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Abstract 
 
 SF6 is a potent greenhouse gas that is used as an insulating and arc-quenching medium in 

medium voltage, high-voltage, extra-high voltage and ultra-high voltage electrical systems. Due to its 

high global warming potential, there is a growing interest in developing SF6 free technologies for 

electrical power equipment. The use of SF6 alternatives is becoming increasingly popular and various 

technologies are being developed to meet the demand. These technologies include vacuum circuit 

breakers, gas-insulated switchgear and circuit breakers using alternative gases. The new technologies 

have their advantages and disadvantages, but they all share the common goal of reducing the 

environmental impact of electrical power equipment. The adoption of SF6 free technologies is expected 

to grow rapidly in the coming years driven by increasing regulatory pressure and the need to mitigate 

climate change. 

 

 

Keywords:  
Circuit breaker, SF6, SF6 free technologies, CO2 gas mixture, green house gas. 

 

Abstrakt 
 SF6 je silný skleníkový plyn, který se používá jako izolační a zhášecí médium v elektrických 

systémech VN a vyšších. Vzhledem k jeho s vysokému potenciálu globálního oteplování roste zájem 

o vývoj technologií bez-SF6 pro elektrická energetické zařízení. Použití alternativ SF6 je stále 

oblíbenější a rozmanitější technologie jsou vyvíjeny, aby uspokojily poptávku. Mezi tyto technologie 

patří vakuové vypínače, plynem izolované rozváděče a vypínače využívající alternativní plyny. Nové 

technologie mají své výhody a nevýhody, ale všechny mají společný cíl snížit vliv elektrických 

zařízení na životní prostředí. Očekávané nasazování technologií bez-SF6 v nadcházejících letech 

souvisí novými nařízeními a potřebou zmírňovat klimatické změny. 

 
Klíčová slova: 

Vypínač, SF6, Technologie bez SF6, Směs plynu CO2, Skleníkový plyn. 
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1 Introduction 

1.1 Objectives 
 Our environment is getting more poluted each day, and humanity must try to find better, 

ecological friendly solutions in every industry, even in such important field like electrical power 

engineer.  

 The aim of this Bachelor Thesis is to explain how and by which technologies is possible to 

replace SF6 Circuit Breakers. In next chapters, F-gases, traditional types, and new types of circuit 

breakers will be focused on. 

1.2  Thesis Organisation 
 In the next point of the introduction, the dangers of F-gases for our planet will be discussed. In 

the “Circuit Breaker” section, the operation of a circuit breaker will be explained. In the “Traditional 

Circuit Breaker Technologies” section, a description of traditional Technologies in this area will be 

provided. In the “SF6 Free Technologies” section, the operation of some new Technologies will be 

explained. For traditional technologies, air, oil, SF6, and vacuum CBs will be mentioned. However, for 

new technologies, examples of solutions found by leading companies in this industry, such as GE or 

Siemens, and others, will be chosen. The “Case Study” will focus on analyzing and comparing some of 

available CBs on the market. In the “Results and Discussion” section, the decision on whether the 

industry is able to replace SF6 CBs with the new Technologies will be determined. In the “Conclusion” 

section, the possible future of CBs will be discussed. 

1.3  Overview 
During the last centuries, hummanity has made significant advancements. The industry and  

inovations has resulted in a better quality of life. However, the negative consequence of all this progress 

is the polution of the planet’s environment. The primary issue is the dependence on “synthetic” 

substances that are manufactured for various industries and applications. In the field of electrical power 

engineering, one such synthetic substance is SF6 gas, which is used as quenching medium and insulation 

gas. Unfortunately, SF6 is highly detrimental greenhouse gas [1]. 

 SF6 gas belongs to the category of F-gases, which are considered the most harmful greenhouse 

gases. They have the potential to be 140 to 23,500 times more damaging to our climate than CO2. 

Moreover, SF6 is the most potent greenhouse gas ever recorded [1]. 

 Fluorinated gases (F-gases) are artificially created gases that were initially used due to their 

ozone-friendly properties. However, they are highly detrimental greenhouse gases [2]. The reason why 

F-gases are so hazardous is twofold. Firstly, they possess strong and persistent characteristics, enabling 

them to effectively absorb infrared radiation, greatly impacting the climate. Secondly, they have 
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complex decomposition processes and can remain in the atmosphere for thousands of years. For 

instance, there are no known microbiological processes in soils or plants capable of breaking down the 

bonds in SF6 molecules. Due to being human-made and synthesized in laboratories, these gases are 

much more concentrated than other greenhouse gases like CO2 or methane [1]. 

 SF6 is widely utilized in electrical power engineering applications as a dielectric medium and 

insulating material for a wide range of equipment, including switchgear and circuit breakers, spanning 

from medium voltage to ultra-high voltage levels. SF6 gas possesses excellent insulation properties and 

can withstand high electric fields, making it an ideal choice for high-voltage applications. Furthermore, 

SF6 gas engineering applications. However, it is important to note that the decomposition gases of SF6 

can be toxic to humans [3]. 

 However, it is crucial for everyone to understand that F-gases are utilized in a wide range of 

applications. It is evident from the diagram and graph below (Figure 1.1, Figure 1.2) that SF6 is not the 

most extensively used or emitted F-gas in the industry. Nonetheless, this does not dimish the importance 

of addressing its impact. It is imperative for people to actively seek alternative to SF6 [1]. 

 

 

 
Figure 1.1: Percentage of F-gases used in different applications in USA.[1] 
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Figure 1.2: Global Emissions of F-gases from 1990 to 2017.[1] 

 

 The European Union has implemented several regulations to restrict the usage of SF6 gas in 

power engineering applications due to its high global warming potential. In 2014, Regulation number 

517/2014 [4] was introduced, which limits the use of SF6 in new equipment. Subsequently, in 2018, 

Regulation number 842/2018 [5] was implemented to further restrict the use of SF6 gas in existing 

equipment, with a gradual phase-out by 2030 [6]. 

 In response to these regulations, alternative technologies are being developed as potential 

replacements for SF6 gas in power engineering applications. Some of the contenders include clean air 

(a mixture of oxygen and nitrogen), g3 (green gas for grid), and CO2-based gas mixtures. However, 

further development is needed for these technologies to fully replace SF6 across all its applications. 

Another approach to replace SF6 technology is the utilization of vacuum technologies [7]. 
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2 Circuit Breakers 
A circuit breaker is an electrical switching device  utilized  to  protect  electrical  circuits  from  

damage caused by overloads, short circuits, or system faults. It serves the purpose of network 

reconfiguration as well. Essentialy, it acts as a switch capable of interrupting the flow of electrical 

current when abnormal conditions are detected, such as sudden current surges or short circuits. In cases 

where the voltage is low, circuit breakers also detect problems and automatically interrupt the flow. 

