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Abstract 

Escalating modernization has intensified the load requirement in metropolitan areas, which will 

mount further in future due to increasing trend of urbanization. Moreover, obligation of power 

system stability requires upgradation and new installation of power transmission systems (PTSs). 

Conventional PTSs include overhead lines (OHLs), underground cables (UGCs) and gas insulated 

lines (GILs). OHLs as well as UGCs face several impediments regarding their metropolitan 

applications like proximity concerns, aesthetics, right of way concerns, trench requirements, 

electromagnetic compatibility (EMC) concerns, land devaluation, health concerns, and repeated 

excavations due to faults. Conventional GILs also encounter several hindrances regarding their 

implementation in urban localities like larger bending radius, trench requirements, structural 

rigidity, right of way concerns, land devaluation, aesthetics and larger laying length at bends. Thus, 

complexities associated with conventional schemes necessitate the trenchless subsurface 

implementation of PTSs which requires structural pliability and significant load bearing capability.    

Considering the concerns mentioned above, in this thesis, a flexible gas insulated transmission line 

(FGIL), comprising of pliable enclosure, conductor and insulator is proposed for trenchless 

subsurface application of PTSs. Concerning the proposed scheme, a comprehensive design and 

analysis was performed in this research regarding electrostatic, dielectric and mechanical aspects. 

Practicability of performed design was analyzed analytically as well as through Autodesk Inventor 

and COMSOL Multiphysics based simulations. Further, an enclosed sphere gap discharge 

arrangement was developed in order to perform practical investigations regarding the synergistic 

dielectric characteristics of proposed conductor support with different gaseous dielectrics. 

Additionally, in order to identify the effectiveness of proposed electrode irregularity suppression 

scheme for FGIL, reinforced polyvinylchloride enclosure based 11 kV prototypes of FGIL were 

developed and analyzed through high voltage testing. Finally, as per the performed design, an 11 

kV prototype of FGIL, comprising of polyethylene enclosure, was developed and tested through 

standard power frequency and lightning impulse withstand tests, in order to identify the dielectric 

withstand capability of proposed scheme. Results reveal that the proposed scheme could provide 

substantial structural flexibility along with the required electrical as well as mechanical integrity 

regarding trenchless subsurface applications of PTSs and could simplify the complexities 

associated with metropolitan applications of conventional PTSs.
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Chapter 1  

Introduction  

1.1 Overview  

Electrical power transmission is considered as the transfer of electrical power in bulk quantity from 

an electrical power generating station to a distantly located substation. This interconnection is 

different from the one used to link consumers, which is categorized as the electrical power 

distribution system. Generally, power transmission and distribution systems, in conjunction, are 

considered as the national grid or power grid. This chapter gives a brief description regarding the 

historical background of electrical power transmission system and describes as well as compares 

its presently used variants. Additionally, research motivations and contributions of thesis are 

briefly described. Finally, a compendious outline of this dissertation is also provided in this 

chapter.   

1.2 Historical Background 

Prior to the inception of electricity, different techniques used for power transmission over long 

distances include; telodynamic (cable in motion), hydraulic and pneumatic transmission. In 1882, 

Thomas Edison’s company, developed the first electrical power station, which was meant to 

provide electricity to the several consumers of New York city of United States of America (USA) 

[1, 2]. This system had a capacity of 100 kW and it served approximately 500 consumers of 

Manhattan. Later on, in September 1882, a hydroelectric power station, having a capacity of 12 

kW, went in to operation. Soon after, in December 1882, a central electric power station was built 

in New York City, which provided electricity to both arc lights and incandescent lamps [1, 2]. In 

initial days, electricity was generated at locations closer to the equipment requiring electrical 

power. However, with the extended distances between load centers and generation centers, need 

of transmission system was greatly observed. Thus, first single phase AC transmission line was 

developed in 1889, in USA, and soon after, in 1891, first three phase AC transmission line was 

installed in Germany [1, 2] . Now a day, national-grid comprises of complex transmission network 

as well as heavily loaded distribution system and different transmission schemes are used to 

interconnect distantly located power substations. 
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1.3 Conventional Power Transmission Schemes 

Conventional electrical power transmission system (PTS) comprise of overhead lines (OHLs), 

underground cables (UGCs) and gas insulated lines (GILS) [3-7]. These schemes are being used 

for AC as well as DC power transmission. The development of PTS dates back to the late 

nineteenth century. First OHL, having an operating voltage of 2.4 kV DC and a line length of 59 

km, was installed in Germany in 1882 [1, 2]. Realizing the constraints of voltage conversion in a 

DC system as well as the power losses due to long distances, importance of AC system was greatly 

notified regarding the PTS. In 1885, William Stanley developed a practical transformer for 

commercial applications, and shortly after, in 1889, first single phase AC transmission line, having 

an operating voltage of 4 kV and a line length of 21 km, was installed in Oregon, United States [1, 

2]. Soon after, in 1891, first three phase AC transmission line, having an operating voltage of 12 

kV and a line length of 179 km, was installed in Germany [1, 2]. These applications of PTS 

comprised of bare conductors placed on metallic supporting structures. Following years observed 

tremendous improvement in the voltage level of OHLs, and in 1912, first 110 kV OHL was set in 

to operation [8]. Soon after, in 1923, first 220 kV OHL was installed [8]. Later on, improvement 

in insulation equipment and voltage conversion techniques, resulted in tremendous growth of PTS 

which facilitated in performing long distance power interconnections and transmission.    

History of power cables is almost as old as the OHLs, however, high voltage characteristics of 

solid insulation materials was a major constraint in this field. First jute insulated DC cables were 

used by Thomas Edison in 1880, in USA, and soon after, in 1882, he used rubber insulated cables 

on Pearl street in New York, USA [9]. In 1925, rubber insulated cables, having an operating 

voltage of 7.5 kV were developed [10]. Later on, research in the insulation material of underground 

cables significantly improved the insulating characteristics of solid dielectrics, which consequently 

resulted in the development of polyvinyl chloride (PVC), ethylene propylene rubber (EPR) and 

cross linked polyethylene (XLPE) insulated power cables. First EPR insulated power cable was 

developed commercially in 1962, and in 1968, first XLPE insulated cable for medium voltage 

application was developed [10]. Further, the development of field grading materials (FGM), in 

1972, significantly improved the high-voltage insulation characteristics of power cables [10]. Later 

on, in 2000, first XLPE insulated power cable, having an operating voltage of 500 kV was installed 

in Tokyo, in Japan [11].  
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Gas insulated transmission line (GIL) is a relatively newer technique in comparison to OHLs and 

UGCs. The development of GIL could be categorized in to first generation and second generation 

GIL. Primary differences in the two schemes include alteration of insulating gas and incorporation 

of structural pliability [12].  First SF6 insulated system was developed in 1968, which then led to 

the development of gas insulated substation (GIS) [13]. Earliest commercial implementation of 

first generation GIL was performed in 1974 in Germany [14]. This system has proved its reliability 

as an efficient PTS through its safe operation over decades. Pioneer installation of second 

generation GIL was developed in 2001, in Switzerland [14]. In this project, GIL was implemented 

in a tunnel and is operational since January 2001.  

Brief structural detail and component description of the above mentioned PTS along with their 

critical comparison regarding different operational aspects is described in the following sections.  

1.3.1 Overhead Lines 

OHLs basically comprise of single or multiple, bare conductors, hanged at appropriate heights 

above the ground plane by using supporting structures, called pylons [15, 16]. Different conductors 

used in OHLs include; aluminium conductor steel reinforced (ACSR), all aluminium conductor 

(AAC), all aluminium alloy conductor (AAAC), aluminium conductor aluminum alloy reinforced 

(ACAR) and aluminium conductor steel supported (ACSS) [16, 17]. The conductors are supported 

over the pylon with insulator string, having an appropriate mechanical as well as electrical 

strength. Major concern of OHL design is to provide significant ground clearance as well as to 

provide sufficient structural strength against potential damaging factors such as wind loading, ice 

loading, thunderstorms and earthquake [16-20] . Depending upon the imposed stresses, tangential 

and lattice type towers are used in OHLs. However, in the case increased stresses, such as at line 

bends and terminations, guy wires are used for additional stress management [17, 18, 21]. OHLs 

could be classified on the basis of their operating voltages as high voltage lines (138 kV), extra-

high voltage lines (345 kV to 800 kV) and ultra-high voltage lines (above 800 kV) [15, 16, 22]. 

Additionally, OHLs could also be classified on the basis of line length as short lines (up to 60 km), 

medium lines (between 80 km to 250 km) and long lines (above 250 km) [15-17]. OHLs also 

comprise of guard wire as well as guard ring, in order to protect the line components from transient 

over voltages due to lightning and switching surges. OHLs also provide the opportunity of 

implementing bundled conductors, which significantly curtails the intricacies of corona, radio 
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noise and audible noise [23, 24]. Additionally, bundling also minimizes the power losses and 

provides higher ampacity in comparison to equivalent single conductor [24, 25].     

1.3.2 Underground Cables 

UGCs are generally implemented in the power system, for AC as well as DC voltages, where 

OHLs are not applicable due to unavoidable circumstances [26]. UGCs used for electrical systems 

could be single core or multicore, and are generally implemented in underground trenches, 

conduits as well as are directly laid under the earth’s surface [26, 27]. UGCs comprise of different 

layers over the conductor such as conductor screen, electrical insulation, insulation screen, metallic 

sheath, bedding, armouring and serving [27]. The electrical insulation layer and serving are 

generally thermoplastic materials such as PVC and XLPE. Based upon their application voltages, 

UGCs could be categorized as low-tension cables (up to 1000 V), high-tension cables (up to 11 

kV), super-tension cables (22 kV to 33 kV), extra-high-tension cables (33 kV to 66 kV) and extra-

super-voltage cables (above 132 kV) [27, 28]. Additionally, based upon their constructional 

specification, UGCs could be categorized in to belted cables (up to 11 kV), screened cables (22 

kV to 66 kV) and pressure cables (above 66 kV) [28]. Regarding medium and low voltages, 

electrostatic stresses within a cable are generally radial, and thus belted cables are suitable for 

these voltage. However, for cables operating above 22 kV, tangential stresses may also augment 

the flow of leakage current, and thus screened cables or pressure cables are suitable for these 

voltages. Additionally, FGMs are used in power cables in order to minimize the electrostatic 

stresses due to conductor’s contour irregularity [29, 30]. Such stresses result in regions of elevated 

electric field over the surface of stranded conductor. FGMs, such as, silicon carbide (SiC) and 

carbon black have non-linear conducting characteristics and facilitate the minimization of field 

intensity as well as field irregularity [30, 31]. Field control by FGMs could be customized as per 

the required field homogeneity by controlling the basic characteristics of FGM such as grain shape, 

size and concentration [32, 33]. 

1.3.3 Gas Insulated Lines 

GIL is being used for high voltage power transmission regarding long as well as short distances. 

It is a good candidate for applications which require very high transmission capacity but OHLs are 

not practicable. They are being implemented for aerial, terrestrial, tunnel and underground 
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applications. GIL comprises of a hollow aluminium conductor, supported concentrically by solid 

post type insulators, within an aluminium enclosure [12, 14, 34]. Primary insulation medium in 

GIL is basically a compressed gaseous mixture of N2 and SF6, at a gas pressure of approximately 

7 bar [5, 35]. Prefabricated GIL modules, having standard length of 12 to 18 m, are transported to 

the site, which are than welded together to develop the line section [12, 14]. Custom developed 

angle units are used to bend the line at any desired angle between 40 to 900 [14]. In addition to 

straight and angle units, GIL also comprises of a compensator unit in order to compensate the 

thermal expansion of enclosure. However, in directly buried scheme, compensator unit is not 

required, because, line expansion is restricted by the soil weight. Further, in order to ensure the 

dielectric integrity of GIL, a particle trap is also provided which results in a field-less space for 

any particles within the electrode gap [34, 36, 37]. Owing to its metallic profile, significant 

corrosion protection is required for GIL regarding its aboveground as well as underground 

applications, and thus, passive as well as active corrosion protection techniques are accordingly 

implemented [13, 14]. GIL also comprises of secondary equipment, such as, temperature, pressure 

and partial discharge measurement equipment [13, 14].   

1.3.4 Critical Comparison 

Techniques used for power transmission, described above, have several merits as well as demerits, 

which ultimately influence the implementation of any scheme for a specific application. Critical 

comparison of conventional PTSs regarding different operational aspects is provided here.  

 Minimum ground clearance is a key concern in OHLs, which ultimately requires long 

heighted supporting structures and result in implementation complexities, specifically in 

urban vicinities [15]. However, regarding cables and GILs, ground clearance is not 

problematic as they could be implemented under the ground.    

 In comparison to OHLs and UGCs, right of way constraints are relatively relaxed for GIL, 

as subsurface implementation of GIL allows the aboveground to be utilized for other useful 

purposes like agriculture or road development, which ultimately results in substantial cost 

reduction [14, 34].  

 The probability of fault occurrence in OHLs is very high as they are directly influenced by 

environmental hazards [15]. However, in UGCs, it is relatively lower due to their 
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underground implementation, while almost negligible in the case of GIL due to its 

completely enclosed structuring [14, 30, 38]. 

 Fault clearing time in OHLs is relatively lesser due to convenient approach and visual 

observation of fault location. However, in UGCs, fault location and rectification is a 

tedious and time taking job, as it may require extensive excavation [28, 30, 39]. 

 In comparison to OHLs, GIL is resistant to severe environmental conditions such as wind 

loading, ice loading, critical temperature, pollution as well as solar radiation [14]. UGCs 

are also not influenced by wind or ice loading, however, ambient temperature and pollution 

influence their operational life [3, 26]. 

 GIL ensures a high level of technical and personal safety in comparison to OHLs and UGCs 

during on state as well as off state because the enclosures are electrically attached to each 

other and solidly grounded [12, 14]. 

 In comparison to OHLs and UGCs, GIL has the highest implementation cost [40]. After 

GIL, UGCs have the second highest implementation expenses [40]. However, GIL has the 

lowest operational expenses due to negligible environmental impact, higher transmission 

capacity, lower fault probability as well as lesser resistive and dielectric losses.   

 Resistive and dielectric losses of GIL are lesser in comparison to OHLs and UGCs, which 

ultimately result in reduced operational cost of GIL in comparison to other PTS [5, 13, 41]. 

Additionally, owing to its lesser capacitance, generally, compensation for phase angle is 

not required. Fig 1.1 compares the losses of OHLs, UGCs and GILs [13].   

 In comparison to OHLs and UGCs, GILs provide higher operational safety and reliability 

[14]. 

 Due to solidly grounded as well as interconnected enclosures, the electromagnetic 

compatibility (EMC) concerns of GIL are minimal in comparison to OHLs as well as UGCs 

[13, 14]. Thus, GIL does not require additional electromagnetic shielding even for the 

regions which require strict EMC, such as urban areas, networking centers and airports.  

Figure 1.2 compares the electromagnetic field levels apropos of GILs, UGCs and OHLs 

[13]. 
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Figure 1.1: Losses comparison for GILs, UGCs and OHLs. 

 

Figure 1.2: Electromagnetic field levels apropos of GILs, UGCs and OHLs. 

 Fire protection for OHLs and GILs is substantially reduced and no essential procedures 

like fire wall development and tunnel segregation need to be performed, as are required in 

the case of UGCs [42, 43].  

 In comparison to OHLs and UGCs, GILs have the highest power transfer capacity [12, 14]. 

 Regarding seismically active regions, OHLs and GILs are not preferable schemes, as they 

may result in operational discontinuity due to failure of structural components by excessive 
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vibrations [12, 14, 44, 45]. Thus, their implementation in such regions require additional 

protective measures and result in increased project cost. 

 Regarding possible load extension, OHLs provide the flexibility of implementing new 

conductors of higher ampacity, while utilizing the same supporting structures. However, 

regarding GILs and UGCs, new lines need to be implemented. 

Based upon the above comparison of conventional PTSs, it can be concluded that GILs are superior 

in contrast to OHLs and UGCs, because they have higher operational reliability, lesser resistive 

and dielectric losses, lesser fault rate, higher power transmission capacity, lesser operational 

expenses, lesser electromagnetic field levels, lesser right of way constraints, negligible fire 

constraints, higher operational safety and negligible environmental constraints. However, 

implementation cost of GIL is higher in comparison to OHLs and UGCs. Further, GIL does not 

offer the flexibility regarding load extension. Additionally, intrinsic structural rigidity of GILs 

result in their larger bending radius as well as lay length and require additional land space at bends, 

which is difficult to provide in the developed localities [12, 14]. Further, bending of GIL requires 

angle units at bends, which are welded on site with straight units [12, 14]. Thus, cost as well as 

probability of gas leakage is increased due to increased jointing. Moreover, their underground 

implementation requires extensive excavation for trench and tunnel development, which 

ultimately increases the project’s cost as well as implementation time and GIL faces tremendous 

opposition from locals of urban vicinities [12, 14, 34]. Thus, despite having several operational 

benefits and application perspectives, GIL faces obstructions regarding their implementation in 

metropolitan areas.     

1.4 Research Motivations 

Realizing the concerns of diminishing land, EMC issues, aesthetics, safety, reliability as well as 

the necessity of high rating power transmission lines in urban vicinities, presently, 

multifunctionality of tunnels and are under investigation regarding the implementation of power 

transmission lines in them. For instance, implementation of GIL in traffic and railway galleries of 

metropolitan areas are being investigated by different researchers [42, 43]. However, tunnel 

development in urban localities is quite tedious and expensive, due to the required excavation as 

well as land shortage. Additionally, such developmental works are critically opposed by the 
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residents of metropolitan cities, due to land devaluation, safety concerns and distress of locals [46-

51]. Thus, in order to meet the bulging energy requirements of protruding urbanization along with 

the simplification of intricacies associated with metropolitan applications of conventional PTSs, a 

feasible solution could be the development of a flexible gas insulated transmission line (FGIL). 

FGIL could provide following benefits in comparison to the conventional PTSs. 

 Structural flexibility of FGIL could eliminate the requirement of excessive excavation for 

trench development, as they could be implemented through horizontal directional drilling 

based trenchless cable laying technique. 

 FGIL could eliminate the requirement of corrosion protection as the outer enclosure will 

be of thermoplastic or thermoset material. 

 Structural flexibility of FGIL could result in substantial reduction of angle units as well as 

laying length due to reduced bending radius. 

 Reduction of angle units will ultimately minimize the project implementation time as well 

as cost, due to substantial joint reduction. 

 FGIL will not significantly influence the aesthetics, as the above ground could be utilized 

for other works, after the implementation of FGIL. 

 Structural flexibility of FGIL will minimize the seismic vulnerability of conventional GIL. 

 FGIL could facilitate the minimization of EMC concerns associated with metropolitan 

application of conventional PTSs. 

 Due to their lesser fault probability, FGIL could minimize the post implementation 

excavation for fault inspection and rectification.  

 FGIL could result in significant reduction of implementation cost, as trench development 

and extensive excavation will be eliminated along with the minimization of lay length. 

1.5 Research Contributions 

Concerning the metropolitan constraints of conventional PTSs, and realizing the operational 

benefits as well as intricacies of conventional GILs, a structurally flexible variant of GIL is 

proposed in this thesis. Additionally, a detailed electro-mechanical design and analysis of the 
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proposed scheme is performed by using COMSOL Multiphysics, Autodesk Inventor and 

MATLAB. Moreover, standard enclosed sphere gap discharge arrangement, is designed and 

developed, in order to analyze the dielectric characteristics of proposed insulator for FGIL, in 

combination with different insulating gases. Additionally, based upon the performed design, 

prototype models of FGIL are developed in order to investigate the operational practicability of 

the proposed scheme regarding different key aspects. 

1.6 Thesis Outline 

This dissertation, in total, comprises of eight chapters. Chapter 1 describes and compares the 

conventional power transmission schemes. Further, this chapter also highlights the research 

objectives and contributions of this dissertation. Chapter 2 delineates a comprehensive literature 

review regarding the intricacies associated with implementation of conventional power 

transmission schemes in metropolitan areas. Additionally, this chapter also describes the problem 

statement. Chapter 3 gives a brief description of GIL, including its developmental history, 

technical details, design aspects and laying schemes. Finally, concerning the complexities of GIL, 

this chapter describes and compares a proposed variant, flexible gas insulated line (FGIL), for 

metropolitan applications of conventional GIL. In chapter 4, a detailed mechanical design and 

analysis of the proposed scheme is described by using analytical approach as well as software 

based modeling. In this chapter, software based modeling is performed by using Autodesk Inventor 

and MATLAB. In chapter 5, a detailed electrical design and analysis of the proposed scheme is 

described by using analytical approach as well as software based modeling. In this chapter, 

software based modeling is performed by using COMSOL Multiphysics and MATLAB. Based 

upon the performed electro-mechanical design, chapter 6 describes the development of a prototype 

of FGIL along with its practical investigations regarding dielectric aspects. Additionally, this 

chapter also describes the results of practical investigations regarding the synergistic dielectric 

characteristics of flexible conductor supports and insulating gases. Chapter 7 compares the 

proposed and conventional gas insulated power transmission schemes regarding economical 

aspects. Chapter 8 concludes this dissertation and highlights the significance of author’s 

contribution. Moreover, this chapter also describes the potential future work in this domain.   
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Chapter 2  

Literature Review 

2.1 Overview  

Escalating modernization has intensified the load requirement in metropolitan vicinities, which 

will mount further in future due to increasing trend of urbanization. Additionally, the obligation 

of power system stability requires upgradation as well as new installation of transmission lines, in 

order to meet the electricity needs of urban localities. This chapter highlights the importance of 

high-voltage transmission lines in urban vicinities by relating the population and load growth 

trends of different metropolitan cities of the world. Moreover, this chapter also specifies the 

complexities associated with implementation of conventional PTSs in developed localities, and 

highlights the necessity of trenchless subsurface transmission scheme. Finally, this chapter 

summarizes the problem statement.   

2.2 Escalating Urban Sprawl 

Urbanization is the increase in population count of a region, due to shifting of individuals from 

less developed areas to more developed areas. This shifting basically results due to the human’s 

desire of acquiring economic development and better quality of living. The world’s urban 

population has increased from 751 million to 4.2 billion, over a span of approximately seven 

decades [52]. As per the United Nation’s statistics, presently, urban population makes up 

approximately 55 percent of the total world’s population, and it may increase up to 68 percent by 

the end of 2050 [53]. Population share of urban areas in developed countries, like China, Russia 

and France has already increased significantly as compared to the population share of their rural 

areas [54]. Developing countries, like Pakistan and Bangladesh, are also facing increased 

urbanization, and in near future, population share of their urban areas will increase in comparison 

to the population share of their rural areas [52, 54]. Figure 2.1, Figure 2.2 and Figure 2.3 shows 

the share of urban and rural population in Pakistan, China and Russia respectively as per the United 

Nation’s urbanization statistics [54]. Thus, owing to this population shift, Karachi, Beijing, 

Moscow and Shanghai are considered among the world’s top ten metropolitan cities and their 

population has increased drastically over the last few decades [55]. Figure 2.4, Figure 2.5, Figure 
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2.6 and Figure 2.7 shows the population growth in these cities over the last three decades, as well 

as, the expected increase in it up till 2035 respectively [54, 56-62].  

 

Figure 2.1: Population’s percentage in rural and urban localities of Pakistan. 

 

Figure 2.2: Population’s percentage in rural and urban localities of China. 

 

Figure 2.3: Population’s percentage in rural and urban localities of Russia. 
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Figure 2.4: Population growth trend and count of Karachi. 

 

Figure 2.5: Population growth trend and count of Beijing. 

 

Figure 2.6: Population growth trend and count of Moscow. 
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Figure 2.7: Population growth trend and count of Shanghai. 

Escalating urbanization has resulted in increased infrastructural development like residential, 

commercial and industrial buildings, which ultimately lead to the land scarcity as well as increased 

energy requirement within metropolitan areas. Additionally, modernization, automation, urban 

warming due to excessive carbon emissions and desire of improved living standards has 

significantly increased the energy requirements within metropolitan cities of developing as well as 

developed countries. For instance, urban areas of China consume approximately 67% of the 

produced electrical energy, and this consumption is expected to increase up to approximately 73% 

by 2030 [63]. Further, as per Building Energy Research Center of Tsinghua University (BERC), 

floor area of residential buildings in urban areas of China, have been increasing at the rate of 

approximately 1.5 billion m2 per year since 2001, and has reached the level of 21.3 billion m2 [64]. 

Thus, electricity consumption by residential sector in metropolitan areas of China has increased 

more than thrice from 2001 to 2014 [64, 65].  

Similar trend of urban agglomeration has been notified around the globe, which will ultimately 

result in expansion of existing metropolitan areas as well as the development of new ones in near 

future [52, 53]. As per the United Nation’s statistics, till 2016, 31 cities around the globe were 

categorized as the megacities, however, by the end of 2030, this count is expected to increase up 

to 41 cities [51-53]. Thus, thoughtful consideration is necessarily required regarding the energy 

supply and consumption measures as well as the land availability for implementing PTSs for such 

areas. 
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2.3 Protruding Load Requirements and High-Voltage Lines 

Electrical load density of metropolitan areas is increasing significantly around the globe, with its 

peak occurring along the central locations [66-68]. Primary reason for this increased demand is the 

development of residential, commercial and official buildings, extensively comprising of different 

categories of electrical loads [63]. In early days, remotely located power generation units were 

connected through high-voltage OHLs to the power substations, located and connected in a ring 

structure, at the outskirts of metropolitan areas [69, 70]. These substations were than used to 

provide electricity for different areas of the city through low-voltage transmission lines as well as 

distribution lines [69, 70]. However, due to escalating urban sprawl, such substations could now 

no more be considered at the outskirts, and their interconnecting high-voltage lines significantly 

impact the aesthetics as well as the population living beside them [46, 69, 71-75]. Additionally, 

load requirement of metropolitan areas has tremendously increased over the past few decades, and 

will mount further in future [51, 63, 64, 66, 68, 76]. Thus, upgradation as well as new installation 

of power transmission lines is essentially required in metropolitan areas, in order to minimize 

excessive voltage drops and power losses along with the improvement of power system stability 

and efficiency. For instance, urbanization rate in China has increased from 37.7% to 55% from 

2001 to 2014, while average annual load growth rate between 1980 to 2012 had been 9.2%. 

Resultantly, it is assumed that electricity consumption of metropolitan areas of China will grow 

up to 73 percent by 2030, and thus, new power transmission lines will be required in order to meet 

the electrical load of such areas [51, 63-67, 77]. Figure 2.8, Figure 2.9 and Figure 2.10 shows the 

electricity consumption as well as the load growth trend of Shanghai, Beijing and Moscow, over 

the past several years [78-80]. These cities are presently considered among the world’s top ten 

largest metropolitan cities [55].     

Realizing the protruding load requirement as well as population of metropolitan localities, power 

management agencies are greatly concerned regarding the fulfillment of their energy demand [51, 

63, 67-69]. However, due to critical land shortage, proximity concerns, aesthetics, land 

devaluation, health issues as well as several safety concerns, selection of line corridor and 

implementation of power transmission lines in urban localities has become quite tedious [46, 48, 

49, 71, 73-75, 81-83]. In early days, infrastructure planning and development of electrical network 

for cities, was done only by the state owned institutions. However, nowadays, municipalities and 
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citizens are also interested regarding the various stages of infrastructure planning and 

development, because, power transmission networks have now been integrated in to metropolitan 

areas due to urban sprawl [48, 68, 69, 83, 84]. Additionally, citizens living beside the power 

installations, are getting more concerned as they would be directly influenced by the power 

transmission lines and substations [48, 69, 81, 83, 84]. Thus, appropriate measures are essentially 

required regarding metropolitan applications of power transmission lines, in order to ensure the 

fulfillment of energy demands as well as the safety of individuals living alongside the electrical 

installations.  

 

Figure 2.8: Electricity consumption trend in Shanghai over the past three decades. 

 

Figure 2.9: Electricity consumption trend in Beijing over the past three decades. 
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Figure 2.10: Electricity consumption trend in Moscow over the past two decades. 

2.4 Metropolitan-Intricacies of Conventional Transmission Schemes 

The conventional PTSs such as OHLs, UGCs and GILs encounter different problems regarding 

their implementation in metropolitan areas. Metropolitan intricacies of conventional PTSs could 

be categorized in to three types; operational, visual and environmental concerns [69]. Operational 

concerns represent the complexities regarding right of way, EMC issues, audible noise, cost, 

implementation schemes, land availability and required clearances.  Visual concerns represent the 

issues regarding proximity, aesthetics and architectural aspects. Environmental concerns represent 

the impact upon ecology, health issues, effect of natural hazards and impact of ambient chemical 

agents. Brief description regarding the intricacies associated with the metropolitan application of 

conventional PTSs is described below. 

 Due to land shortage, provision of required clearances for transmission lines is quite 

difficult in urban localities [42, 43, 49, 75]. 

 Spatial proximity is a major concern for power transmission lines in urban localities and 

results in critical health and safety concerns of individuals living nearby [46, 71, 81]. 

 Owing to land shortage, trench or tunnel development for UGCs and GILs, as well as 

installation of overhead structures, is quite tedious due to extensive excavation and 

prolonged distress of locals [12, 85, 86]. 
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 Metropolitan application of OHLs and UGCs result in critical EMC concerns due to higher 

levels of electromagnetic fields [12, 13, 46, 73]. 

 Owing to land shortage, right of way is a major constraint associated with metropolitan 

implementation of conventional PTSs [15, 69, 87]. 

 Implementation of power transmission lines in metropolitan areas greatly influence their 

ecology, as trees, bushes and vegetation need to be cleared along the path of line corridor 

[69, 75, 81]. 

