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Sulphur hexafluoride (SF6) gas is the frequently consumed gas in High Voltage (HV) applications due to its high dielectric permittivity and arc-quenching property. However, due to its long Atmospheric Lifetime (AL), high Global Warming Potential (GWP), and other environmental concerns there is a need for a new sustainable gas as an alternative to SF6. Therefore, in this research, we present dichlorodifluoromethane (R-12) in conjunction with carbon dioxide (CO2) as an alternative. Compared to SF6, R-12 has 3,100 years shorter atmospheric lifetime and 15,400 less GWP. Moreover, CO2 is mixed with R-12 as a gas carrier to achieve a low boiling point as that of SF6. High Voltage Direct Current (HVDC), High Voltage Alternating Current (HVAC), and self-recoverability tests were conducted under varying concentrations of gas ratios at different pressures and a standard constant temperature. Comparison analysis showed that R-12 dielectric strength is close to that of SF6, and its mixture with CO2 possessed increased dielectric strength compared to a nitrogen and air mixture beyond 206.84 kPa. For HVAC and HVDC, a mixture of 50% R-12% and 50% CO2 establishes an unimpeachable ratio for HV applications. The mixture has self-recoverability properties and possesses positive synergism, which leads to the conclusion that the mixture of R-12 with CO2 enhances the dielectric strength compared to pure gases, as well as reduces costs.
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1 INTRODUCTION
Dielectric gas is one of the most important parts of an HV grid station. SF6 gas has been used as a dielectric in Gas Circuit Breakers (GCB), Gas Insulated Transmission Lines (GIL), and Gas Insulated Switches (GIS) since 1960 (Beroual et al., 2018). This gas possesses all the desirable properties that an ideal dielectric substance must possess. It is a colorless, electronegative gas with arc-quenching properties, current interruption properties, low electromagnetic radiation, and high thermal stability (Khan et al., 2018).
Although SF6 exhibits very good dielectric properties, there are also some adverse effects, such as its long AL and high GWP. As compared to the GWP of CO2 (considered as a reference), the GWP of SF6 is 32,600 (Forster et al., 2007). Moreover, the longer SF6 gas stays in the atmosphere, its adverse effect on the environment becomes more significant: if it stays in the air for 30 years then its GWP is 16,300, for 100 years then the GWP would increase to 22,800, and for 500 years the GWP will be 32,600 (Forster et al., 2007). Hence, its existence in the atmosphere for longer durations makes it even worse for a sustainable environment. The concentration of SF6 in the environment has increased to 20% from 2010 to 2015 as shown in Figure 1 (Jiang et al., 2021).
[image: Figure 1]FIGURE 1 | SF6 Concentration in the environment.
Even though its concentration is still small as compared to other hydrocarbon gases, its impact is more significant than that of other potent gases, owing to its high GWP. For a mass of merely 1 kg of SF6 leaked into the air, the impact on the environment is equal to the presence of 23.5 tons of CO2. Due to its high GWP, the researchers present at the Kyoto Summit of 1997 decided to control the usage and leakage of SF6 (Takuma, 1999). Hence, on one hand, steps were taken to control leakages of SF6 switches and circuit breakers (Zhengzheng et al., 2010; Graber, 2011; Kaur and Choudhury, 2016), while, on the other hand, there have been attempts to find an alternative to SF6 that shares the same properties (McGarvey et al., 2013; Kieffel et al., 2015; Hyrenbach and Zache, 2016; Marland and Helwig, 2016; Nechmi et al., 2016; Zhao et al., 2016).
Hence, the authors in (Owens, 2016) used a 3M™ Novec™ 4,710 instead of SF6 as a dielectric fluid in HV applications to attain a sustainable environment. However, because it has 30 years atmospheric lifetime and not enough boiling temperature, it needs to be mixed with other carrier gases, such as nitrogen, air, or CO2, to achieve a low boiling point so that it could be used in high-pressure applications. Even though 3M™ Novec™ 4,710 has a large breakdown strength in contrast to SF6, its GWP is 2,100, which is still very high compared to R-12. In (Ullah et al., 2017), nitrogen gas was used as the buffer gas with R-12. It was concluded in that research that an 80% R-12% and 20% nitrogen combination provides high dielectric strength. Moreover, it has an AL of 12 years and GWP is 2,400 years. In (Li et al., 2018), C4F7N was tested with Nitrogen, and the dielectric strength of pure C4F7N was twice that of SF6 but its boiling point was −4.7°C, which is very high compared to SF6, making it unsuitable to use at high pressure. R-12 gas was used as a refrigerant (McLinden and Huber, 2020), and radiator gas in Cherenkov detectors (Harvey et al., 2018). In (Rashid et al., 2016), research had been done on R-12 with a mixture of air. In this research 70% R-12% and 30% air was obtained as a good combination in term of breakdown voltage for both AC and DC.
