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Abstract

:

Due to its high greenhouse effect, the use of SF6 as the main insulating gas is restricted in the electric power field. Along with the aim of environmental protection, the search for new alternative gases with a lower greenhouse effect and higher insulation strength has received a lot of attention. The properties of alternative gases have a vital impact on the performance of medium-voltage power distribution equipment. Firstly, based on the existing liquefaction temperatures of SF6/N2, SF6/CO2, and SF6/CF4, the calculated liquefaction temperatures were expanded to 0.7 MPa. Combining the Antoine vapor-pressure equation and the basic law of vapor–liquid balance, the vapor pressures of SF6/N2, CF3I/N2, c-C4F8/N2, C4-PFN/N2, C4-PFN/CO2, and C5-PFK/CO2 were obtained. Secondly, the critical breakdown field strength was analyzed for C4-PFN/CO2, C5-PFK/CO2, SF6, CF3I/N2, C5-PFK/Air, and c-C4F8/N2. Finally, the GWPs of SF6/N2, C4-PFN/N2, C4-PFN/CO2, C5-PFK/CO2, and C5-PFK/N2 were discussed. The results show that the liquefaction temperature gradually decreases as the pressure rises; SF6/N2 has the highest vapor pressure at −5 °C; the critical breakdown field strengths of several mixtures are higher than that of SF6.
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1. Introduction


Since the beginning of the 21st century, the greenhouse effect has become one of the biggest challenges for mankind. Due to the unregulated emission of greenhouse gases, the disadvantages of global warming have become more and more prominent. The excellent performance of the SF6 gas in insulation and its arc-extinguishing performance makes it absolutely dominant in the power system, [1] but its GWP value is about 23,900 times greater than that of CO2 and its atmospheric life is about 3400 years. It is a big threat to the environment. In 1997, more than 100 countries signed the Kyoto Protocol to control greenhouse gas emissions, thus limiting the use of SF6 [2]. In addition, SF6 has some inherent defects such as its high cost, sensitivity to inhomogeneous electric fields, being unsuitable for alpine areas, and its toxic decomposition products [3]. In the field of electric power, it is an inevitable trend to restrict and replace the use of SF6 [4]. It is the demand of the electric power field to find new alternative gases with more stable chemical properties, lower GWP value, and higher insulation strength.



At present, the alternative gases are mainly divided into three categories [5]. The first is the simple insulating gas such as air, N2, CO2, etc. These gases have stable chemical properties, low cost, require simple preparation, lower liquefaction temperature, and have a lower greenhouse effect. Toshiaki et al. [6] investigated the insulation strength of N2, CO2, and dry air. They found that the insulation strength of dry air was greater than that of N2 and CO2 at 0.5 MPa. The insulation strength of dry air at 0.6 MPa is less than that of the SF6/N2 gas mixture. Aanensen et al. [7] found that the arc extinguishing ability of CO2 is stronger than that of dry air, and it is possible to replace SF6 in all aspects. Guo et al. [8] analyzed the breakdown characteristics of the CO2/O2 mixture. Yousfi et al. [9] and Basurto et al. [10] measured the critical breakdown characteristics of CO2 and its mixture with SF6, N2, and O2 using the Thomson pulse discharge method. Lim et al. [11] studied the insulation characteristics of N2 and compressed air, and made a prospect for the alternative gas of medium-voltage equipment. However, the simple insulating gases have some disadvantages. Pure N2 has low insulation strength due to its poor electron adsorption ability. In order to reach the insulation strength of SF6, the pressure of N2 needs to be increased to 3–4 times that of SF6. The increase in pressure means an increase in the size of the equipment, the floor area of the equipment, and the economic cost. Therefore, it is necessary to determine the application of these gases according to the actual situation.



The second is the mixture of SF6 with air, N2, CO2, or other gases. SF6 quickly occupies the power system because of its excellent insulation ability, but the liquefaction temperature of pure SF6 is high. This greatly limits its use in cold areas. Even worse, its GWP value is very high so that it does not contribute to the concept of environmental protection. To solve these problems, researchers have put forward the idea of “partial substitution” and tried to mix N2, CO2, or dry air with SF6. This not only effectively reduces the liquefaction temperature, but also reduces GWP. Pinheiro et al. [12] simulated the critical breakdown field strength of mixtures of SF6 with He, Xe, CO2, and N2. They found that the SF6/N2 mixture has the highest critical breakdown field strength. Lee et al. [13] studied the breakdown characteristics of 40 kinds of gas mixtures. Their results show that the breakdown characteristics of the SF6/N2 mixture are closest to those of pure SF6. Hernández-Ávila et al. [10] measured the electron transport parameters and breakdown characteristics of SF6/CO2 at different mixing ratios. Wang et al. [14] analyzed the critical breakdown strength of SF6/CO2 and SF6/He mixtures. Zhao et al. [15] calculated the critical breakdown field strength of SF6/N2 at −15 °C and −25 °C.