 Underground implementation of cables in metropolitan areas result in corrosion of adjacent 

utility pipes, and thus, their operational life is reduced [74, 82]. 

 Implementation of power transmission lines in metropolitan areas result in land 

devaluation, and thus, are opposed by locals [47, 87, 88] . 

 Implementation of OHLs in metropolitan areas result in audible noise, radio interference 

as well as television interference in the areas nearby [15, 89-92].  

 In case of environmental hazards, such as, hurricanes, floods and typhoons, transmission 

line structures impose a critical threat upon the residents nearby [15, 45, 93-95] .  

 Environmental pollution due to escalating urbanization degrades the operational life of 

transmission equipment, due to corrosive effects of pollution, and thus reduces it reliability 

[96-100]. 

Based upon the above mentioned complexities, it can be concluded that considering the current 

urban sprawl, underground power transmission appears to be quite suitable for metropolitan 

applications, in comparison to overhead power transmission. However, complexities associated 

with underground power transmission need to be simplified in order to facilitate their practicability 

in urban localities.  

2.5 Necessity of Trenchless Subsurface Transmission Scheme 

Underground power transmission is normally performed through UGCs and GILs [6, 7, 86]. 

Implementation of both schemes require trench or tunnel development as well as could also be laid 

directly in to the ground, but, all of the mentioned techniques require extensive excavation [101-
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103]. Undergrounding of transmission lines protect them against the natural disasters such as 

windstorms, hurricanes and floods. However, it substantially increases the project’s 

implementation cost due to the required excavation and trench development. Generally, the 

approximated cost for implementing underground transmission lines is 4 to 14 times higher than 

OHLs having similar operational characteristics [40, 104]. Additionally, the land required for 

underground transmission in urban and suburban vicinities, exceeds substantially as compared to 

that required for similar rated OHLs, due to extensive excavation and digging [105]. For instance, 

the spoil excavated during the implementation of UGCs, is approximately 14 times higher than 

that for OHLs [105]. Thus, traffic disruption, land devaluation and distress of locals is significantly 

higher regarding the implementation as well as troubleshooting of UGCs in comparison to the 

OHLs. Thus, in addition to their developmental cost, such complexities also significantly influence 

the implementation of underground transmission schemes, and resultantly, OHLs are considered 

as a more feasible approach. For instance, Wisconsin has a transmission line network of almost 

12,000 miles, out of which less than 1% is constructed underground [104]. 

The importance of underground transmission lines has been significantly notified by planning and 

implementation experts, specifically for metropolitan areas, due to diminishing land, 

environmental hazards, escalating urbanization and protruding load requirement. Thus, 

complexities associated with conventional underground transmission line laying schemes 

necessitate the requirement of trenchless laying schemes such as horizontal directional drilling 

(HDD) based laying technique [106-108]. HDD is already in practice for implementing trenchless 

water and gas pipelines in urban areas [109-112]. Additionally, the concerns associated with 

troubleshooting of UGCs, like repeated excavation for fault location as well as rectification, 

essentially require that the probability of fault occurrence should be significantly minimized [39, 

113]. Conventional GIL has a very minimal fault probability in comparison to OHLs and UGCs, 

however, their intrinsic structural rigidity makes them unsuitable for HDD based trenchless laying 

scheme [6, 12, 14].  

2.6 Problem Statement 

Escalating urban sprawl has resulted in increased load density as well as opportunity congestion 

for upgradation or new installation of conventional PTSs [51, 63, 64, 66, 68, 69]. In near future, 

owing to rapidly diminishing space, EMC concerns, health issues, spatial proximity concerns, right 
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of way constraints as well as safety concerns, OHLs would be almost prohibitive in metropolitan 

vicinities [13, 15, 46, 47, 69, 71, 75]. A possible alternate, for the mentioned problem, could be 

UGCs. However, their implementation as well as troubleshooting in case of faults, requires 

extensive excavation and trench development, which is critically opposed by the locals due to 

prolonged distress [38, 114, 115]. Additionally, locating and clearing of fault, in UGCs, is quite 

tedious and time taking. Moreover, spatial proximity concerns, EMC concerns as well as corrosion 

of adjacent metallic pipes are major apprehensions regarding metropolitan applications of UGCs 

[13, 72, 74, 81]. 

Conventional GIL could simplify several complexities of OHLs and UGCs like spatial proximity 

concerns, health issues, EMC concerns, system instability owing to higher fault probability and 

corrosion of adjacent metallic pipes [14, 34, 49, 71, 75, 81]. However, right of way constraints of 

conventional GIL are quite similar as compared to OHLs and UGCs. Further, owing to their 

intrinsic structural rigidity, conventional GIL also faces several impediments regarding their 

implementation in metropolitan vicinities like larger lay length and minimum longitudinal bending 

radius (MLBR), requirement of angle units to minimize the required land area at bends, trench or 

tunnel development regarding their underground implementations [6, 12, 14, 34]. Additionally, 

their metallic profile results in their increased weight, corrosion vulnerability, jointing 

complexities and seismic vulnerability [6, 12, 13]. Thus, implementation cost of conventional GIL 

is significantly higher in comparison to OHLs and UGCs.  

Realizing the concerns of diminishing land, EMC issues, aesthetics, safety, reliability, land 

devauation as well as the necessity of high rating power transmission lines in urban vicinities, 

presently, multifunctionality of tunnels and are under investigation regarding the implementation 

of power transmission lines in them. For instance, implementation of GIL in traffic and railway 

galleries of metropolitan areas are being investigated by different researchers [42, 43, 116]. 

However, tunnel development in urban localities is quite tedious and expensive, due to the required 

excavation as well as land shortage. Moreover, such developmental works are critically opposed 

by the residents of metropolitan cities, due to land devaluation, safety concerns and distress of 

locals [63, 64, 69]. Additionally, structural rigidity of conventional GIL will require larger land 

area at bends, which will result in increased tunnel length as well as project’s implementation 

cost[12, 14].  
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In order to meet the bulging energy requirements of protruding urbanization along with the 

simplification of intricacies associated with metropolitan applications of conventional PTSs, a 

feasible solution could be the development of a flexible gas insulated transmission line (FGIL). 

Owing to its structural flexibility, FGIL could result in substantial reduction of MLBR as well as 

seismic vulnerability of conventional GIL. Further, FGIL will not require corrosion protective 

measures which are essentially required in conventional GIL, as the outer enclosure will be of 

nonmetallic material. Structural flexibility and reduced MLBR of FGIL will minimize its lay 

length as well as the requirement of angle units at bends. Thus, in comparison to the conventional 

GIL, FGIL will require lesser land space at bends and will minimize the equipment cost. 

Additionally, due to its structural flexibility, FGIL could be implemented in underground 

applications through HDD, and thus, could eliminate the requirement of extensive excavation for 

trench or tunnel development. Hence, FGIL could be a potential candidate regarding the fulfillment 

of protruding energy requirements along with the simplification of complexities associated with 

implementation of conventional PTSs within metropolitan areas. 

Concerning the practicability of proposed scheme, in this research, a comprehensive analytical 

design of FGIL apropos of different electro-mechanical aspects, along with creep estimations, is 

performed. Further, considering this analytical design, Autodesk Inventor, COMSOL 

Multiphysics and MATLAB based design finalization as well as analysis regrading different 

electro-mechanical aspects is performed. Additionally, a recursive design algorithm for FGIL is 

also developed. Moreover, in order to identify the practicability of proposed scheme, laboratory 

based practical investigations are also performed in this research. In this context, an enclosed 

sphere gap discharge arrangement, based upon IEC 60052:2002 standard, is designed and 

developed, in order to practically examine the dielectric characteristics of proposed insulator for 

concentric conductor alignment, in conjunction with different insulating gases. Additionally, 

considering the performed electro-mechanical design and analysis, different prototypes of FGIL 

are developed in order to practically investigate the proposed scheme regarding different technical 

aspects.  
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Chapter 3  

Gas Insulated Transmission Line 

3.1 Overview  

Gas insulated transmission line (GIL) technology was developed on the basis of sulphur 

hexafluoride (SF6) gas due to its excellent dielectric characteristics. SF6 is basically an artificial 

gas, which is non-corrosive, non-toxic, inert, non-flammable and stable over long time. GIL is 

suitable for terrestrial, subsurface and above surface applications regarding power transmission as 

well as interconnection of high-voltage substations. This chapter gives a brief description of GIL, 

including its developmental history, technical details, design aspects and laying schemes. 

Additionally, this chapter also highlights the technical constraints associated with metropolitan 

applications of conventional GIL. Finally, concerning these complexities, this chapter describes 

and compares a proposed variant, flexible gas insulated line (FGIL), for metropolitan applications 

of high-voltage transmission lines.      

3.2 Components of GIL 

GIL comprises of two concentric aluminium alloy tubes; the inner tube serves as the conductor 

and the outer tube serves as enclosure for the insulating gas [12, 14, 117, 118]. The metallic 

enclosure also provides the reference ground point in GIL. Primary insulation medium in GIL is 

basically a compressed mixture of N2 and SF6 gases in a ratio of 80:20. Regarding concentric 

conductor alignment, solid post insulators are used, which are supported by the outer enclosure of 

GIL [12, 14, 119]. Further, GIL also consists of a particle trap, used to immobilize any charged 

particles in the electrode gap of GIL. GIL is constructed in the form of standard units, having their 

length between 11.5 and 13.5 m, which are then joined together with the help of orbital welding 

on the site [12, 14, 120]. Specially developed elbow modules and extension modules are used to 

bend the line at any specific angle between 40 and 900 [14, 121]. Dimensional specifications of 

GIL are specified by considering the thermal, mechanical and dielectric aspects. Figure 3.1 shows 

the basic configuration of GIL [122]. Further, Figure 3.2 shows the straight and angle modules of 

GIL [14, 34]. 
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Figure 3.1: Basic configuration of GIL. 

 
Figure 3.2: Straight and angle module of gas insulated line.  

3.3 Developmental History 

Development of GIL is basically divided in to two generations i.e. first generation and second 

generation. Major variances in the two generations include modification of primary insulation 

medium and incorporation of structural flexibility [119]. Structural flexibility facilitated the 

installation of GIL due to reduction of longitudinal bending radius of GIL up to 400 m [14]. 

3.3.1 First Generation of GIL 

Primary insulation medium in first generation of GIL was SF6 gas. First experimental 

investigations for enclosed chamber, containing SF6 gas, were conducted in 1960s with high-

voltage AC as well as DC voltages and first application was the gas insulated bus bar section [123]. 
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First SF6 enclosed structure was introduced in 1968 which paved the way for gas insulated 

substation (GIS). Development of GIL and GIS was performed in parallel along with the 

development of techniques for installation, monitoring and jointing of GIL. Pioneer installation of 

first generation of GIL, the Schluchsee project, was developed in 1974 in Germany [124]. The 

installed system has proved its superiority and reliability through its safe operation over decades 

as an efficient power transmission scheme. Despite its higher transmission capacity and reliability, 

first generation of GIL faced reluctance from technical experts due to its high project cost, 

structural rigidity and requirement of large volume of SF6 gas. SF6 gas has a very high global 

warming potential, and now, its production is constrained as per the sanctions of Kyoto Protocol 

[125].  Thus, modification of first generation of GIL was necessarily required in order to curtail 

the complexities associated with it. Table 3.1 shows the technical specifications of Schluchsee 

project i.e. the pioneer application of first generation of GIL [124].   

Table 3.1: Technical specification of Schluchsee project. 

Nominal voltage 380 kV 

Maximum voltage 420 kV 

Nominal current 2000 A 

Lightning impulse voltage 1640 kV 

Switching impulse voltage 1200 kV 

Power frequency voltage 750 kV 

Rated short time current 135 kA 

Insulation gas Pure SF6 

3.3.2 Second Generation of GIL 

Since 1970s, tremendous research has been conducted for a suitable alternative to SF6 which 

revealed some potential alternatives, however, they were noticed to be more critical regarding 

global warming and toxicity [126, 127]. Investigations revealed that N2 and SF6 gas mixture, 

having 20% SF6 content, exhibits up to 80% insulating characteristics in comparison to pure SF6 

at the same gas pressure [128]. Primary insulation medium in second generation of GIL is a 

mixture N2 and SF6 gases in a ratio of 80:20 [6]. Further, structural flexibility was incorporated in 

this generation, which resulted in a longitudinal bending of up to 400 m [14]. Pioneer installation 

of second generation of GIL, the Palexpo project, comprising of 80% N2 and 20% SF6, at a gas 
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pressure of 7 bar, was developed in 2001 in Switzerland [129]. This application was developed in 

an underground tunnel and is operational since January 2001 [14]. The installed system has proved 

its superiority and reliability through its safe operation over the last several decades as an efficient 

power transmission scheme. Table 3.2 shows the technical specifications of Palexpo project i.e. 

the first application of second generation of GIL [129].   

Table 3.2: Technical specification of Palexpo project. 

Nominal voltage 300 kV 

Nominal current 2000 A 

Lightning impulse voltage 1050 kV 

Switching impulse voltage 850 kV 

Power frequency voltage 460 kV 

Rated short time current 50 kA 

Insulation gas 80% N2 and 20% SF6 

Gas pressure 7 bar 

3.4 Design Criteria of GIL 

GIL system basically comprises of a coaxial structure and it is designed as per IEC 62271-204 

standard [122]. Dimensional specifications of GIL depend upon its insulation coordination [14, 

130]. Further, insulation coordination of an equipment depends upon its rated voltage. In certain 

applications, GIL is coupled with OHLs, which may be subjected to lightning strokes that causes 

transient overvoltage. Transient overvoltage in GIL could be constrained by implementation of 

surge arresters along the line length [130]. Such arresters facilitate in acquiring lower insulation 

level of GIL and reduces its dimensional specifications, which ultimately reduces the required 

insulating gas volume.  

Dimensional specifications of GIL are also influenced by its rated current because ampacity of 

GIL is restricted by the allowable operating temperature. Allowable operating temperature of GIL 

depends upon its implementation scheme and varies accordingly for terrestrial, underground and 

tunnel installations [14]. Short circuit current rating of GIL also requires critical consideration 

regarding design point of view. Additionally, gas pressure constraints, seismic vulnerability and 

particle contamination of electrode gap necessitate thoughtful consideration regarding the design 

of GIL. Following sections briefly describe various design aspects of GIL. 
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3.4.1 Mechanical Aspects 

Mechanical design of GIL is influenced by the thermal expansion of enclosure as well as the 

installation scheme. Differential expansion of conductor and enclosure could be controlled by the 

implementation of sliding contacts [12]. Further, regarding implementation scheme, significantly 

high pressure is imposed upon the enclosure of GIL, in the case of directly buried GIL. Such 

pressure occurs due to the earth load and traffic load. Additionally, longitudinal bending also 

imposes high mechanical stresses on the bended section of GIL. Such loadings result in tensile as 

well as compressive stresses in the enclosure of GIL [14].   

3.4.2 Dielectric Dimensioning 

In GIL, dielectric dimensioning is dependent upon the maximum permissible field strength. 

Typical design criterion regarding field strength in GIL is 20 kV/mm and could be higher, subject 

to the condition, that its influenced region is not significant [14]. Dielectric dimensioning of GIL 

is best optimized for the case when enclosure diameter is approximately 2.71 times larger than the 

conductor diameter [131, 132].  

3.4.3 Thermal Aspects 

Thermal dimensioning of GIL is influenced by the current flow in its enclosure as well as the 

conductor [133]. Heat generated due to such current flows is transferred radially to soil in 

underground applications which is then dissipated by convection in to the air. Heat absorption by 

soil results in its dryness due to rapid moisture evaporation. Further, thermal dimensioning is also 

influenced by the cost factor, as increased wall thickness of enclosure and conductor will facilitate 

the heat dissipation but the project cost will be increased. Thus, a tradeoff between ampacity and 

cost is essentially required regarding the thermal dimensioning of GIL. IEC 62271-1 specifies the 

permissible temperature limits for different GIL components apropos of different installation 

schemes and Table 3.3 describes the same for enclosure and solid insulator [134].   

Table 3.3: Permissible temperature limits for different GIL components as per IEC 62271-1. 

Permissible temperature of insulator 105 – 120 0C 

Permissible temperature of enclosure regarding direct burial 40 – 50 0C 

Permissible temperature of enclosure regarding tunnel installations 60 – 70 0C 
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3.4.4 Gas Pressure Dimensioning  

GIL basically comprises of a compressed gaseous mixture of N2 and SF6 gases in a ratio of 80:20. 

This insulating mixture is filled in GIL at a pressure of approximately 8 bar and thus, GIL is 

considered as a low pressure vessel [12]. Normally, gas pressure in gas insulated equipment ranges 

from 4 bar to 8 bar, and depends upon the percentage of SF6 content in the mixture. At higher gas 

pressures i.e. between 15 to 20 bar, the possibility of internal failure gets higher, due to regions of 

inhomogeneous electric fields [135]. Further, at such pressure, gas insulated equipment becomes 

a high pressure vessel, which necessitates an increment in the wall thickness of enclosure. Such 

incremented dimensions will result in increased project cost of GIL. Thus, pertaining to above 

concerns, presently, SF6 based gas insulated equipment are normally operated at approximately 8 

bar or below. 

3.4.5 Seismic Vulnerability 

Potential seismic activity has always been a serious concern for power system analysts and 

engineers in order to ensure a higher level of system security and reliability. Stresses occurring 

within a structure, due to a seismic activity, are dependent upon the earthquake’s magnitude as 

well as the eigenfrequencies of structure.  Such frequencies primarily depend upon the equipment’s 

mass as well as the rigidity of gas insulated equipment. Realizing the fact that GIL comprises of a 

compressed gas, having a very high global warming potential, possible gas leakage due to 

excessive seismic vibrations is of great concern. Analysis has revealed that earthquake’s oscillating 

frequencies are significantly higher in comparison to the eigenfrequencies of GIL [14]. Further, 

seismic simulations have predicted a withstanding capability of up to 0.5 g for GIL regarding 

vertical and horizontal acceleration from earthquakes [14, 136]. Thus, owing to seismic vibrations 

up to 0.5 g, flashover in GIL is not expected [136].  

3.4.6 Particle Contamination Concerns 

Freely-moving particles may exist in GIL despite the cleanliness measures which may result in 

partial discharge activity. In GIL, comprising of plain enclosure and conductor, natural particle 

trap does not exist. Thus, artificial particle traps are implemented in GIL along the lower internal 

housing of enclosure, which results in a field-less space [121].  Owing to the effect of gravity and 

electric field, any freely-moving particle will drift towards the particle trap [14]. Thus, negative 
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influence of freely-moving particle upon dielectric characteristics of GIL will be nullified which 

will ultimately result in increased reliability of GIL. 

3.4.7 High-Voltage Design 

In high voltage design of an electrical equipment, power frequency withstand voltage (PFWV), 

switching impulse withstand voltage (SIWV) and lightning impulse withstand voltage (LIWV) 

play an important role apropos of the determination of appropriate insulation coordination. 

Concerning the gas insulated equipment, IEC 62271-1 and IEC 62271-204 provide the standard 

high voltage design test values apropos of different operating voltages of network [122, 134]. 

Table 3.4 describes the required standard high voltage test values for the nominal voltages of 400 

kV and 500 kV [122, 134]. SIWV and LIWV tests authenticate the insulation characteristics of the 

tested object against the transient over voltages resulted from switching operation or lightning 

stroke. Further, PFWV test authenticates the dielectric characteristics of tested object at power 

frequency.  

Table 3.4: Standard high voltage test values as per IEC standards. 

Nominal voltage 400 kV 500 kV 

Maximum voltage 420 kV 550 kV 

Lightning impulse voltage 1425 kV 1600 kV 

Switching impulse voltage 1050 kV 1200 kV 

Power frequency voltage 630 kV 750 kV 

3.4.8 Short-Circuit Rating 

In case of short-circuit on a transmission line, fault current magnitude is dependent upon the source 

impedance of system, feeding the fault. Further, magnitude of this current determines the fault 

level at the fault point. Due to its associated electromagnetic forces and heating effect, elevated 

fault level is objectionable. Depending upon the distance between fault location and power plant, 

different short-circuit rating levels ranging from 50 kA to 80 kA are observed [14]. Mandatory 

constraints associated with short-circuit rating of GIL include; withstanding the electromagnetic 

forces along the electrode gap and limiting of conductor temperature. Solidly grounded enclosure 

in GIL results in concentric electromagnetic forces and also facilitate in the minimization of their 
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magnitude. Further, thermal heating in GIL, due to fault current flow, is also relatively lesser owing 

to its large metallic cross-section.  

3.5 Line Constants of GIL 

GIL basically comprises of aluminium pipes insulated by a dielectric gas and solid insulators for 

concentric conductor alignment. Solid insulators are merely 0.1% of GIL’s volume and thus GIL 

is electrically analogous to OHL [14]. In GIL, line constants are dependent upon the dimensional 

specifications of enclosure and conductor as well as the gaseous insulation. GIL has shunt 

capacitance to ground, series inductance as well as resistance, while solidly grounded enclosure 

results in negligible coupling among the phases. Owing to its solidly grounded enclosure and 

cylindrical electrodes, inductance of GIL is lesser. Further, due to gaseous insulation, capacitance 

of GIL is also small in comparison to UGC. Additionally, owing to significant wall thickness of 

conductor and enclosure, resistance of GIL is lesser. Table 3.5 shows the different line constants 

of GIL for the operating voltage of 420/550 kV [14].  

Table 3.5: Standard high voltage test values as per IEC standards. 

Description Magnitude Unit 

Rated voltage 420/550 kV 

Diameter 500 mm 

Wall thickness 10 mm 

AC resistance per phase meter 11 μΩ 

Capacitance per phase meter 54 pF 

Inductance per phase meter 0.205 μH 

Surge impedance 61.5 Ω 

3.6 Jointing Techniques 

Different schemes available for jointing GIL include; flanges with O-ring seal, orbital welding, 

clamping and friction stir welding [6, 7, 12]. Flanges with O-ring seal have showed higher level 

of reliability and quality over several decades but is suitable for short distances due to its rigorous 

manual handling. Orbital welding requires lesser manual handling and is suitable for long distance 

applications. Clamping is also a manual technique, used for connecting the conductors of GIL. 

Friction stir welding is robust and a relatively newer technique for on-site jointing of GIL and uses 

a stir for heat generation in order to melt and connect the aluminium [137].    
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3.7 Laying Techniques for GIL 

Depending upon the required application, different laying techniques are used for the 

implementation of GIL. Regarding implementation within a substation, GIL are placed within 

concrete trenches or are placed above ground through metallic structures. Further, within 

substation, GIL are also directly buried in soil after performing the required corrosion protection 

for metallic enclosures. Additionally, GIL are also deployed within horizontal or vertical tunnels 

in the case of hydel power projects. Each laying scheme requires appropriate mechanical as well 

as thermal stresses consideration and management [12, 14, 34].   

3.7.1 Above Surface Installation 

Owing to its robustness and simplified implementation, aboveground installation of GIL is a 

convenient scheme. Due to its metallic profile, GIL are uninfluenced by critical atmospheric 

pollution, sever solar radiation and extreme ambient temperatures. Moreover, additional corrosion 

protection is not necessarily required, as the natural oxide layer provides significant corrosion 

resistance. Additionally, due to significant heat dissipation as well as higher permissible enclosure 

temperature, this scheme results in significantly higher power transmission capacity of GIL [12, 

14]. Thus, aboveground installation of GIL appears to be a trouble free opportunity. Aboveground 

installations of GIL could be categorized into two types depending upon the ground clearance i.e. 

nearer to ground and higher aboveground [14]. Later scheme is used to relax the right of way 

constraints regarding traffic flow under the GIL. Figure 3.3 shows the aboveground implemented 

GIL [14]. 

 

Figure 3.3: Aboveground implementation of GIL.  
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3.7.2 Subsurface Installation 

Depending upon the requirements, GIL could be implemented in subsurface installations through 

different schemes i.e. directly laid, tunnel laid and trench laid. Brief description regarding these 

schemes is provided in the following sections.  

3.7.2.1 Directly Laid 

Direct laying technique of GIL is analogous to gas and oil pipelines laying scheme and provides 

the advantage of installation of long transmission lines in a short time frame. In this scheme, GIL 

basically adapts the structure of an electrical pipeline. Directly laid GIL does not require any 

compensation regarding thermal expansion, as GIL is continuously anchored in this scheme [13]. 

Such easement reduces the project cost as well as the time required for its completion. However, 

owing to the presence of moisture as well as chemically reactive agents in the soil, extensive 

corrosion protection is necessarily required. Thus, regarding corrosion protection in directly laid 

GIL, a thermoplastic coating is used over the enclosure of GIL. This coating technique is adapted 

from the corrosion protection schemes used in petrochemical industry. Further, owing to the lower 

magnetic fields of GIL, their direct burial also provides the benefit of utilizing the aboveground 

for other purposes after the complete installation of GIL system [118]. Figure 3.4 shows the direct 

laying scheme of GIL [14]. 

 

Figure 3.4: Direct laying scheme of GIL.   
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3.7.2.2 Tunnel Laid 

Implementation of GIL in prefabricated structures i.e. tunnels provides the opportunity of compact 

transmission corridor without significantly influencing the surrounding environment. This scheme 

provides the opportunity of implementing two GIL circuits within a small area of 2.5 m2 [14]. 

Tunnel development for GIL implementation will increment the project cost as well as the required 

time for implementation. However, this scheme will not influence the landscape and the above-

ground could be utilized for other purposes like agriculture.  Realizing the cost constraints of this 

scheme, presently, multifunctionality of tunnels are under investigation. For instance, 

implementation of GIL in traffic and railway galleries are being investigated by different 

researchers [42, 43]. Realizing the fact that, GIL has very minimal proximity issues, such 

multipurpose tunnels will be highly beneficial for power transmission and will result in cost 

reduction. Tunnel installations of GIL could be categorized into two types i.e. open trench tunnels 

and bored tunnels. Tunnels in the later scheme are round in shape and require an approximate 

diameter of 3 to 4 meters apropos of two GIL circuits [14]. Figure 3.5 shows the tunnel installation 

scheme for GIL [14]. 

 

Figure 3.5: Tunnel installation scheme for GIL.   

3.7.2.3 Vertical Installation 

GIL could be implemented at an angle with respect to the horizontal plane. This scheme is 

preferably better when performing high voltage interconnections across or down the hill. For 

instance, high voltage interconnection between subsurface transformer to the overhead line and 

switchgear in a hydel power project can be performed by GIL and requires vertical installation 

scheme for its implementation [13]. However, for this scheme, enclosure of GIL should be capable 

to withstand higher mechanical stresses.    
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3.7.2.4 Trench Laid 

This technique for GIL implementation is generally implemented when the underground route is 

more feasible in comparison to the aboveground route. The trench is usually made from concrete 

and GIL circuit is fixed inside them through steel structures. This scheme is more expensive in 

comparison to the aboveground installation due to the required digging and less expensive as 

compared to the tunnel installation [14]. After implementation of GIL within a trench, it is covered 

with concrete slabs. Trenches can be developed for one GIL circuit as well as for two GIL circuits. 

In the latter case, a total of six pipes will be installed within the trench. Corrosion protection 

requirement for trench laid GIL is similar to aboveground scheme. However, prolonged water 

presence in the trench is prohibited as it will result in deterioration of the protective oxide coating. 

Thus, proper drainage system is essentially required in this scheme. Further, appropriate protective 

measures, like coating, must be taken in case of critical environmental scenarios such as in water 

desalinating and chemical plants. Thermal and mechanical stresses in this scheme are analogous 

to the aboveground installation scheme. Figure 3.6 shows a trench laid GIL [14]. 

 

Figure 3.6: Trench installation scheme for GIL.   

3.8 Corrosion Protection of GIL 

Implementation schemes for GIL include; installation within tunnel, above ground installation and 

direct burial in ground. Owing to its metallic profile, GIL requires corrosion protection for all of 

its implementation schemes. Concerning the above ground and tunnel installations of GIL, 

enclosure’s aluminium reacts with atmospheric oxygen to form a layer of aluminium oxide on its 

surface, which provides the corrosion protection. This oxide layer, despite having a thickness of 
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few nanometers, is highly resistive towards the atmosphere [12]. Thus, above ground and tunnel 

installations of GIL does not necessarily require additional corrosion protection coatings.   

However, in direct burial applications, corrosion of aluminum occurs in a concentrated region, 

after the destruction of oxide coating in that area, due to the presence of moisture and chemicals 

of different types in the soil. Such pitting corrosion may result in the development of tiny holes 

along the GIL’s enclosure. Thus, directly buried GIL scheme require rigorous corrosion protection. 

Corrosion protection for directly buried GIL include passive corrosion protection (PCP) and active 

corrosion protection (ACP) schemes and are described in the following sections [13, 14].  

3.8.1 Passive Protection Scheme 

In this scheme, a layer of thermoplastics such as polypropylene (PP) or polyethylene (PE) is coated 

over the enclosure [12]. Coating process of this layer is analogous to the scheme used for corrosion 

protection of metallic pipes in oil and gas industry. Initially, oxide coating of aluminium enclosure 

is removed through acidic fluids as well as mechanical brushes. After layer removal, first corrosion 

protection coating of thermoplastic material, having a thickness of few micrometers, is applied 

upon the enclosure. Additionally, a second coating of similar material, having a thickness of 3 to 

5 mm, is added in order to provide mechanical protection for the initial layer [14]. Second 

thermoplastic layer is generally implemented through two schemes i.e. extrusion and tape 

wrapping. GIL is basically developed in the form of standard modules, having a length of 12 to 18 

meters, which are then joined together through welding on site [14]. After jointing, such welds are 

also protected through appropriate taping or coating of corrosion resistant materials.      