However, for medium to high voltages, a separate device is installed alongside the circuit breaker to 

detect faults and initiate the operation of circuit breaker. [8] 

2.1 Principle of work 

In each point of the network, where CB is installed, we can assume the following circuit[9]: 

 
Short circuit equivalent is represented by R and L elements and also parasite capacity of the 

OHL and cables (parameter C) should be taken into account. 

𝑹𝒊 + 𝑳 𝒅𝒊
𝒅𝒕
+ 𝒗𝒄 = 𝑽𝒄𝒐𝒔(w𝒕)        (1) 

Where: i – current, t – time, V – voltage, w - angular frequency, 𝑣% – voltage at the circuit breker 

𝒊 = 𝑪 𝒅𝒗𝒄
𝒅𝒕

               (2) 

𝑹𝑪 𝒅𝒗𝒄
𝒅𝒕
+ 𝑳𝑪 𝒅𝟐𝒗𝒄

𝒅𝒕𝟐
+ 𝒗𝒄 = 𝑽𝒄𝒐𝒔(w𝒕)         (3) 

g = 𝑹
𝑳
           (4) 

w𝟎𝟐 =
𝟏
𝑳𝑪

           (5) 

𝒅𝟐𝒗𝒄
𝒅𝒕𝟐

+ g 𝒅𝒗𝒄
𝒅𝒕
+ w𝟎𝟐𝒗𝒄 =

𝑽
𝑳𝑪
𝒄𝒐𝒔(w𝒕)      (6) 

Where: g - Damping, w% – resonant frequency 

We assume that  there is a weak damping so . The general solution is: 

𝒗𝒄𝟎 = 𝒆.
g
𝟐𝒕𝒔𝒊𝒏(2w/0 −

g#

1
𝒕 + j)      (7) 

   

 



 
 

9 
 

Particular solution: 

𝑢23 = 𝐵𝑐𝑜𝑠(w𝑡 + y)				        (9)  
  

The characteristic equation shows what is used fort he following formulas   
Characteristic equation: 

𝑝0 + g𝑝 + w/0 = 0        (10) 

𝑝4,0 = − g
0
±2g#

1
− w/0        (11) 

Then the resulting voltage Vc will have the form: 

𝑣% = 𝑣2/ + 𝑣23 = 𝑒.
g
#6 sinBw7𝑡 + jC + 𝐵𝑐𝑜𝑠(w𝑡 + y)    (12) 

If we substitute the particular solution into the differential equation for Vc, we have: 

−𝐵w0 cos(w𝑡 + y) − 𝐵gw sin(w𝑡 + y) + 𝐵w/0 cos(w𝑡 + y) = 8
92
cos	(w𝑡) (13) 

This expresion can be plotted using a phasor diagram: 

 
Diagram 2.1.1: Phasor diagram [9] 

Then the constants B and Y of the particular solution are: 

𝐵 = 8w$#

:(w$
#.w#)#=g#w#

        (14) 

y = 𝑎𝑟𝑐𝑡𝑔( gw
w$#.w#

)        (15) 

When swithcing off the short-circuit current, we assume that the voltage Vc is 0 at the beginning 

of switching process: 

𝑣%(0) = 0         (16) 

From this initial condition we can determine the remaining constants and the resulting curve V 

at the contacts of the CB is (Figure 2.1.1) : 
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Figure 2.1.2 – Voltage transient that occurs during switching procedure. [9] 

In the Figure 2.1.2 is shown the transient phenomena that occur when opening the circuit 

breaker. To effectively stop the current it is needed to increase the dielectric strength of the media where 

is the arc formed because the transient after swithcing can create a new arc that is a very dangerous 

situation. 

 

2.2 Types of circuit breakers 
Basically Circuit Breakers can be divided in some categories. The main of them are shown in 

Table 1. 

 

Table 1: Types of Circuit breakers [10] 

Criteria Types         
Service Outdoor Indoor       
Operational 
mechanism Spring operated Pneumatic Hydraulic     
Voltage level LV MV HV EHV  UHV 
Arc extermination 
media Air Oil SF6 Vacuum SF6 free 

 

The voltage level is a significabnt factor that determines the appropriate type of circuit breaker 

for specific application. In low voltage applications, indoor ACBs are generally sufficient. For medium 

voltage applications, there are several options available, ranging from air circuit breakers to SF6-free 

circuit breakers, including both indoor and outdoor types, In high voltage applications, SF6, vacuum, 
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and SF6-free circuit breakers can be utilized, both for indoor and outdoor installations. Unfortunately, 

for extra and ultra-high voltage applications, SF6 technologies remain the primary choice. 

The second important category is the arc extinguishing medium. Each dielectric mentioned in 

the table has its own advantages and disadvantages. Some are more effective than others in terms of arc 

quenching. Currently, SF6 circuit breaker are considered the most effective technology. 

Operational mechanism has 3 types but the modern technologies are spring operated now. 

Their service can be indoor or outdoor, and in most of the times if it is mentioned that a specific 

CB can operate outdoor this automatically means that it can be located indoors as it can be seen in the 

“Case Study”. 

Also it has to be said that in this thesis the chosen way of categorising the voltage levels is like 

in Table 2. 

Table 2: Voltage Levels [11] 

Voltage level Range 
Low Voltage 0 < V < 1000 V 
Medium Voltage 1 < V < 100 kV 
High Voltage 100 < V < 300 kV 
Extra High Voltage 300 < V < 800 kV 
Ultra High Voltage 800 kV < V 

 

In this study there are going to be compared the circuit breakers by the voltage level where they 

can operate and by the arc quenching media.  
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3 Traditional Circuit Breaker Technologies 

3.1  Air Circuit Breakers 
 An air circuit breaker (ACB) is a type of circuit breaker that utilizes compressed air to extinguish 

the arc that forms between the contacts when interrupting an electrical fault. When the contacts of the 

circuit breaker open, an arc is generated, and the ACB employs a blast of compressed air to cool and 

separate the contacts, thereby preventing the current from persisting [12]. Air circuit breakers are 

commonly employed in low and medium voltage power distribution systems and are well-suitable for 

applications with high fault currents, thanks to their capacity to interrupt substantial currents. They are 

also easy to maintain and repair, in addition to being environmentally friendly [13]. 

Arc extingushing can be done in 3 ways: 

a) Increase the length of the arc; 

b) Cooling the arc; 

c) Splitting the arc into a number of series arcs. [14] 

Usually there are used at least 2 of principles mentioned above. 

Also there are two types of arc chute: 

a) Insulated plate – It relies on stretching and cooling by using refractory plates of special shape.  

b) Bare-metal-plate – This type splits the arc into some more arcs and also cools by conduction 

into the plates. [14] 

 

Figure 3.1.1: Air circuit breaker schematic. [15] 

Nowadays the Air Circuit Breakers are used for protecting the plants where is a high risk of fire 

and explosions.[16]  
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3.2  Oil Circuit Breakers 
In this type of circuit breaker, the fixed and moving contacts are immersed in mineral oil. The 

operational principle is as follows: when the contacts separate and an arc forms, the temperature causes 

the oil to vaporize and decompose, producing gases such as hydrogen, methane, ethylene, and acetylene. 