From the abovementioned literature review, it is observed that it is difficult to find a dielectric having properties of low GWP, less atmospheric lifetime, low boiling point, and high dielectric permittivity all at once. The insulating gas dielectric should also be non-toxic, non-flammable, and non-corrosive, along with having high vapor condensation temperature and no effect on the ozone layer.
An ideal dielectric exudes a high dielectric strength and a lower GWP and atmospheric lifetime. It is quite difficult to discover these properties in one compound. Usually, every organic compound upon being released into the air casts its own effect on the environment by working as a greenhouse gas. However, non-organic compounds have low dielectric strength.
Hence, based on the abovementioned discussion, this research work aimed to find the optimum ratio of the mixture of gases (R-12 and CO2) for HVAC and HVDC. In comparison to other gasses, such as 3M™ Novec™ 4,710 and SF6, R-12 is a non-toxic gas; it falls in the "A1″ category of refrigerants, which means that it is neither flammable nor toxic up to 440 ppm. Its molecular weight is 120.9 g, which is 144.13 g less than Perfluoro ketone (C5F10O), which makes the equipment lighter and smaller when used in a GCB. The withstanding voltage of this gas was found high because it is a hydrocarbon gas, so with less pressure, a high breakdown voltage is comfortably achieved. The drawbacks of different gases are discussed in Table 1.
TABLE 1 | Different gases with their drawbacks.
[image: Table 1]The rest of the manuscript is organized as follows: physical, chemical, environmental, thermal, taxological, and dielectric properties of R-12 are discussed in Section 2; we elaborate on the mixture of R-12 and CO2 in Section 3; in Section 4, we present the experimental setup of AC and DC that are used to perform experiments in the lab; in Section 5, we explain the insulating properties of the mixture; in Section 6, the results obtained from the experiments are explained in comparison to other mixtures; the synergistic effect and self-recoverability tests results are shown in Section 7; and in the last section, we describe the concluding remarks.
2 PROPERTIES OF R-12
2 Physical properties
R-12 is a colorless refrigerant with an ether-like odor when the concentration is very high. Its boiling point is −29.8 C and its ionization potential is 11.75 eV. Many qualities of this component are similar to that of SF6, i.e., non-toxic, non-flammable, high dielectric strength, and non-corrosive. Figure 2 shows the vapor pressure versus condensation temperature of R-12, CO2, and SF6. It can be concluded from the graph that the vapor pressure versus condensation temperature of SF6 is very high as compared to R-12, but this deficiency can be overcome by adding a different mixture with R-12, such as CO2, N2, and dry air. Despite having good properties, R-12 is dangerous for the ozone layer, which is why it was banned as a refrigerant in 1996. However, studies show that this problem could be eliminated by decomposing it into hydrogen chloride and neutralizing it (Okazaki and Kurosaki, 1992; Sonoyama and Sakata, 1998). Hence, CO2 has been added as a mixture gas in this research to lower the temperature condensation, which helps decrease the GWP even more by minimizing pure R-12 concentration in the mixture. Moreover, the cost is reduced if less concentration of R-12 is used because CO2 is much cheaper than R-12.
[image: Figure 2]FIGURE 2 | Temperature and Pressure graph of SF6, R-12, and CO2.
2.2 Thermal stability
R-12 is a colorless refrigerant with an ether-like odor when the concentration is very high. R-12 is non-flammable and chemically stable gas up to 250°C (482°F) at atmospheric pressure, but it may be decomposed into toxic products above 250°C. Hence, it could be used in GCB below 250 C. Its major advantage is that it is an electronegative gas like SF6. Thus, it possesses the property of arc-quenching, just like SF6 gas.
2.3 Taxological property
According to the international institute of refrigeration, the safety classification of R-12 is “A1” (Gilman et al., 2017). It implies that it has a lower degree of toxicity, i.e., 440 ppm or less. It has less GWP and atmospheric lifetime than that of SF6 and has 2000 less GWP than NOVEC fluid 4,710, but it does contribute towards the elevation of GWP of the environment.