3.8.2 Active Protection Scheme 

This corrosion protection scheme is basically a backup protection scheme and works in case of 

failure of PCP scheme [14]. Failure of PCP may result due to the crack development over 

prolonged time as well as the layer damage through excavation and earthworks. Upon requirement, 

ACP will provide corrosion protection for the regions having voids and cracks in the PCP scheme. 

In ACP, an induced current generates a potential of GIL’s enclosure towards a loss electrode. In 

case, the generated voltage is approximately 1 V, corrosion of loss electrode occurs instead of 

enclosure [13]. Regarding ACP, nearly 100 μA current is required, however, current magnitude 

increases with the increased length as well as the failure count of PCP. Owing to its small 
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magnitude, the required current could be provided by a single DC voltage source. ACP can be 

implemented in a transmission line without significantly interfering the electrical power 

transmission. ACP relaxes the urgency to attend any failure of PCP and additionally, operational 

lifetime of PCP is also enhanced [13]. Thus, repairs of PCP could be planned in conjunction with 

other mandatory repair and maintenance of GIL.    

3.9 Bending Radius and Laying Length of GIL 

GIL is basically intended to perform long distance as well as short distance power transmission, 

and thus, requires to observe the landscape. GIL bending design should consider the possible 

mechanical stresses due to gas pressure, earth load, thermal expansion load and heavy traffic load. 

Additionally, bending of GIL should be necessarily elastic bending in order to ensure the exact 

enclosure roundness. Above mentioned constraints as well as the structural rigidity significantly 

influences the bending radius of GIL. Thus, the required bending radius for GIL is quite large. For 

instance, required bending radius of GIL, having an enclosure diameter of 500 to 600 mm, is 

approximately 400 m [14]. Locations which require sharp bends are equipped with appropriate 

angle units which could provide the line bending from 40 to 900 [12, 121]. Straight units and angle 

units of GIL are joined together through orbital welding. After welding, appropriate corrosion 

protection measures are also necessarily required as per the implementation scheme. Bending 

radius of GIL is a critical planning parameter regarding transmission line corridor selection and 

increased number of line bends as well as angle units result in increased project cost as well as the 

required installation time.  

Lay length of GIL is influenced by its bending radius as well as the structural rigidity. Rigid 

enclosure has a larger lay length as compared to the flexible enclosure. Thus, structural rigidity 

and larger bending radius of GIL results in large lay length as well as larger land area requirement 

for its implementation.   

3.10 Partial Discharge Monitoring 

Measurement of partial discharge (PD) activity in GIL is performed during its onsite testing and 

commissioning. For the said purpose, partial discharge monitoring system (PDMS) is connected 

through an internal antenna in order to determine PD activity within GIL. After completion of 

commissioning tests and absence of PD activity, PDMS could be disconnected as continuous PD 
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monitoring is not required [13]. However, internal antenna for the measurement of electromagnetic 

radiations within GIL is kept inside.     

3.11 Temperature Measurement 

Design of GIL is performed by considering the critically possible scenarios during operation. 

Permissible operating temperatures for GIL regarding different laying schemes are calculated by 

considering the maximum load and maximum ambient temperature. GIL may encounter thermal 

locations during its operation due to external circumstances [13]. Such thermal locations may 

occur due to soil dryness or inappropriate heat dissipation to the surroundings specifically in the 

case of tunnel and underground installations of GIL. In order to avoid overheating of GIL, 

temperature sensors could be installed externally for appropriate monitoring of such locations [13]. 

However, if abnormal temperature rise does not occur repeatedly, continuous temperature 

monitoring is not required.  

3.12 Constraints of Conventional GIL 

Despite several benefits, practically implemented length of GIL is still very little in contrast to 

OHLs and UGCs. Major concerns of technical experts regarding GIL include; structural rigidity, 

line weight, corrosion protective measures, large bending radius, need of angle units, excavation 

and trench requirements [5, 7, 12, 14, 34, 42, 101, 103, 119, 138]. Larger bending radius requires 

more surface area at bends as well as result in increased lay length of GIL, which ultimately 

increments the project cost [12, 14]. In order to curtail the bending concerns, angle units could be 

implemented as per the required angle from 40 to 900 [12, 13] However, addition of angle units 

will increase the implementation cost of GIL as well as augment the possibility of gas leakage due 

to increased jointing. Additionally, excavation and trenching in metropolitan areas require 

extensive approvals from authorities, and is critically opposed by the residents of such localities. 

Thus, GIL implementation specifically in metropolitan areas, faces several apprehensions from 

technical experts.   

Realizing the concerns as well as the necessity of high rating power transmission lines in urban 

vicinities, presently, multifunctionality of tunnels are under investigation. For instance, 

implementation of GIL in traffic and railway galleries are being investigated by different 
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researchers [42, 43, 116, 139]. However, in the following discussion, a new scheme for power 

transmission, FGIL, based upon the conventional GIL, is proposed [140, 141]. This scheme will 

significantly enhance the structural flexibility of conventional GIL and will make it feasible for 

metropolitan applications without requiring excessive excavation and trench developments.     

3.13 Flexible Gas Insulated Lines 

Complexities associated with metropolitan application of conventional GIL apropos of its inherent 

structural rigidity, could be curtailed by developing a FGIL [140, 142]. FGIL will eradicate the 

necessity of corrosion protection as well as minimize the requirement of acceleration dampers and 

angle units [142]. Further, flexibility of this scheme will result in lesser longitudinal bending radius 

of FGIL, which will minimize the required lay length and surface area at bends [141-143]. 

Additionally, owing to its flexibility, FGIL will also minimize the trench and excavation 

requirements, as they could be implemented by horizontal directional drilling (HDD) scheme [140, 

142]. Thus, project’s cost, implementation time and required surface area will be significantly 

reduced. After implementation of FGIL, above ground could be utilized for vehicular traffic and 

other useful works. Figure 3.7 shows the schematic of FGIL [142].    

 

Figure 3.7: Schematic of flexible gas insulated line (FGIL).   

3.13.1 Components of FGIL 

Structural development of FGIL will be analogous to conventional GIL. This scheme will basically 

comprise of a flexible thermoplastic or thermoset enclosure instead of rigid metallic enclosure, 
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stranded aluminium conductor instead of solid conductor and open-cell foam based flexible 

supports instead of rigid supports for concentric conductor alignment [140-143]. However, the 

extent of flexibility will be maintained such that the enclosure upholds its exact roundness during 

the operation and conductor orientation also remains exactly concentric to the enclosure. Primary 

insulation medium in this scheme could be pure SF6 or a gaseous mixture of N2 and SF6 [143]. 

However, in the latter case, operating pressure will be higher as compared to the prior case and 

mechanical stresses need to be considered accordingly. Grounding layer in this scheme will be 

developed from braided metallic mesh, and will be placed along the inner wall of enclosure [143]. 

Additionally, a metallic particle trap will be placed at the lower internal housing of enclosure which 

will provide a field-less space for collecting free-particles within FGIL.  

3.13.2 Laying Scheme of FGIL 

Supremacy of FGIL, in comparison to the conventional GIL, comes regarding their underground 

applications. FGIL could be placed in subsurface applications, at the required depth for 

transmission lines, by using HDD. HDD eliminates the requirement of extensive excavation or 

trenching for pipe laying, and requires to dig only two holes [106-108]. First hole is used to enter 

the pipe in to the ground while second hole is used to take out the buried pipe. Initially, drilling 

trajectory is finalized by considering the possible obstacles under the ground and a pilot hole is 

drilled. Followingly, reaming is performed to enlarge the drilled pilot hole as per the required 

diameter and finally the pipe to be laid is pulled in to the developed subsurface hole. Possible 

implementation of FGIL through HDD, makes it extremely suitable for metropolitan applications 

of high-voltage transmission lines. Figure 3.8 shows the schematic of underground cable laying 

through HDD scheme. 

 

Figure 3.8: Schematic of underground cable laying through HDD. 
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3.13.3 Comparison of FGIL and Conventional GIL   

FGIL facilitates in curtailing several intricacies associated with conventional GIL, specifically 

regarding their metropolitan applications. Brief comparison between the two schemes is provided 

in the following discussion.  

 FGIL will eliminate the requirement of corrosion protection because the enclosure of FGIL 

will be of a thermoplastic or thermoset material [140, 141, 143]. 

 FGIL will have lesser weight in comparison to conventional GIL. 

 Being flexible, FGIL will minimize the required bending radius in comparison to 

conventional GIL [141, 142]. 

 Minimization in bending radius of FGIL will ultimately result in lesser lay length as well 

as the required surface area at bends, in comparison to the conventional GIL [142]. Thus, 

the project’s implementation cost will be reduced. 

 FGIL will minimize the requirement of angle units, which will ultimately minimize the 

possibility of gas leakage, due to excessive jointing [141, 142]. Further, elimination of 

excessive jointing will minimize the project’s cost as well as its implementation time.  

 FGIL will make it possible to implement high rating power transmission lines in 

metropolitan arears without excavation or trenching [141, 142]. Thus, elimination of 

excessive trenching or excavation will minimize the project’s cost. 

 FGIL will not influence its surroundings. Further, regarding underground scheme, the 

aboveground could be utilized for irrigation and other useful work [14].  
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Chapter 4  

Mechanical Design and Analysis of FGIL 

4.1 Overview  

Considering the facts described in chapter 2 and chapter 3, trenchless underground implementation 

of GILs is essentially required in metropolitan areas, which is presently impossible due to their 

intrinsic structural rigidity. Thus, realizing the importance of incorporating structural flexibility in 

conventional GIL, in this chapter, a detailed description along with analytical design for different 

components of FGIL is provided. The performed design considers the effect of internal and 

external mechanical loadings as well as the aging effect of enclosure. Further, simulation based 

detailed analysis of the proposed scheme, regarding different mechanical aspects is performed by 

using Autodesk Inventor, in comparison to the conventional GIL scheme.   

4.2 Flexible Conductor Variants 

Flexible conductors are being used in OHLs as well as UGCs, and are basically stranded 

conductors. Flexibility in such conductors occurs due to their stranded geometry, which ultimately 

results in their lesser bending radius. Stranded conductors used in the conventional transmission 

systems include; aluminium conductor steel reinforced (ACSR), all aluminium conductor (AAC), 

all aluminium alloy conductor (AAAC), aluminium conductor aluminum alloy reinforced (ACAR) 

and aluminium conductor steel supported (ACSS) [16, 17]. Stranded conductors could be 

categorized regarding the compactness technique as well as the geometrical arrangement of their 

strands [144]. Geometrical arrangement of strands, used in the conductors of OHLs and UGCs are 

mentioned in Table 4.1, and Figure 4.1 shows the conductors having trapezoidal and circular 

strands [144]. In section 4.6.1, different conductor geometries are compared regarding their 

flexibility and bending radius in order to find a potential candidate for FGIL. 

Table 4.1: Stranded conductors used in conventional transmission systems. 

Sr. No. Conductor Type Strand Geometry 

1. Compact strand Trapezoidal 

2. Compact strand Circular 

3. Concentric strand Circular 
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                                                        (a)                                                 (b) 

Figure 4.1: (a) Circular and (b) trapezoidal strand conductors used in the conventional transmission systems. 

4.3 Conductor Central Alignment Deliberation 

In order to maintain appropriate electrode gap in gas insulated equipment, concentric orientation 

of conductor is essentially required. In conventional GIL, solid cast resin post type insulators are 

used for supporting the conductor concentrically with in the enclosure [12]. Such post insulators 

make up approximately less than 0.1% of the total GIL volume [14]. Additionally, the design of 

GIL is performed on the basis of gaseous insulation, and the operational field stress in GIL is much 

lesser as compared to the permissible field stress regarding solid cast resin insulation [12, 14]. 

Thus, primary objective of post type insulators in conventional GIL is to perform concentric 

conductor alignment and to avoid conductor sagging. However, such rigid insulators may constrain 

the flexibility of FGIL and could impose pointed stresses in the case of long term enclosure 

bending. Consequently, larger bending radius would be required for FGIL in order to avoid such 

pointed stresses along the line bends. A possible solution for the mentioned concern could be the 

replacement of solid post type insulator with a foam based circular insulator. However, structural 

strength of foam insulator should be significantly high in order to provide concentric conductor 

orientation without conductor sagging. 

4.3.1 Open Cell Foam Variants 

Foam based structures are already being implemented in commercial and industrial applications 

as a supporting material, filler, dielectric material and insulation [145, 146]. Additionally, 

polyurethane foams (PUFs) are being used in medium as well as low voltage applications and their 

suitability regarding high voltage applications is under investigation [147, 148]. Considering their 

structural development, foams are generally categorized as close cell foam (CCF) and open cell 

foam (OCF). In electrical equipment, generally CCF is used, however, regarding FGIL, CCF is 

not suitable as it will obstruct the flow of insulating gas within the enclosure. Consequently, in this 
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research, OCF is proposed as a possible alternate of solid post type insulator apropos of FGIL, and 

accordingly, simulation as well as, laboratory based investigations are conducted in order to 

identify the practicability of proposed scheme.  However, structural strength of OCF should be 

significantly high in order to avoid conductor sagging as well as deformation of foam. In section 

4.6.2, structural strength analysis for different types of PU based OCFs is performed in order to 

investigate the suitability of proposed scheme regarding conductor’s concentric orientation within 

FGIL enclosure.   

4.4 Enclosure Deliberation 

Regarding the subsurface application of FGIL, soil immunity, flexibility and structural 

strength are necessarily required for the enclosure material. Presently, thermoplastics such as 

polyethylene (PE) and polyvinyl chloride (PVC), as well as, thermosets such as epoxy resin fiber 

glass (ERFG), based materials are being used in the construction of industrial and utility pipes for 

the transportation of different fluids at high pressures. In this research, thermoplastic materials like 

PE compounds, as well as, thermoset materials like ERFG, were considered while investigating 

and analyzing the potential candidate for the enclosure of FGIL, as described in section 4.6.3. PE 

could provide significant structural strength and flexibility, as well as, an immunity from acids, 

alkalies, moisture, gases, biological attack and corrosion [149, 150]. Table 4.2 provides a detailed 

description apropos of the standard characteristics of PE variants, out of which, PE 100 was 

observed to be the most suitable candidate for the proposed application, as per the analysis 

performed in section 4.6.3 [149, 151-153]. Thus, in this section, a detailed mechanical design for 

PE 100 based enclosure of FGIL is performed. However, detailed simulation based comparison 

for the considered thermoplastic and thermoset materials, based upon which PE 100 was finalized, 

is provided in section 4.6.3.    

Table 4.2: Detailed description apropos of the standard characteristics of PE variants. 

Sr. 

No. 
Resin 

Minimum Required 

Strength (MRS) (MPa) 

(ISO 4437:2007) 

Density (g/cm3) 

(ISO 1183) 

Long Term Hydrostatic 

Strength (LTHS) (MPa) 

(ISO 4437:2007) 

Tensile Strength 

(TS) (MPa) 

1. PE 63 6.3 0.94 7.4 Low 

2. PE 80 8 0.95 9 Moderate 

3. PE 100 10 0.96 12.4 High 
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4.4.1 Dimension Ratio and Pressure Rating 

4.4.1.1 Application Factors 

In thermoplastics, pressure rating is related directly with the environmental aspects as well as 

the ambient and operating temperatures. For instance, in drastic environmental scenarios and at 

high temperature, pressure rating of PE enclosure will be reduced [150, 154-156]. Thus, estimation 

of environmental factor (AF) and temperature factor (TF) is necessarily required for the proposed 

scheme. AF and TF describe the influence of fluids and temperature respectively upon the 

degradation of pressure specifications of PE enclosure [149, 156]. Concerning the containment of 

pure SF6 or a mixture of SF6 and N2, AF could be considered as 1 [150, 156, 157]. Moreover, 

considering the hydrostatic design basis (HDB) of PE 100 at the temperatures of 730F and 1400F, 

TF for the proposed application was calculated through equation (4.1), where HDBB represents 

hydrostatic design basis apropos of base temperature, TF is the temperature factor, HDBH is 

hydrostatic design basis apropos of highest temperature, TH is the highest temperature, T1 is the 

operating temperature and TB is the base temperature [14, 150, 152, 158]. 

𝑇𝐹 = 1 − 
𝐻𝐷𝐵𝐵 −  𝐻𝐷𝐵𝐻

𝐻𝐷𝐵𝐵

· [

1
𝑇𝐵

−
1
𝑇1

1
𝑇𝐵

−
1

𝑇𝐻

] (4.1) 

4.4.1.2 Hydrostatic Design Stress 

Concerning thermoplastics, hydrostatic design stress (HDS) is the circumferential stress which an 

enclosure can bear with. HDS in thermoplastics is dependent upon the design factor (DF) of the 

respective application [149, 150, 156]. Regarding gaseous applications, DF for PE 100 based 

thermoplastic enclosure is described as 0.5 by CSA Z662 [159]. Consequently, HDS of the 

suggested enclosure for FGIL is calculated by using equation (4.2), where HDB is hydrostatic 

design basis, DF is design factor and HDS is hydrostatic design strength [149, 159].    

𝐻𝐷𝑆 =  𝐻𝐷𝐵 × 𝐷𝐹 (4.2) 

4.4.1.3 Dimension Ratio 

In thermoplastic pipes, pressure rating is related directly with the dimension ratio (DR), which in 

turn, is dependent upon the intrinsic properties of material, like modulus, density and TS. 
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Concerning the required pressure rating of 100 psi as well as AF and TF for the suggested scheme, 

as determined in section 4.4.1.1, appropriate DR of the proposed thermoplastic enclosure for FGIL 

is calculated by using equation (4.3) [150, 156]. In equation (4.3), PR is pressure rating, TF is 

temperature factor, AF is environmental factor, HDS is hydrostatic design stress and DR is 

dimension ratio. 

𝐷𝑅 =  
2 × 𝐻𝐷𝑆 × 𝑇𝐹 × 𝐴𝐹

𝑃𝑅
+ 1 (4.3) 

4.4.1.4 External Diameter 

The external diameter of propounded enclosure scheme for FGIL is dependent upon the required 

internal diameter (ID) and DR. Further, dielectric and electrostatic characteristics also influence 

the ID of propounded enclosure, which at the present moment is considered regarding the diameter 

of selected stranded conductor, as described in section 4.2. However, ID will be reevaluated 

apropos of electrical aspects after completing the mechanical design, and consequently, 

modifications if required will be implemented regarding the mechanical design. Outer diameter 

(OD) of propounded enclosure scheme for FGIL is calculated by using equation (4.4), where DR 

is dimension ratio of enclosure, ID is inner diameter of enclosure and OD is outer diameter of 

enclosure [150, 160]. 

 𝑂𝐷 =
𝐷𝑅×𝐼𝐷

𝐷𝑅 − 2
 (4.4) 

4.4.1.5 Operating Pressure 

Resin characteristics and DR influence the pressure rating of thermoplastic enclosure, which in 

turn will directly affect the operational stability as well as dimensional specifications of FGIL, and 

resultantly, estimation of maximum operating pressure (MOP) is essentially required for the 

proposed scheme [151, 159, 161]. In this research, MOP of the propounded enclosure for FGIL is 

estimated as per the scheme described in ASTM D2837 as well as ISO 9080:2012.  Regarding 

ASTM method, MOP is calculated by using equation (4.5), where DR is dimension ratio, HDB is 

hydrostatic design basis, DF is design factor and MOP is maximum operating pressure [159, 161]. 

Moreover, regarding ISO method, MOP is calculated by using equation (4.6), where DR is 

dimension ratio, MRS is minimum required strength, MOP is maximum operating pressure and c 

is design factor [159, 162]. 
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𝑀𝑂𝑃 =  
2 × 𝐻𝐷𝐵 × 𝐷𝐹

𝐷𝑅 −  1
 (4.5) 

𝑀𝑂𝑃 =  
20 × 𝑀𝑅𝑆

(𝐷𝑅 −  1) × 𝑐
 (4.6) 

4.4.2 Creep Calculations 

Thermoplastic pipes encounter short as well as prolonged loadings along their life span. Short 

duration loads have minimal impact upon the strength degradation of thermoplastic enclosures. 

However, concerning the prolonged loadings of thermoplastic enclosures, creep estimations 

apropos of allowable over pressure, hoop stress and modulus are necessarily required. 

Consequently, in order to analyze the ageing impact, DIN 8075, ISO 4437, DIN 8074 and TR-

4/2018 based creep approximations regarding temperature and time dependent degradation in 

stress and modulus of propounded PE 100 enclosure for FGIL were performed [151, 153, 160, 

163]. 

4.4.2.1 Allowable Creep Stress 

Stress withstand characteristics of thermoplastic enclosures are influenced by temperature and 

time, and consequently, creep approximation regarding hoop stress is necessarily required 

regarding the reliability of propounded scheme over its approximated life time. Thus, considering 

an operational life span of twenty-five years at an operating temperature of 1040F, allowable creep 

stress for the propounded PE 100 based enclosure for FGIL is calculated by using equation (4.7) 

[160, 163]. In equation (4.7), σv is equivalent stress as per the creep diagram, SF is safety factor, 

A4 is strength reduction factor of material, A2 is reduction factor apropos of transported substance 

and σper is permissible hoop stress.  

𝜎𝑝𝑒𝑟 =  
𝜎𝑣 

𝐴2 × 𝐴4 × 𝑆𝐹
 (4.7) 

Moreover, allowable longitudinal stress for the mentioned scheme is calculated by using equation 

(4.8) [160, 163]. In equation (4.8), fs is joint factor and σper (l) is allowable longitudinal stress. 

𝜎𝑝𝑒𝑟 (𝑙) =  
𝜎𝑣 × 𝑓𝑠

𝐴2 × 𝐴4 × 𝑆𝐹
 (4.8) 
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4.4.2.2 Allowable Creep Modulus 

Considering the fact that modulus of thermoplastic enclosure is influenced by the operating 

temperature, fluid characteristics as well as operational life span, creep modulus approximation is 

necessarily required in the proposed scheme. Regarding the propounded enclosure scheme, 

allowable creep stress is calculated by using equation (4.9), where E(T, t, σ) is creep modulus, EC(per) 

is allowable creep modulus, SF is safety factor and A2 is reduction factor regarding transported 

substance [160, 163].  

𝐸𝐶(𝑝𝑒𝑟) =  
𝐸(𝑇,𝑡,𝜎)

𝐴2 × 𝑆𝐹
 (4.9) 

4.4.2.3 Allowable Operating Pressure 

Concerning the creep constraints, approximation of allowable operating pressure regarding the 

enclosure ageing is necessarily required in order to confirm that operating pressure of proposed 

scheme does not impose excessive stresses over the time. Thus, allowable operating pressure for 

the proposed scheme is calculated by using equation (4.10), where, σper is allowable creep stress, 

OD is the enclosure’s outer diameter, Poper is allowable operating pressure and e represents the 

wall thickness. 

𝑃𝑜𝑝𝑒𝑟 =  
20 × 𝜎𝑝𝑒𝑟 × 𝑒

OD −  𝑒
  (4.10) 

4.4.3 Longitudinal Deformation Regarding Temperature and Pressure 

In thermoplastic enclosures, longitudinal deformation generally occurs owing to the stresses 

imposed by the operating pressure and temperature of contained fluid. Such deformations require 

careful consideration regarding the propounded scheme, and accordingly, temperature dependent 

deformation (ΔLT) as well as pressure dependent deformation (ΔLP) are calculated by using 

equation (4.11) and equation (4.12) respectively [160, 163]. In equation (4.11), ΔT is temperature 

difference, α is linear expansion coefficient and L is enclosure length. Moreover, in equation 

(4.12), ID is enclosure’s inner diameter, μ is Poisson ratio, P0 is enclosure’s internal pressure, OD 

is enclosure’s outer diameter and EC is creep modulus. 

∆𝐿𝑇 =  𝛼 × 𝐿 × ∆𝑇  (4.11) 
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∆𝐿𝑃 =  
0.1 × 𝑃0 × (1 −  2𝜇)

𝐸𝐶 × ((
𝑂𝐷
𝐼𝐷

)
2

−  1)

× 𝐿  (4.12) 

4.4.4 Buckling Resistance Deliberation 

Enclosures or pipes buried under the earth’s surface encounter external as well as internal loadings 

like surcharge load, earth load, live load and vacuum load, which ultimately could cause an inward 

deflection of enclosure [149]. Capability of an enclosure to endure such loadings without resulting 

in deformation is defined as its buckling resistance (BR) and requires critical consideration 

regarding underground applications. Depending upon the specific application, this characteristic 

could be divided in to BR for unconstrained and constrained enclosures.  

4.4.4.1 Constrained Buckling 

Concerning the subsurface applications, BR of thermoplastic pipe or enclosure is relatively 

increased by the adjacent soil cover, but, enclosure should be placed essentially at a minimal depth 

of one diameter. Realizing that the laying depth of propounded enclosure for FGIL will be greater 

than its OD, its BR is calculated by using equation (4.13), where B’ is soil support factor, SF is 

safety factor, DR is dimension ratio, PCA is allowable external loading regarding constrained 

enclosure, Rb is buoyancy reduction factor, E’ is modulus of soil reaction and E is modulus of 

elasticity [149]. Moreover, Rb in equation (4.13) is calculated by using equation (4.14), where H is 

soil cover depth and HW is height of groundwater [149]. Additionally, B’ in equation (4.13) is 

calculated by using equation (4.15), where H is soil cover depth [149].   

𝑃𝐶𝐴 =  
5.65

𝑁
× (𝑅𝑏 × 𝐵′ × 𝐸′ × (

𝐸

12 × (𝐷𝑅 −  1)3
))

1
2 (4.13) 

𝑅𝑏 = (1 − 0.33) ×
𝐻𝑊

𝐻
 (4.14) 

𝐵′ =  
1

1 +  4 𝑒 −0.065 𝐻
  (4.15) 

4.4.4.2 Unconstrained Buckling 

Regarding unconstrained enclosure, BR could be calculated by using equation (4.16), where f0 is 

roundness factor, μ is Poisson ratio, PUC is allowable external loading regarding an unconstrained 

enclosure, E is modulus of elasticity and DR is dimension ratio [149].  
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𝑃𝑈𝐶 =  
2 × 𝐸 × 𝑓0

SF × ( 1 − 𝜇2 )
× (

1

(𝐷𝑅 − 1)
)^3 (4.16) 

4.4.5 Probable External Loadings  

Regarding subsurface applications, external loadings like surcharge load, dead load and live load 

result in incremented stresses upon the enclosure, which ultimately could cause an enclosure 

deformation. Consequently, such loads require thoughtful consideration regarding the design of 

thermoplastic enclosures for underground implementations.  

4.4.5.1 Dead Load 

Dead load apropos of subsurface application is actually soil’s weight which exists on the top of 

the buried enclosure. Such dead weight causes a vertical loading on enclosure’s crown, which 

ultimately could result in its circumferential deformation. Regarding the proposed scheme, dead 

load is calculated by using equation (4.17), where w is soil’s unit weight, H is soil’s cover depth 

and PE is vertical loading on enclosure’s crown [149].  

𝑃𝐸 = 𝑤 × 𝐻 (4.17) 

4.4.5.2 Live Load 

Regarding subsurface applications, live load actually comprises the loadings due to vehicular 

traffic over the buried enclosure. Such loadings are directly influenced by the vehicle speed, tire 

pressure, vehicle weight, tire size, enclosure depth and pavement type. American Association of 

State Highway and Transportation Officials (AASHTO) has enlisted standard loadings apropos of 

a H20 truck regarding soil depth and pavement flexibility [149]. Realizing that pliable pavement 

will impose larger loadings, live load for the propounded enclosure scheme apropos of flexible 

pavement is calculated by using equation (4.18). In equation (18), IL is impact factor, l is live load 

and PL is vertical loading due to H20 truck. 

𝑃𝐿 =  𝐼𝐿 × 𝑙 (4.18) 

4.4.5.3 Surcharge Load 

Surcharge load apropos of subsurface application is actually the loading due to stationary loads 

and foundations over the buried enclosure on earth surface. However, impact of such loadings 



49 
 

reduces with increased horizontal distance as well as enclosure’s depth [149, 160]. Additionally, 

owing to the limitations of right of way, infrastructure development is prohibited alongside the 

power transmission line up to a width of several feet. Consequently, surcharge load could not 

impose substantial stresses in the proposed scheme and could be omitted.    

4.4.6 Compressive Stress Regarding Subsurface Applications 

Soil cover load regarding underground applications result in a compressive stress over the buried 

enclosure, and such stresses get more pronounced when the enclosure is vacuumed. Consequently, 

compressive stress requires thoughtful consideration regarding the design and implementation of 

thermoplastic enclosure in underground applications. Thus, compressive stress for the propounded 

scheme is calculated by using equation (4.19), where DR is dimension ratio, Cws is compressive 

stress due to soil cover and PE is earth’s loading [149].  

𝐶𝑤𝑠 =  
𝑃𝐸 × (𝐷𝑅 − 1)

2
 (4.19) 

4.4.7 Allowable External Loadings 

External loading actually comprises of different types like surcharge load, dead load and live load 

which ultimately could cause an enclosure deformation. Concerning the operational reliability, 

external loadings actually imposed upon the buried enclosure must be lesser as compared to its 

allowable external loadings. Consequently, regarding the load bearing characteristics of 

propounded scheme, equation (4.20) must be fulfilled by the buried enclosure [149]. In equation 

(4.20), PV is internal vacuum load, PE is soil cover load, PCA is allowable external loading regarding 

a constrained enclosure, PES is surcharge load and PL is live load.  