Of these gases, hydrogen gas is particularly crucial as it forms a hydrogen bubble around the arc. This 

condition facilitates the de-ionization process of the ionized gas medium between the contacts, rapidly 

increasing the dielectric strength and effectively extinguishing the arc [17]. 

The oil circuit breakers are designed for 11kV-765kV and are of two types: Bulk oil (Figure 

3.2.1) and Minimum oil (Figure 3.2.2).[18] 

The Bulk oil CB is where the oil is used as arc extinguishing media and insulating media 

between contacts and earth parts of a CB. However, the Minimum oil uses the oil just as interrupting 

media and this interrupting unit is located in an insulating chamber at live potential. [17] 

 

Figure 3.2.1: Bulk Oil Circuit Breaker Construction [19] 
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Figure 3.2.2: Minimum Oil Circuit Breaker Construction [18] 

 Nowadays, due to their high maintenance requirements and the environmental concerns 

associated with the use of oil, Oil CBs have been largely replaced by other types of CBs, such as air and 

vacuum circuit breakers. While OCBs are still used in some specialized applications, such as in large 

industrial and power generations systems, their use is becoming increasingly rare. Instead, alternative 

technologies are being developed that offer greater safety, reliability and sustainability, such as gas-

insulated switchgear and solid-state circuit breakers. These technologies offer advantages such as 

smaller size, improved performance and reduced environmental impact, making them more suitable for 

modern electrical power systems. [20] 

3.3  SF6 Circuit Breakers and SF6 gas: 
 SF6 gas offers numerous advantages for the power industry, making it highly suitable for 

systems with medium or high voltage. It possesses a constant dielectric strength, low viscosity, and high 

heat capacity. Additionally, it effectively prevents the occurrence of electric arcs due to its molecular 

fragments’ ability to quickly recombine once arc source is eliminated. Other important properties of SF6 

include its easy lequefaction, enabling compacts and cost-effective storage, its relatively affordable price 

of around 30$ per pound (0.45 kg), and its long lifespan of approximately 40 years. These exceptional 

characteristics make SF6 the preferred choice fort he power industry [21].  

 During fault conditions, when the contacts separate and an electric arc is formed, highly 

pressurized SF6 gas is rapidly released. As SF6 is an extremely electronegative gas, it readily absorbs 
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free electrons, generating negative ions that have a slower mobility than free electrons. As a result, the 

dielectric strength of the gas increases, leading to the disappearance of the arc [22]. 

There are 3 types of SF6 CB accourding to the number of interruptors: [23] 

a) Single interrupter (<245KV) 

b) Two interrupter (<420KV) 

c) Four interrupter(<800V)  

There are also SF6 CBs of single (Figure 3.3.1) and double pressure systems (Figure 3.3.2). [23] 

 

Figure 3.3.1: 1 - jet, 2 – fix contact lamella, 3 – sparking contact, 4 – moving contact, 5 – 
lamellas of moving contact, 6 – main closing valve, 7 – drive lever. [23] 

 

Figure 3.3.2: 1 – fix contact, 2 – moving contact, 3 – slippery contacts, 4 – moving tube 
chamber, 5 – fix piston, 6 – driving rod. [23] 
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The most used now SF6 CBs are of “puffer type” system (Figure 3.3.3) 

 

Figure 3.3.3: 1 – upper terminal plate, 2 – interrupter unit, 3 – lower terminal plate, 4 – 
porcelain insulator, 5 - insulating push rod, 6 - crank case, 7 – operating shaft [23] 

No doubt SF6 CB is very effective technology, but it has several important disadvantages that 

motivates people to change them with other technologies: 

a) It uses SF6 that is a very dangerous greenhouse gas with highly toxic decomposition (it can 

decompose in  S2OF10, CF4, COF2, F2, HF, H2S, NF3, F2O, SiF4, SO2, S2F10, SF4, SO2F2, 

SOF2, SOF4 and S2O2F10		); 

b) Needs frequent maintenance during which usually most of the leakage happens; 

c) Lower endurance of interrupters and contacts; 

d) Needs a lot of energy to make the mechanism operating; 

e) Has high opening and closing time; 

f) High arc duration. [24] 
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3.4 Vacuum Circuit Breakers 
Vacuum CB is one of the most ecological friendly switching technology and also is a pretendent 

for replacing the SF6 technology. [25] 

  The principle of vacuum circuit breaker operation is based on the use of vacuum as an arc 

quenching medium. When the circuit breaker contacts are separated, a high voltage arc is generated in 

the gap due to the ionization of the air. However, in a vacuum circuit breaker, the arc is rapidly 

extinguished by the absence of a medium to sustain it, as vacuum has a very dielectric strength. During 

the arc quenching process, the energy of the arc is absorbed by metal vapors, which contain both anode 

and cathode materials and formed due to intense heating of the contact material. The metal vapors are 

then condensed onto the contact surface, forming a metallic layer that provides insulation between the 

contacts. Vacuum CB’s advantages are quick response time, high reliability and low maintenance. [26] 

 

Figure 3.4.1: Schematic of Vacuum CB [25] 

 Vacuum Circuit Breakers are considered to be the best for medium voltage applications. There 

exists such technology and for HV application (>38kV) but it is very expensive. So, it is used mostly 

for medium voltage applications. [27] 

 Mainly Vacuum technology is used in metal clad switchgear and also in porcelain housed CBs. 

[27] 
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4 SF6 Free Circuit Breakers 

4.1 Alternatives 
Because of the damage cause by SF6 gas for the atmosphere the European Union introduced 

new regulations that obligates companies to stop using SF6 technologies till 2030. So the last years 

companies that produce circuit breakers have worked on finding alternatives. After different researches 

in this field there have been found some alternative gas systems that can replace SF6 for some 

applications like distribution systems right now. These are: the Clean Air (Dry Air) and CO2 based gas 

mixtures (Novec 4710 and Novec 5110). [28] 

Table 3. SF6 and alternative gases (SF6, Dry Air, Novec 4710, Novec 5110) [28] 

 

 Also another technology that is able to replace SF6 is the Vacuum Shunt technology that uses a 

combination of Vacuum CB and a gas CB (usually air or Crean Air). It is a reasonable solution for MV 

systems. [29] 

 In the next subchapters we are going to discribe the new technologies by using as examples 

solutions created by main producers that deal with SF6 problem. 
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 4.2 Siemens Energy “Blue Circuit Breaker” 
 Siemens Energy has developed a circuit breaker that utilizes a vacuum interrupter unit and 

utilizes a new insulating medium known as “clean air”. Clean air is composed of 80% nitrogen and 20% 

oxygen, and it is environmentally friendly with no harmful effects on humans. Currently, Siemens 

Energy offers circuit breakers for voltages up to 145 kV [30]. However, in 2023, Siemens Energy is 

planning to introduce the “Blue Circuit Breaker” designed for voltages up to 450 kV [31]. 