2.4 Environmental property
By using R-12 instead of SF6, 89.78% declination of GWP can be instigated. Moreover, the AL of R-12 is 3,10 years less than that of SF6 gas. Its concentration is reduced even more when it is used as a mixture instead of a pure dielectric. Hence, a mixture (lower gas density) results in lower greenhouse gas emissions as compared to emissions from SF6-filled components.
2.5 Dielectric property
The experiments were performed in the lab to find out the dielectric strength of R-12. When high voltage was applied between the plates, dipole movement took place between the molecules of R-12, which led to the eruption of the current. The dielectric constant of the gas can store the charge when it is placed between two metallic plates. In Figure 3, a comparison graph is shown based on tests performed in the lab when the gap distance was kept at 10 mm. The results depict that the dielectric strength of pure R-12 is close to the dielectric strength of pure SF6.
[image: Figure 3]FIGURE 3 | Comparison of SF6 and R-12.
2.6 Power density property
Power density is the amount of power that can be transferred per unit volume. The more the power density, the less time will be required to transfer. One of the additional benefits of using refrigerant as a dielectric is that it increases the power density of the electrical equipment. As it is a cool gas, it provides direct cooling of the live parts thus increasing its power density. Moreover, it helps to prolong the lifetime of the electrical equipment.
3 MIXTURE OF R-12 AND CO2
The boiling point of R-12 is high, so it cannot be used alone for high pressure. Therefore, some other gases are needed to be mixed to lower their boiling points. As a result, the cost will also be reduced as Base Gas (BG) is more expensive as compared to Mixed Gas (MG). Additionally, an MG, such as CO2, was used in this experimental work that increased the dielectric strength of the BG. The reason lies in the fact that when the MG is mixed with the BG, it de-energizes the electrons from a high energy level to a low energy level, and hence energy is removed from the electrons. When a voltage is applied between the electrodes, an electric field is created between the electrode gaps. Consequently, when the electrons that exist in the gas gain sufficient energy from the electric field, they transfer their energy to other electrons, and the collisions between these electrons produce a spark from the positive electrode to the negative electrode, hence the breakdown of the gas occurs.
The boiling point of R-12 is −29.8°C, while the CO2 boiling point is −78 C. So, when both gases are mixed the boiling point will be increased, which will be directly dependent on the concentration of CO2 gas. The more the concentration of CO2, the less will be the boiling point. Hence, in this research, R-12 and CO2 gases were mixed by changing their ratios, i.e., 50% of both R-12 and CO2, 60% R-12% and 40% CO2, 70% R-12% and 30% CO2, 80% R-12% and 20% CO2, and 90% R-12% and 10% CO2. The gases were mixed in such proportions to find out the optimum combination for different pressures.
4 EXPERIMENTAL SETUP
To validate the performance of the proposed MG (R-12 and CO2), an experimental test was carried out followed by the IEC60270 standard (Schon, 2019). The test was conducted outside the vessel under Standard Temperature and Pressure (STP). Both AC and DC tests were conducted with a gap distance of 6 mm between the sphere-sphere electrodes having a diameter of 20 mm. The sphere electrodes used were made of tungsten alloy. The electrodes were cleaned and polished before being mounted to the vessel to avoid any errors during the testing process. The spacing between the electrodes (6 mm) was adjusted by putting a wooden rack between them and was adjusted by using an adjustable screw coupling having the range of 0.01 mm–30 mm. Moreover, during this experiment, the pressure was varied from 0–275.8 kPa.
4.1 A.C analysis
The AC tests circuit comprised a test transformer with coupling winding for cascade connection to produce high AC voltage. Its rated voltage was 100 kV, resistor of 2.4 kΩ, measuring capacitor of 100 pF, control desk, and testing vessel as depicted in Figure 4A. The vessel had Pixi glass, which was fixed between the top and bottom flanges. The top flange was connected to high voltage while the lower flange was connected to the ground. The control desk supply voltage was 220–230 V and 50/60 Hz, and the output of 5 KVA was continuous. The control desk housed the measuring instruments, i.e., Impulse, peak, and DC voltmeter. The schematic circuitry can be seen in Figure 4B. A testing vessel was filled up to 275.8 kPa with the mixtures of R-12 and CO2 in different proportions to determine the optimum combination while ensuring high dielectric strength and also to determine and use the combination of gases with the specific known breakdown voltage in different switches and circuit breakers.
[image: Figure 4]FIGURE 4 | AC test model: (A) hardware implementation; (B) schematic circuitry. (Electrodes shape: sphere, electrodes distance: 6 mm).