𝑃𝐶𝐴 >  𝑃𝐸 +  𝑃𝐿 + 𝑃𝑉 + 𝑃𝐸𝑆 (4.20) 

4.4.8 Ring Deflection  

Owing to the external loadings, subsurface implemented thermoplastic enclosures may experience 

radial deflection, which ultimately results in crown arching. Such enclosure deflection or arching 

is described as percentage ring deflection (PRD) and its allowable limit depends upon the specific 

application. PRD requires thoughtful consideration regarding underground implementation of 

flexible enclosures for pressure applications and should be maintained with the permissible limits. 

Regarding the propounded scheme, PRD is evaluated by using equation (4.21), where ΔY is 
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deflection, E’ is soil’s reaction modulus, PL is live load, % ΔY/DM is PRD, DM is mean diameter, 

E is elastic modulus, K is bedding constant, DR is dimension ratio, PES is surcharge load, PE is 

dead load and TL is time lag factor [141, 149, 164-166].  

% 
𝛥𝑌 

𝐷𝑀  
 =  

𝐾 (𝑇𝐿 × 𝑃𝐸 +  𝑃𝐿  +  𝑃𝐸𝑆)

2 𝐸
3 (𝐷𝑅 − 1) 3  +  0.061 𝐸′

× (100) 
(4.21) 

4.4.9 Bending Radius 

Permissible bendability of cables, enclosures and conductors without permanent deformation is 

described as their MLBR. MLBR for the propounded scheme is calculated regarding analytical 

design as well as simulation based analysis by using equation (4.22) and equation (4.23) 

respectively [141, 164-166]. In equation (4.22), OD represents outer diameter, MLBR represents 

minimum longitudinal bending radius and Lb represents long-term bending factor regarding 

HDPE. In equation (4.23), L represents longitudinal specification of specimen and B represents 

the specimen bending.   

𝑀𝐿𝐵𝑅 =  𝐿𝑏 × 𝑂𝐷 (4.22) 

𝑀𝐿𝐵𝑅 =  
(𝐿2 + 𝐵2)

(2B)
 (4.23) 

4.4.10 Laying Length Deliberations 

Laying length actually approximates the required enclosure length and area for implementing 180° 

bending along the enclosure length while initiating and terminating points are kept along the 

identical horizontal plane. Regarding such bending, laying length and area requirement apropos of 

pliable enclosure are lesser as compared to that of an inflexible enclosure. In order to estimate and 

compare the required length of propose FGIL and convention GIL, equation (4.24) is used to 

calculate the laying length of FGIL, where MLBR is minimum longitudinal bending radius and S 

is laying length [166]. 

𝑆 =  𝜃 ×
𝜋

1800
× 𝑀𝐿𝐵𝑅 (4.24) 

4.5 Design Algorithm 

Design of thermoplastic enclosure for FGIL is basically an iterative process which necessarily 

require modification apropos of former finalized approximations in case of inappropriate results 
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for upcoming evaluations. Thus, realizing interdependency of different design parameters, a flow 

chart, demonstrating comprehensive mechanical design for the propounded FGIL’s enclosure, on 

the basis of performed design is given in Figure 4.2 [142]. 

 

Figure 4.2: Flow chart of design algorithm for propounded pliable thermoplastic enclosure of FGIL. 

4.6 Results and Discussions 

Concerning the practicability of propounded scheme, new and aged FGIL models, developed as 

per the design described above, were analyzed regarding different mechanical aspects by using 

Autodesk Inventor based modeling and analysis. Further, temperature and time dependent creep 
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estimations for modulus and stress related characteristics, based upon DIN 8075, TR-4/2018, DIN 

8074 and DVS 2205-1, were used regarding the development and analysis of aged model of PE 

100 based pliable enclosure for FGIL [152, 153, 158, 163].  

4.6.1 Conductor Bendability Comparison 

Concerning conductor pliability, Autodesk Inventor based different conductor models were 

compared regarding their bending radius, and accordingly SF of 2 was selected for simulations. 

Specification of conductors, used in the flexibility analysis, is given in Table 4.3 [141]. 

Dimensional specifications apropos of stranded conductor were based upon ASTM B232 standard 

and considering the ampacity requirements, thrasher was selected, while dimensions of hollow 

conductor were determined on the basis of standard 132 kV GIL [167, 168]. After simulating 

conductor bending with a SF of 2, MLBR apropos of solid and hollow Al conductors was 

calculated by using equation (23), whereas, MLBR regarding ACSR conductor was estimated by 

utilizing a bending factor of 40 [169]. Simulation results for conductor bending and SF regarding 

solid and hollow conductors are shown in Figure 4.3 and Figure 4.4, whereas, Figure 4.5 compares 

the respective conductor specimens of Table 4.3 apropos of MLBR. Figure 4.5 clarifies that 

stranded conductor has the highest flexibility and could be a potential candidate for FGIL [141].       

Table 4.3: Dimensions of conductor specimens used in the conductor flexibility analysis. 

Conductor Specimen Material Structure Outer Diameter (mm) Length (mm) 

1. Al Hollow 89 1000 

2. Al Solid 45.79 1000 

3. Al Stranded 45.79 1000 

 
Figure 4.3: Bendability analysis of (a) hollow conductor and (b) solid conductor. 
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Figure 4.4: SF apropos of bendability analysis of (a) hollow conductor and (b) solid conductor. 

 

Figure 4.5: MLBR comparison regarding different conductor specimens of Table 4.3. 

4.6.2 Structural Strength Analysis of OCF 

Concerning conductor’s concentric alignment, Autodesk Inventor based modeling and analysis 

regarding structural strength of OCFs was performed. For the mentioned purpose, two foam 

specimens of General Plastics, including EF-4003 and FP-8015 were considered [170, 171]. 

Detailed specification of foam specimens used in the structural strength analysis is given in Table 

4.4 [170, 171]. Considering the technical specification for both samples, as provided by the 

manufacturer, materials with respective characteristics were modeled in Autodesk Inventor. 

Further, cubical structure for both specimens was modeled, as per the dimensions given in Table 

4.4, by using Autodesk Inventor in order to investigate the suitability of proposed OCF based 

supporting insulator for FGIL. Regarding foam’s compressibility, two loading patterns including 

a slab having the dimensions of specimen’s face as well as a slab having the dimension of 

conductor’s diameter were used. Both foam specimens were burdened respectively with a load 

equivalent to the standard weight of stranded conductor of Table 4.3, and concerning weight 
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calculation, conductor length of 1 m was considered. Two different loading patterns were 

incorporated in the analysis in order to compare the overall as well as localized deformity of the 

foam specimens. Basically, localized deformity in the foam specimen, due to conductor weight, 

was necessary to analyze as the conductor weight may result in non-concentric orientation of 

conductor within the FGIL enclosure.  Simulation results unveiled that EF-4003 showed a 

dimensional change of 12.8% and 32.1% along Y-axis regarding slab and conductor loads 

respectively. Moreover, FP-8015 showed a dimensional change of 0.06% and 0.16% along Y-axis 

regarding slab and conductor loads respectively. Dimensional variation in the latter case is quite 

negligible, and thus, high density OCFs could be a suitable candidate for conductor’s concentric 

orientation in FGIL without obstructing the flow of insulating gas. However, thermal 

characteristics of used OCF should be adjusted according to the ampacity requirements of FGIL. 

Figure 4.6 and Figure 4.7 shows the simulation results regarding compressibility analysis of 

specimen 1 of Table 4.4 apropos of slab load and conductor load respectively. Further, Figure 4.8 

and Figure 4.9 represents the simulation results apropos of compressibility analysis of specimen 2 

of Table 4.4 regarding slab load and conductor load respectively. Figure 4.10 compares the 

compressibility of specimen 1 and specimen 2 of Table 4.4 under the influence of slab and 

conductor loads.  

Table 4.4: Specifications of foam specimens used in the compression analysis. 

Foam 

Specimen 

Material Model No. Structure Density 

(Kg/m3) 

Dimension L-W-H 

(mm) 

Tensile Strength 

(MPa) 

1. Polyurethane EF-4003 Flexible 48 120-120-120 0.134 

2. Polyurethane FP-8015 Semi rigid 240 120-120-120 0.917 

 

 
Figure 4.6: Compressibility analysis of specimen 1 of Table 4.4 regarding slab load.  
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Figure 4.7: Compressibility analysis of specimen 1 of Table 4.4 regarding conductor load.  

 

Figure 4.8: Compressibility analysis of specimen 2 of Table 4.4 regarding slab load.  

 

Figure 4.9: Compressibility analysis of specimen 2 of Table 4.4 regarding conductor load.  
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Figure 4.10: Compressibility comparison between different specimens of Table 4.4 regarding slab and conductor 

loads.  

4.6.3 Enclosure Bendability Comparison 

Regarding the subsurface application of FGIL, in this research, thermoplastics like PE as well as 

thermosets like ERFG materials were considered while investigating and analyzing the potential 

candidate for the enclosure of FGIL [141, 142]. Further, pliability characteristics of the mentioned 

materials were compared with the flexibility characteristics of 132 kV conventional GIL. Detailed 

description regarding Autodesk Inventor based bendability characteristic analysis of both materials 

in comparison to the enclosure of conventional GIL is described in the following sections. 

However, the mentioned thermoplastic and thermoset materials based enclosure will also be 

investigated regarding electrical aspects in the following chapter. 

4.6.3.1 Composite Material Variants 

In order to analyze the enclosure’s pliability characteristics, Autodesk Inventor based enclosure 

models of ERFG and aluminium were developed and compared. Enclosure’s wall thickness and 

diameter were determined on the basis of dimensional specifications of standard 132 kV GIL 

[167]. Further, regarding ERFG based enclosure, pitch dimension was determined as per the 

ASTM A760/A760M standard for corrugated enclosures [172]. Corrugated profile for ERFG 

based enclosure was selected in order to enhance its structural pliability. Further, regarding 

bendability analysis, a SF of 2 was considered for implementing the cantilever loads for both 
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enclosure models. Detailed specification of enclosures used in the bendability analysis is given in 

Table 4.5 [141]. Simulation results apropos of SF and enclosure’s bending is represented in Figure 

4.11 and Figure 4.12. Further, based upon the simulation results, Figure 4.13 compares the MLBR 

of ERFG enclosure with Al enclosure, and reveals that corrugated ERFG enclosure could provide 

several times lesser bending radius as compared to the Al enclosure [141]. Thus, corrugated ERFG 

based enclosure could be a potential candidate in order to incorporate structural flexibility in 

conventional GIL.      

Table 4.5: Specification of enclosure specimens used in the enclosure flexibility analysis. 

Enclosure Specimen Material Profile Inner Diameter (mm) Length (mm) Pitch Size (mm) 

1. Al Solid  226 1000 Nil 

2. ERFG Corrugated 226 1000 38 

 

 

Figure 4.11: SF apropos of bendability analysis of (a) metallic enclosure (b) ERFG enclosure. 

 

Figure 4.12: Bendability analysis of (a) metallic enclosure and (b) ERFG enclosure. 
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Figure 4.13: MLBR comparison regarding different enclosure specimens of Table 4.4. 

4.6.3.1.1 Pitch Finalization 

Realizing that structural flexibility of ERFG enclosure is influenced by its corrugated profile, pitch 

size for the corrugated ERFG enclosure was finalized by using Autodesk Inventor based modeling 

and analysis. Specifications of enclosure specimens used in the mentioned modeling and analysis 

is represented in Table 4.6 [141]. Simulation based modeling and analysis revealed that initially 

increased pitch dimension resulted in a substantial increase in the structural flexibility of ERFG 

enclosure. However, beyond 58 mm pitch, enclosure’s flexibility increased very slightly with the 

increasing pitch dimension. Further, increased pitch dimension also resulted in increased OD of 

enclosure.  Consequently, considering the dimensional constraint as well as the required flexibility, 

pitch dimension of 58 mm could provide significant enclosure flexibility without substantially 

increasing the enclosure’s diameter [141]. Simulation results apropos of enclosure’s flexibility and 

bending radius, regarding different enclosure specimens of Table 4.6, are represented in Figure 

4.14 and 4.15.      

 

Figure 4.14: Bendability comparison of corrugated ERFG enclosure regarding enclosure specimens of Table 4.6. 
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Table 4.6: Specification of enclosure specimens used in the enclosure’s pitch dimension finalization.  

Enclosure 

Specimen 

Material Profile Inner Diameter 

(mm) 

Outer Diameter 

(mm) 

Pitch Size 

(mm) 

1. ERFG Corrugated 226 254 18 

2. ERFG Corrugated 226 264 28 

3. ERFG Corrugated 226 274 38 

4. ERFG Corrugated 226 284 48 

5. ERFG Corrugated 226 294 58 

6. ERFG Corrugated 226 304 68 

7. ERFG Corrugated 226 314 78 

8. ERFG Corrugated 226 324 88 

9. ERFG Corrugated 226 334 98 

 

Figure 4.15: MLBR comparison of corrugated ERFG enclosure regarding different enclosure specimens of Table 4.6. 

4.6.3.2 Thermoplastic Variants 

In addition to thermoset materials, thermoplastic materials like different PE compounds were also 

investigated in this research, in order to find a suitable candidate which could provide maximum 

enclosure flexibility as well as operational reliability. Structural composition of PE resin is 

characterized by its density, which significantly influences the resin characteristics like impact 

strength, stiffness, softening temperature and tensile strength as is presented in Table 4.2 [149, 

150]. Additionally, high and medium density PE materials offer substantial immunity from 

moisture, rapid crack propagation, soil and ultraviolet radiation. Consequently, considering the 

required environmental immunity, structural strength and flexibility characteristics, different PE 
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100 and PE 80 grade enclosures for FGIL were analyzed apropos of the structural flexibility. 

Specifications like wall thickness, diameter, DR and pressure rating of enclosures used in the 

aforementioned analysis, were determined as per ISO 4437 standard [151]. Comprehensive 

description of enclosure specimens utilized in the comparative investigations is represented in 

Table 4.7 [151]. PR of 8 bar was selected basically due to the fact that conventional GIL operates 

at a pressure of 100 psi. DR of enclosure specimens mentioned in Table 4.7, varied despite having 

the similar PR because PE 100 has higher magnitudes of minimum required strength (MRS), long 

term hydrostatic strength (LTHS) and tensile strength (TS), as compared to PE 80 [149-153].     

Regarding the structural flexibility investigations of PE compounds, PE 100 and PE 80 materials 

were modeled in Autodesk Inventor by utilizing their standard characteristics like density, material 

type, Poisson ration, appearance, yield strength, shear modulus, TS, thermal conductivity, Young’s 

modulus, thermal expansion coefficient and specific heat [149-151, 155, 160]. Modeled materials 

were than utilized to construct enclosure specimens as per the specifications mentioned in Table 

4.7. Followingly, cantilever loads were imposed upon the developed enclosures in order to conduct 

the pliability investigations, and accordingly, SF for all specimens was set at 2. Simulation results 

regarding enclosure bendability apropos of specimen 2 of PE 100 and PE 80 is represented in 

Figure 4.16, while their respective SFs are represented in Figure 4.17. Further, flexibility 

comparison of PE 100 and PE 80 based enclosure specimens of Table 4.7 revealed that the prior 

has almost 16% lesser pliability in comparison to the latter one, and is represented in Figure 4.18 

[142]. Moreover, MLBR comparison of PE 100 and PE 80 based enclosure specimens of Table 

4.7 revealed that the prior has almost 15% large bending radius in contrast to the latter one and is 

represented in Figure 4.19 [142]. MLBR apropos of different enclosure specimens of Table 4.6 

was calculated by using equation (4.23).  

Table 4.7: Comprehensive description of PE based enclosure specimens used in the structural pliability 

appraisal. 

Enclosure Specimen Resin Pressure Rating (Bar) Outer Diameter (mm) Dimension Ratio 

1. PE 80 8 50 13 

2. PE 80 8 125 13 

3. PE 80 8 250 13 

1. PE 100 8 50 17 

2. PE 100 8 125 17 

3. PE 100 8 250 17 



61 
 

  
(a) (b) 

Figure 4.16: Pliability appraisal apropos of specimen 2 of (a) PE 80 and (b) PE 100 as describe in Table 

4.7. 

 
 

(a) (b) 

Figure 4.17. SF analysis regarding the pliability investigations of specimen 2 of (a) PE 80 and (b) PE 100 

as described in Table 4.7. 

 

Figure 4.18: Pliability appraisal of enclosure specimens as enlisted in Table 4.7. 
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Figure 4.19: MLBR comparison of enclosure specimens as enlisted in Table 4.7. 

4.6.3.3 Critical Comparison 

Comprehensive analysis unveiled that structural flexibility of PE compounds based enclosure is 

relatively higher as compared to the ERFG based enclosure [141, 142]. Moreover, incorporation 

of corrugated structure in ERFG based enclosure, in order to enhance its structural flexibility, also 

resulted in its increased size as compared to the PE variants. Moreover, investigations regarding 

PE compounds reveled that structural flexibility of PE 100 and PE 80 based enclosures differ quite 

slightly, whereas, due to its higher LTHS and MRS, PE 100 exhibits better stress withstand 

capability and could serve as a better candidate for underground applications of FGIL. 

Additionally, PE 100 offers higher immunity from moisture, soil as well as chemicals, and has a 

higher TS, which will ultimately facilitate the HDD based trenchless application of FGIL in urban 

vicinities. 

4.6.4 Estimation of Dimensional Specifications  

Concerning the analysis apropos of mechanical aspects, specifications like wall thickness, DR and 

OD were determined as described in section 4.4.1.3 and section 4.4.1.4 respectively. Further, 

considering the possible pressure, temperature and environmental limitations, wall thickness of 

14.1 mm, DR of 11 and OD of 155.4 mm, were finalized on the basis of equation (4.3) and equation 

(4.4) respectively [142]. However, after the completion of electrical design, adjustments if 

required, will be implemented in the enclosure dimensions, and accordingly, mechanical design 

will be reassessed.  
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4.6.5 Pressure Rating Comparison 

Concerning the pressure requirement of FGIL, MOP of propounded enclosure scheme regarding 

ISO and ASTM methods was determined as described in section 4.4.1.5. For the mentioned 

purpose, new as well as 25 years aged model of PE 100 enclosure were considered. Subsequently, 

allowable pressure rating regarding aged as well as new enclosure models was analyzed in 

comparison to the required pressure rating of FGIL. Comparison unveiled that both, aged and new 

models of PE 100 enclosure, having a DR of 11, exhibit 7% and 31% higher pressure enduring 

capability, as compared to the required pressure rating of FGIL [142]. The comparison of required 

pressure rating of FGIL, with the allowable pressure rating of aged and new models of PE 100, as 

per ISO and ASTM methods, is shown in Figure 4.20.   

 
Figure 4.20: Comparison of pressure rating of aged and new models of PE 100 enclosure with the pressure 

rating of FGIL. 

4.6.6 Allowable Dimensional Variation 

Pressure and temperature based longitudinal variations were estimated for the propounded scheme 

as describe in section 4.4.3. Followingly, pressure and temperature dependent longitudinal changes 

were compared respectively with their permissible standard limits. Comparison unveiled that the 

propounded enclosure for FGIL, having a DR of 11, exhibits 16.7 times and 9.7 times lesser 

dimensional changes in length regarding pressure and temperature, as compared to their allowable 

variation limits respectively [142]. Figure 4.21 shows the comparison between the estimated 

variation of length and respective permissible limits for PE 100 enclosure apropos of pressure and 

temperature.  
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Figure 4.21: Comparison between the allowable and estimated variations in length of PE 100 enclosure 

regarding pressure and temperature. 

4.6.7 Wall Buckling Assessment 

Realizing loadings and buckling concern regarding subsurface implemented flexible enclosure, 

WBR as well as the respective external loadings for propounded enclosure were calculated as 

described in section 4.4.4 and section 4.4.5. For the mentioned purpose, PE 100 based enclosure 

was considered to be implemented at a depth of 2 meters. Buckling investigation was carried out 

regarding new and 25 years aged models, but, external loadings were considered the same for both 

cases. Simulation based analysis, as shown in Figure 4.22, apropos of constrained enclosure 

unveiled that both aged and new models exhibit 4.5 and 16.3 times higher WBR as compared to 

the possible external loadings [142]. Additionally, analysis apropos of unconstrained enclosure, as 

shown in Figure 4.22, unveiled that both aged and new models exhibit 1.8 and 14.3 times higher 

WBR as compared to the possible external loadings [142].  

 
Figure 4.22: Comparison of WBR regarding aged and new models of PE 100 enclosure apropos of 

underground implementation. 
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4.6.8 Compressive Stress Appraisal 

Concerning circumferential deformity constraints apropos of underground applications, 

compressive stress regarding the propounded enclosure for FGIL was calculated as described in 

section 4.4.6, and was compared afterwards with the permissible compressive stress for PE 100 

pipe. For the mentioned purpose, PE 100 enclosure was considered to be implemented at a depth 

of 2 meters. Detailed comparison unveiled that the permissible compressive stress was 

approximately 39 times higher as compared to the actual compressive stress [142]. Figure 4.23 

compares the actual and allowable compressive stresses for PE 100 enclosure apropos of the 

proposed scheme.  

 
Figure 4.23: Comparison of actual and allowable compressive stresses for PE 100 enclosure. 

4.6.9 Ring Deflection Analysis  

Regarding PRD, both aged and new models of propounded thermoplastic enclosure for FGIL were 

investigated apropos of the influence of external loadings. Dimensional specifications of 

enclosure, apropos of mentioned purpose, were determined as described in section 4.6.4, and 

implementation depth was considered as 2 m. Considering allowable design window of 4% for 

pressure applications of thermoplastic enclosures, PRD apropos of aged and new models along 

with their potential loadings was determined as described in section 4.4.8 and section 4.4.5. 

Comprehensive comparison showed that PRD regarding aged and new models was approximately 

2.8 and 6 times lesser as compared to the allowable limit [142]. Figure 4.24 represents the PRD 

comparison regarding PE 100 based enclosure between aged model, new model and the allowable 

limit. 
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Figure 4.24: Comparison of percentage ring deflection of PE 100 based enclosure regarding new model, 

aged model and allowable limit. 

4.6.10 Bending Radius Assessment 

Concerning the MLBR, unloaded and loaded models of propounded pliable enclosure were 

compared with conventional rigid enclosure. The loaded model of thermoplastic enclosure used in 

this comparison, comprised internal and external loadings as described in section 4.4.4 and section 

4.4.5. Dimensional specifications apropos of unloaded and loaded models were determined as 

described in section 4.6.4, while minimum SF regarding the enclosure bending was set as 2. 

Detailed comparison unveiled that MLBR regarding unloaded and loaded models of flexible 

enclosure was approximately 40 times and 24 times lesser as compared to the MLBR of 

conventional rigid enclosure [119, 142]. Additionally, considering the case of internal loadings 

only, MLBR regarding flexible enclosure was approximately 21 times lesser as compared to the 

MLBR of conventional rigid enclosure [142]. Figure 4.25 represents the MLBR comparison of 

propounded scheme apropos of different scenarios mentioned above.     

 
Figure 4.25: Comparison of minimum longitudinal bending radius (MLBR) apropos of loaded and unloaded 

models of propounded thermoplastic enclosure for FGIL. 
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4.6.11 Laying Length Appraisal 

Regarding the approximation of potential benefit associated with lesser MLBR, laying length of 

conventional and propounded schemes were compared apropos of the same horizontal plane, as 

describe in section 4.4.10. For the mentioned purpose, MLBR of 132 kV conventional GIL was 

compared with the MLBR of loaded FGIL as described in section 4.6.10. Figure 4.26 represents 

the required laying length apropos of propounded and conventional GIL schemes. Comparison 

unveiled that laying length required for the propounded FGIL was almost 23 times lesser as 

compared to the laying length required conventional GIL [142]. Lesser laying length will 

significantly minimize the required land area at bends as well as will result in a substantial cost 

reduction in comparison the conventional scheme due to lesser line length requirements along 

bends.  

 
Figure 4.26: Comparison of laying length apropos of propounded and conventional GIL schemes. 

4.6.12 Safety Factor 

Due to possible strength degradation of pressure vessels over time, SF appraisal is necessarily 

required in order ensure their operational reliability. Thus, regarding the propounded FGIL 

scheme, SF analysis of aged and new models of thermoplastic enclosure were performed by using 

Autodesk Inventor based modeling and analysis. For the mentioned purpose, bended as well as 

straight enclosure specimens were considered, and their bending as well as dimensional 

specifications were determined as described in section 4.6.10 and section 4.6.4. Results of the said 

analysis are shown in Figure 4.27. Detailed analysis unveiled that bended and straight enclosure 

specimens had a SF of more than 2 [142]. Further, regarding the aged model, SF got reduced by 

approximately 23% and 20% apropos of bended and straight enclosure specimens respectively. 
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However, SF regarding aged model was observed to be more than 2 in the case of straight 

specimen, while it fell just 15% below 2 in the case of bended specimen [142].  

 
Figure 4.27: Comparison of Safety factor (SF) of bended and straight enclosure specimens regarding the 

aged and new models of the proposed scheme. 

4.6.13 Dimensional Comparison 

Concerning the dimensional changes, proposed FGIL model was compared with the conventional 

GIL scheme. Comprehensive comparison unveiled that wall thickness of propounded enclosure 

was almost 4 mm greater as compared to the enclosure of conventional scheme [142, 167]. 

However, lesser conductor diameter in proposed scheme resulted in its reduced enclosure size, as 

FUF in GIL is directly influenced by electrode sizes, and should be maintained between 0.5 to 0.6. 

Consequently, overall dimension of FGIL was minimized by almost 90 mm as compared to 

conventional GIL [142]. Dimensional comparison between propounded FGIL, containing stranded 

conductor as well as thermoplastic enclosure, and the conventional GIL is shown in Figure 4.28.     

 
Figure 4.28: Dimensional comparison between propounded FGIL, containing stranded conductor and 

thermoplastic enclosure, and the conventional GIL. 
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 Chapter 5 

Electrical Design and Analysis of FGIL 

5.1 Overview  

Dielectric and electrostatic aspects directly impact the operational reliability of electrical 

equipment and require thoughtful consideration regarding the electrical design and analysis of 

proposed FGIL. In this chapter, a detailed description along with analytical design apropos of the 

influencing factors in proposed FGIL like electrode irregularity, field utilization, field intensity 

and dielectric strength is provided. Additionally, COMSOL Multiphysics based detailed modeling 

and analysis of propounded FGIL regarding dielectric and electrostatic aspects, in comparison to 

the conventional GIL is performed. Regarding modeling and analysis, corrugated as well as 

smooth enclosure profile, as describe in chapter 4 are considered. Further, dimensional 

specifications for the proposed scheme, as described in chapter 4, are reconsidered regarding 

electrical aspects in this chapter.    

5.2 Field Utilization Factor 

Gap distribution and contour irregularity of electrodes influence the field homogeneity, 

electrostatic stress intensity as well as field utilization within a region [173]. Thus, identification 

of high field regions and their field intensity is essentially required for the proposed FGIL as it 

comprises of stranded conductor. Field utilization factor (FUF) describes the effectual usability of 

field space and facilitate the electrostatic stress analysis regarding dielectric materials. Generally, 

FUF could be calculated by using equation (5.1), where, Emax is maximum field and Eavg is average 

field [12]. Further, realizing that proposed FGIL basically has a coaxial configuration, FUF for the 

proposed scheme is calculated by using equation (5.2) [131, 132]. However, concerning the 

corrugated enclosure model, FUF is calculated by using equation (5.1). In equation (5.2), F is FUF, 

R is enclosure’s radius and r is conductor’s radius.  

𝜂 =  
𝐸𝑎𝑣𝑔

𝐸𝑚𝑎𝑥

 (5.1) 

𝐹 =  
𝑟 · (ln

𝑅
𝑟

)

𝑅 −  𝑟
 (5.2) 
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5.3 Primary Insulation Medium 

Primary insulation medium in first generation GIL was pure SF6, which in its second generation, 

was replaced with a mixture of SF6 and N2 having a ratio of 20:80 [14]. However, in gas insulated 

substations and other gas insulated equipment like SF6 circuit breaker, pure SF6 is still used. 

Regarding the proposed FGIL, investigations in this research were performed with pure SF6 as 

well as its mixture with N2 as per the standard mixing ratio. Considering the standard practice for 

gas insulated equipment, gas pressure regarding the latter was kept higher in comparison to the 

earlier one due to its relatively lower dielectric strength. However, the design of propounded FGIL 

is performed regarding the mixture of SF6 and N2 as per the standard mixing ratio [142, 143]. Due 

to its higher global warming potential (GWP), SF6 is facing sanctions regarding its utilization in 

electrical equipment. The proposed FGIL is quite flexible regarding the modification of primary 

insulation medium, as only dimensional specifications need to be revaluated as per the required 

pressure and dielectric strength.  

5.4 Field Dispersal Regarding Electrode Geometry 

Electrode geometry directly influences the field distribution within the electrode gap and existence 

of irregularities upon electrode’s surface cause uneven as well as increased field intensity in the 

adjacent regions. Field intensity in such regions depend upon the extent of irregularity as well as 

the applied electric potential and could result in partial discharge or gap discharge along the 

electrode gap. Such discharges may result in reduced operational reliability of FGIL specifically, 

as the proposed scheme comprises of stranded conductor. Additionally, in order to enhance the 

structural flexibility of propounded scheme, corrugated enclosure was analyzed in chapter 4 

regarding mechanical aspects, and accordingly requires careful consideration regarding field 

dispersion due to its irregular contour. Realizing the risks associated with contour irregularities of 

conductor and enclosure of proposed FGIL, in this chapter, a detailed simulation based modeling 

and analysis is performed regarding the impact of electrode irregularities on field intensity as well 

as field dispersal.    