 
Figure 4.2.1. 3AV1 Blue Dead Tank CB[31] Figure 2.6.1.2 3AV1 Blue live Tank CB[31] 

 

Table 4. 3AV1 Blue vs SF6 [31] 
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 4.3 GE and 3M’s “G3 Circuit Breaker” 
 The new technology is based on g3 (g-cubed, green gas for grid). g3 is a gas based on 3M’s 

“Novec 4710” molecules that consist of Carbon, Fluor and Nitrogen (C4F7N). This gas has the same 

good qualities of SF6 as a quenching media, but it reduces 98% of the emisions. [32] The Circuit Breaker 

itself has an interrupter chamber with integral double motion technology and self-blast system that uses 

g3 just as an extinguishing media. GE presents 4 CBs that are good for different voltage levels (Table 

3). [33] 

 

Table 5. Specifications of G3 Circuit Breakers [33] 

 

 
Figure 4.3.1. Schematic of G3 Circuit Breaker [33] 
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 4.4 Hitachi “EconiQ DCB LTA” 
 Hitachi developes a Circuit Breaker for 72.5 and 145 kV applications that use as a quenching 

media a mixture of gases mostly based on CO2. Also in this gas mixture is included Fluoronitrile (C4-

FN) and Oxygen (O2). Usage of such a CB can reduce the emisions by 65% comparing to SF6 systems. 

[34] 

 
Figure 4.4.1. EconiQ DCB LTA Circuit Breaker for 72.5 kV Specifications [35] 

 
Figure 4.4.2. EconiQ DCB LTA Circuit Breaker for 145 kV Specifications [35] 
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 4.5 Schneider Electric Solutions 
 Schneider Electric does not have any SF6 free technologies for High Voltage, however the 

company provides some solutions for Medium Voltage applications. They provide 3 main types of 

Circuit Breakers: Air, Vacuum and Shunt Vacuum CBs [36]. The chapter is not going to describe the 

Air and Vacuum Circuit breakers because their operation we explained in sections 3.1 and 3.4. 

 The shunt Vacuum technology is an innovative solutions for interrupting current in a circuit. It 

combines the functions of a vacuum interrupter and a disconnector in air, resulting in a reduced number 

of components and cost savings. Additionally, it operates as a conventional three-position switch. In this 

technology, the vacuum interrupter is connected in parallel with the disconnector. This arrangement 

allows the vacuum interrupter to operate only during the breaking phase when it needs to withstand the 

transient recovery voltage. 

 As depicted in the schematic below (Figure 2.5.1), when the circuit breaker is disconnected, the 

moving contact connects to the vacuum interrupter via the pivot lever. Once the electric arc is 

extinguished, the moving contact proceeds and connects to the earthing contact [36]. 

 

 
Figure 4.5.1. Shunt Vacuum operation schematic [36] 
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5 Case Study 
In the table below, CB lines offered on the market by leading manufacturers are presented. The 

values listed, such as voltage and current, represent the maximum values for the respective product lines. 

The author compiled this table using information and documents obtained from the official websites of 

the manufacturers. In cases where certain data was not available on their websites, it was obtained by 

directly contacting a representative. To gather information on oil technology, the author reffered to old 

technical papers available on the internet and selected those that provided the necessary information for 

the table. The sections chosen for the main table are following: 

a) Model Line Name; 
b) Producer’s Name; 
c) Maximal Nominal Voltage [kV]; 
d) Voltage Level Category; 
e) Maximal Nominal Current [kA]; 
f) Maximal Short Circuit Current [kA]; 
g) Breaking Time [ms]; 
h) Arc Quenching Material; 
i) Frequency [Hz]; 
j) Volume of Oil [l per pole]; 
k) Number of Poles; 
l) Expected Minimal Lifespan [years]; 
m) Type of Service; 
n) Applications; 
o) Reference. 

However because the original table is too large it was decided to choose the main values and to  

make short tables for each voltage category (Table 6., Table 7., Table 8., Table 9., Table 10.). In these 

tables were included the following sections: 

a) Model Line Name; 
b) Producer’s Name; 
c) Maximal Nominal Voltage [kV]; 
d) Voltage Level Category; 
e) Maximal Nominal Current [A]; 
f) Maximal Short Circuit Current [kA]; 
g) Breaking Time [ms]; 
h) Arc Quenching Material; 
i) Reference. 

Also so that the table is easier to  read  and  find  needed  information  it  was  decided  to  mark  

the types of technologies by using colors. It was used grey for ACB, green for VCB, orange for SF6 

technology, yellow for oil CB and Blue for SF6-free Technologies that are created to replace the SF6 

technology. 
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Table 6. Available on Market Circuit Breakers (Short Version) for Low Voltage 

Model Producer 

Max 
Nominal 
Voltage 
[kV] 

Voltage 
Level 
Category 

Max 
Nominal 
Current 
[A] 

Max 
Short 
Circuit 
Current 
[kA] 

Breaking 
Time 
[ms] 

Material  Ref 

Masterpact 
MTZ Schneider 1,15 LV 6300 150 30 Air  [37] 

Masterpact 
NT Schneider 0,277 LV 1600 150 50 Air  [37] 

Masterpact 
UR Schneider 0,69 LV 6000 150 8 Air  [37] 

3VA MCCB Siemens 1 LV 250 100 40 Air  [38] 
Sentron 
MCCB Siemens 0,415 LV 1600 150 40 Air  [38] 

VL MCCB Siemens 0,48 LV 1600 100 50 Air  [38] 
WL PCB Siemens 0,24 LV 1000 100 50 Air  [38] 
F series Hitachi 0,69 LV 1600 125 40 Air  [41] 
L series Hitachi 0,44 LV 800 175 40 Air  [41] 
S series Hitachi 0,44 LV 800 85 40 Air  [41] 
M series Hitachi 0,5 LV 225 50 40 Air  [41] 
E series Hitachi 0,44 LV 800 50 40 Air  [41] 
R series Hitachi 0,44 LV 1200 125 40 Air  [41] 
BK63 series Hitachi 0,4 LV 63 6 40 Air  [41] 
BTK63 
series Hitachi 0,415 LV 63 10 40 Air  [41] 

A series Hitachi 0,5 LV 6300 150 40 Air  [41] 
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Table 7. Available on Market Circuit Breakers (Short Version) for Medium Voltage 

Model Producer 

Max 
Nominal 
Voltage 
[kV] 

Voltage 
Level 
Category 

Max 
Nominal 
Current 
[A] 

Max 
Short 
Circuit 
Current 
[kA] 

Breaking 
Time 
[ms] 