Initially, the voltage was applied at the primary windings of the transformer and increased linearly (2 kV/s) with the help of a control desk. As the voltage increased at the primary side, the voltage at the secondary side also increased to a limit when the breakdown of the gases in the vessel occurred. At the start of the experiment, the first ten breakdowns were unrecorded to ensure accurate readings. Once a breakdown was achieved, the secondary winding of the transformer was disconnected automatically from the remaining circuitry due to the interpretation of the breakdown as a short circuit fault. Then the voltage at the primary windings was reduced to zero. This process was repeated for ten recordings to get an average breakdown value. The time required for two-successive readings was 2 min.
4.2 DC analysis
The circuit elements used during DC testing included two diodes that had inverse peak voltage of 140 kV, a test transformer, protecting resistor and measuring resistor of 280 MΩ and 2.4 kΩ, respectively, two Capacitors of 2,500 pF, a control desk, and a testing vessel. A protection resistor was used to limit the current while a measuring resistor measured the voltage across the vessel. The DC tests were conducted through a voltage doubler circuit called a Greinacher circuit, as shown in Figure 5A, while its lab setup is presented in Figure 5B.
[image: Figure 5]FIGURE 5 | DC test model: (A) schematic circuitry; (B) hardware implementation. (Electrodes shape: sphere, electrodes distance: 6 mm).
When AC voltage was supplied to the circuit, the capacitor was charged in a negative cycle as the diode 2 was forward-biased. During the positive cycle, the supply voltage and capacitor voltage added up and hence the voltage was doubled, which was applied to the vessel containing the gas. When the voltage exceeded the gas dielectric strength, a spark was generated and the current flowed from the anode to the cathode, and the breakdown of the gas occurred. The HVDC tests were performed for different concentrations of R-12 and CO2 by controlling the partial pressures of both gases. The ratios were varied in 50/50, 60/40, 70/30, 80/20, and 90/10 ratio of R-12 and CO2, respectively. After each ratio test, the electrodes were cleaned and polished before starting a new test to avoid any error in the readings.
The vessel was filled up to 344.7 kPa with the mixture of gasses and five readings were taken at one pressure. Then the pressure was reduced to 310.26 kPa and the readings were recorded again. The process was repeated until zero pressure.
5 RESULTS AND COMPARISON ANALYSIS
The HVDC and HVAC breakdown voltages of R-12 and CO2 under standard temperature and variable pressure are shown in Figures 6, 7, respectively. For the purpose of achieving a higher boiling point, different ratios of CO2 were tested, out of which, a 50% CO2 and 50% R-12 combination exhibited better results for both AC and DC in certain pressure ranges.
[image: Figure 6]FIGURE 6 | DC breakdown voltage vs. pressure graph of R-12-CO2.
[image: Figure 7]FIGURE 7 | AC breakdown voltage Vs. pressure graph of R-12-CO2.
From Figure 6, it can be observed that the 50/50 ratio gave the unexcelled result between 103.4 kPa and 206.8 kPa. However, below 103.4 kPa, 90/10 gave the optimum result, and above 206.8 kPa both the 50/50 ratio and 90/10 ratio exhibited the optimum result compared to other ratios. The highest peak was observed at 275.8 kPa, which was 99 kV. The highest peak of 88 kV was found at 275.8 kPa at a 50/50 ratio of R-12 and CO2 in HVAC, as presented in Figure 7. It should be noted here that below 124 kPa, the 90/10 ratio exhibited better results.
The optimum AC and DC comparison ratios are given in Table 2 against each pressure. For 137.9 kPa and 206.8 kPa, the optimum ratio recorded for both AC and DC was 50/50. While 90/10 was a favorable ratio against the pressure of 0 kPa, 69 kPa, and 275.8 kPa in DC. While in AC, it was recorded against 69 kPa and 137.9 kPa. Hence, for better results, the different ratios could be used in the GIS, GIC, and GIL, according to the breakdown voltage required at different sites.
TABLE 2 | Comparison ratio of R-12-CO2.
