION OF R507
Global warming potential is a critical parameter to be defined
before suggesting gaseous dielectrics. The high GWP of
SF6 (23,500 times CO2) is the primary issue for researchers
worldwide in finding an alternative. Equation 9 illustrates
how the GWP is calculated using the environmental protec-
tion viewpoint and ideal gas conditions by adding the weight
fractions of each component and multiplying that amount by
the corresponding GWP [19]. The GWP value of R507 and
the gas mixture with CO2 and N2 are shown in Figure 16.
It is evident from the figure that the GWP of the R507/CO2
mixture is lower than the R507/N2 mixture. When the Gas
content of R507 in the R507/CO2 mixture is 10 %, it shows a
smaller value of 1.6 times than the R507/N2 mixture, and it is
only 3.34 % of SF6. Therefore, using a gas mixture of R507
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and CO2 can significantly lessen the greenhouse impact.

GWP =
k × 3985 × 99 + (1 − k) × 44 × 1

k × 3985 + (1 − k) × 44
(9)

where k represents the mixing ratio of base gas, GWP, and
molar mass of R507 is 3985 and 99. Similarly, the GWP and
molar mass of CO2 are 1 and 44, and the GWP and molar
mass of N2 are 265 and 28, respectively.

FIGURE 16. Global warming potential values with different mixing ratios.

Here, themixing ratio of base gas is represented by variable
k . The base gas R507 global warming potential is 3985 grams
of carbon dioxide equivalent per kilogram (g-CO2 eq/kg),
and the molar mass is 99 grams/mol. Similarly, the GWP and
molar mass of CO2 and N2 are 1, 265 (g-CO2 eq/kg) and 44,
28 (g/mol), respectively.

VIII. CONCLUSION
This study presented a comprehensive analysis of R507
HVAC and +LI voltage breakdown properties as well as its
mixtures with CO2 and N2 as an environmentally suitable
substitute to SF6 for gas-insulated switchgear (GIS). Under
various electric fields ranging from quasi-uniform to non-
uniform, the effect of mixture ratio and gas pressure on
the dielectric performance of the proposed gas mixture is
examined and simultaneously compared with the hazardous
SF6 gas. Relevant results were obtained as follows.
(1) The findings indicate that the proposed gas exhibits full

SF6 dielectric performance equivalency at a pressure
of 150 kPa and an air gap of 1.5 cm; above these
conditions, its insulating capabilities are scaled back
compared to SF6. These results imply that R507/CO2
at a 90:10 mixing ratio has successfully qualified to
meet the requirements set by the IEC60010 standard
for medium voltage GIS applications.

(2) Positive synergistic effects between R507 and CO2 gas
are evident in comparison to R507-N2 mixture. The
mixing ratio and gas pressure arrangement are critical.
In a combined analysis of the gasmixture’s liquefaction
temperature and power frequency breakdown charac-
teristics, the 90% R507/ 10% CO2 mixture suits the

minimum operating conditions in medium voltage GIS
applications.

(3) The optimal gas mixture comprising 90% R507/ 10%
CO2 also reveals a reduction of 80% in GWP value and
reaches 95% of SF6 insulation strength.
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