Material  Ref 

Masterpact 
NW Schneider 1,15 MV 6300 150 25 Air  [37] 

Easypact 
EXE Schneider 17,5 MV 2500 31,5 66 Vacuum  [37] 

Evopact 
HVX Schneider 24 MV 4000 50 15 Vacuum  [37] 

Evopact LF Schneider 17 MV 5000 50 50 SF6  [37] 
Evopact SF Schneider 40,5 MV 3150 40 60 SF6  [37] 
VA Schneider 38 MV 3150 50 60 Vacuum  [37] 
VAH Schneider 17,5 MV 8000 63 60 Vacuum  [37] 
VXA and 
VXB Schneider 27,5 MV 2500 40 60 Vacuum  [37] 

VXC Schneider 38 MV 4000 40 60 Vacuum  [37] 
Evolis Schneider 24 MV 2500 40 50 Vacuum  [37] 
GM-SG Siemens 15 MV 1200 50 80 Vacuum  [39] 
EDF SK Hitachi 72,5 MV 2500 31,5 55 SF6  [42] 
EDI SK Hitachi 72,5 MV 2500 31,5 55 SF6  [42] 
GL 107X GE 40,5 MV 2000 31,5 50 SF6  [43] 
GL 308 GE 52 MV 2000 31,5 50 SF6  [43] 
GL 309 GE 72,5 MV 2000 31,5 50 SF6  [43] 
GL 309g GE 72,5 MV 3150 40 50 g3   [43] 
GL 310g GE 100 MV 3150 40 50 g3   [43] 
GL 310 S GE 100 MV 3150 40 60 SF6  [43] 
FKG2S GE 24 MV 6800 63 50 SF6  [43] 
FKG2M GE 24 MV 8400 80 50 SF6  [43] 
FKG1N GE 27 MV 10800 120 75 SF6  [43] 
FKG1F GE 27 MV 13500 120 75 SF6  [43] 
FKGA2 GE 27 MV 14100 100 75 SF6  [43] 
FKG1X GE 32,4 MV 17000 160 75 SF6  [43] 
FKG1XV GE 32,4 MV 24000 160 75 SF6  [43] 
FKG1XP GE 32,4 MV 21000 160 75 SF6  [43] 
FKG1XW GE 32,4 MV 24000 160 75 SF6  [43] 
FKGA8 GE 33 MV 30000 210 75 SF6  [43] 
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SBS 
Minimum 
Oil CB 

BBC 
Brown 
Boveri 

12 MV 1600 43 100 Oil   [44] 

T type Fuji 
Electric 12 MV 2000 36 100 Oil   [45] 

SM AirSeT Schneider 24 MV 1250 25 50 
Clean 
Air, 
vacuum 

 [46] 

GM AirSeT Schneider 24 MV 1250 25 50 
Clean 
Air, 
vacuum 

 [46] 

RM AirSeT Schneider 24 MV 630 20 50 Clean 
Air  [46] 

Xpert UX Eaton 24 MV 4000 50 50 Air, 
vacuum  [47] 

Xpert FMX Eaton 24 MV 2000 25 50 Air, 
vacuum  [47] 

N2 Blue SGC 17,5 MV 2500 25 50 N2 gas  [48] 
DF2 SGC 24 MV 1250 25 50 Air  [48] 
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Table 8. Available on Market Circuit Breakers (Short Version) for High Voltage 

Model Producer 

Max 
Nominal 
Voltage 
[kV] 

Voltage 
Level 
Category 

Max 
Nominal 
Current 
[A] 

Max 
Short 
Circuit 
Current 
[kA] 

Breaking 
Time 
[ms] 

Material  Ref 

3AV1FG 
Blue live 
tank 

Siemens 145 HV 3150 40 40 Vacuum, 
clean air  [40] 

3AV1DT 
Blue dead 
tank 

Siemens 145 HV 3150 63 40 Vacuum, 
clean air  [40] 

3AP1 DTC Siemens 245 HV 4000 63 60 SF6   [40] 
ELK04 Hitachi 170 HV 4000 63 60 SF6  [42] 
BLF/PASS Hitachi 170 HV 3150 40 60 SF6  [42] 
ELK-14 Hitachi 300 HV 4000 63 60 SF6  [42] 
LTB D Hitachi 170 HV 3150 40 40 SF6  [42] 
COMPASS Hitachi 170 HV 2000 40 50 SF6  [42] 

Econiq 
LTA Hitachi 145 HV 2700 40 50 

CO2 
based 
gas mix 

 [42] 

GL 311g GE 123 HV 3150 40 50 g3   [43] 
GL 312g GE 145 HV 3150 40 50 g3   [43] 
GL 311 S GE 123 HV 3150 40 60 SF6  [43] 
GL 312 S GE 145 HV 3150 40 60 SF6  [43] 
GL 313 GE 170 HV 3150 40 50 SF6  [43] 
GL 314 GE 252 HV 4400 137 38 SF6   [43] 
GL 314X GE 300 HV 4000 173 40 SF6  [43] 
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Table 9. Available on Market Circuit Breakers (Short Version) for Extra High Voltage 

Model Producer 

Max 
Nominal 
Voltage 
[kV] 

Voltage 
Level 
Category 

Max 
Nominal 
Current 
[A] 

Max 
Short 
Circuit 
Current 
[kA] 

Breaking 
Time 
[ms] 

Material  Ref 

3AP 
dead 
tank 

Siemens 550 EHV 5000 90 40 SF6  [40] 

3AP 
DCB Siemens 420 EHV 4000 50 60 SF6  [40] 

ELK-3 Hitachi 550 EHV 6300 80 60 SF6   [42] 
LTB E Hitachi 420 EHV 4000 50 40 SF6   [42] 
DCB Hitachi 550 EHV 4000 63 50 SF6  [42] 
GL 315 GE 362 EHV 4000 137 38 SF6  [43] 
GL 
315X GE 362 EHV 5500 173 40 SF6  [43] 

GL 316  GE 420 EHV 4000 137 38 SF6   [43] 
GL 
316X GE 420 EHV 5500 173 40 SF6  [43] 

GL 317  GE 550 EHV 4000 137 38 SF6   [43] 
GL 
317X GE 550 EHV 5500 173 40 SF6  [43] 

DT1 GE 362 EHV 5000 63 33 SF6  [43] 
DT2 GE 550 EHV 5000 60 42 SF6  [43] 

 

 

Table 10. Available on Market Circuit Breakers (Short Version) for Ultra High Voltage 

Model Producer 

Max 
Nominal 
Voltage 
[kV] 

Voltage 
Level 
Category 

Max 
Nominal 
Current 
[A] 

Max 
Short 
Circuit 
Current 
[kA] 

Breaking 
Time 
[ms] 

Material  Ref 

3AP live 
tank Siemens 1100 UHV 5000 63 40 SF6  [40] 

ELK-4 Hitachi 800 UHV 6300 63 60 SF6   [42] 
ELK-5 Hitachi 1200 UHV 8000 63 60 SF6  [42] 
HPL B Hitachi 1100 UHV 6300 80 40 SF6  [42] 
DTB Hitachi 800 UHV 5000 63 40 SF6  [42] 
GL 318  GE 800 UHV 4000 137 38 SF6  [43] 
GL 318X GE 800 UHV 5500 173 40 SF6  [43] 
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6 Results and Discussion 
 To see better the difference between the models presented in the “Case Study” the points on 

some graphs are plotted. First all technologies are compared by such parameters as Short Circuit Current 

over Nominal Current, Breaking Time over Nominal Current and Breaking Time over Short Circuit 

Current for all voltage levels. There are two types of graphs, the first are for division on just SF6 and 

SF6-free, and the second type is showing every type of technology divided by colors. 