5.5 Dimensional Specification of Enclosure 

In chapter 4, ERFG based corrugated profile enclosure as well as PE compounds based smooth 

profile enclosure were investigated regarding their structural pliability. In this chapter, dimensional 
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specifications of both enclosure schemes are determined in order to achieve the required field 

distribution and field utilization for the proposed scheme. Regarding corrugated enclosure, 

dimensional specifications like pitch size, electrode gap and internal diameter were determined by 

developing and analyzing different models of proposed FGIL apropos of field utilization and field 

intensity by using COMSOL Multiphysics, and is described in section 5.11.1 [140]. Regarding 

smooth enclosure profile, dimensional specifications like electrode gap and enclosure diameter 

were determined by rearranging equation (5.2) as equation (5.3) regarding the enclosure’s radius. 

Realizing that equation (5.3) is an implicit equation, its solution was found through Newton-

Raphson (NR) iterative technique by using MATLAB. Regarding this solution, initial estimate for 

the enclosure’s radius was set as 50 mm and its post iteration required accuracy was set as 4 [142, 

143]. After finalizing the enclosure’s radius, different models of proposed FGIL regarding smooth 

enclosure profile were developed and compared with the convention GIL scheme by using 

COMSOL Multiphysics, and is described in section 5.11.2. Comparing the finalized enclosure 

specimen for proposed FGIL in both cases with the conventional GIL regarding electrostatic 

aspects revealed that the corrugated enclosure could not provide the required field utilization as 

well as field dispersion due to its contour irregularity, as is described in section 5.11.1 and section 

5.11.2. Thus, considering the suitability of smooth enclosure profile regarding electrostatic 

aspects, detailed electrical design of proposed FGIL regarding PE 100 based enclosure is 

performed in the following sections. However, detailed simulation based comparison for the 

considered corrugated and smooth enclosure profiles, based upon which smooth enclosure was 

finalized for the proposed FGIL, is provided in section 5.11.1 and section 5.11.2.    

𝑅 =  𝑟𝑒𝑥𝑝 (𝐹 · ((
𝑅

𝑟
) − 1))  (5.3) 

5.6 Grounded Mesh Specifications 

Realizing that enclosure in propounded FGIL is a thermoplastic, implementation of metallic shell 

alongside the enclosure’s inner wall is essentially required in order to provide the grounding. 

Additionally, in GIL, current flowing through the ground shell is approximately equal to the load 

current and thus requires thoughtful consideration regarding the ground layer. Considering the 

ampacity of stranded conductor used in the mechanical modeling of FGIL, as per ASTM B232 

standard, dimensional specifications of ground shell like inner diameter, outer diameter and 
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thickness are calculated by using equation (5.4) and equation (5.5) [168]. In equation (5.4), R 

represents the enclosure’s inner radius, r represents the conductor’s outer radius and r1 represents 

the inner radius of ground layer, while in equation (5.5), T is wall thickness of ground layer. 

However, in order to facilitate the required flexibility, braided metallic mesh instead of solid 

enclosure is proposed for the grounding layer in FGIL. Braided conductors provide higher 

flexibility in comparison to the other conductor schemes and will not significantly influence the 

bending radius of FGIL.   

𝑟1 =  √
𝜋𝑅2 −  𝜋𝑟2

𝜋
 (5.4) 

𝑇 = 𝑅 − 𝑟1  (5.5) 

5.7 Electrical Parametric Estimation 

FGIL basically has of an enclosed assembly where the high voltage and ground electrodes are 

insulated by gaseous dielectric. Further, regarding concentric orientation of conductor, OCF of 

significant structural strength is suggested, however, this solid insulation is quite small in quantity 

and makes up merely up to 2% to 3% of the line volume [142, 143]. Thus, FGIL is very much 

similar to OHLs except that electrodes are placed within a closed environment. Additionally, outer 

enclosure bears the environmental impacts like humidity, pollution or dust while the internal 

system remains intact, and consequently, FGIL could provide constant electrical conditions. Such 

conditions could be described by constant physical parameters of FGIL like resistance, inductance 

or capacitance and are dependent upon the enclosure and conductor dimensioning as well as the 

characteristics of insulation gas [14]. An approximation of such electrical parameters of FGIL 

regarding an operating line voltage of 132 kV is performed in the following sections. 

5.7.1 Resistance 

Regarding FGIL, stranded conductor is suggested as the conductor and accordingly, as per ASTM 

B232 standard, thrasher is considered for modeling and analysis regarding mechanical as well as 

electrical aspects [168]. Thrasher has an ampacity of 1875 A, and accordingly, resistance for this 

conductor was determined in per unit length as per the mentioned standard for a conductor 

temperature of 75 0C [168]. This conductor was basically selected for the modeling and analysis 

of propounded FGIL owing to the reason that it’s the highest ampacity stranded conductor as per 



73 
 

ASTM B232 standard. Further, its current rating is slightly lesser as compared to the current rating 

of 132 kV standard conventional GIL [14, 168].  

5.7.2 Capacitance 

The capacitance of FGIL is influenced by its dimensional specifications as well as the 

characteristics of insulating gas. Considering the fact that FGIL has a coaxial arrangement, 

capacitance for the proposed FGIL was determined by using equation (5.6) where C is the 

capacitance in per unit length, R is enclosure’s radius, r is conductor’s radius, ϵ0 is permittivity of 

free space and ϵcr is cumulative relative permittivity regarding N2, SF6 and polyurethane [15, 174]. 

Dimensional specifications of conductor and enclosure were determined on the basis of modeling 

and analysis performed in section 5.11.2 and section 5.11.3 for an operating line voltage of 132 

kV. Further, regarding foam based supports for concentric conductor orientation, an assumption 

was made on the basis of structural strength analysis performed in section 4.6.2 that the required 

foam length for the proposed scheme in comparison to the line length would be approximately 

20% to 30%.  

𝐶 =  
2 𝜋 𝜖0 𝜖𝑐𝑟

ln
𝑅
𝑟

 (5.6) 

5.7.3 Inductance 

Regarding FGIL, inductance depends upon the dimensional specifications of conductor and 

enclosure as well as the characteristics of dielectric gas. Realizing that FGIL comprises of a coaxial 

geometry, inductance for the propounded FGIL was determined by using equation (5.7) where L 

is the inductance in per unit length, R is enclosure’s radius, r is conductor’s radius, μ0 is 

permeability of free space and μcr is cumulative relative permeability regarding SF6, N2 and 

polyurethane [174]. Dimensional specifications of enclosure and conductor were determined on 

the basis of modeling and analysis performed in section 5.11.2 and section 5.11.3 for an operating 

line voltage of 132 kV. Moreover, regarding foam based supports for concentric conductor 

positioning, an assumption was made on the basis of structural strength analysis performed in 

section 4.6.2 that the required foam length for the proposed scheme in comparison to the line length 

would be approximately 20% to 30%.  
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𝐿 =  
𝜇0𝜇𝑐𝑟

2𝜋
ln

𝑅

𝑟
 (5.7) 

5.7.4 Impedance 

The impedance of proposed FGIL will be described by the capacitance and inductance of the line, 

out of which, capacitance is dominant, and will be highest during the no load conditions [14]. 

However, with the increased line loading, inductance of FGIL will also increase. Moreover, 

regarding the operation of FGIL at its rated capacity, load current of FGIL will be closer to its 

natural load [14]. Consequently, capacitance and inductance of FGIL will be approximately 

equalized and its impedance will be only resistive.  

5.7.5 Surge Impedance 

Concerning the applications where FGIL will be connected to the transmission network, estimation 

of transient voltages at the junction of different surge impedance will be necessarily required. Thus 

surge impedance or characteristic impedance of transmission line is a vital parameter regarding 

the transient analysis as well as insulation coordination analysis. Realizing that FGIL basically 

comprises of a coaxial geometry, its surge impedance is calculated by using equation (5.8) where 

Z0 is surge impedance, R is enclosure’s radius, r is conductor’s radius and ϵcr is cumulative relative 

permittivity regarding N2, SF6 and polyurethane [175].   

𝑍0 =  
138 𝑙𝑜𝑔10

𝑅
𝑟

√𝜖𝑐𝑟

 (5.8) 

5.7.6 Surge Impedance Loading 

Surge impedance loading (SIL) of a transmission line represents the power transmitted over a 

lossless line i.e. the loading condition of a transmission line when its capacitance and inductance 

are approximately equal. Thus, power transmitted for the mentioned scenario is real power and 

represents the maximum magnitude of power that can be transmitted over the line. SIL of the 

proposed FGIL is calculated by using equation (5.9), where SIL is surge impedance loading, V is 

line to line operating voltage of line and Z0 is surge impedance of line [15]. Regarding equation 

(5.9), Z0 is calculated as described in section 5.7.5 while operating voltage is considered as 

described in section 5.11.1 and section 5.11.2.   
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SIL =  
V2

Z0

 (5.9) 

5.7.7 Rated Ampacity and Power 

Concerning the electro-mechanical design and analysis of proposed FGIL, thrasher was selected 

from the given stranded conductors in ASTM B232 standard due to the fact that its ampacity is 

relatively closer to the ampacity of standard conventional GIL of 132 kV [14, 168]. The mentioned 

conductor has a rated current capacity of 1875 A, and accordingly, the rated power for the proposed 

FGIL is calculated by using equation (5.10). In equation (5.10), S is apparent power of FGIL, V is 

line to line operating voltage of FGIL and I is rated ampacity of selected conductor for proposed 

FGIL as per ASTM B232.  

𝑆 =  √3 𝑉 𝐼   (5.10) 

5.7.8 Line Losses 

Line losses associated with a transmission line include resistive losses due to conductor’s 

resistance as well as the dielectric losses due to reactive requirement of line. Regarding the 

proposed FGIL, resistive losses are evaluated by using equation (5.11), where I is the rated current 

capacity of selected conductor and R is rated resistance of selected conductor, as per ASTM B232. 

Further, due to gaseous insulation, dielectric losses of FGIL will be relatively lower as compared 

to the solid insulation cables and consequently requirement of reactive power compensation will 

be low [14]. 

𝑃𝐿 =  𝐼2 𝑅   (5.11) 

5.8 Dielectric Breakdown Considerations 

Considering the fact described in section 5.3 that primary insulation in the proposed FGIL is 

basically provided by a gaseous dielectric, as well as, the direct relation between dimensional 

specifications and dielectric integrity of FGIL, breakdown in FGIL requires thoughtful 

consideration. Breakdown in FGIL may occur due to partial discharge or gap discharge along the 

electrode gap. Such discharges may result due to increased potential gradient, concentrated electric 

fields due to electrode irregularities as well as reduced dielectric gas content, and may compromise 

the operational reliability of FGIL [12, 176]. Thus, such factors should be considered necessarily 
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while performing the electrical design of FGIL. In the following sections, dielectric breakdown of 

FGIL due to above mentioned scenarios is discussed briefly according to the dimensional 

specifications of propounded FGIL, as described in section 5.11.2.     

5.8.1 Minimum Breakdown Voltage 

According to the streamer breakdown theory, streamers could facilitate avalanche along the 

electrode gap in gaseous dielectrics and could cause gap discharge or partial discharge along the 

electrode gap [173]. Electric potential associated with such discharges is categorized as the 

breakdown voltage. Breakdown voltage in gaseous dielectrics depends upon the dielectric 

characteristics of gas, operating pressure and electrode gap. Thus, dimensional specifications and 

operating pressure of the subject application should be adjusted so that its nominal operating 

voltage remains far below its breakdown voltage. Minimum breakdown voltage for the 

propounded FGIL scheme regarding pure SF6 was calculated by using equation (5.12), where d 

represents electrode gap, BV represents breakdown voltage and P represents gas pressure [173, 

176]. Regarding equation (5.12), electrode gap was determined on the basis of dimensional 

specifications, as described in section 5.11.2, and further, operating pressure for pure SF6 was 

determined on the basis of standard practice for gas insulated equipment as described in section 

5.3.   

𝐵𝑉 =  1.321 (𝑃𝑑)0.915   (5.12) 

5.8.2 Effect of Electrode Irregularity 

In addition to electrode gap and gas pressure, breakdown voltage in gaseous dielectrics is also 

influenced by the contour irregularity of electrode as well as concentrated electric field regions. 

Thus, breakdown voltage estimation in gaseous dielectrics also require careful consideration 

regarding the mentioned aspects as they could significantly degrade the breakdown voltage 

magnitude. Regarding the propounded FGIL scheme, possible degradation in the breakdown 

voltage due to contour irregularity of electrodes as well as concentrated electric field regions was 

calculated by using equation (5.13) [173, 176]. In equation (5.13), F represents field utilization 

factor, C represents curvature factor, Er represents electrode roughness factor, d represents 

electrode gap, BV represents breakdown voltage and P represents gas pressure. Regarding equation 

(5.13), FUF was determined on the basis of section 5.11.2 and section 5.11.3, operating pressure 
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for pure SF6 was determined on the basis of standard practice for gas insulated equipment as 

described in section 5.3, electrode gap was determined on the basis of dimensional specifications 

as described in section 5.11.2, and electrode roughness factor was determined on the basis of 

standard practice for stranded conductors.  

𝐵𝑉 =  0.8775 𝐹 𝐸𝑟  𝐶 𝑃 𝑑   (5.13) 

5.8.3 Effect of Reduced Dielectric Gas Content 

As described in section 3.3.2 and section 5.3, primary insulation medium in the second generation 

of conventional GIL basically comprises of a gaseous mixture of SF6 and N2 in a ratio of 20:80. 

Thus, reduction of SF6 content along the electrode gap will result in a lower breakdown voltage 

and will require higher operating pressure to provide similar dielectric withstand characteristics as 

compared to the pure SF6. Consequently, regarding the proposed FGIL scheme, incorporation of 

possible degradation in its breakdown voltage due to reduced SF6 gas content requires thoughtful 

consideration regarding dielectric withstand capability of FGIL as well as its dimensional 

specifications. Thus, possible degradation in the breakdown voltage magnitude of proposed FGIL, 

due to reduced SF6 content in dielectric mixture, is calculated by using equation (5.14), where, N 

represents the percentage of pure SF6 in the gaseous mixture and M represents the degradation in 

breakdown voltage as compared to the pure SF6 in percentage [173, 176].  

𝑀 =  38.03 · 𝑁0.21   (5.14) 

5.9 Electrostatic Field Considerations 

In addition to electric potential, breakdown in gaseous dielectrics is also sensitive to the elevated 

electric field intensities. As per the critical field intensity theory, breakdown voltage in gaseous 

dielectrics is influenced by electrode gap, contour irregularity of electrode, FUF, gas pressure and 

critical field [176]. The mentioned theory describes that in order to minimize the probability of 

dielectric breakdown by avalanche in a gas filled high voltage equipment, design and operational 

electric field intensities must be lesser as compared to critical electric field intensity [173]. 

Additionally, as per GIL standards, permissible design criterion concerning the electrostatic field 

is 20 kV/mm, and could be higher conditionally that the affected area is not enormous [14]. Thus, 

regarding the propounded FGIL scheme, estimation of design, operational and critical field 

intensities is necessarily required and are described in the following sections.  
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5.9.1 Nominal Electric Field 

Considering the standard BIL and nominal operating voltages, design and nominal electric field 

intensities for the propounded FGIL scheme were evaluated respectively by using equation (5.15) 

[131]. In equation (5.15), R is enclosure’s radius, r is conductor’s radius and U0 represents the 

nominal and standard BIL voltages respectively regarding the calculation of nominal and design 

magnitudes of electric field intensity. Dimensional specifications for equation (5.15) were 

determined as described in section 5.11.2, while nominal and standard BIL voltages were 

determined on the basis standard values for 132 kV conventional GIL. After performing 

satisfactory analytical design regarding the electrostatic field intensities, COMSOL Multiphysics 

based FGIL models were also developed regarding design and nominal operating voltages, in order 

to analyze the regions of concentrated electric fields as well as field intensities in such regions, as 

is described in section 5.11.6.2.    

𝐸𝑚𝑎𝑥  =  
𝑈0

𝑟 · ln (
𝑅
𝑟

)
 (5.15) 

5.9.2 Critical Electric Field 

As per section 5.9, critical electric field intensity should be higher as compared to the design and 

nominal electric fields. Thus, estimation of critical electric field intensity of the propounded FGIL 

as well as its comparison with respective design and operational electric field intensities is 

necessarily required. Critical electric field intensity for the proposed scheme is calculated by using 

equation (5.16), which was formulated by using equation (5.2), equation (5.13), equation (5.14) 

and equation (5.15) [131, 173]. In equation (5.16), F represents field utilization factor, Ec 

represents critical electric field and BV represents breakdown voltage as evaluated on the basis of 

equation (5.13) and equation (5.14). Regarding equation (5.16), dimensional specifications were 

determined as described in section 5.11.2, while FUF factor was determined as described in section 

5.2. After performing satisfactory analytical design regarding the critical electrostatic field 

intensity, COMSOL Multiphysics based FGIL models were also developed and analyzed 

regarding design, nominal and breakdown voltages, in order to identify the regions of concentrated 

electric fields as well as field intensities in such regions, as is described in section 5.11.6.2.   

𝐸𝑐  =  
𝐵𝑉

F (𝑅 − 𝑟)
  (5.16) 
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5.10 Design Algorithm 

Electrical design of proposed FGIL is basically an iterative process which necessarily require 

modification apropos of former finalized approximations in case of inappropriate results for 

upcoming evaluations. Thus, realizing interdependency of different design parameters, a flow 

chart, demonstrating comprehensive electrical design for the propounded FGIL, on the basis of 

performed design is given in Figure 5.1 [142]. 

 

Figure 5.1: Flow chart regarding electrical design of propounded FGIL scheme. 
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5.11 Results and Discussions 

Concerning the practicability of propounded scheme, Autodesk Inventor and COMSOL 

Multiphysics based FGIL models, developed as per the design described above, were analyzed 

regarding different electrical aspects by using COMSOL Multiphysics. Modeling and analysis in 

this chapter was performed regarding an operating voltage of 132 kV, and accordingly, its 

comparison was performed with a 132 kV conventional GIL regarding different key aspects.  

5.11.1 Corrugated Enclosure Profile 

Structural flexibility comparison of metallic enclosure of conventional GIL and ERFG based 

corrugated enclosure for the propose FGIL was performed by using Autodesk Inventor, as is 

described in section 4.6.3.1. Simulation results reveal that ERFG based corrugated enclosure was 

several times flexible as compared to the conventional metallic enclosure. However, in order to 

identify the practicability of proposed scheme, detailed appraisal of corrugated enclosure of FGIL 

regarding electrical aspects is also essential. Thus, COMSOL Multiphysics based models of 

conventional GIL and proposed corrugated FGIL were developed and analyzed regarding FUF and 

field dispersion.  Dimensional specifications of enclosure and conductor including wall thickness, 

diameter and electrode gap were determined on the basis of standard 132 kV GIL and ASTM B232 

respectively. Moreover, regarding corrugated enclosure, pitch dimension was determined on the 

basis of ASTM A760/A760M corrugated pipe standard. Table 5.1 provides the detailed description 

apropos of different enclosure specimens used in the mentioned simulation based modeling and 

analysis, wherein, specimen 1 is the real enclosure of conventional GIL while specimen 2 is its 

modeled version for analysis [140, 141]. Figure 5.2 compares the simulation results regarding 

different enclosure specimens as enlisted in Table 5.1 and reveal that FUF of the proposed scheme 

is slightly deviated as compared to the conventional scheme [140]. However, this minimal 

deviation occurred basically due to the corrugated profile of enclosure and can be improved by 

reconsidering the electrode clearance and electrode pitch dimension as per the required FUF [140]. 

Table 5.1: Detailed description of GIL models used in FUF analysis. 

Specimen No. Enclosure Material Structure Pitch Size (mm) 

1 Al Smooth Nil 

2 Al Smooth Pipe Nil 

3 RP Corrugated 38 
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Figure 5.2: Field utilization factor comparison apropos of conventional GIL and proposed FGIL models as 

enlisted in Table 5.1. 

5.11.1.1 Electrode Gap Finalization 

FUF is influenced by the electrode gap between ground and high potential electrodes, and 

consequently, in order to acquire the desired FUF, optimized electrode gap is essentially required 

for the proposed FGIL. Optimal electrode gap will also facilitate the minimization of electrostatic 

stresses upon the dielectric medium of FGIL and is necessarily required in order to enhance its 

operational reliability. Thus, in order to finalize the electrode gap for the proposed scheme, 

Autodesk Inventor was used to develop multiple FGIL models with corrugated enclosure profiles, 

having their pitch sizes of 38 mm and 58 mm [140]. However, electrode gap for the respective 

models was varied from 38.5 mm to 88.5 mm. The developed FGIL models were than analyzed 

by using COMSOL Multiphysics regarding their field dispersion and FUF in comparison to the 

conventional GIL of 132 kV. Detailed description of different FGIL models used in the electrode 

gap finalization is presented in Table 5.2 [140]. Figure 5.3 compares the developed FGIL models 

apropos of the influence of varying electrode gap and pitch size over the FUF of FGIL. Critical 

appraisal of Figure 5.2 and Figure 5.3 reveals that electrode gap of 68.5 mm exhibits minimal 

deviation of up to 1.5% in FUF of proposed FGIL in comparison to the FUF of conventional GIL 

[140]. Consequently, electrode gap of 68.5 mm could be considered an as a reasonable clearance 

between the ground and high potential electrodes of propounded FGIL.     
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Table 5.2: Detailed description of enclosure specimens used in the electrode gap finalization analysis.  

Specimen No. Pitch Size (mm) Electrode Gap (mm) 

1. 
38 38.5 

58 38.5 

2. 
38 48.5 

58 48.5 

3. 
38 58.5 

58 58.5 

4. 
38 68.5 

58 68.5 

5. 
38 78.5 

58 78.5 

6. 
38 88.5 

58 88.5 

 

Figure 5.3: FUF comparison regarding different pitch sizes and electrode clearances.  

5.11.1.2 Pitch Finalization 

Pitch size influences the structural flexibility of FGIL as is described in section 4.6.3.1.1, and 

accordingly, pitch size of 58 mm was observed to be the best dimension which could provide 

maximum structural flexibility without significantly increasing the enclosure size. In addition to 

mechanical aspects, pitch dimension plays an important role regarding the electrical aspects. 

Electrode pitch size influences the FUF and field intensity in the corrugated profile, and 

consequently, requires reconsideration of pitch size in order to acquire the desired FUF and field 

intensity. Thus, regarding pitch size for the proposed scheme, Autodesk Inventor was used to 
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develop multiple FGIL models with corrugated enclosure profiles, having their pitch sizes from 

18 mm and 98 mm. However, electrode gap for the respective models was kept at 68.5 mm, as is 

described in section 5.11.1.1. The developed FGIL models were than analyzed by using COMSOL 

Multiphysics regarding their field dispersion and FUF in comparison to the conventional GIL of 

132 kV. Detailed description of different FGIL models used in the pitch finalization is presented 

in Table 5.3 [140]. Figure 5.4 compares the developed FGIL models apropos of the influence of 

varying pitch size over the FUF of FGIL. Critical appraisal of Figure 5.2 and Figure 5.4 reveals 

that pitch size of 38 mm, 48 mm and 58 exhibit minimal deviation of up to 3% in FUF of proposed 

FGIL in comparison to the FUF of conventional GIL [140]. Consequently, considering the required 

structural flexibility as well as electrostatic characteristics, pitch size of 48 mm could be considered 

as the best pitch dimension.  

Table 5.3: Detailed description of enclosure specimens used in the pitch finalization analysis.  

Specimen 

No. 

Inner Diameter 

(mm) 

Outer Diameter 

(mm) 

Specimen 

Length (mm) 

Pitch Size 

(mm) 

1 226 254 1000 18 

2 226 264 1000 28 

3 226 274 1000 38 

4 226 284 1000 48 

5 226 294 1000 58 

6 226 304 1000 68 

7 226 314 1000 78 

8 226 324 1000 88 

9 226 334 1000 98 

 

Figure 5.4: FUF comparison for the proposed FGIL regarding different pitch dimension. 
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5.11.1.3 Critical Constraints 

After analyzing the electrostatic performance of FGIL regarding axial cross section, simulation 

based analysis was also performed for corrugated enclosure regarding radial cross section. 

Dimensional specifications like electrode gap, enclosure’s diameter and conductor’s diameter were 

determined on the basis of section 4.6.1 and section 5.11.1.1. Figure 5.5 (a) and Figure 5.5 (b) 

represent potential and field distribution in 132 kV corrugated enclosure based FGIL regarding 

axial cross section, while Figure 5.6 (a) and Figure 5.6 (b) represents the same respectively 

regarding radial cross section. Figure 5.7 compares the FUF of corrugated enclosure based FGIL 

regarding radial and axial cross sections. Simulation based modeling and analysis revealed that 

concentrated fields having magnitudes similar to the conductor’s contour fields occurred along the 

grounded enclosure due to its irregular profile. Additionally, FUF in radial cross section got 28% 

lower than its required standard value for GIL due to the fact that enclosure’s diameter was 

approximately 5 times larger as compared to the conductor’s diameter, which should be 

approximately 2.73 times as per the GIL standards [132]. Simulations were performed in order to 

enhance the FUF regarding radial cross section, which consequently, resulted in increased 

electrostatic stresses along the enclosure’s corrugations, due to reduced electrode gap. Thus, due 

to its poor FUF as well as concentrated fields of high magnitude, corrugated enclosure necessarily 

requires profile smoothening along its inner wall. Consequently, corrugated enclosure is not 

suitable for FGIL due to its poor electrostatic performance as the required enclosure to conductor 

dimension ratio of 2.73 could not be achieved.      

 
                                            (a)                                                                                       (b) 

Figure 5.5: (a) Potential distribution and (b) field distribution in corrugated FGIL scheme regarding axial 

cross-sectional view. 
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                                          (a)                                                                                       (b) 

Figure 5.6: (a) Potential distribution and (b) field distribution in corrugated FGIL scheme regarding radial 

cross-sectional view. 

 

Figure 5.7: FUF comparison regarding axial and radial cross-sectional views of corrugated FGIL scheme. 

5.11.2 Smooth Enclosure Profile  

Considering the structural flexibility analysis performed in section 4.6.3, corrugated as well as 

smooth enclosure models used in the comparative appraisal exhibit significant pliability as 

compared to the conventional rigid enclosure of GIL. However, as per the electrostatic analysis 

performed in section 5.11.1.3, corrugated enclosure is not suitable for the proposed scheme as its 

irregular profile resulted in regions of elevated electric fields as well as reduced FUF for the 

proposed FGIL scheme. Such concentrated electric field regions may result in partial discharge or 

gap discharge along the electrode gap and may compromise the operational reliability of FGIL. 

Realizing the constraints associated with corrugated profile, detailed appraisal of smooth profile 
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thermoplastic enclosure regarding different electrical aspects was performed. Thus, in the 

following sections, comprehensive analysis of FUF, electrode gap, and field intensity is performed 

regarding smooth flexible enclosure based FGIL scheme. Additionally, dimensional comparison 

of proposed and conventional schemes is also performed in order to identify the size change. 

5.11.2.1 Electrode Gap Finalization 

Regarding smooth enclosure for the propounded scheme, dimensional specifications of PE 100 

enclosure as determined in section 4.6.4 apropos of mechanical aspects, were reconsidered 

regarding electrical aspects, as described in section 5.5. Figure 5.8 represents the computations of 

NR iterative process apropos of enclosure’s diameter estimation, as described in section 5.5 [142]. 

The estimated parameter along with its error converged to the required accuracy in eleven 

iterations, as is represented in Figure 5.8. Dimensional appraisal showed that the estimated 

enclosure’s diameter was approximately three times the conductor’s diameter, which 

consequently, resulted in acquiring FUF for the propounded scheme with in the allowable range 

for GIL as per equation (5.2).  

 

Figure 5.8: Enclosure diameter apropos of the allowable FUF. 

5.11.2.2 Field Utilization Comparison 

Considering the dimensions for the proposed scheme, as described in section 5.1 and section 

5.11.2.1, Autodesk Inventor based models of conventional GIL and proposed FGIL were 
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developed, in order to analyze their electrostatic characteristics. Dimensional specifications of 

conventional GIL model were determined on the basis of standard dimensions for 132 kV voltage 

level [167]. Further, considering an operating line voltage of 132 kV, FUF and field dispersion 

analysis of the developed models was performed by using COMSOL Multiphysics. Electrostatic 

comparison of developed models revealed that FUF of the proposed scheme was only 1.8% lesser 

as compared to the FUF of conventional scheme, but, field intensity was relatively higher for the 

proposed scheme. However, field intensity in the proposed scheme remained within the 

permissible maximum field limit for GIL. Table 5.4 provides the dimensional specifications of 

different GIL models used in the comparative electrostatic appraisal. Figure 5.9 (a) and Figure 5.9 

(b) represents the simulation results regarding the potential distribution and field distribution in 

the developed FGIL model, while Figure 5.10 compares the FUF of conventional and proposed 

schemes.  

Table 5.4: Dimensional specification of different GIL models used in the comparative appraisal.  

Description 

Enclosure 

Inner Radius 

(mm) 

Conductor 

Outer Radius 

(mm) 

Conventional 113 44.5 

Proposed 63.6 22.895 

 
                                         (a)                                                                                           (b) 

Figure 5.9: (a) Potential distribution and (b) field distribution in proposed FGIL model.  
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Figure 5.10: Comparison of FUF regarding proposed and comparison GIL schemes. 