[image: Table 2]In (Ullah et al., 2017), R-12 was used as a mixture with nitrogen gas and air. The optimum ratio for each MG and BG is shown in Figure 8. In 80% R-12% and 20% nitrogen MG, the optimum result was achieved. Similarly, 70% of R-12% and 30% of air showed the most favorable combination of the mixture. From Figure 8, it can be observed that the R-12 mixture with CO2 shows a better result than the R-12/nitrogen and R-12/air mixtures beyond 206.8 kPa. The R-12 and CO2 combination exhibited an enhanced ability to restrain more voltage beyond 206.8 kPa. The arch-quenching ability also increased, as CO2 also possesses an arc-quenching property. Also, it is more economical, as more concentration of CO2 is used in this combination compared to nitrogen and air in the R-12/N2 and R-12/air mixtures.
[image: Figure 8]FIGURE 8 | Comparison of Optimum Ratios of R-12 with air, N2, and CO2.
In (Khan et al., 2018), the R-134a in conjunction with CO2 was used as a sustainable alternative to SF6. The GWP of R-12 is twice that of R-134a, but the AL of R-12 is 2 years less than R-134a, which makes R-12 suitable for operating in high temperatures. Thermally, R-12 is 2.5 times more stable than R-134a, which allows R-12 to be used at high temperatures. Moreover, its dielectric permittivity is higher than that of R-134a, which makes R-12 suitable for operating at high voltage. The optimum ratio observed in the R-134a/CO2 mixture was 80% of R-134a and 20% of CO2 while a 50/50 ratio of R-12-CO2 was observed in this research. Both ratios are compared in Figure 9. It could be seen that the breakdown voltage of the R-12/CO2 mixture was higher at pressures between 0–300 kPa compared to R-134a/CO2. The maximum breakdown voltage of the R-12/CO2 mixture was 1.5 times greater than that of the R-134a/CO2 mixture. At 275.8 kPa, the highest peak of R-134a/CO2 was 51 kV while that of R-12/CO2 was 77.5 kV. Moreover, the concentration of the BG was 50% in the R-12/CO2 combination, which makes it cheaper as compared to R-134a/CO2.
[image: Figure 9]FIGURE 9 | Comparison of optimum ratios of R-12/CO2 and R-134a/CO2.
6 INSULATION CHARACTERISTICS OF R-12/CO2
AC and DC insulation characteristics can be seen in Table 3. The greater value of the mean represented, the better the ratio for a combination of concentrations. As observed from Table 3, the most suitable ratio of concentration in AC was 50%, in which 137.9 kPa was filled with R-12, and 137.9 kPa was filled with CO2. This combination showed a better average for the dielectric breakdown voltages and hence can be considered the suitable choice by ignoring the pure case. While in the case of DC, the favorable values of the average mixture of the concentration of gases were found in both 90/10 and 50/50 ratios, whereas there was a very minute difference in both mixtures.
TABLE 3 | Insulation characteristics.
[image: Table 3]If it was intended to check the reliability of the data, then the Standard Deviation (SD) needed to be calculated. From Table 3, it can be seen that a combination of 80% of R-12% and 20% of CO2 SD had the least value. So, it was the optimum reliable combination for our different concentration ratios. A similar combination was observed in the case of DC. A linearity was achieved between pressure and breakdown voltage more noticeably when there was an 80% concentration of R-12 and a 20% concentration of CO2.
A Coefficient of Variation (CV) was also found to determine the variance between different sets of data for comparison purposes. The lower the CV, the less the variation. According to the experimental data, it was found that with the mixture of gases at a 90/10 ratio, the variance was less in AC as well as DC. The maximum breakdown voltage was measured when the partial pressures of both R-12 and CO2 were equal in AC. While minimum voltage was observed when the ratio was 70/30, the highest voltage measured in DC, of 99.6 kV, was at 70% and MG was 30%, as presented in Table 3.
7 SELF-RECOVERABILITY AND SYNERGISTIC EFFECT OF R-12 AND CO2
The breakdown and partial pressure characteristics of a gas can be determined in a uniform field as:
where, V1, V2, and Vm are breakdown voltages of component gases and their mixture, respectively, k is the partial pressure ratio of gas 1, and C is the constant independent of 'k'. The value of 'C' indicates whether the synergistic effect is positive or negative. If the value of C is negative, then the synergistic effect becomes positive, and if it is positive, then the synergistic effect becomes negative.