 
Figure 6.0.1: All Voltage Levels Circuit Breakers Current Parameters: Red – SF6 

technologies, Blue – SF6 Free technologies 

 

Figure 6.0.2: All Technologies Current Parameters: Grey – ACB, Blue – Clean Air CB, 

Red – SF6 CB, Purple – VCB, Orange – CO2 gas mixture CB, Black – Vacuum/Clean Air 

CB 
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Figure 6.0.3: All Voltage Levels Breaking Breaking Time(Inom): Red – SF6 technologies, 

Blue – SF6 Free technologies 

 

Figure 6.0.4: All Technologies Breaking Time(Inom): Grey – ACB, Blue – Clean Air CB, 

Red – SF6 CB, Purple – VCB, Orange – CO2 gas mixture CB, Black – Vacuum/Clean Air 

CB 
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Figure 6.0.5: All Voltage Levels Breaking Time(Isc): Red – SF6 technology, Blue – SF6 

Free technology 

 
Figure 6.0.6: All Technologies Breaking Time(Isc): Grey – ACB, Blue – Clean Air CB, 

Red – SF6 CB, Purple – VCB, Orange – CO2 gas mixture CB, Black – Vacuum/Clean Air 

CB 
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 6.1 Medium Voltage 
The next few graphs show the same parameters but only for medium voltage category only. 

 

Figure 6.1.1: MV Circuit Breakers Current Parameters: Red – SF6 technologies, Blue - 

SF6 Free technologies 

 

 

Figure 6.1.2: MV Breaking Time(Inom): Red – SF6 technologies, Blue – SF6 Free 

technologies 
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Figure 6.1.3: MV Breaking Time(Isc): Red – SF6 technology, Blue – SF6 Free technologies 

 

 

 6.2 High Voltage 
 The following graphs are plotted only for high voltage technologies: 

 

Figure 6.2.1: HV Circuit Breakers Current Parameters: Red – SF6 technologies, Blue – 

SF6 Free technologies 
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Figure 6.2.2: HV Breaking Time(Inom): Red – SF6 technologies, Blue – SF6 Free 

technologies 

 

 

Figure 6.2.3: HV Breaking Time(Isc): Red – SF6 technology, Blue – SF6 Free technology 
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 6.3 Extra High Voltage 
 The last  3  graphs  are for  extra  high  voltage  and  it was decided that graphs for UHV is not 

necessary because it is enough to see that SF6 free Technologies can not be used in systems with such 

high voltage 

 

Figure 6.3.1: EHV Circuit Breakers Current Parameters: Red – SF6 technologies, Blue – 

SF6 Free technologies 

 

Figure 6.3.2: EHV Breaking Time(Inom): Red – SF6 technology, Blue – SF6 Free 

technology 
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Figure 6.3.3: EHV Breaking Time(Isc): Red – SF6 technology, Blue – SF6 Free technology 

 

 

6.4 Discussion 
From the graphs in the previous chapter has to be mentioned that SF6 free technologies are 

limited not only for voltage but also for nominal current and short circuit current. Largest parameters 

for SF6 free technologies are: 

a) Nominal Voltage = 145 kV; 

b) Nominal Current = 6,3 kA; 

c) Short Circuit Current = 175 kA. 

Largest parameters for SF6 CBs: 

a) Nominal Voltage = 1200 kV; 

b) Nominal Current = 30 kA; 

c) Short Circuit Current = 210 kA. 

The other characteristics are similar. Most of CBs are in the same range if comparing Breaking 

Time, and it is between 20 to 75 ms. The minimal expected lifetime for small indoor CBs is usually 10 

years, and for the rest is 30 years and higher. There are lots of indoor and outdoor products, and there is 

a large variety of applications for SF6 and SF6 free technologies. 
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 Basically if everyone in year 2023 switched to SF6 free technologies then because of lots limits 

there wouldn’t be possible to cover some of the applications. 

 The main application were we can use SF6 free Technologies are: 

a) LV applications; 

b) Primary and Secondary distribution systems; 

c) Switching applications; 

d) Connecting building infrastructure and industrial buildings to the grid; 

e) HV applications for systems lower then 145 kV. 

Applications where we are not able to use SF6 free technologies: 

a) Generators CB for powerplants from 50 to 1500 MW; 

b) High voltage applications for systems higher then 145 kV; 

c) EHV applications; 

d) UHV applications. 

As it is mentioned by changing to SF6 free technologies in 2023, people won’t be able to move 

large amount of power across long lines because without protection it would be very dangerous. Also 

people won’t be able to use powerplants that produce more then 50 MW. 
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7 Conclusion 
In conclusion, it is evident that as of 2023, the complete replacement of SF6 technologies is not  

yet feasible. For low voltage applications, SF6 is unnecessary, while for medium voltage, it can be 

replaced if the nominal current is below 6.3 kA and the short circuit current is below 150 kA. For high 

voltage, SF6 can be replaced if the voltage is below 145 kV, the nominal current is below 3.15 kA, and 

the short circuit current is below 63 kA. 

 However, companies like GE, Siemens, and Hitachi have announced the development of the 

next generation of SF6-free CBs and switchgears, aiming to expand the limited voltage range. Siemens 

plans to expand its SF6-free HV technology portfolio untill 2030 [49]. GE has introduced a CB for 

applications up to 420 kV, set to be commercially available in 2023 [50]. Hitachi aims to offer a 420 kV 

solution by 2024, as well as a CB for power plant generators up to 220 MW by 2026 [51]. 

 Engineers are diligently working on addressing the SF6 issue, and companies regularly 

announce advancements in their technologies. However, more time is needed for comprehensive 

solutions. The challenge lies in EU regulations that mandate a transition to SF6-free alternatives by 

2030. From the author’s perspective, it would be beneficial for the EU to revise these regulations and 

provide companies with more time to develop even better solutions. For instance, extending the deadline 

to 2050 aligns with the EU’s goal of achieving full climate neutrality. 