The third is the new electronegative gas [16,17]. The “partial substitution” method can only temporarily solve the insulation problem of medium-voltage distribution in alpine regions. In the long run, the trend of medium-voltage distribution in the insulation medium field will have to find substitutes with more stable chemical properties, higher insulation strength, and lower GWP. At present, perfluorocarbons (c-C4F8, CF3I, C5F10O, C6F12O, C4F7N, C3F8, C2F6) as electronegative gases are often studied. Because of the special chemical structure, their insulating properties are strong. What is more important is that their GWPs are far lower than that of pure SF6, which means they are not destructive to the ozone layer. However, the electronegative gases have high liquefaction temperatures, which seriously limit their application. For example, the liquefaction temperatures of C5F10O and C6F12O gases are at 26.5 °C and 49 °C at atmospheric pressure, respectively [18], which obviously cannot meet the application in alpine regions. To reduce the liquefaction temperatures of insulating media, a certain proportion of buffer gas (CO2, N2 or CF4) can be added to these gases.



From this analysis, the existing research shows that the abovementioned gases cannot fully meet the requirements of SF6 replacement. The performance of an electronegative gas mainly depends on its properties (critical breakdown field strength, liquefaction temperature, saturated vapor pressure). However, few systematic studies have addressed the properties of electronegative gas. Thus, in order to provide a scientific basis for the development of power equipment that would contribute to environmental protection, we analyze the advantages and limitations of the three kinds of SF6 alternative gases mentioned above and study the influence of different components of the mixed gases on liquefaction temperature, saturated vapor pressure, and critical breakdown field strength, on the basis of these properties and their GWP.




2. Saturated Vapor Pressure and Liquefaction Temperature


2.1. Calculated Model


Pure SF6 as an insulating medium has higher saturated vapor pressure, and it needs to add N2, CO2, CF4, or other buffer gases to reduce the saturated vapor pressure and liquefaction temperature. Therefore, it is necessary to explore the liquefaction temperatures and saturated vapor pressures of the mixtures. According to the existing liquefaction temperature data of SF6/N2, SF6/CO2 and SF6/CF4 at 0.3 MPa, 0.5 MPa, and 0.7 MPa [6], the equation for obtaining the liquefaction temperature is as follows:


  t = A  p 2  + B  x 2  + C p + D x + E  



(1)




where p is the pressure (MPa), x is the insulating medium fraction, and t is the liquefaction temperature (°C). The fitting parameters (A, B, C, D) are shown in Table 1.



Using the equation above, the liquefaction temperatures of mixed gases were calculated for three groups ranging from 0.1 to 0.7 MPa. Figure 1 shows the experimental and calculated results for three groups under 0.5 MPa. From the calculated results, it can be seen that the accuracy of our model is good, which can thus meet the engineering application. We can further explore the liquefaction temperature of mixed gases under different pressures using this model.



Since the saturated vapor pressure of mixed gas is difficult to measure by experiments, we used the combination of the Antoine vapor pressure equation and the basic law of gas–liquid balance to determine the fit and regression values of the saturated vapor pressure of the existing mixed gas [19]. The specific equation is as follows:


  lg  (   p 1 0   )  =  A 1  −    B 1     t 1  +  C 1     



(2)






  lg  (   p 2 0   )  =  A 2  −    B 2     t 2  +  C 2     



(3)






   p 1 0  x = p y  



(4)






   p 2 0   (  1 − x  )  = p  (  1 − y  )   



(5)




where    p 1 0    and    p 2 0    are the saturated vapor pressures of pure components 1 and 2, respectively; t1, t2 are the liquefaction temperatures of components 1 and 2, respectively; A, B, C are the Antoine Constants; p is the saturated vapor pressure of the mixed gas; x and y are the mole fractions of the liquid and gas phases, respectively.




2.2. Calculated Results


The liquefaction temperatures, as shown in Figure 2, were calculated for different components of SF6/N2, SF6/CO2, and SF6/CF4 at a pressure of 0.1~0.7 MPa using the equations above.



From Figure 2, we can see that the liquefaction temperature was affected by the mixing ratio and pressure. As the mixing ratio of SF6 increases, the liquefaction temperature of the mixture continues to rise in a non-linear trend. Compared to SF6/N2 and SF6/CF4, SF6/CO2 has a weak nonlinearity. When the mixing ratio is the same, the liquefaction temperature appears to increase as the pressure increases. As shown in Figure 2c, for example, when x takes the value of 0.4, the liquefaction temperature at 0.1 MPa is about −79.54 °C; the liquefaction temperature at 0.7 MPa is about −43.18 °C.