5.11.2.3 Dimensional Comparison 

Regarding dimensional variation, FGIL comprising of enclosure and conductor dimensions, as 

described in section 5.5 and section 5.11.2.1, and conventional GIL comprising of standard 

dimensions for 132 kV line were compared. Comparison unveiled that enclosure’s wall thickness 

of propounded scheme was almost 4 mm larger as compared to the conventional scheme due to 

the required operating pressure of 100 psi [142]. However, owing to the required FUF, outer 

diameter of FGIL’s enclosure was reduced by approximately 32% due to its smaller conductor 

diameter as compared to the conductor of conventional scheme, which also minimized the 

electrode gap for the proposed scheme. Thus, overall diameter of FGIL was also reduced by almost 

32% as compared to the conventional scheme [142]. Figure 5.11 represents the dimensional 

comparison between conventional and proposed GIL schemes. Further, considering the electro-

mechanically finalized dimensions, Figure 5.12 provides the comparison between conventional 

and proposed schemes regarding the electrode gap for an operating voltage of 132 kV. 

 
Figure 5.11: Dimensional comparison between proposed FGIL scheme and conventional GIL scheme. 
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Figure 5.12: Conductor to ground gap comparison regarding conventional GIL and propounded FGIL 

schemes. 

5.11.3 Contour Irregularity concerns 

Regarding electrical systems, electrostatic field optimization is necessarily required in order to 

minimize the probability of dielectric failure due to gap discharge or partial discharge [173]. In 

earlier electrostatic modeling and analysis, smooth conductor was used as the main focus was upon 

the various aspects associated with the enclosure of proposed FGIL. However, regarding the 

implementation of stranded conductor in proposed FGIL scheme and concerning its contour 

irregularity, comprehensive electrostatic analysis apropos of stranded conductor is necessarily 

required. Surface protrusions and irregular profile of stranded conductor could result in 

concentrated electric field regions over the conductor’s contour, which consequently could result 

in dielectric degradation due to partial discharges and streamers [3, 173, 177, 178]. Thus, 

COMSOL Multiphysics based conventional GIL model, as well as, proposed FGIL models 

comprising of stranded conductor, were developed in order to analyze the impact of conductor’s 

contour irregularity upon electrostatic characteristics of proposed FGIL. Stranded conductors used 

in the respective electrostatic stress modeling and analysis were developed by using Autodesk 

Inventor and their detailed description is provided in Table 5.5 [167, 168, 179]. Technical and 

dimensional specifications including electrode gap, thickness, strands and diameter regarding 

proposed and conventional schemes were determined on the basis of ASTM B857, ASTM B232, 

132 kV GIL standard values as well as the computations performed in section 5.11.2 [167, 168, 

179].       
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Table 5.5: Detailed description of conductors used in the field stress appraisal regarding conventional and 

proposed schemes. 

Specimen 

No. 
Category Material Structure Strand Geometry Profile 

Diameter 

(mm) 

1. Conventional Aluminum Hollow  Smooth 89 

2. Proposed Aluminum Stranded Circular Irregular 45.79 

3. Proposed Aluminum Stranded Trapezoidal Irregular 44.70 

5.11.3.1 Field Dispersion Regarding Conventional and Stranded Conductors 

Regarding the appraisal of field distribution as well as the identification of concentrated field 

regions in propounded FGIL scheme, COMSOL Multiphysics based modeling and analysis of 

conventional and proposed schemes apropos of conductor specimens, as enlisted in Table 5.5 was 

performed. Figure 5.13 (a) and Figure 5.13 (b) represent the potential and field distribution in 

conventional GIL model. Figure 5.14 (a) and Figure 5.14 (b) demonstrate the potential and field 

dispersal in FGIL model regarding specimen 2 of Table 5.5. Figure 5.15 (a) and Figure 5.15 (b) 

demonstrate the potential and field dispersal in proposed FGIL regarding specimen 3 of Table 5.5. 

Field dispersal analysis apropos of proposed and conventional schemes unveiled that concentrated 

field regions of significantly higher magnitudes occurred in the cases of stranded conductors. 

Enlarged view of such regions apropos of second and third specimens of Table 5.5 is represented 

in Figure 5.16 (a) and Figure 5.16 (b) respectively. Comprehensive field dispersion appraisal on 

the basis of Figure 5.13 to Figure 5.16 revealed that owing to surface irregularities and protrusions, 

high intensity electric fields appeared on the conductor’s contour for the case of proposed FGIL in 

comparison to conventional GIL. However, as compared to circular strand conductor, trapezoidal 

strand conductor exhibited 10% lesser field stress on the conductor’s surface, due to its 

comparatively smoother contour [143]. Further, comparison between the maximum and average 

electric fields apropos of conductor specimens of Table 5.5 is shown in Figure 5.17 respectively, 

while concerning the same conductor specimens, FUF comparison is shown in Figure 5.18. 

Detailed appraisal of Figure 5.17 and Figure 5.18 unveiled that conductor’s contour irregularity 

caused objectionably high field intensities apropos of specimen 2 as well as specimen 3, as 

compared to specimen 1 of Table 5.5. Additionally, FUF regarding specimen 2 as well as specimen 

3 also got reduced by approximately 31% and 23%, in comparison to specimen 1 of Table 5.5 

[143]. 
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Probable solution for the mentioned concerns could be enclosure’s diameter enlargement or 

conductor’s irregularity suppression [143]. Consequently, COMSOL Multiphysics based appraisal 

was performed which showed that enlarged enclosure size resulted in reduced electrostatic stresses 

as well as lesser irregular field dispersion [143]. However, FUF also got reduced as compared to 

its permissible limit regarding conventional GIL. Reduction in FUF basically occurred due to the 

violation of dimensional constraint that enclosure’s radius should be approximately 2.7 times the 

conductor’s radius [131]. Consequently, appropriate remedial measures regarding the above 

described concerns are necessarily required in order to eradicate concentrated field regions as well 

as to improve FUF regarding the proposed FGIL.          

 

                                       (a)                                                                             (b) 

Figure 5.13: (a) Potential distribution and (b) field dispersion regarding conventional GIL apropos of 

specimen 1 of Table 5.5. 

 
                                        (a)                                                                          (b) 

Figure 5.14: (a) Potential distribution and (b) field dispersion regarding proposed FGIL apropos of 

specimen 2 of Table 5.5. 
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                                         (a)                                                                        (b) 

Figure 5.15: (a) Potential distribution and (b) field dispersion regarding proposed FGIL apropos of 

specimen 3 of Table 5.5. 

 

                                            (a)                                                                      (b) 

Figure 5.16: (a) Intensity and location of maximum field regarding proposed FGIL apropos of (a) specimen 

2 and (b) specimen 3 of Table 5.5. 

 

Figure 5.17: Maximum and average field intensity apropos of different conductor specimens as enlisted in 

Table 5.5. 
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Figure 5.18: FUF comparison apropos of various conductor specimens of Table 5.5. 

5.11.3.2 Contour Irregularity Suppression of Stranded Conductor 

Realizing objectionable deviance in FUF as well as violation of permissible field intensity in the 

propounded FGIL due to its stranded conductor, contour irregularity suppression is necessarily 

required. Similar problematic fields were also observed in the case of corrugated enclosure which 

ultimately resulted in poor FUF and concentrated electric field regions. A feasible solution 

regarding the mitigation of such concentrated field regions could be the application of field grading 

materials (FGMs) in such areas [33, 180]. FGMs, such as silicon carbide (SiC) impregnated 

polyester-based semiconducting film (SCF), generally have a thickness of 0.1 mm to 0.4 mm, and 

could be beneficial regarding contour irregularity suppression of stranded conductors [33, 180, 

181]. Such films could be implemented over the stranded conductors through extrusion or by 

wrapping [33]. However, implementation of such film coated stranded conductors in FGIL require 

thoughtful consideration and detailed appraisal regarding electrostatic and dielectric aspects, as no 

published research apropos of the mentioned scheme in gas-insulated high-voltage equipment 

exists till date. Thus, comprehensive electrostatic appraisal of SCF coated stranded conductor for 

the propounded FGIL scheme is performed in the following section. 

5.11.3.3 Field Dispersion Apropos of Film Coated Stranded Conductor 

In order to analyze the efficacy of contour irregularity suppression regarding stranded conductors, 

Autodesk Inventor was used to develop SCF coated stranded conductor models. Dimensional 
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specifications of developed conductor models were determined on the basis of ASTM B857 and 

ASTM B232 standards, while thickness of film was determined on the basis of standard film 

thickness for field grading [168, 179]. Table 5.6 represents the specification details of developed 

conductor models [143]. Further, in order to analyze the electrostatic performance of proposed 

FGIL regarding the developed conductor models, COMSOL Multiphysics based modeling and 

analysis was performed in comparison to the conventional GIL. Figure 5.19 (a) and Figure 5.19 

(b) demonstrate potential and field dispersal in proposed FGIL regarding specimen 2 of Table 5.6. 

Figure 5.20 (a) and Figure 5.20 (b) demonstrate potential and field dispersal in proposed FGIL 

regarding specimen 3 of Table 5.6. Enlarged view of maximum field regions apropos of second 

and third conductor specimens of Table 5.6 is represented in Figure 5.21 (a) and Figure 5.21 (b). 

Comparison of Figure 5.16 and Figure 5.21 unveiled that irregularity suppression through film 

coating substantially reduced the electrostatic stresses upon conductor’s contour, and improved 

the field dispersal for specimen 2 and specimen 3 of Table 5.6 [143]. Further, owing to its 

comparatively smooth profile, specimen 3 of Table 5.6 exhibited 6% lesser maximum field stress, 

as compared to specimen 2 of Table 5.6 [143]. Comparison between maximum and average electric 

fields apropos of different conductor specimens of Table 5.6 is shown in Figure 5.22, while 

concerning the same conductor specimens, FUF comparison is shown in Figure 5.23. Detailed 

comparative appraisal of Figure 5.22 and Figure 5.17 unveiled that SCF based conductor’s contour 

irregularity suppression caused field stress reduction of up to 23% and 21% apropos of specimen 

2 and specimen 3 of Table 5.6 as compared to the specimen 2 and specimen 3 of Table 5.5 [143]. 

Additionally, Figure 5.23 represents that irregularity suppression also improved the FUF of up to 

26% and 22% regarding specimen 2 and specimen 3 of Table 5.6 in comparison to the specimen 

2 and specimen 3 of Table 5.5 [143]. Moreover, FUF apropos of specimen 3 of Table 5.6 was 

observed to be only 1.8% lesser as compared to the FUF of specimen 1 of Table 5.6. Thus, based 

upon the performed comparative appraisal regarding electrostatic aspects, specimen 3 of Table 5.6 

could be an optimal candidate apropos of electrostatic requirements as well as the desired pliability 

for the propounded FGIL.  
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Table 5.6: Detailed description of conductors used in the field stress appraisal. 

Specimen 

No. 
Category Material Structure 

Strand 

Geometry 

Diameter 

(mm) 
Film Material 

Film Thickness 

(mm) 

1. Conventional Aluminum Hollow ---- 89   

2. Proposed Aluminum Stranded Circular 45.79 

SiC-

impregnated 

polyester tape 

0.2 

3. Proposed Aluminum Stranded Trapezoidal 44.70 

SiC-

impregnated 

polyester tape 

0.2 

 

 
                                         (a)                                                                      (b) 

Figure 5.19: (a) Potential distribution and (b) field dispersion regarding proposed FGIL apropos of 

specimen 2 of Table 5.6. 

 
                                          (a)                                                                       (b) 

Figure 5.20: (a) Potential distribution and (b) field dispersion regarding proposed FGIL apropos of 

specimen 3 of Table 5.6. 
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                                        (a)                                                                               (b) 

Figure 5.21: (a) Intensity and location of maximum field regarding proposed FGIL apropos of (a) specimen 

2 and (b) specimen 3 of Table 5.6. 

 

Figure 5.22: Maximum and average field intensity apropos of different conductor specimens as enlisted in 

Table 5.6. 

 

Figure 5.23: FUF comparison apropos of various conductor specimens of Table 5.6. 
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5.11.4 Stress Distribution Along Bend 

Regarding electrostatic stress distribution within a bended section of propounded scheme, 

simulation based modeling and analysis apropos of bended and straight FGIL models was 

performed. Concerning the mentioned modeling, 20 m long straight and bended FGIL were 

developed by using Autodesk Inventor. Followingly, electrostatic stress distribution and FUF 

apropos of the developed straight and bended FGIL models was analyzed by using COMSOL 

Multiphysics. Bended model of FGIL was developed by taking in to consideration a MLBR of 

10.2 m for PE 100 enclosure, which was determined through Autodesk Inventor based modeling 

for the proposed scheme. Field distribution and FUF investigations for both FGIL models was 

performed regarding axial and radial cross sections. Critical appraisal regarding axial cross section 

of bended and straight FGIL models revealed a minimal difference of 0.7% and 0.8% in field 

intensity and FUF respectively [142, 143]. Moreover, detailed comparison regarding radial cross 

section of bended and straight FGIL models unveiled a small difference of 0.4% and 0.5% in field 

intensity and FUF respectively [142, 143]. Minimal deviation in the compared models was 

observed owing to the reason that line bending as per allowable limit of MLBR resulted in 

negligible circumferential deformation of FGIL enclosure. Consequently, field intensity, field 

utilization and stress distribution in bended and straight FGIL models remained quite similar. 

Figure 5.24 (a) and Figure 5.24 (b) respectively represent the electric potential apropos of axial 

and radial cross sections of bended FGIL model. Figure 5.25 (a) and Figure 5.25 (b) respectively 

represent the electrostatic field dispersal apropos of axial and radial cross sections of bended FGIL 

model.    

   
                                                      (a)                                                                           (b) 

Figure 5.24: (a) Axial and (b) radial cross sectional views of potential distribution in a bended FGIL model. 
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                                                        (a)                                                                          (b) 

Figure 5.25: (a) Axial and (b) radial cross sectional views of electrostatic field dispersal in a bended FGIL 

model. 

5.11.5 Line Constants Comparison 

Estimation of electrical parameters for a transmission line like inductance, capacitance, resistance, 

line losses, ampacity, SIL and power rating are necessarily required in order to describe its 

operational characteristics as well as the loading capacity. Such parameters for the propounded 

FGIL scheme were estimated as described in section 5.8 for an operating voltage level of 132 kV 

and accordingly were compared with the respective parameters of a conventional 132 kV GIL. 

Dimensional specifications for the proposed scheme were determined as described in section 5.5 

and section 5.11.2.1. Table 5.7 compares the parameters of the proposed FGIL scheme, evaluated 

as per the scheme described in section 5.7, regarding an operating voltage level of 132 kV with 

the respective standard parameters for 132 kV conventional GIL [14]. Comparison revealed that 

power rating of the proposed scheme was relatively lesser as compare to the conventional scheme, 

however, the associated benefit of structural flexibility and trenchless underground 

implementation is of significant importance. Additionally, selection of larger ampacity stranded 

conductor could enhance the power rating of proposed scheme, which at the present moment is 

available up till 1875 A as per ASTM B232 standard [168]. However, changes in conductor’s 

dimension will require reconsideration regarding the dimensional specifications of FGIL’s 

enclosure as well.  
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Table 5.7: Parametric comparison between conventional GIL and proposed FGIL schemes.  

Serial No. Parameter Conventional GIL Proposed FGIL Unit 

1. Resistance 18 31.5 μΩ/m 

2. Capacitance 59 61.8 PF/m 

3. Inductance 0.18 0.20 μH/m 

4. Surge Impedance 56 57.6 Ω 

5. Surge Impedance Loading 311.1 302.5 MW 

6. Rated Current 2500 1875 A 

7. Rated Power 571 429 MVA 

8. Line Losses 112.5 109.12 W/m 

5.11.6 Dielectric Breakdown Appraisal 

Breakdown in gaseous dielectrics may occur due to partial discharge or gap discharge, which may 

result due to increased field stress or reduced gas pressure. Additionally, such discharges also 

depend upon the electrode gap, electrode geometry and intrinsic characteristics of dielectric 

medium [173]. Dielectric breakdown in the proposed FGIL will result in its operational 

interruption which will reduce its reliability. Thus, critical analysis of the propounded scheme 

regarding dielectric breakdown is necessarily required. Dielectric breakdown appraisal for the 

proposed FGIL basically comprises of breakdown voltage as well as breakdown field stress 

analysis and both are described in the following sections.  

5.11.6.1 Breakdown Voltage Analysis 

Regarding breakdown voltage estimation for the propounded scheme, different influencing factors 

like electrode contour irregularity and reduction of SF6 content were considered, and breakdown 

voltage for pure SF6 gas at the required pressure was modified accordingly, as describe in section 

5.8.1, section 5.8.2 and section 5.8.3. Figure 5.26 shows breakdown voltage regarding pure SF6 as 

well as its respective reduction apropos of electrode irregularity and reduced SF6 content in the 

SF6 and N2 gas mixture [142, 143]. Regarding computations, percentage of SF6 in the gaseous 

dielectric mixture was determined on the basis of standard mixing ratio for conventional GIL [14]. 

Figure 5.26 clarifies that breakdown voltage apropos of the determined operational and 

dimensional specifications of propounded 132 kV FGIL is approximately 84% and 36% above the 

nominal and design voltages for 132 kV voltage level respectively [142, 143]. Consequently, 
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considering the computed dimensional specifications, propounded FGIL scheme exhibits the 

required dielectric withstand characteristics.   

 

Figure 5.26: Breakdown voltage (BV) regarding pure SF6 and its comparison with BV regarding mixture 

of SF6 and electrode’s contour irregularity. 

5.11.6.2 Breakdown Field Stress Analysis 

Considering the dependence of breakdown in gaseous dielectrics upon electrode gap, field 

intensity and critical field, detailed analysis regarding breakdown field stress was performed in 

this research, as described in section 5.9.1 and section 5.9.2. Additionally, considering the 

dimensional specifications, as described in section 5.11.2, COMSOL Multiphysics based 

electrostatic modeling and analysis of proposed FGIL regarding nominal, design and breakdown 

voltages was also performed. Figure 5.27 compares the results of analytical computations for 

nominal, design and critical electric fields regarding proposed FGIL, as described in section 5.9.1 

and section 5.9.2 [142, 143]. Similar field intensities were observed in the COMSOL Multiphysics 

based appraisal regarding nominal, design and breakdown voltages. Comparison of analytical and 

simulation results with required standard values for conventional GIL showed that design and 

operational electric fields of propounded FGIL, were approximately 42% and 88% lesser than the 

critical field intensity [142, 143]. Consequently, considering the computed dimensional 

specifications, propounded FGIL scheme exhibits the required field stress withstand 

characteristics.    
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Figure 5.27: Comparison of electrostatic field stress in proposed FGIL apropos of design, operational and 

breakdown voltages. 
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Chapter 6 

Prototype Development and Laboratory Investigations 

6.1 Overview  

After performing design and analysis regarding different electromechanical aspects, prototype of 

FGIL was developed to analyze the proposed scheme apropos of dielectric aspects. In this chapter, 

practical investigations regarding synergistic dielectric characteristics of proposed OCF, for 

concentric conductor orientation, with different gaseous dielectrics is described. Additionally, the 

impact of field grading upon dielectric breakdown in proposed scheme is demonstrated through 

laboratory based practical investigations. Further, high voltage testing results of developed 

prototypes apropos of dielectric breakdown and withstand characteristics are described.    

6.2 Synergistic Dielectric Characteristics  

Generally, in electrical power system, insulating material of one medium is used in conjunction 

with insulating material of other medium. Further, insulating materials of similar medium are also 

utilized in conjunction by varying their volumetric percentage in the actual dielectric. For instance, 

gas insulated equipment comprises of solid as well as gaseous dielectric materials [12, 182]. 

Further, gaseous dielectric in gas insulated equipment comprises of pure SF6 as well as a mixture 

of SF6 and N2 in a ratio of 20:80 [14, 34]. Foam based electrical insulation is also basically a 

combination of solid and gaseous dielectrics [145-147]. Thus, in order to investigate the 

breakdown and withstand characteristics of subject material in such cases, synergistic dielectric 

analysis is necessarily required. In synergistic dielectric analysis, insulating materials of similar as 

well as different medium are investigated in conjunction regarding their resultant breakdown and 

withstand characteristics. The proposed FGIL scheme basically comprises of solid dielectric such 

as OCF as well as gaseous dielectric such as SF6 and N2, and thus essentially requires synergistic 

dielectric analysis in order to identify the practicability of propounded scheme.  

6.2.1 Standard Sphere Gap Arrangement 

Sphere gap is basically a standard breakdown voltage measurement device used to investigate the 

dielectric characteristics of an insulating medium with respect to the applied voltages [183]. 
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Considering the physical characteristics of insulating material to be tested, open as well as enclosed 

sphere gap discharge arrangement could be developed. Sphere gap comprises of shanks, 

supporting frame, connection leads, metallic spheres of similar radius and insulating supports. 

Electrode gap and electrode dimensions must be as per the standard specifications described in 

IEC 60052:2002 [184]. Sphere’s surface shall not have surface irregularities, specifically in the 

area where sparking occurs. Sphere gap discharge arrangement could be utilized for vertical as 

well as horizontal electrode gaps and accordingly the required clearances as well as gap from 

extraneous objects should be carefully observed as are describe in IEC 60052:2002 [184]. 

Realizing the requirement of synergistic dielectric analysis for the proposed FGIL scheme, 

enclosed sphere gap discharge arrangement was developed as per IEC 60052:2002 standard. 

Further, dielectric testing of insulating medium through standard sphere gap discharge 

arrangement was performed as per IEC 60060-1:2010 standard [185].  

6.2.2 Model Development 

Concerning experimental investigations apropos for breakdown and withstand characteristics of 

dielectric mediums used in the proposed scheme, design and development of standard enclosed 

sphere gap discharge arrangement was performed. Dimensional specifications as well as required 

clearances for the mentioned discharge arrangement were determined on the basis of IEC 

60052:2002 standard [184]. Enclosed chamber was developed by drilling a hole in Teflon cylinder 

and after drilling, chamber’s inner wall was carefully smoothed to avoid protrusions. The chamber 

was developed to perform experimentation with compressed gases up to a pressure of 100 psi. 

Electrodes of developed arrangement were made up of metallic spheres attached with metallic 

connecting rods. Out of two, one electrode was kept adjustable, in order to investigate the dielectric 

characteristics with varying electrode gap. In order to fill up the enclosed chamber with dielectric 

gas as well as to create vacuum, gas filling arrangement was incorporated in chamber. 

Additionally, regarding the prevention of possible gas leakage, O-rings were used in the chamber’s 

lid. Moreover, regarding the placement of pin valve and electrodes in the enclosed chamber, holes 

of respective diameter were drilled in the enclosed chamber. After drilling and placement of 

respective components, the holes were appropriately sealed with significant coating of Teflon tape. 

Figure 6.1 represents the dimensional specifications as well as cross sectional view of designed 

enclosed sphere gap discharge arrangement. Further, Figure 6.2 shows its developed model for 
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practically performing high voltage investigations regarding power frequency and lightning 

impulse discharge tests [140].        

 

Figure 6.1: Dimensional specifications and cross sectional view of designed and developed enclosed sphere 

gap discharge arrangement.  

 

Figure 6.2: Enclosed sphere gap discharge arrangement developed according to the specifications described 

in Figure 6.1.  
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6.2.3 International Standards Followed 

Regarding the design and development of enclosed sphere gap discharge arrangement, IEC 

60052:2002 was followed [184]. This standard provides detailed information regarding the 

construction of sphere gap discharge arrangement and enlists the precautionary measures, required 

adjacent clearances as well as dimensional specifications for its different components. This 

standard belongs to International Electrotechnical Commission and mentioned version of this 

standard was published on 15th October, 2002, which is applicable till 2020 [184].  Further, 

regarding testing and analysis, IEC 60052:2002 and IEC 60060-1:2010 were followed [184, 185]. 

IEC 60060-1:2010 provides detailed description apropos of testing procedures, parameter 

definitions and required voltage profile regarding dielectric withstand test as well as dielectric 

breakdown tests. This standard belongs to International Electrotechnical Commission and 

mentioned version of this standard was published on 29th September, 2010, which is applicable till 

2023 [185]. 

6.2.4 Open Cell Foam Specimens 

Foams are used worldwide as supporting material, insulation and filler in commercial as well as 

industrial applications [145, 146]. Further, PU foam based electrical insulations in low and 

medium voltage electrical applications are already in practice while their suitability in high voltage 

applications is being investigated [146, 148]. Considering their structural development, foams are 

categorized as closed cell foam (CCF) and open cell foam (OCF). CCF is not suitable for the 

proposed scheme as its closed structure will hinder the flow of gaseous dielectric with in the 

enclosure of FGIL. Thus, considering the constraints associated with CCF, OCF is proposed in 

chapter 4 for concentric conductor orientation and accordingly, structural strength analysis of only 

OCF was performed, as is described in section 4.6.2. Further, considering the necessity of 

synergistic dielectric analysis regarding the proposed scheme, as is described in section 6.2, 

dielectric characteristics of different OCFs in conjunction with different insulating gases were 

analyzed through practical investigations. Table 6.1 enlists the detailed specification of different 

OCFs used in the laboratory based experimentation and Figure 6.3 shows the respective foam 

specimens [140]. Cutting of OCF specimens from large sized sheets, as per the dimensions 

described in Table 6.1, was performed by using specifically developed hot wire cutter which was 

energized through a DC power supply. Figure 6.4 (a) represents the hot wire cutter and Figure 6.4 
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(b) represents the hot wire based foam cutting arrangement for preparing foam specimens in order 

to conduct the high voltage experimentation.    

Table 6.1: Detailed description of different OCFs used in the laboratory based investigations.  

Specimen No. Material Density (kg/m3) Structure Thickness (mm) 

1. Rebond Foam 105 Open cell 5 7.5 10 

2. Polyurethane Foam 41 Open cell 5 7.5 10 

3. Melamine Foam 20 Open cell 5 7.5 10 

 

 

Figure 6.3: OCF specimens used in high voltage experimental investigations. 

 

                                 (a)                                                                               (b) 

Figure 6.4: (a) Hot wire foam cutter (b) hot wire based foam cutting arrangement.  
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6.2.5 Experimental Setup 

In order to identify the practicability of suggested insulation arrangement for FGIL, synergistic 

dielectric analysis of different OCFs and gaseous dielectrics was performed in laboratory. 

Regarding the mentioned objective, power frequency and lightning impulse discharge tests were 

conducted at varying pressures of SF6 and air, alone as well as in conjunction with OCF specimens 

of Table 6.1, as per the standard procedure. Regarding power frequency discharge, an average of 

ten different discharges was noted respectively, while regarding lightning impulse discharge, up 

and down method was used and accordingly, U50 for different categories was calculated through 

equation (6.1) [184]. Block diagram of lightning impulse discharge experimentation is shown in 

Figure 6.5 [140]. In Figure 6.5, compressor is basically attached to the enclosed sphere gap 

discharge arrangement through a pressure control unit, in order to create vacuum before filling 

dielectric gas in the enclosed discharge chamber. Figure 6.6 represents the different components 

utilized in the practical investigations while Figure 6.7 represents the laboratory based arrangement 

for power frequency and lightning impulse discharge tests. 

𝑈50 =
1

𝑛
∑ 𝑈𝑖

𝑛

𝑖=1

 (6.1) 

 

Figure 6.5: Experimental setup block diagram apropos of lightning impulse discharge test. 
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Figure 6.6: Different components of experimental setup for discharge testing.  

 

Figure 6.7: Lightning impulse and power frequency discharge arrangement apropos of varying gas pressure.  

6.3 Prototype Model of Flexible Gas Insulated Line 

After designing and analyzing the proposed scheme regarding different electromechanical aspects 

through analytical techniques as well as simulation based modeling, as described in chapter 4 and 

chapter 5, prototype models of FGIL were developed in order to investigate the dielectric 

characteristics through high voltage testing. Due to laboratory constrains apropos of high voltage 

generation and measurement, the prototype models were basically developed for a nominal 

operating voltage of 11 kV. Considering the required FUF and field dispersion, dimensional 

specifications of conductor and enclosure were determined on the basis of section 5.5. 

Followingly, considering the finalized dimensions, analytical as well as COMSOL Multiphysics 

based analysis was performed in order to identify the achievement of required FUF, field 
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dispersion, field intensity and breakdown characteristics. After detailed design appraisal, 11 kV 

prototype models of FGIL were developed in order to practically investigate the impact of 

concentrated field regions as well as field grading film upon dielectric breakdown and withstand 

characteristics of proposed scheme through high voltage testing.  

6.3.1 Model Development 

Regarding laboratory based practical investigations of proposed FGIL scheme, three different 

prototype models were developed. First prototype was meant to analyze the influence of 

corrugated enclosure profile upon dielectric breakdown in FGIL due to its concentrated electric 

field regions. Except corrugated enclosure, other components like conductor, supporting insulator 

and gaseous dielectric were considered the same as compared to the other models. Second 

prototype was developed in order to analyze the effectivity of field grading regarding the 

suppression of concentrated field regions as well as dielectric breakdown in proposed FGIL. Third 

prototype model was developed after the finalization of material as well as structure of supporting 

insulator, enclosure, conductor and field grading film through analytical, simulation and laboratory 

based practical investigations. This prototype was basically meant to identify the capability of 

proposed scheme to withstand the required BIL constraints regarding the respective nominal 

voltage according to IEC 60071-1:2006 standard [186, 187]. 