  

 

 

 

 

 

 

 

 

 

 

 



 
 

39 
 

Bibliography and references 

[1] - Climate change and industrial F-gases: A critical and systematic review of developments, 

sociotechnical systems and policy options for reducing synthetic greenhouse gas emissions. (2021, 

February 13). Climate Change and Industrial F-gases: A Critical and Systematic Review of 

Developments, Sociotechnical Systems and Policy Options for Reducing Synthetic Greenhouse Gas 

Emissions - ScienceDirect. https://doi.org/10.1016/j.rser.2021.110759 (Accessed: 4 February 2023) 

[2] - What are F-gases and why are they harmful? (2021) European Environment Agency. Available 

at: https://www.eea.europa.eu/help/faq/what-are-f-gases-and (Accessed: 4 February 2023) 

[3] - Sensotec (2022) SF6 gas use in electrical applications, SF6. Available at: 

https://www.sf6.co.uk/sulfur-hexafluoride-gas-use-in-electrical-applications/ (Accessed: 4 

February 2023) 

[4] - Regulation (EU) no 517/2014 of the European Parliament and of the Council of 16 April 2014 on 

fluorinated greenhouse gases and repealing regulation (EC) no 842/2006 (2016) European 

Environment Agency. Available at: https://www.eea.europa.eu/policy-documents/regulation-eu-

no-517-2014 (Accessed: 4 February 2023) 

[5] - Regulation (EU) 2018/ of the European Parliament and of the Council of 30 May 2018 - eur-lex. 

Available at: https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32018R0842 

(Accessed: 4 February 2023) 

[6] - Fluorinated greenhouse gases Climate Action. Available at: https://climate.ec.europa.eu/eu-

action/fluorinated-greenhouse-gases_en (Accessed: 4 February 2023) 

[7] - DILO Company, Inc (2022) Alternatives to SF6 gas: What are the available options?, DILO 

Company, Inc. DILO Company, Inc. Available at: https://dilo.com/blog/article/alternatives-to-

sf6-gas-what-are-the-available-options (Accessed: 4 February 2023) 

[8] - Circuit breaker - Wikipedia. (2011, July 4). Circuit Breaker - Wikipedia. 

https://en.wikipedia.org/wiki/Circuit_breaker (Accessed: 17 February 2023) 

[9] – Study materials Prvky a Provoz Elektroenergetickych Soustav, Martin Čerňan (2023)  (Accessed: 17 

February 2023) 

[10] - Electrical4U (2020) Electrical Circuit Breaker: Operation and types of Circuit Breaker, 

Electrical4U. Available at: https://www.electrical4u.com/electrical-circuit-breaker-operation-

and-types-of-circuit-breaker/ (Accessed: 17 February 2023) 



 
 

40 
 

[11] – (2018) Low vs medium vs high vs EHV vs UHV Voltage Ranges, Electrical Engineering XYZ. 
Available at: https://www.electricalengineering.xyz/power-systems/low-vs-medium-vs-high-vs-
ehv-vs-uhv-voltage-ranges/ (Accessed: 17 February 2023) 

[12] - Agarwal, T. (2021) Air Circuit Breaker : Construction, types, working & its 

applications, ElProCus. Available at: https://www.elprocus.com/air-circuit-breaker-acb-

working-principle-application/ (Accessed: 24 February 2023) 

[13] - Air Circuit Breaker (ACB) TONGOU Electrical. Available at: https://elcb.net/air-circuit-

breaker-acb/ (Accessed: 24 February 2023) 

[14] -  Study materials (2022) Air circuit breakers, author P. Mindl. Available at: 

https://moodle.fel.cvut.cz/pluginfile.php/329259/mod_resource/content/0/2-

Air%20circuit%20breakers%20%5Bre%C5%BEim%20kompatibility%5D.pdf (Accessed: 24 

February 2023) 

[15] - Agarwal, T. (2021) Air Circuit Breaker : Construction, types, working & its 

applications, ElProCus. Available at: https://www.elprocus.com/air-circuit-breaker-acb-

working-principle-application/ (Accessed: 24 February 2023) 

[16] - How Air Circuit Breaker Works (2019) Dara Electrical Switchboards. Available at: 

https://electricalswitchboards.com.au/air-circuit-breaker-works/ (Accessed: 24 February 2023) 

[17] -  Electrical4U (2020) Oil Circuit Breaker Bulk and minimum oil circuit breaker, Electrical4U. 

Available at: https://www.electrical4u.com/oil-circuit-breaker-bulk-and-minimum-oil-circuit-

breaker/ (Accessed: 5 March 2023) 

[18] – Study materials (2022) Oil circuit breakers, author P. Mindl. Available at: 

https://moodle.fel.cvut.cz/pluginfile.php/329260/mod_resource/content/0/3%20OIL-

CB%20%5Bre%C5%BEim%20kompatibility%5D.pdf (Accessed: 5 March 2023) 

[19] - Technology, E. (2022) Oil Circuit breaker - types, construction, working and 

uses, ELECTRICAL TECHNOLOGY. Available at: 

https://www.electricaltechnology.org/2021/08/ocb-oil-circuit-breaker.html. (Accessed: 5 March 

2023) 

[20] - Technology, E. (2022) Oil Circuit breaker - types, construction, working and 

uses, ELECTRICAL TECHNOLOGY. Available at: 

https://www.electricaltechnology.org/2021/08/ocb-oil-circuit-breaker.html (Accessed: 5 March 

2023) 



 
 

41 
 

[21] - Wen-Tien Tsai et al. (2007) The decomposition products of sulfur hexafluoride (SF6): Reviews 

of environmental and Health Risk Analysis, Journal of Fluorine Chemistry. Elsevier. Available 

at: 

https://reader.elsevier.com/reader/sd/pii/S0022113907002369?token=7A247BBB630DB4AC90

A12A9F12CD7BC7B50C77B8AB8C90C35488FB7A477C71D24381E31AAD16E019A327A8

819309FAEF&originRegion=eu-west-1&originCreation=20221130172631 (Accessed: 11 

March 2023) 

[22] - Technology, E. (2022) SF6 circuit breaker - construction, types, working and 

uses, ELECTRICAL TECHNOLOGY. Available at: 

https://www.electricaltechnology.org/2021/08/sf6-sulphur-hexaflouride-circuit-breaker.html 

(Accessed: 11 March 2023) 

[23] – Study materials (2022) SF6 Circuit Breakers, author P. Mindl. Available at: 

https://moodle.fel.cvut.cz/pluginfile.php/329261/mod_resource/content/0/4-

SF6%20circuit%20breakers%20%5Bre%C5%BEim%20kompatibility%5D.pdf (Accessed: 11 March 

2023) 

[24] - Xiaofei Yao, Highlights•China pledged to achieve carbon neutrality in 2060 at COP21.•Vacuum 

is a preferred alternative to SF6 in switching in future power systems.•Fast vacuum circuit 

breaker can interrupt a fault current in the first half-cycle.•Fast vacuum switching and 

AbstractEven though switching in vacuum is a technology with almost 100 years of history 

(2022) Vacuum switching technology for future of Power Systems, Engineering. Elsevier. 