Figure 3 shows the liquefaction temperature of SF6/N2, SF6/CO2, and SF6/CF4 at pressures of 0.2, 0.4, and 0.6 MPa. It can be seen that the liquefaction temperature of the mixed gas has a similar upward trend as the mixing ratio x changes, but the liquefaction temperature is different due to the different types of mixed gases. Taking Figure 3c as an example, when the pressure is 0.6 MPa, the liquefaction temperature has the following relationship: SF6/N2 < SF6/CF4 < SF6/CO2. As the mixing ratio of the insulating medium increases, the three liquefaction temperatures gradually approach the same level. When x = 0.2, the liquefaction temperature of SF6/N2 is about −46.54 °C, while that of SF6/CF4 is about −60.78 °C, and that of SF6/CO2 is about −65.54 °C. When x = 0.4, the three liquefaction temperatures are −41.01 °C, −47.17 °C, and −49.72 °C, respectively. This shows that the addition of N2, CO2, CF4 or other buffer gases does effectively reduce the liquefaction temperature of SF6. The higher the buffer gas content, the lower the liquefaction temperature of the mixed gas. There are similar conclusions under other pressures.



According to the Antoine vapor pressure equation and the basic law of gas–liquid equilibrium, we selected electronegative gases with higher insulating media (C4-PFN, C5-PFK, c-C4F8, and CF3I) and buffer gases (N2 and CO2) as the research objects in order to explore the saturated vapor pressure of mixed gases under different conditions. Figure 4 shows the calculated saturated vapor pressures of mixed gases at a mixing ratio of 1:9 and at temperatures from −50 to 50 °C. Figure 5 compares the saturated vapor pressures of studied mixed gases at −5 °C.



As can be seen in Figure 4: (1) Under the mixing ratio (10%/90%), the six groups show the same trend when the temperature changes, that is, as the temperature rises, the saturated vapor pressure of each group of mixed gases increases. For example, when the temperature is −40 °C, the saturated vapor pressure of CF3I/N2 is about 0.423 MPa, and when the temperature is −20 °C, its saturated vapor pressure is about 1.058 MPa. (2) At the specified temperature, the saturated vapor pressure is as follows: CF3I/N2 > c-C4F8/N2 > C4-PFN/N2 > C4-PFN/CO2 > C5-PFK/N2 > C5-PFK/CO2. Under the mixing ratio, the saturated vapor pressure curve of CF3I/N2 between −50 and 50 °C is significantly higher than that of other mixed gases. When considering the characteristic of saturated vapor pressure alone, CF3I/N2 has the best saturated vapor pressure performance at a mixing ratio of 10%/90%.



Based on Figure 5, it can therefore be concluded that the saturated vapor pressures of all mixed gases exhibit a similar trend as the mixing ratio of the insulating gas increases at −5 °C. The saturated vapor pressure of each mixed gas increases with the rising mixing ratio of the insulating medium. Taking SF6/N2 as an example, the saturated vapor pressure is at about 5.47 MPa when x = 0.2. When x = 0.4, the saturated vapor pressure is at about 2.93 MPa. The saturated vapor pressure values of the mixed gases are as follows: SF6/N2 > CF3I/N2 > c-C4F8/N2 > C4-PFN/N2 > C4-PFN/CO2 > C5-PFK/CO2, with SF6/N2 having the highest saturated vapor pressure at −5 °C. When considering only the characteristics of saturated vapor pressure, CF3I/N2 appears to be the mixed gas most likely to replace SF6/N2, but there is still a certain gap between the two values.





3. Critical Breakdown Field Strength and GWP Value


Safar et al. [20] studied the breakdown characteristics of SF6 mixed with N2, CO2, and air. They found that the breakdown characteristics of the SF6/CO2 mixture at a specific pressure and mixing ratio are even stronger than that of pure SF6. Hwang et al. [21] and Zhao et al. [22] investigated the breakdown characteristics of SF6/CF4. Li et al. [18] measured the critical breakdown field strength of C4F7N and C5F10O mixed with CO2. The experiment showed that the addition of CO2 effectively increased the critical breakdown field strength, and that the characteristics of the mixed gas even surpassed those of SF6 at a certain ratio, pressure, and temperature. Yamamoto et al. [23] compared the breakdown strength of c-C4F8/N2, c-C4F8/CO2, and c-C4F8/air. Zhao et al. [15] analyzed the critical breakdown field strength of C4-PFN/CO2 and SF6/CO2 at −15 °C and −25 °C. Based on the abovementioned research, we summarized the critical breakdown field strength of a variety of mixed substitute gases at −25 °C, as shown in Figure 6.