6.3.2 First Model 

Regarding the development of first prototype model of FGIL, initially an ERFG based enclosure 

was constructed. In order to construct the mentioned enclosure, Autodesk Inventor based model 

of enclosure development machine was developed which was later used to physically construct an 

enclosure development machine. The ERFG enclosure was developed by coating multiple layers 

of epoxy resin over glass fiber woven fabric, and while coating, the enclosure was continuously 

rotated in a circular pattern through machine in order to prevent spillage of epoxy resin. After 

applying appropriate coating of epoxy resin, the enclosure was left to dry for 48 hours. Before 

applying epoxy, a metallic mesh was placed alongside the inner wall of enclosure in order to 

provide the grounding in FGIL. After curing the enclosure was threaded on both sides to apply 

corks for gas containment. Post development analysis and pressure testing of developed enclosure 

revealed that despite several efforts, corrugated pattern could not be achieved along the enclosure 
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contour due to epoxy spillage which ultimately lead to varied wall thickness. Additionally, cork 

arrangement was not capable enough to hold the enclosed gas at high pressures and consequently 

resulted in gas leakage at even 25 psi, followed by an explosion at 55 psi. Thus, considering the 

safety concerns as well as the electrostatic constraints associated with corrugated contour as 

described in section 5.11.1.3, development of corrugated enclosure for FGIL was stopped, and 

consequently, respective high voltage experimentation was not performed. Figure 6.8 represents 

the Autodesk Inventor based model of FGIL’s enclosure development machine based upon which 

the respective machine was developed. Further, Figure 6.9 represents the different views of 

indigenously constructed enclosure development machine as well as ERFG based enclosure for 

FGIL.     

 

Figure 6.8: Autodesk Inventor based model of FGIL’s enclosure development machine.  

 

Figure 6.9: Indigenously developed ERFG based FGIL’s enclosure and enclosure development machine.  
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6.3.3 Stress Grading 

In section 5.11.3.2, field grading was suggested as a feasible solution to minimize the impact of 

concentrated field regions due to conductor’s contour irregularity [143]. Accordingly, in section 

5.11.3.3, SiC based field grading was analyzed by using COMSOL Multiphysics based modeling 

which significantly minimized the field intensity in such regions as well as improved the FUF for 

the developed FGIL models. Thus, in order to analyze the impact of field grading upon dielectric 

breakdown, high voltage experimental investigations were conducted for the proposed FGIL 

scheme regarding with and without SCF coated stranded conductors. Thickness and material of 

SCF were determined as per the scheme mentioned in section 5.11.3.2 and section 5.11.3.3. 

Detailed description of the developed prototype for analyzing the impact of field grading upon 

dielectric breakdown is provided in section 6.3.4.    

6.3.4 Second Model  

Concerning the problem of concentrated field regions in the proposed FGIL, an 11 kV prototype 

model, comprising of simple as well as SCF coated stranded conductor, was developed to 

investigate the impact of field grading upon dielectric breakdown. Dimensional specifications of 

developed prototype were determined on the basis of section 5.11.2.1. Further, material and 

thickness of SCF were determined on the basis of section 5.11.3.2 and section 5.11.3.3. Initially, 

analytical and COMSOL mutiphysics based modeling and analysis of the performed design for 11 

kV prototype of FGIL was performed regarding FUF, field intensity and breakdown voltage as per 

the scheme described in section 5.8, section 5.9 and section 5.11.3.3. Afterwards, the prototype 

model of FGIL comprising of simple as well as SCF coated stranded conductor was developed to 

perform high voltage experimental investigations. Enclosure of developed prototype was made up 

of reinforced polyvinylchloride (RPVC) and stranded conductor was placed concentrically in it. 

In order to prevent gas leakage, threaded corks of Teflon were used on both enclosure ends and 

metallic clamps were implemented to hold the corks in position at high pressure. Electrically 

pretested OCF of 105 kg/m3 was used to hold the conductor concentrically within the enclosure 

[140]. Gas charging and discharging arrangement was incorporated to create vacuum as well as to 

fill gas in the developed prototype at required pressures. Experimental investigations for the 

developed prototype were conducted regarding air and SF6 gases at different pressures ranging 

from 1 bar to 2.5 bar. Figure 6.10 (a) and Figure 6.10 (b) represents the simple and SCF coated 
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stranded conductors respectively, used in the developed prototype. Figure 6.11 (a) represents the 

dimensional details of developed prototype, while Figure 6.11 (b) represents the developed 

prototype model of FGIL.  

         

                                                      (a)                                                                     (b) 

Figure 6.10: (a) Simple stranded conductor (b) SCF coated stranded conductor used in the developed 

prototype model of FGIL.  

    

                                                  (a)                                                                                          (b) 

Figure 6.11: (a) Dimensional specifications of second prototype of FGIL (b) fully developed second 

prototype model of proposed FGIL.   

6.3.5 Third Model 

After performing practical investigations regarding the effectivity of field grading for the proposed 

scheme, third prototype model of FGIL was developed for a nominal operating voltage of 11 kV, 

in order to conduct power frequency withstand and lightning impulse withstand tests at the rated 

gas pressure. Dimensional specifications of third prototype were determined as per the scheme 

described in section 6.3.4. Initially, analytical and Autodesk Inventor based modeling and analysis 

of the performed design for 11 kV prototype of FGIL was performed in order to identify the 
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structural stability of PE enclosure at the required pressure, and then, prototype model was 

fabricated. This prototype comprised of HDPE smooth profile enclosure, SCF coated stranded 

conductor, OCF based conductor supports and gaseous dielectric as the main insulation medium. 

Primary insulation medium for this prototype was selected as per the standard insulation medium 

for conventional GIL, i.e. a mixture of SF6 and N2 in a ratio of 20:80 and an operating pressure of 

100 psi [14]. In order to prevent gas leakage, threaded corks of Teflon were used on both enclosure 

ends and metallic clamps were implemented to hold the corks in position at high pressure. 

Electrically pretested OCF of 105 kg/m3 was used to hold the conductor concentrically within the 

enclosure [140]. Gas charging and discharging arrangement was incorporated to create vacuum as 

well as to fill gas in the developed prototype at the required pressure. Experimental investigations 

for third prototype were conducted as per IEC 60060-1:2010 and IEC 60071-1:2006 [185, 187]. 

Dimensional details of the developed prototype are represented in Figure 6.11 (a), while Figure 

6.12 represents the developed prototype of FGIL.    

 

                                                  (a)                                                                                          (b) 

Figure 6.12: (a) Dimensional specifications of third prototype of FGIL (b) fully developed third prototype 

model of proposed FGIL.   

6.3.6 International Standards Followed 

Concerning the design and development of prototypes of FGIL, mentioned in section 6.3.4 and 

section 6.3.5, guidance was sought from IEC 62271-204, published research regarding 

conventional GIL as well as the design and analysis performed in this research [14, 122]. IEC 

62271-204 provides detailed information regarding conventional GIL. This standard belongs to 

International Electrotechnical Commission and mentioned version of this standard was published 

on 26th July, 2011, which is applicable till 2021 [122]. Moreover, regarding testing and analysis of 

developed prototypes, IEC 60060-1:2010 and IEC 60071-1:2006 were followed [185, 187]. IEC 
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60060-1:2010 provides detailed description apropos of testing procedures, parameter definitions 

and required voltage profile regarding dielectric withstand test as well as dielectric breakdown 

tests. This standard belongs to International Electrotechnical Commission and mentioned version 

of this standard was published on 29th September, 2010, which is applicable till 2023 [185]. IEC 

60071-1:2006 provides detailed information regarding insulation coordination of electrical 

equipment having voltage above 1 kV. This standard belongs to International Electrotechnical 

Commission and is valid till 2019 [186, 187]. 

6.3.7 Experimental Setup 

Concerning the practicability of propounded scheme, laboratory based experimental setup was 

developed regarding dielectric discharge and withstand tests apropos of the developed prototypes, 

as per IEC 60060-1:2010 and IEC 60071-1:2006. Regarding prototype 2, up and down method 

was used to determine U50 apropos of lightning impulse discharge, while regarding power 

frequency discharge, an average of 10 disruptive discharges was considered [184, 185]. Further, 

regarding prototype 3, dielectric withstand capability was tested apropos of the standard BIL 

requirements for 11 kV as per IEC 60071-1:2006 [186, 187]. Block diagram of lightning impulse 

discharge experimentation is shown in Figure 6.13. In Figure 6.13, compressor is basically 

attached to the FGIL model through a pressure control unit, in order to make vacuum before filling 

dielectric gas in the respective FGIL prototypes. Figure 6.14 represents the laboratory based 

arrangement for power frequency and lightning impulse discharge tests regarding prototype 2. 

Further, Figure 6.15 represents the laboratory based arrangement for power frequency and 

lightning impulse withstand tests regarding prototype 3. 

 

Figure 6.13: Experimental setup block diagram apropos of dielectric strength testing of developed FGIL prototypes.  
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Figure 6.14: Experimental setup apropos of dielectric breakdown testing with prototype 2.  

 

Figure 6.15: Experimental setup apropos of dielectric withstand testing with prototype 3.  

6.4 Results and Discussions 

Concerning the practicability of suggested scheme, sphere gap discharge arrangement based 

synergistic dielectric analysis of proposed insulation scheme was performed in the laboratory. 

Additionally, different prototype models of 11 kV FGIL were developed by considering the design 

performed in chapter 4 and chapter 5. The prototype models were then used to investigate the 

laboratory based power frequency and lightning impulse discharge as well as withstand 

characteristics of propounded scheme. Further, the impact of field grading upon dielectric 

breakdown was also investigated. 
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6.4.1 Synergistic Dielectric Analysis 

Realizing that synergistic dielectric analysis is necessarily required for the proposed FGIL scheme, 

as is described in section 6.2, combined dielectric characteristics of different OCFs and gases were 

investigated. For the said purpose dielectric breakdown characteristics of air and SF6 alone were 

compared with their respective combined breakdown characteristics with OCF specimens of Table 

6.1. The breakdown characteristic appraisal, mentioned above, comprised of laboratory based 

power frequency discharge tests and lightning impulse discharge tests. Primary objective of the 

pronounced comparative appraisal was to identify any negative impact of implementing OCF in 

the proposed FGIL regarding dielectric aspects. Experimentation detail along with its results and 

analysis is described in the following sections.   

6.4.1.1 Breakdown Characteristics of Air and OCF 

Regarding the combined dielectric appraisal of air and OCF, foam specimens of Table 6.1 were 

placed within the enclosed chamber at an electrode gap of 10 mm. The enclosed chamber was 

vacuumed and moisture free air was injected successively at gauge pressures of 0, 14, 22, 29, 36, 

44 and 51 psi. The sphere gap arrangement was than connected to the high voltage circuitry and 

breakdown voltage regarding each of the mentioned gas pressure was noted. Similar testing was 

also performed regarding air alone at the respective gas pressures mentioned above. Figure 6.16 

represents the power frequency discharge test results regarding air alone as well as its combination 

with OCF specimens apropos of different gas pressures mentioned above. Detailed analysis of 

Figure 6.16 unveiled a minimal deviance of 1.4 kV regarding specimen 1, 2.6 kV regarding 

specimen 2 and 3.3 kV regarding specimen 3 [140]. Figure 6.17 represents the lightning impulse 

discharge test results regarding air alone as well as its combination with OCF specimens as enlisted 

in Table 6.1 regarding different gas pressures mentioned above. Electrode gap in lightning impulse 

discharge testing was set at 15 mm. Detailed appraisal of Figure 6.17 revealed a deviance of 3.9 

kV for specimen 1, 6.8 kV for specimen 2 and 10.1 kV for specimen 3 which is quite minimal 

[140]. Moreover, Figure 6.18 represents the recorded waveforms of the performed lightning 

impulse discharge tests regarding a gas pressure of 51 psi [140]. Analysis of Figure 6.16, Figure 

6.17 and Figure 6.18 revealed that synergistic dielectric behavior of air and OCFs was quite similar 

as compared to the dielectric behavior of air alone at the respective gas pressures. Further, 

breakdown characteristics in both cases varied quite similarly regarding pressure variation.   
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Figure 6.16: Power frequency discharge test result apropos of air alone as well as its combination with OCF 

specimens of Table 6.1.  

 

Figure 6.17: Lightning impulse discharge test results apropos of air alone as well as its combination with 

OCF specimens of Table 6.1.  

 

Figure 6.18: Lightning impulse discharge waveforms apropos of air alone as well as its combination with 

OCF specimens of Table 6.1. 
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6.4.1.2 Breakdown Characteristics of SF6 and OCF 

After synergistic dielectric appraisal of OCFs and air, similar testing was performed regarding SF6. 

OCF specimens of Table 6.1 were placed within the enclosed chamber at an electrode gap of 7.5 

mm. Followingly, enclosed chamber was vacuumed and SF6 gas was injected successively at 

gauge pressures of 5, 10, 15, 20, 25 and 30 psi. The sphere gap discharge arrangement was than 

connected to the high voltage circuitry and breakdown voltage regarding each of the mentioned 

gas pressure was observed. Figure 6.19 represents the power frequency discharge test results 

regarding SF6 alone as well as its combination with OCF specimens of Table 6.1 apropos of 

different gas pressures mentioned above. Comparative analysis of Figure 6.19 unveiled a deviance 

of 3 kV regarding specimen 1, 4.8 kV regarding specimen 2 and 6.7 kV regarding specimen 3 

[140] . Further, Figure 6.20 represents the lightning impulse discharge test results regarding SF6 

alone as well as its combination with OCF specimens of Table 6.1 regarding different gas pressures 

mentioned above. Detailed appraisal of Figure 6.20 revealed a deviance of 7.1 kV for specimen 1, 

8.9 kV for specimen 2 and 12.1 kV for specimen 3 [140]. Moreover, Figure 6.21 represents the 

recorded waveforms of the performed lightning impulse discharge tests regarding a gas pressure 

of 30 psi [140]. Appraisal of Figure 6.19, Figure 6.20 and Figure 6.21 unveiled that synergistic 

dielectric behavior of SF6 and OCFs was quite similar as compared to the dielectric behavior of 

SF6 alone at the respective gas pressures. Additionally, breakdown characteristics in both cases 

varied quite similarly regarding pressure variation.   

 

Figure 6.19: Power frequency discharge test results apropos of SF6 alone as well as its combination with 

OCF specimens of Table 6.1.  
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Figure 6.20: Lightning impulse discharge test results apropos of SF6 alone as well as its combination with 

OCF specimens of Table 6.1.  

 

 Figure 6.21: Lightning impulse discharge waveforms apropos of SF6 alone as well as its combination with 

OCF specimens of Table 6.1. 

6.4.1.3 Specimen Analysis 

After performing dielectric discharge tests regarding different OCF specimens of Table 6.1, test 

specimens were compared apropos of respective puncture dimension. Comparative appraisal 

unveiled that lightning impulse discharge tests resulted in a specimen puncture with an average 

diameter of 3.1 mm regarding sample 1, 2.5 mm regarding sample 2 and 2.1 mm regarding sample 

3 [140]. Similarly, power frequency discharge tests resulted in a specimen puncture with an 

average diameter of 4.6 mm regarding sample 1, 3.3 mm regarding sample 2 and 2.8 mm regarding 
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sample 3 [140]. Thus, in comparison to overall specimen dimension, no significant structural 

damage of OCF specimens was observed after breakdown. Figure 6.22 (a) and Figure 6.22 (b) 

represents respectively the lightning impulse discharge and power frequency discharge tested OCF 

specimens of Table 6.1.  

            

                   (a)                                                               (b) 

Figure 6.22: (a) OCF specimens of Table 6.1 tested regarding lightning impulse discharge (b) OCF 

specimens of Table 6.1 tested regarding power frequency discharge.  

6.4.2 Stress Grading Analysis 

In order to analyze the effectivity of field grading upon dielectric breakdown of the developed 

FGIL models, power frequency and lightning impulse discharge tests were performed apropos of 

air and SF6 at different gas pressures. The mentioned testing was conducted for simple as well as 

film coated stranded conductors respectively, as is described in section 6.3.4. Testing procedure 

and results of respective cases are described in section 6.4.2.1, section 6.4.2.2 and section 6.4.2.3.        

6.4.2.1 Power Frequency Discharge Test 

Regarding power frequency discharge testing, initially the developed prototype was vacuumed, 

and then, moisture free air was injected at different gas pressures, ranging from 1 bar to 2.5 bar, in 

simple as well as film coated stranded conductor based models respectively. After filling the gas 

at respective pressures, test voltage was increased slightly, and accordingly discharge voltage 

regarding different gas pressures was noted. An average of ten successive discharges was noted 

regarding each gas pressure at which testing was done. After air, similar power frequency 

discharge testing was performed regarding SF6 at different gas pressures ranging from 1 bar to 2.5 

bar regarding simple as well as film coated stranded conductor based FGIL prototypes. Figure 6.23 

represents the power frequency discharge test results of SF6 and air filled simple as well as film 
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coated stranded conductor based prototypes of FGIL regarding the mentioned gas pressure range. 

Comparative appraisal of Figure 6.23 unveiled that increased gas pressure resulted in increased 

discharge voltage regarding all cases [143]. However, prototype comprising of SCF coated 

stranded conductor had comparatively higher discharge voltages regarding SF6 as well as air 

respectively as compared to the prototype model comprising of simple stranded conductor [143]. 

Moreover, SF6 filled prototype achieved higher breakdown voltages in comparison to air filled 

prototype apropos of respective gas pressures. 

 

Figure 6.23: Experimental investigations regarding power frequency discharge tests of SF6 and air filled 

simple and SCF coated stranded conductor based prototypes of FGIL.  

6.4.2.2 Lightning Impulse Discharge Test 

Regarding lightning impulse discharge testing, initially the developed prototype was vacuumed, 

and then, moisture free air was injected at different gas pressures, ranging from 1 bar to 2.5 bar, in 

simple as well as film coated stranded conductor based models respectively. After filling the gas 

at respective pressures, test voltage was increased slightly, and accordingly discharge voltage 

regarding different gas pressures was noted. After air, similar lightning impulse discharge testing 

was performed regarding SF6 at different gas pressures ranging from 1 bar to 2.5 bar regarding 

simple as well as film coated stranded conductor based FGIL prototypes. Figure 6.24 represents 

the lightning impulse discharge test results of SF6 and air filled simple as well as film coated 

stranded conductor based prototypes of FGIL regarding the mentioned gas pressure range [143]. 

Comparative appraisal of Figure 6.24 unveiled that increased gas pressure resulted in increased 
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discharge voltage regarding all cases. However, prototype comprising of SCF coated stranded 

conductor had comparatively higher discharge voltages regarding SF6 as well as air respectively 

as compared to the prototype model comprising of simple stranded conductor [143]. Moreover, 

SF6 filled prototype achieved higher breakdown voltages in comparison to air filled prototype 

apropos of respective gas pressures. 

 

Figure 6.24: Experimental investigations regarding lightning impulse discharge tests of SF6 and air filled 

simple and SCF coated stranded conductor based prototypes of FGIL.  

6.4.2.3 Critical Field and Breakdown Field Analysis 

Concerning the constraints associated with dielectric design of GIL, (E/P)Critical of respective 

insulating gas should be larger as compared to (E/P)Breakdown [131]. Based upon the computations 

of BOLSIG+ tool, (E/P)Critical apropos of SF6 and air is estimated as 89 kV/cm/bar and 30 

kV/cm/bar [131]. Further, concerning the developed prototypes, (E/P)Breakdown was calculated by 

using equation (6.2), where R is enclosure’s radius, P is gas pressure, r is conductor’s radius [132]. 

Figure 6.25 compares the computations by equation (6.2) regarding the experimental 

investigations of lightning impulse discharge characteristics for SF6 and air, mentioned in section 

6.4.2.2 [143]. Comparative appraisal of Figure 6.25 unveiled that (E/P)Critical for the developed 

prototype,  was larger than respective (E/P)Breakdown regarding different gas pressures. Moreover, 

SCF coating over the stranded conductor improved the breakdown field level regarding SF6 as 

well as air insulated prototypes of FGIL [143]. Consequently, the developed prototype fulfilled 

the prior mentioned dielectric design constraint for GIL. 
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(𝐸𝑚𝑎𝑥/𝑃)𝐵𝑟𝑒𝑎𝑘𝑑𝑜𝑤𝑛  =  
𝑈50

𝑟 · ln (
𝑅
𝑟

) · 𝑃
 (6.2) 

 

Figure 6.25: Comparison of field strength in developed prototype models of FGIL apropos of SF6 and air 

regarding different gas pressures.  

6.4.3 Dielectric Withstand Analysis 

In order to perform the dielectric withstand analysis of developed prototype, as described in section 

6.3.5, power frequency withstand test and lightning impulse withstand test were conducted as per 

IEC 60060-1:2010 standard [185]. This standard provides detailed description regarding parameter 

definitions, testing procedures and required voltage profile apropos of high voltage testing. 

Further, required withstand voltages for the mentioned tests were selected on the basis of IEC 

60071-1:2006 standard, and respective gas pressure was set as per the standard gas pressure for 

conventional GIL [186, 187]. This standard provides detailed information apropos of insulation 

coordination of electrical equipment having voltage above 1 kV. Testing procedure and their 

respective results are described in section 6.4.3.1 and section 6.4.3.2.           

6.4.3.1 Power Frequency Withstand Test 

Regarding power frequency withstand testing, initially the developed prototype was vacuumed 

through a compressor, and then, a mixture of SF6 and N2, in the ratio of 20:80, was filled in the 

prototype at the gas pressure of 100 psi. After filling the gas at required pressure, prototype was 

connected to the high voltage test bench and applied voltage was increased slightly up to the 
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required value. After acquiring the required voltage level for power frequency withstand test as 

per IEC 60071-1:2006 for 11 kV, test specimen was inspected for any possible discharge for a 

duration of 1 minute [186, 187]. The test specimen successfully withstood the applied power 

frequency voltage for a duration of 1 minute.  

6.4.3.2 Lightning Impulse Withstand Test 

Regarding lightning impulse withstand testing, initially the developed prototype was vacuumed 

through a compressor, and then, a mixture of SF6 and N2, in the ratio of 20:80, was filled in the 

prototype at the gas pressure of 100 psi. After filling the gas at required pressure, prototype was 

connected to the high voltage test bench and applied voltage was increased slightly up to the 

required value. After acquiring the required voltage level for lightning impulse withstand test as 

per IEC 60071-1:2006 for 11 kV, test specimen was stressed with multiple respective lightning 

impulse strokes and inspected for any possible discharge [186, 187]. The test specimen 

successfully withstood the applied lightning impulse strokes.  
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Chapter 7 

Economic Comparison 

7.1 Overview  

Economic aspects of a transmission system are influenced by the line length, terrain and 

transmission capacity of a line. In this chapter an economic comparison between different power 

transmission schemes is performed. The comparative assessment considers the cost involved in 

the different phases of development, testing and operation of the transmission systems. Such 

different cost components consequently sum up to give an approximated life time cost associated 

with any specific transmission system. Finally, the effectivity of proposed FGIL scheme regarding 

the cost reduction of conventional GIL scheme is also discussed in this chapter.    

7.2 Transmission Systems Used in Comparison 

Regarding the economic comparison, in this chapter, five different PTSs, having similar operating 

voltage and power transfer capacity are considered. The different PTSs include; OHLs, directly 

buried UGCs, tunnel laid UGCs, directly buried GILs and tunnel laid GILs [40]. Line length 

regarding all of the mentioned PTSs are considered as 3 km, 15 km and 75 km respectively. Power 

transmission capacity and operating voltage for the compared PTSs is selected as 3190 MVA and 

400 kV. OHL used in the comparison basically comprises of a double circuit placed on a L8 tower 

and each phase has two 570 mm2 aluminium alloy conductors. UGC considered for the comparison 

is a double circuit line and is placed in two trenches. Further, each phase conductor is a copper 

conductor having an area of 2500 mm2. GIL used in the mentioned comparison basically comprises 

of a double circuit placed within a single trench and each phase conductor has one 5300 mm2 

aluminium alloy conductor.    

7.3 Lifetime Cost Types 

The cost associated with a power transmission project depends upon different factors regarding its 

material selection, design, development, testing, commissioning and operational phases. 

Additionally, cost of a PTS is also influenced by the required length, terrain type, required rating, 

environmental conditions, implementation scheme and required reliability. Such factors contribute 
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to the lifetime cost (LTC) of a transmission project and accordingly could be categorized in to 

fixed build cost (FBC), variable build cost (VBC) and variable operating cost (VOC) [13]. Detailed 

description regarding these cost aspects along with the factors which influence them is provided 

in the following sections.   

7.3.1 Fixed Build Cost 

Regarding a PTS, FBC includes the equipment, construction and safety costs which are not 

influenced by the line length or terrain type [13]. For instance, in UGCs, termination equipment, 

tunnel development, boring machine requirement and testing requirements makes up the FBC. 

Further, regarding OHLs mobilization requirements, termination equipment, and testing 

requirements mainly describe the FBC. Moreover, in GIL, termination equipment, tunnel 

development, boring machine requirement and testing requirements makes up the FBC. Detailed 

comparative appraisal of FBC for different PTSs described in section 7.2, regarding different line 

lengths, is provided in section 7.4.1.  

7.3.2 Variable Build Cost 

VBC for a PTS includes such developmental costs which are dependent upon the line length and 

the type of terrain [13]. For instance, in UGCs, material as well as installation scheme for special 

locations, build contingency, reactor costs, tunnel development as well as boring machine cost for 

special locations and project management cost makes up the VBC. Further, regarding OHLs tower 

material as well as foundation development, conductor material and stringing, access roads 

development, tower erection, project management and build contingency mainly describe the 

VBC. Moreover, in GIL, equipment as well as civil costs for special locations, tunnel development 

as well as boring machine cost for special locations, project management and build contingency 

makes up the VBC. Detailed comparison of VBC apropos of different PTSs mentioned in section 

7.2, regarding different line lengths, is provided in section 7.4.2. 

7.3.3 Variable Operating Cost 

Factors influencing the VOC of different PTSs described in section 7.2 are quite similar and 

accordingly include; operational cost, cost of power losses and maintenance cost [13]. However, 

economic impact of mentioned aspects regarding the different transmission schemes varies greatly 
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according to the required operational reliability as well as the impact of ambient conditions upon 

the specific transmission scheme. Detailed comparative appraisal of VOC for different PTSs 

described in section 7.2, regarding different line lengths, is provided in section 7.4.3. 

7.4 Cost Comparison 

Comparative appraisal of FBC, VBC and VOC regarding different PTSs mentioned in section 7.2 

was performed in order to approximate the respective LTC as well as to identify the economic 

constraints associated with the different transmission schemes. For the mentioned comparison 

different PTSs having similar line length, operating voltage, power rating and terrain were 

considered, because, the mentioned factors substantially influence the LTC of a transmission 

scheme. Detailed description regarding the FBC, VBC and VOC of the mentioned PTSs along 

with their respective life time cost per unit length (LTCL) and life time power transfer cost per 

unit length (LTPTCL) is provided in the following sections.  

7.4.1 Fixed Build Cost Comparison 

Concerning the FBC, regarding respective line lengths, highest expense was noted for tunnel laid 

GIL while second highest cost was noted for UGC laid in tunnel, followed by directly laid GIL, 

directly laid UGC and OHL. Regarding the implementation of GIL and UGC in tunnel, high cost 

basically resulted due to the tunnel development. Further, regarding directly buried UGC and GIL, 

FBC was still significantly higher as compared to the OHL, due to the requirement of excessive 

excavation for trench development as well as due to high equipment cost. Table 7.1 compares the 

FBC of different PTSs described in section 7.2 regarding different line lengths respectively [40].  

7.4.2 Variable Build Cost Comparison 

Regarding the respective line lengths, highest VBC was observed for GIL implemented in tunnel 

while second highest VBC was observed for UGC laid in tunnel, followed by directly laid GIL, 

directly laid UGC and OHL. High cost for tunnel laid GIL and UGC, basically resulted due to the 

extensive excavation and tunnel development. Moreover, owing to the excessive excavation for 

trench development as well as due to high equipment cost, VBC of directly buried GIL and UGC 

was still substantially high in comparison to the OHL. Detailed comparison of VBC of PTSs 

described in section 7.2, apropos of varying line lengths, is provided in Table 7.2 respectively [40]. 
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Table 7.1: Fixed build cost comparison between different power transmission systems (PTSs).  

Sr. No. Transmission scheme Cost (m£) Line Length (km) 

1. OHL 0.5 3 

2. UGC directly buried  5.8 3 

3. UGC tunnel laid 50.2 3 

4. GIL direct buried 7.4 3 

5. GIL tunnel laid 51.8 3 

6. OHL 1.6 15 

7. UGC directly buried  5.8 15 

8. UGC tunnel laid 97.5 15 

9. GIL direct buried 7.4 15 

10. GIL tunnel laid 99 15 

11. OHL 2.5 75 

12. UGC directly buried  5.9 75 

13. UGC tunnel laid 276.7 75 

14. GIL direct buried 7.4 75 

15. GIL tunnel laid 278.2 75 

Table 7.2: Variable build cost comparison between different power transmission systems (PTSs).  

Sr. No. Transmission scheme Cost (m£) Line Length (km) 

1. OHL 4 3 

2. UGC directly buried  29.7 3 

3. UGC tunnel laid 48.4 3 

4. GIL direct buried 39.7 3 

5. GIL tunnel laid 57.6 3 

6. OHL 19.8 15 

7. UGC directly buried  138.4 15 

8. UGC tunnel laid 222.6 15 

9. GIL direct buried 189.2 15 

10. GIL tunnel laid 276.1 15 

11. OHL 97.7 75 

12. UGC directly buried  681.9 75 

13. UGC tunnel laid 1165.5 75 

14. GIL direct buried 937.4 75 

15. GIL tunnel laid 1441.8 75 
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7.4.3 Variable Operating Cost Comparison 

Concerning the VOC, regarding respective line lengths, highest expense was noted for tunnel laid 

UGC while second highest cost was noted for directly laid UGC, followed by OHL, tunnel laid 

GIL and directly laid GIL. Higher operating cost for variants of UGC as well as OHL in 

comparison to the variants of GIL basically resulted due to higher fault probability as well as 

higher losses and maintenance requirements of UGCs and OHLs. Additionally, regarding UGCs, 

fault rectification requires repeated excavation, which increases the project’s operating cost as well 

as increases the discomfort of locals living nearby. VOC of different GIL schemes was observed 

to be approximately 30% to 50% lesser as compared to the other PTSs described in section 7.2. 