Available at: https://www.sciencedirect.com/science/article/pii/S2095809922000091 (Accessed: 

18 March 2023) 

[25] - Engineer, E. (2019) Vacuum Circuit Breaker (VCB) - principle, construction and 

working, StudyElectrical.Com. Available at: https://studyelectrical.com/2014/11/vacuum-

circuit-breaker-vcb-working-construction.html (Accessed: 18 March 2023) 

[26] – S. Tokoyoda, T. Inagaki, F. Page, M. Sato. Interruption characteristics of vacuum circuit 

breaker and the application to DCCB. Available at: 

https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7934958 (Accessed: 18 March 

2023) 

[27] - Ghoreyshi, S.M. (2021) Vacuum Circuit Breaker working and applications, Bornika. Available 

at: https://www.bornika.ir/en/Article/AR-1075/Vacuum-Circuit-Breaker-Working-and-

Applications (Accessed: 18 March 2023) 



 
 

42 
 

[28] – Moving towards SF6 free. Environmental Protection Agency. Available at: 

https://www.epa.gov/eps-partnership/moving-toward-sf6-free-high-voltage-circuit-breakers 

(Accessed: 26 March 2023) 

[29] - Innovative SF6 free switch with shunt vacuum interruption technology (no date). Available at: 

https://www.eaton.com/content/dam/greenswitching/innovative-sf6-free-switch-with-shunt-

vacuum-interruption-technology.pdf (Accessed: 26 March 2023) 

[30] - Runyon, J. (2022) SF6-free circuit breaker helps lower carbon emissions, POWERGRID 

International. Available at: https://www.power-grid.com/td/sf6-free-circuit-breaker-could-help-

meet-carbon-emission-goals/ (Accessed: 26 March 2023) 

[31] – Siemens SF6 Free catalogue. Available at: https://www.siemens-

energy.com/global/en/offerings/power-transmission/innovation/blue-high-voltage-products.html 

(Accessed: 1 April 2023) 

[32] - (PDF) characteristics of G3 – an alternative to SF6 - Researchgate (no date). Available at: 

https://www.researchgate.net/publication/321202644_Characteristics_of_g3_-

_an_alternative_to_SF6 (Accessed: 1 April 2023) 

[33] – GE g3 technology description. Available at 

https://www.gegridsolutions.com/hvmv_equipment/catalog/gl310g-310-311-312g.htm (Accessed: 1 

April 2023) 

[34] - Hitachi ABB Power Grids launches EconiQ sustainability-oriented solution (no date). Available 

at: https://www.mepmiddleeast.com/suppliers/77723-hitachi-abb-power-grids-launches-econiq-

sustainability-oriented-solution (Accessed: 1 April 2023) 

[35] - Hitachi EconiQ Circuit Breaker. Available at: https://www.hitachienergy.com/products-and-

solutions/high-voltage-switchgear-and-breakers/air-insulated-switchgear/econiq-disconnecting-circuit-

breaker-lta (Accessed: 1 April 2023) 

[36] - Product Documentation & Software Downloads | Schneider Electric (no date). Available at: 

https://download.schneider-

electric.com/files?p_Doc_Ref=MKTED210011EN_Catalogue&p_File_Ext=.PDF (Accessed: 1 April 

2023) 

[37] – Schneider Electric ACBs. Available at: https://www.se.com/ww/en/product-category/4200-

circuit-breakers-and-switches/    (Accessed: 8 April 2023) 



 
 

43 
 

[38] – Siemens low voltage circuit breakers. Available at: 

https://new.siemens.com/us/en/products/energy/low-voltage/low-voltage-circuit-breakers.html 

(Accessed: 15 April 2023) 

[39] – Siemens MV switchgear https://www.siemens.com/us/en/products/energy/medium-

voltage/medium-voltage-switchgear/medium-voltage-circuit-breakers.html (Accessed: 15 April 2023) 

[40] – Siemens High Voltage portfolio. Available at: https://www.siemens-

energy.com/global/en/offerings/power-transmission/portfolio/circuit-breakers.html (Accessed: 15 

April 2023) 

[41] – Hitachi low voltage circuit breakers. Available at: 

https://www.hitachi.com.sg/ice/products/switches_breakers/index.html (Accessed: 23 April 2023) 

[42] – Hitachi high voltage circuit breakers. Available at: https://www.hitachienergy.com/products-

and-solutions/high-voltage-switchgear-and-breakers#news (Accessed: 23 April 2023) 

[43] – GE MV/HV circuit breakers. Available at: 

https://www.gegridsolutions.com/hvmv_equipment/catalog/livetank_circuitbreakers.htm (Accessed: 

23 April 2023) 

[44] – Minimum Oil circuit breaker with spring operation mechanism instruction. Available at: 

https://library.e.abb.com/public/422ae06775599d40c125728700595042/Instruction_Oil_CB_SBS12_S

BS24_AG90234.pdf (Accessed: 23 April 2023) 

[45] – Fuji T-Type minimum oil volüme circuit breaker. Available at: 

https://www.fujielectric.com/company/tech_archives/pdf/15-04/FER-15-04-103-1969.pdf (Accessed: 

23 April 2023) 

[46] -Schneider Electric SF6 free switchgear. Available at: 

https://www.se.com/ww/en/work/products/product-launch/sf6free-mv-technology/ (Accessed: 29 

April 2023) 

[47] – Eaton switchgear. Available at: https://www.eaton.com/us/en-us/products/medium-voltage-

power-distribution-control-systems/switchgear.html (Accessed: 29 April 2023) 

[48] – Switchgear company SF6 free MV switchgear. Available at: 

https://www.switchgearcompany.eu/sf6-free-mv-switchgear/ (Accessed: 29 April 2023) 

[49] – Siemens SF6 free technology from Berlin. Available at: https://www.siemens-

energy.com/global/en/news/magazine/2022/sf6-free-technology-from-berlin.html (Accessed: 6 May 

2023) 



 
 

44 
 

[50] – GE Press Release. Available at: https://www.ge.com/news/press-releases/ge-unveils-world-1st-

420-kv-sf6-free-g3-circuit-breaker-for-gas-insulated-substations (Accessed: 6 May 2023) 

[51] – Hitachi Energy press  https://www.hitachienergy.com/news/press-releases/2022/11/hitachi-

energy-to-provide-world-s-first-sf6-free-420-kv-gas-insulated-switchgear-technology-at-tennet-s-grid-

connection-in-germany (Accessed: 6 May 2023) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

45 
 

List of Appendixes 

Appendix A – Case Study Data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

46 
 

Appendix A 

 

 

 

 



 
 

47 
 

 

 

 

 

 

 

 



 
 

48 
 

 