The value of C in (1) can be determined in Table 4 for different volume percentage values of k; Table 4 depicts that the synergistic effect is negative for the pressure of 50%, 60%, and 90% (Honeywell, 2011). The negative values mean that the mixture result was better than the individual gases when they were used alone. Beyond 103.42 kPa at a 50/50 ratio of R-12/CO2, there was positive synergism, which led us to conclude that it should be used with CO2 for better results. Compared to the synergistic effect with nitrogen (Ullah et al., 2017), it was observed that a more positive synergistic effect was quite high when a 90/10 ratio of R-12/CO2 was used compared to R-12/N2. The minimum value of C was −1.57 at 275.8 kPa in the R-12/CO2 mixture, while the minimum value found in the nitrogen mixture was −0.39 when the ratio of concentration was 70/30. It means that the R-12/CO2 mixture was chemically stronger as the individual compared to the individual gases and R-12/N2 mixture.
TABLE 4 | Synergistic effect of R-12-CO2.
[image: Table 4]A gas needs to possess the property to recover itself once the breakdown of the gas occurs. Hence, breakdown tests were performed on the R-12 to find out whether it possesses the ability of self-recoverability. AC breakdown tests were performed, and 20 shots were applied in a 1-min duration. A buzzing spark was generated on each shot from the anode to the cathode, forming a path to pass the current for a 50 μs duration. It is noted from tests that R-12 possessed a self-recoverability property, as after the breakdown of insulation, it reverted to the initial breakdown voltage and exhibited the ability to self-recover its insulation. There was a very minute change in breakdown voltage, which could be ignored. Hence, R-12 has excellent self-recoverability properties.
8 CONCLUSION
R-12 has a low GWP and exudes high dielectric permittivity properties with less AL, hence, it can be used as a dielectric material in the GIS, GCB, and GIL in order to ensure a sustainable environment. SF6 gas and NOVEC fluid 4,710 possess better dielectric properties than R-12, but this effect could be eliminated by using high pressure, or by increasing the gap distance between the electrodes. R-12 has a lower boiling point, but it can be compensated by the addition of carbon dioxide, which results in an elevated boiling point. The mixture of R-12/CO2 exhibits appreciable self-recoverability properties. Its synergetic effect is positive for some values of k, which is a good indicator when it comes to its usage as a mixture.
The maximum dielectric strength is observed when the mixture ratio of R-12 and CO2 is 50/50 for both AC as well as DC, which reduces R-12 concentration; hence a high strength of dielectric is achieved with less cost. Also, decreasing the concentration when using R-12 as a mixture with CO2 reduces the GWP even more and consequently results in a more sustainable environment. A positive synergism also led to the conclusion that using both gases as a mixture is a better choice as compared to using them individually. As a better result of R-12 was observed beyond 206.8 kPa with CO2 mixture than the air and nitrogen mixture, we concluded that a R-12/CO2 mixture should be used.
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AC insulation characteristics

70% 80%
SD 2111 19.24 17.80 1620 17.38 15.61 10.03
M 50.68 4591 38.14 43.66 49.39 4822 27.04
v 042 042 047 037 035 032 037
Max, kv 77.56 69.81 61.87 63.93 7108 65.50 38.99
Min, kV 23.77 20.60 16.00 2324 2677 2535 13.65

DC Insulation Characteristics

BGR 50% 60% 70% 80% 90% 100% 0%
SD. 27.39 28.01 2539 2499 2585 2284 1330
® 67.54 65.69 53.17 48.50 67.61 5733 40.00
v 041 043 0.48 052 038 040 033
Max, kV 97.94 98.51 88.36 88.12 99.06 87.88 54.67
Min, kV 30.53 28.96 242 2324 3313 3175 21.67

Abbreviations: BGR: Base Gas Ratio, p: Mean, and CV: Coefficient of variation
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CiFs (Zhao et al,, 2016) Its GWP is 8,700 and its boiling point is ~8'C, which are high compared to R-12

CAEN/N, (Li et al, 2018) Its atmospheric lfetime is 30 years, which is 2.5 times more than R-12. Also, its boiling point is ~4.7°C, which
is 63% greater than R-12

CsF100, CeFy,Ofair or CO, (Mantilla et al, 2014; Simka and | High boiling point due to high molecular weight (24°C, 49°C at 0.'MPA), which increases the size of

Ranjan, 2015) electrical equipments
CEy/CO; or N, (Chen et al., 2015) CE31 has a ~22.5 C boiling point and is carcinogenic and mutagenic
HFO 1234 zeE (Costello et al,, 2015) Carbon dust is deposited on the electrodes when a breakdown occurs and its operating temperature

is =225 C at 0.1'MPA

Ny, CO,, Dry air (Juhre, 2005) Causesa significant decrease in withstanding voltage, while causing an increase in the pressure and size of the
equipment
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