Figure 6 shows that pure SF6 has the highest critical breakdown field strength when x < 17.3%. When x > 17.3%, the critical breakdown field of C5-PFK/CO2 is stronger than that of pure SF6. When x > 60.2%, the critical breakdown field of C5-PFK/Air is stronger than that of pure SF6. When x > 90.2%, the critical breakdown field of C4-PFN/CO2 is stronger than that of pure SF6, but the critical breakdown field strength of c-C4F8/N2 is smaller than that of SF6. The critical breakdown field of CF3I/N2 is stronger than that of pure SF6 when x > 74.5%. Therefore, a mixed gas in the appropriate mixing ratio can be selected in the actual demand to replace pure SF6.



SF6 has a high GWP, which is a major defect. Therefore, it is necessary to study the GWP of alternative mixed gases. Figure 7 shows a comparison of the GWP changes of each mixed gas under different mixing ratios. From Figure 7, we can see that SF6/N2 has the highest GWP, followed by C4-PFN/N2, C4-PFN/CO2, C5-PFK/CO2, and C5-PFK/N2. Therefore, when only GWP is used as a basis for reference, C5-PFK/N2 is the mixed gas with the greatest advantage.




4. Conclusions


In order to find the suitable alternative gas in the field of medium-voltage power distribution equipment, the advantages and limitations of three kinds of SF6 substitutes were analyzed based on the thermodynamic properties. Using the discrete data, the liquefaction temperatures of SF6/N2, SF6/CO2, and SF6/CF4 were obtained from 0.1 to 0.7 MPa. Under the same pressure, the liquefaction temperatures of mixed gases showed an upward trend as the proportion of SF6 increased. Since the saturated vapor pressure of mixed gas is difficult to obtain by experiments, the Antoine vapor pressure equation and basic law of gas–liquid balance were combined to calculate the saturated vapor pressure of the mixed gases. When the ratio of mixed gas was determined, the saturated vapor pressure of the mixed gas demonstrated an increase with the increase in temperature. The order of the saturated vapor pressure values is as follows: CF3I/N2 > c-C4F8/N2 > C4-PFN/N2 > C4-PFN/CO2 > C5-PFK/N2 > C5-PFK/CO2. Compared to the critical breakdown field strengths of mixed gases, we found that the critical breakdown field strength of each mixed gas has different degrees of decline when buffer gas is added. C5-PFK/CO2 when x > 17.3%, C5-PFK/Air when x > 60.2%, CF3I/N2 when x > 74.5%, and C4-PFN/CO2 when x > 90.2%; the critical breakdown field strengths of these mixed gases exceeded that of pure SF6. The critical breakdown field strength of c-C4F8/N2 is always less than that of SF6. According to the GWP analysis of SF6/N2, C4-PFN/N2, C4-PFN/CO2, C5-PFK/CO2, and C5-PFK/N2, it was C5-PFK/N2 that had the lowest GWP. C5-PFK/CO2 also has better GWP. Research on the substitution of SF6 gas is a long process. It is not advisable to replace SF6 by considering only a single superior property. The characteristics of liquefaction temperature, saturated vapor pressure, critical breakdown field strength, and GWP should be considered comprehensively.
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Figure 1. Comparison of experimental and calculated liquefaction temperatures for three groups at 0.5 MPa. 
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Figure 2. The relationship between the liquefaction temperature of the three mixed gases and the concentration of the components. 
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Figure 3. The relationship between the liquefaction temperature of the mixed gas and the mixing ratio x under different pressures. 
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Figure 4. Comparison of saturated vapor pressure within −50~50 °C at a mixing ratio of 10%/90%. 
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Figure 5. Comparison of the saturated vapor pressure of mixed gases at a temperature of −5 °C. 
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Figure 6. Comparison of the critical breakdown field strength of mixed gases at −25 °C. 
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Figure 7. The relationship between working fluid to mixing ratio and GWP. 
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Table 1. Parameters of each gas mixture.
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Mixture

	
SF6/N2

	
SF6/CO2

	
SF6/CF4




	
Parameter

	






	
A

	
−40.25

	
−37.97

	
−41.35




	
B

	
−56.31

	
−3.25

	
−45.63




	
C

	
90.36

	
85.81

	
93.74




	
D

	
112.9

	
29.61

	
95.41




	
E

	
−125.6

	
−90.15

	
−119.4
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