Table 7.3 compares the VOC of different PTSs described in section 7.2 regarding different line 

lengths respectively [40]. 

Table 7.3: Variable operating cost comparison between different power transmission systems (PTSs).  

Sr. No. Transmission scheme Cost (m£) Line Length (km) 

1. OHL 2.7 3 

2. UGC directly buried  2.8 3 

3. UGC tunnel laid 3.3 3 

4. GIL direct buried 1.4 3 

5. GIL tunnel laid 1.9 3 

6. OHL 13.7 15 

7. UGC directly buried  14.6 15 

8. UGC tunnel laid 16.8 15 

9. GIL direct buried 7.4 15 

10. GIL tunnel laid 9.6 15 

11. OHL 68 75 

12. UGC directly buried  80.7 75 

13. UGC tunnel laid 91.6 75 

14. GIL direct buried 37.3 75 

15. GIL tunnel laid 48.2 75 

7.4.4 Life Time Cost Comparison 

As described in section 7.3, LTC is basically the sum of FBC, VBC and VOC. Thus, considering 

the different costs mentioned in section 7.4.1, section 7.4.2 and section 7.4.3, Table 7.4 enlists the 

LTC of different PTSs described in section 7.2. Comparative appraisal of cost figures provided in 
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Table 7.4, regarding the respective line lengths, reveals that tunnel laid GIL has the highest LTC, 

followed by tunnel laid UGC, directly laid GIL, directly laid UGC and OHL. Despite their higher 

VBC, LTC of different GIL schemes was observed to be quite closer to the LTC of respective 

UGC schemes, because, VOC of GIL variants is relatively lesser due to their lesser fault 

probability. Accordingly, GIL variants does not require repeated excavation for fault rectification. 

Table 7.4 compares the LTC of different PTSs described in section 7.2 regarding different line 

lengths respectively [40]. 

Table 7.4: Life time cost comparison between different power transmission systems (PTSs).  

Sr. No. Transmission scheme Cost (m£) Line Length (km) 

1. OHL 7.2 3 

2. UGC directly buried  38.4 3 

3. UGC tunnel laid 101.9 3 

4. GIL direct buried 48.6 3 

5. GIL tunnel laid 111.4 3 

6. OHL 35.1 15 

7. UGC directly buried  158.9 15 

8. UGC tunnel laid 336.9 15 

9. GIL direct buried 204 15 

10. GIL tunnel laid 384.4 15 

11. OHL 168.2 75 

12. UGC directly buried  768.6 75 

13. UGC tunnel laid 1533.9 75 

14. GIL direct buried 982.1 75 

15. GIL tunnel laid 1768.2 75 

7.4.5 Life Time Cost Per Unit Length 

LTCL gives an approximation regarding the per unit length cost of a transmission scheme and 

facilitates the economic comparison between different PTSs. LTCL for a specific PTS is evaluated 

by dividing the respective LTC with the line length. Table 7.5 compares the LTCL for different 

PTSs described in section 7.2 regarding the respective line length [40]. Comparative appraisal of 

Table 7.5 reveals that GIL laid in tunnel has the highest LTCL, followed by UGC laid in tunnel, 

directly buried GIL, directly buried UGC and OHL. Table 7.5 shows that LTCL regarding the 

different schemes decreases with increasing line length, however, the cost trend described above 
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remains the same. High cost for tunnel laid schemes resulted due to excessive planning, material, 

labor and excavation required for trench development. Additionally, tunnel laying schemes result 

in prolonged implementation time for a project. 

Table 7.5: Comparison between different power transmission systems (PTSs) regarding life time cost per 

unit length.  

Sr. No. Transmission scheme Life time cost per unit length (m£/km) 

  3 km 15 km 75 km 

1. OHL 2.4 2.3 2.2 

2. UGC directly buried  12.8 10.6 10.2 

3. UGC tunnel laid 34 22.5 20.5 

4. GIL direct buried 16.2 13.6 13.1 

5. GIL tunnel laid 37.1 25.7 23.6 

7.4.6 Life Time Power Transfer Cost Per Unit Length 

LTPTCL provides an estimation apropos of power transfer cost per unit length of a PTS and 

facilitates the economic appraisal regarding different PTSs having varied line lengths. LTPTCL 

for a specific PTS is computed by dividing the LTC of the respective transmission scheme with 

the power rating of line. Table 7.6 compares the LTPTCL regarding different PTSs described in 

section 7.2 apropos of the respective line length [40]. Detailed comparative analysis of Table 7.6 

shows that GIL laid in tunnel has the highest LTPTCL, followed by UGC laid in tunnel, directly 

buried GIL, directly buried UGC and OHL. Table 7.6 reveals that LTPTCL regarding the different 

schemes decreases with increasing line length, but, the cost trend described above remains the 

same. 

Table 7.6: Comparison between different power transmission systems (PTSs) regarding life time power 

transfer cost per unit length.  

Sr. No. Transmission scheme 
Life time cost per unit length (£/MVA-km) 

3 km 15 km 75 km 

1. OHL 750 730 700 

2. UGC directly buried  4010 3320 3210 

3. UGC tunnel laid 10650 7040 6410 

4. GIL direct buried 5080 4260 4100 

5. GIL tunnel laid 11640 8040 7390 
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7.5 Economic Aspects of Conventional GIL 

Detailed description regarding the economic aspects of conventional PTSs, described in section 

7.4, reveals that GIL has the highest LTC, LTCL and LTPTCL, due to its higher FBC as well as 

VBC. However, VOC of GIL is substantially lesser as compared to the other transmission schemes 

due to its lesser fault probability, and accordingly, its down time is also minimal [12, 14, 40]. 

Lesser fault rate facilitates in acquiring higher system stability and reliability. High 

implementation cost of GIL basically results due to its expensive material and laying requirements, 

which make up approximately 80% of the total installation cost [14]. Considering the material 

cost, aluminium pipe makes up the major cost share [14]. Further, regarding the laying 

requirements, main cost share comes from extensive excavation for trench development, jointing 

and laying in trench or tunnel [14]. Additionally, the requirement of angle modules for line 

bending, due to inherent structural rigidity, as well as the necessity of corrosion protection in direct 

or tunnel laying scheme also increases the developmental cost of conventional GIL [12, 14]. Thus, 

despite the associated benefits of lesser resistive losses, lesser dielectric losses, lesser faults, lesser 

EMC concerns and higher environmental immunity, high initial cost is a major concern which 

constrains the implementation of conventional GIL. Consequently, in order to make GIL to 

compete with OHLs and UGCs, initial developmental cost essentially needs to be minimized. 

Initial cost reduction will minimize the LTCL as well as LTPTCL of GIL, because, its VOC is 

already lesser in comparison to OHLs and UGCs, as is described in section 7.4.4. 

7.6 Cost Minimization Potential of FGIL 

FGIL developed in this research could facilitate the minimization of initial developmental cost for 

the conventional GIL by minimizing the material cost as well as the laying cost. In FGIL, Metallic 

enclosure of conventional GIL is replaced with a PE 100 enclosure, which has approximately three 

times lesser density as compared to Al, and consequently, overall line weight could be reduced 

substantially [142]. Further, thermoplastic nature of PE 100 could eliminate the requirement of 

corrosion protection for direct laying as well as for tunnel laying schemes. Additionally, 

incorporation of structural flexibility, due to pliable enclosure, conductor and insulator, could 

reduce the MLBR as well as could minimize the requirement of angle units [140-142]. 

Minimization of angle units will substantially reduce the project’s developmental cost. Lesser 
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MLBR could also minimize the required laying length as well as the required land area at bends 

[142]. Moreover, owing to its structural flexibility, FGIL could be implemented through HDD 

based underground laying scheme and could eliminate the requirement of excavation for trench or 

tunnel development [141, 142]. Thus, excavation and boring cost could be substantially reduced 

in comparison to the conventional GIL scheme. Further, FGIL design performed in this research 

for an operating voltage of 132 kV, resulted in approximately 34% overall size reduction in 

comparison to the conventional GIL of similar voltage rating [143]. Thus, the required volume of 

dielectric gas could also be reduced. Considering the facts described above, FGIL could result in 

lesser FBC as well as VBC in comparison to the conventional GIL, and consequently, LTCL as 

well as LTPTCL could be significantly reduced. Thus, FGIL could provide several advantages 

regarding metropolitan applications of high voltage lines and the economic concerns associated 

with conventional GIL could be substantially minimized through it.  
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Chapter 8 

General Discussion, Conclusion and Future Work 

8.1 General Discussion and Results 

Main objective of this research was to incorporate structural flexibility in the conventional GIL in 

order to make it feasible for trenchless underground applications in the metropolitan areas. 

Underground implementation of high voltage transmission lines in urban localities is the need of 

future due to escalating urbanization, diminishing land availability as well as increasing energy 

demand. GIL was basically selected due to the fact that it offers higher reliability in comparison 

to UGCs as well as OHLs, which will eliminate the requirement of repeated excavation for fault 

inspection and rectification. In addition, GIL has relatively lesser resistive losses, dielectric losses 

as well as EMC concerns, and thus is a better power transmission scheme for metropolitan 

applications. Thus, considering the necessity of incorporating the structural flexibility in 

conventional GIL, FGIL comprising of flexible stranded conductor, pliable thermoplastic 

enclosure and OCF based support for concentric conductor orientation is analyzed in this work. 

Research performed in this dissertation, regarding the design, development and analysis of FGIL 

as well as its different components is summarized as follows. 

8.1.1 Mechanical Aspects 

Initially, structural flexibility analysis of stranded conductor with solid conductor as well as the 

conductor of conventional GIL was performed, which revealed that the selected stranded 

conductor was approximately 18 times more flexible as compared to the conductor of conventional 

GIL. Dimensional specifications of conventional and stranded conductor were determined on the 

basis of standard conductor dimensions for 132 kV GIL and ASTM B232 standard for stranded 

conductors respectively.  

Structural strength analysis of OCF specimens was also performed in order to identify the 

capability of proposed OCF based support for concentric conductor orientation in FGIL. For the 

mentioned purpose, two OCF specimens of General Plastics, EF 4003 and FP 8015, having 

densities of 48 Kg/m3 and 240 Kg/m3 respectively, were compared regarding their compressibility. 

Autodesk Inventor based foam compressibility simulations revealed that high density OCF 
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specimen had negligible deformation in comparison to the low density OCF specimen. Thus, high 

density OCF based conductor support could easily provide concentric conductor orientation 

without significant deformity. OCF is basically proposed for FGIL due to the fact that CCF will 

obstruct the flow of gaseous dielectric within the enclosure.  

Further, thermoset as well as thermoplastic material based enclosure specimens were compared 

with the rigid metallic enclosure of conventional GIL regarding structural flexibility through 

Autodesk Inventor based modeling. Regarding thermosets, ERFG based corrugated enclosure was 

considered, while regarding thermoplastics, PE based enclosures were considered. Dimensional 

specifications for corrugated ERFG enclosure as well as rigid metallic enclosure were determined 

on the basis of standard enclosure dimensions for 132 kV GIL, while dimensional specifications 

for PE variants were determined on the basis of ISO 4437 standard for thermoplastics. Further, for 

corrugated ERFG enclosure, Autodesk Inventor based pitch dimension finalization was also 

performed which revealed that pitch size of 58 mm could provide optimal flexibility without 

significantly increasing the enclosure size in comparison to the enclosure of conventional GIL. 

Autodesk Inventor based structural flexibility appraisal of the mentioned enclosure specimens 

revealed that corrugated ERFG enclosure, PE 100 enclosure and PE 80 enclosure exhibit 

approximately 25 times, 51 times and 59 times more flexibility as compared to the rigid metallic 

enclosure of conventional GIL. Moreover, investigations regarding PE compounds reveled that 

structural flexibility of PE 100 enclosure was approximately 19% lesser as compared to PE 80 

based enclosure, however, due to its higher density, LTHS, TS and MRS, PE 100 exhibits better 

stress withstand capability and could serve as a better candidate for the underground applications 

of proposed FGIL scheme. Consequently, PE 100 was selected as the final material for FGIL’s 

enclosure. Comprehensive analytical design of PE 100 based enclosure for the proposed FGIL 

scheme was performed by considering different mechanical aspects like wall thickness, outer 

diameter, pressure rating, aging, wall buckling, compressive stress, dead load, live load, ring 

deflection, bending radius, laying length and safety factor degradation over time. The performed 

design was than analyzed through analytical computations as well as Autodesk Inventor based 

simulations for a line depth of 2 meters, operating pressure of 100 psi, operating temperature of 40 

0C as well as an expected life of 25 years, and accordingly, PE 100 enclosure having a wall 

thickness of 14.1 mm, DR of 11 and outer diameter of 155.4 mm was finalized for the proposed 

FGIL scheme.       



136 
 

8.1.2 Electrical Aspects 

After performing the mechanical design and analysis, detailed electrical design and analysis of the 

proposed FGIL scheme along with its different components was performed analytically as well as 

through COMSOL Multiphysics based simulations. Before considering PE 100 enclosure based 

FGIL, ERFG based FGIL was also appraised regarding electrical aspects in order to identify the 

possible concerns regarding its corrugated enclosure. Concerning the mentioned objective, 

COMSOL Multiphysics based electrostatic modeling and analysis of electrode gap and pitch 

dimension for corrugated enclosure based FGIL was performed regarding an operating voltage of 

132 kV. Simulation results revealed that enclosure’s pitch dimension of 48 mm and electrode gap 

of 68.5 mm could provide the required FUF. Thus, considering the mentioned electrode gap and 

pitch dimensions, COMSOL Multiphysics based electrostatic modeling of FGIL was performed 

regarding axial and radial cross sections. Simulation results revealed that concentrated fields of 

high intensity occurred along the enclosure, and further, FUF in radial cross section got 28% lower 

than its required value for GIL. Thus, due to its poor FUF as well as concentrated fields, corrugated 

enclosure necessarily requires profile smoothening along its inner wall. Consequently, corrugated 

enclosure is not suitable for FGIL due to its poor electrostatic performance.      

After critically appraising the corrugated enclosure for FGIL, dimensional specification for smooth 

enclosure based FGIL was finalized through NR iterative technique. Accordingly, enclosure’s 

internal diameter of 130 mm and an electrode gap of 40.1 mm was finalized regarding the selected 

stranded conductor and an operating voltage of 132 kV. Further, COMSOL Multiphysics based 

electrostatic modeling and analysis of smooth enclosure based FGIL was performed regarding the 

above mentioned specifications in comparison to the conventional GIL of 132 kV. Dimensional 

specifications for conventional GIL were determined on the basis of standard dimensions for 132 

kV GIL. Electrostatic comparison of developed models revealed that FUF of the proposed scheme 

was only 1.8% lesser as compared to the FUF of conventional scheme, but, field intensity was 

relatively higher for the proposed scheme. However, field intensity in the proposed scheme 

remained within the permissible maximum field limit for GIL. Further, dimensional comparison 

revealed that enclosure’s wall thickness of proposed scheme was almost 4 mm larger as compared 

to the conventional scheme. However, owing to the required FUF, outer diameter of FGIL’s 

enclosure was reduced by approximately 32% mm due to its smaller conductor diameter as 
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compared to the conductor of conventional scheme. Thus, overall diameter of FGIL was also 

reduced by almost 32% as compared to the conventional scheme.  

After detailed electrostatic analysis of FGIL’s enclosure, COMSOL Multiphysics based modeling 

and analysis was performed regarding the field dispersion, field intensity and FUF due to stranded 

conductor. For the mentioned objective, circular and trapezoidal strand conductors based 132 kV 

FGIL as well as conventional GIL models were developed. Technical and dimensional 

specifications including electrode gap, thickness, strands and diameter regarding proposed and 

conventional schemes were determined on the basis of ASTM B857, ASTM B232, 132 kV GIL 

standard values and the performed design. Simulation results revealed that conductor’s contour 

irregularity caused objectionably high field intensities of 6.2 kV/mm and 5.6 kV/mm regarding 

circular and trapezoidal strand conductors. Additionally, FUF regarding circular and trapezoidal 

strand conductors also got reduced by approximately 31% and 23%, in comparison to the 

conventional GIL. Thus, contour irregularity suppression of stranded conductors was performed 

through SiC based SCF, and accordingly, COMSOL Multiphysics based models of proposed FGIL 

were developed and analyzed. Detailed comparative appraisal showed that SCF based conductor’s 

contour irregularity suppression caused field stress reduction of up to 23% and 21% apropos of 

circular and trapezoidal strand conductors in comparison to the respective conductors without SCF 

coating. Additionally, irregularity suppression also improved the FUF of up to 26% and 22% 

regarding circular and trapezoidal strand conductors. Moreover, FUF regarding SCF coated 

trapezoidal strand conductor was observed to be only 1.8% lesser as compared to the FUF of 

conventional GIL. Thus, based upon the performed comparative appraisal regarding electrostatic 

aspects, trapezoidal strand conductor with SCF coating could be an optimal candidate apropos of 

electrostatic requirements as well as the desired pliability for the proposed FGIL. 

Further, regarding electrostatic stress distribution within a bended section of proposed scheme, 

modeling and analysis of bended and straight FGIL models was performed. Concerning the 

mentioned modeling, 20 m long straight as well as bended FGIL models were developed by using 

Autodesk Inventor, and accordingly, were analyzed apropos of electrostatic aspects in COMSOL 

Multiphysics. Bended model of FGIL was developed by taking in to consideration a MLBR of 

10.2 mm for PE 100 enclosure, which was determined through Autodesk Inventor based modeling 

for the proposed scheme. Critical appraisal regarding axial cross section of bended and straight 
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FGIL models revealed a minimal difference of 0.7% and 0.8% in field intensity and FUF 

respectively. Moreover, detailed comparison regarding radial cross section of bended and straight 

FGIL models unveiled a small difference of 0.4% and 0.5% in field intensity and FUF respectively. 

Minimal variation in the compared models was observed owing to the reason that line bending as 

per allowable limit of MLBR resulted in negligible circumferential deformation of FGIL 

enclosure. Consequently, field intensity, field utilization and stress distribution in bended and 

straight FGIL models remained quite similar.  

Comparison was also performed between the line parameters of proposed FGIL scheme and the 

respective standard parameters of conventional GIL regarding an operating voltage level of 132 

kV. Comparison revealed that power rating of the proposed scheme was relatively lesser as 

compare to the conventional scheme, however, the associated benefit of structural flexibility and 

trenchless underground implementation is of significant importance. Additionally, selection of 

larger ampacity stranded conductor could enhance the power rating of proposed scheme, which at 

the present moment is available up till 1875 A as per ASTM B232 standard. Moreover, analytical 

as well as COMSOL Multiphysics based dielectric breakdown and withstand analysis was 

performed for the proposed FGIL scheme regarding nominal, design and breakdown voltages. 

Analytical and simulation based comparison revealed that breakdown voltage, apropos of the 

determined operational and dimensional specifications of propounded FGIL scheme, was 

approximately 84% and 36% above the nominal and design voltages for 132 kV voltage level 

respectively. Furthermore, operational and design electric fields of proposed FGIL, as per the 

determined dimensional specifications for 132 kV, were approximately 88% and 42% lesser than 

the critical field intensity. Consequently, considering the computed dimensional specifications, 

propounded FGIL scheme exhibits the required dielectric withstand characteristics. 

8.1.3 Experimental Investigations 

After designing and analyzing the proposed scheme regrading different electromechanical aspects, 

laboratory based practical investigations were also performed in order to identify the dielectric 

integrity of the proposed scheme. For the mentioned objective, an enclosed sphere gap discharge 

arrangement was developed as per IEC 60052:2002 standard in order to investigate the separate as 

well as combined dielectric characteristics of air and SF6 with OCF specimens, at different gas 

pressures, through power frequency and lightning impulse discharge tests as per IEC 60052:2002 
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and IEC 60060-1:2010 standards. Experimental investigations revealed that synergistic dielectric 

behavior of air and SF6 with OCF specimens was quite similar as compared to the dielectric 

behavior of air and SF6 alone correspondingly at the respective gas pressures. Moreover, no 

significant structural damage of OCF specimens was observed after breakdown.    

Additionally, RPVC enclosure based 11 kV prototype models of FGIL were developed in order to 

investigate the effectiveness of field grading upon dielectric breakdown of the developed models. 

For the mentioned objective, power frequency and lightning impulse discharge tests were 

performed for simple as well as SCF coated stranded conductors based prototypes of FGIL, 

regarding air and SF6 at different gas pressures. Experimental investigations revealed that 

prototype comprising of SCF coating had comparatively higher power frequency and lightning 

impulse discharge voltages regarding SF6 as well as air respectively. Moreover, SF6 filled 

prototype achieved higher breakdown voltages in comparison to air filled prototype apropos of 

respective gas pressures. Thus, contour irregularity suppression of stranded conductor through 

SCF coating could significantly improve the dielectric breakdown characteristics of the proposed 

FGIL scheme. Moreover, analytical computations were also performed in order to compare 

(E/P)Breakdown of the developed prototype with (E/P)Critical of SF6 and air respectively at different 

gas pressures. Comparative appraisal revealed that that (E/P)Breakdown for the developed prototypes, 

was lesser than the respective (E/P)Critical regarding different gas pressures. Moreover, SCF coating 

over the stranded conductor improved the breakdown field level regarding SF6 as well as air 

insulated prototypes of FGIL. 

After analyzing the proposed scheme as well its different components through analytical, 

simulation and practical investigations, HDPE enclosure based 11 kV prototype model of FGIL 

was fabricated in order to perform its dielectric withstand tests regarding power frequency and 

lightning impulse voltages as per IEC 60060-1:2010 and IEC 60071:2006 standards. Experimental 

investigations revealed that the developed prototype withstood the power frequency and lightning 

impulse voltages of required magnitudes for a nominal operating voltage of 11 kV.  

8.1.4 Conclusion 

In conclusion, design, analysis and practical investigations, performed in this research, reveal that 

FGIL is quite practicable and could be used to develop flexible power transmission line which 
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could be implemented through HDD based trenchless underground laying scheme. The proposed 

scheme could be highly beneficial regarding the simplification of complexities associated with 

implementation of high voltage transmission lines in urban localities due to diminishing land area 

and escalating urbanization. As per the performed computations and comparative appraisals, 

longitudinal bending radius of proposed scheme is approximately 24 times lesser as compared to 

the longitudinal bending radius of 132 kV conventional GIL. Thus, owing to its inherent flexibility 

and substantially reduced bending radius, in comparison to the conventional scheme, the proposed 

scheme will require lesser space at bends as well as minimize the required laying length along 

bends. Additionally, it will eliminate the requirement of angle modules which are required to bend 

the conventional GIL below its bending radius. Thus, the problem of excessive jointing as well as 

the probability of gas leakage will be significantly minimized. Further, owing to its thermoplastic 

enclosure, corrosion protection requirements will be eliminated. Joint reduction and elimination 

of corrosion protection will significantly minimize the implementation cost of FGIL in comparison 

to the conventional GIL. Additionally, elimination of trench development and excavation will also 

minimize the project’s implementation cost as well time. Moreover, structural flexibility of FGIL 

will minimize its seismic vulnerability as compared to the conventional GIL. The proposed scheme 

could be developed for operating voltages higher than 132 kV as the performed design is scalable 

and could be done regarding different line voltages.   

8.2 Future Work 

Concerning the extension of this dissertation, following key aspects are suggested as the potential 

future work. 

 Research could be performed in order to find an appropriate surrogate of SF6 for FGIL, 

having insulating characteristics similar to SF6 but at relatively lesser gas pressure. 

Regarding this aspect, comparative investigations for different gaseous dielectrics are 

being performed by the researchers, however, their practicability regarding FGIL needs to 

be analyzed.       

 Due to its structural flexibility, FGIL could be a potential candidate for the development 

of hybrid power and traffic corridors by implementing the proposed scheme in existing 

railway galleries or traffic tunnels. This scheme could significantly minimize the required 
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land area as well as implementation cost for high voltage transmission lines and could be 

highly beneficial for metropolitan applications.  

 Electromagnetic compatibility analysis of the proposed FGIL scheme regarding its 

implementation in urban vicinities could be performed. 

 Seismic vulnerability analysis could be performed for the proposed FGIL scheme regarding 

its operational reliability approximations.  

 Future application possibilities in a smart transmission network, used for solving power 

transmission problems. 
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Appendix-A 

A.1 Standard Insulation Level 

In order to perform the standard insulation withstand tests, IEC 60071-1 specifies the standard 

lightning impulse withstand and power frequency withstand voltages regarding different operating 

voltages. Concerning the different equipment voltages, Table A.1.1 provides the respective 

insulation withstand test voltages [186, 187]. Voltage levels regarding insulation withstand tests 

for prototype 3 were determined on the basis of table A.1.1.   

Table A.1.1: Standard insulation withstand level for equipment having operating voltage in the range of 1 kV to 245 

kV. 

Highest voltage for equipment  

kV (R.M.S) 

Standard power frequency 

withstand voltage  

kV (R.M.S) 

Standard lightning impulse 

withstand voltage  

kV (Peak) 

3.6 10 
20 

40 

7.2 20 
40 

60 

12 28 

60 

75 

95 

17.5 38 
75 

95 

24 50 

95 

125 

145 

36 70 
145 

170 

52 95 250 

72.5 140 325 

100 
(150) 380 

185 450 

123 
(185) 450 

230 550 

145 (185) (450) 
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230 550 

275 650 

170 

(230) (550) 

275 650 

325 750 

245 

(275) (650) 

(325) (750) 

360 850 

395 950 

460 1050 
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Appendix-B 

B.1 Environmental Application Factor 

Over the passage of time, transported/enclosed fluid influences the pressure rating of polyethylene 

(PE) based enclosure/pipe. Environmental application factor (AF) describes the impact of 

transported fluid upon the pressure rating of enclosure/pipe. Thus, AF should be considered 

necessarily while performing the design of thermoplastic enclosures. AF for PE enclosure/pipe 

regarding different fluids is mentioned in Table B.1.1, and accordingly AF of 1 was considered for 

the design of PE enclosure mentioned in this research [150].  

Table B.1.1: Environmental application factors for polyethylene enclosure/pipe carrying different fluids. 

Sr. No. Fluid enclosed/transported 
Environmental application factor 

at 73 0F 

1. 
Aqueous solutions bases, acids and salts, wastewater, glycols, 

alcohols. 
1.0 

2. 
Methane, carbon dioxide, nitrogen, dry natural gas, hydrogen 

sulfide and other non-reactive gases. 
1.0 

3. 

Gasoline, fuel oil, crude oil, permeating chemicals, diesel, liquid 

hydrocarbons, oilfield water containing >2% hydrocarbons, oil 

field fluids 

0.5 
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B.2 Material Specifications 

Research performed in this thesis, took in to consideration PE 80 and PE 100 based enclosures. 

Detailed description regarding standard characteristics of PE 80 and PE 100 materials is provided 

in Table B.2.1 [160].  

Table B.2.1: Characteristics comparison between PE 80 and PE 100 materials. 

Material specification Unit Standard  PE 80 PE 100 

Density g/cm3 ISO 1183 0.95 0.96 

Yield stress MPa DIN EN ISO 527 22 23 

Elongation at yield % DIN EN ISO 527 9 9 

Elongation at break % DIN EN ISO 527 300 300 

Tensile modulus of elasticity MPa DIN EN ISO 527 800 1100 

Thermal conductivity W/m-K DIN 52612 0.38 0.38 

Temperature range 0C  -40 to +80 -40 to +80 

Minimum required strength  MPa ISO/TR 9082 8 10 

Long term hydrostatic strength MPa ISO 4437 9 12.4 
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Appendix-C 

C.1 Internal Pressure Creep Curves for PE 80 Enclosures/Pipes 

Creep estimations are necessarily required in order to determine the operational life of a 

thermoplastic enclosure and to facilitate the determination of its safe operating pressure over the 

required life span. Figure C.1.1 provides the creep curves of stress for PE 80 based enclosure/pipe 

regarding different operational hours as well as temperature [152, 160]. 

 

Figure C.1.1: Internal pressure creep curves for PE 80 based enclosures/pipes. 
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C.2 Internal Pressure Creep Curves for PE 100 Enclosures/Pipes 

Figure C.2.1 provides the creep curves of stress for PE 100 based enclosure/pipe regarding 

different operational hours as well as temperature [152, 160]. These creep curves were used to 

perform the design and analysis of proposed FGIL scheme as well as to estimate the operational 

life span of PE 100 based enclosure for the mentioned application. 

 

Figure C.2.1: Internal pressure creep curves for PE 100 based enclosures/pipes. 
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C.3 Time Dependent Modulus for PE 100 Enclosures/Pipes 

Figure C.3.1 provides the creep curves of modulus for PE 100 based enclosure/pipe regarding 

different operational hours as well as temperature [152, 160]. These time dependent curves were 

considered while performing the design and analysis of proposed FGIL scheme as well as to 

estimate the operational life span of PE 100 based enclosure for the said application. 

 

Figure C.3.1: Creep modulus for PE 100 based enclosures/pipes. 
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