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Abstract — To avoid production downtime, petrochemical
facilities need reliable infrastructure. Gas-insulated switchgear
(GIS) can often offer counterintuitive cost-effective solutions for
petrochemical facilities that are considering new substation
construction or upgrades to existing substations. Obstacles
such as higher initial capital investment, lack of GIS operation
and maintenance expertise, and sulfur hexafluoride gas (SFs)
emissions concerns can prevent facilities from pursuing this
option despite potential long-term savings. This paper offers
solutions to these common roadblocks and presents several
benefits that positively impact a facility’s bottom line. The paper
explores long-term maintenance costs for GIS substations
versus air-insulated substations; the lower costs of depreciation
over a GIS substation’s longer useful life; and the greater
reliability of GIS substations. Additional considerations that can
impact operational and maintenance costs include reduced
safety risks for personnel and enhanced equipment protection
in high contamination environments. Installing modular GIS
assemblies can also reduce construction time, minimizing
potential disruptions to plant operations. Additionally, the
historically predominant SFs gas insulating medium, whose use
is rapidly becoming more heavily regulated due to its
environmental impact, is no longer the only option for GIS
builds. New alternative insulation gas mixtures can eliminate
the use of SFes gas, helping facilities meet environmental
sustainability goals.

Index Terms — Substation Reliability, Gas-Insulated
Switchgear (GIS), Air-Insulated Switchgear (AIS)

I. INTRODUCTION: WHAT IS GIS?

Conventional substations, also known as air-insulated
substations (AIS), use atmospheric air as a dielectric gas
medium. However, AIS design is not the only approach to
substation design and construction. A gas-insulated switchgear
(GIS) substation is a type of high voltage electrical facility
whose major conducting structures — e.g., high voltage
conductors, voltage transformers, switches, circuit breaker
interrupters, current transformers — are protected from outside
elements within an enclosure using a pressurized dielectric gas
as an insulating medium.
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Air-insulated switchgear consists of components built on
foundations with significant space between elements to
achieve sufficient electrical clearance via air. Gas-insulated
switchgear is much more compact since its components are
housed within gas-tight aluminum enclosures (see Fig. 1). The
GIS applications discussed in this paper are typically used for
voltages of 69kV and above.

Fig. 1 GIS Equipment

GIS is a well-established technology that can meet certain
challenges more effectively than AIS. As a result, GIS has
found significant traction in many parts of the world and is
gaining increased consideration in North America, specifically
for its ability to mitigate space limitations, strengthen safety and
security, lower operational and total lifecycle costs, and
enhance overall substation reliability. Indeed, GIS stands out
for its ability to resolve several disadvantages or challenges
inherent in AIS structures, including:

e Rapid equipment deterioration due to environmental
exposure,

e Frequent maintenance requirements,

e Large footprint requirements, which can be difficult to
accommodate in facilities where space is limited, and

e  Security vulnerabilities.

How GIS works:

e Electrical high voltage conductors are housed within a
metal enclosure (see Fig. 2).
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e Electrical clearance between live parts (e.g., bus bars,
breakers, and switches) and an earthed enclosure is
achieved by an insulating gas (historically SFs, though
alternatives are now available). The insulating gas allows
much smaller arrangements due to its higher electrical field
stress withstand capability.

e The insulating gas is self-healing after being exposed to
electrical arcs.

Typically, GIS equipment is modular and bolted together
with flanged connections which allow manufacturers to build
switchgear from a finite number of subcomponents and allows
the equipment to be expandable. Electrical insulation is
achieved by inserting an insulating medium into the space
(insulation gap) between the electrically charged current
conductor and solidly earthed enclosure (see Fig. 2). As the
high voltage stress becomes stronger, the better the withstand
capability of the insulating medium must be. See Figs. 3 and 4
for section views of single-phase and 3-phase GIS substation
examples.
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Fig. 2 How Electrical Insulation Is Achieved in a Gas-
Insulated Switchgear
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Fig. 3 Example Interior Cross-Section of 3-Phase Enclosed
GIS (170kV)
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Fig. 4 Example Interior Cross-Section of 1-Phase Enclosed
GIS (300kV)

The requirements for the conventional open-air, metal-clad
approach can create challenges for designers, operators, and
utilities. For example, the phase-to-phase and phase-to-ground
clearances in AlIS substations are typically 5 to 10 times those
required for GIS substations with equivalent ratings, requiring
yards with a significantly larger footprint than equivalently-rated
GIS, with all live parts completely exposed to the environment
and personnel.

By contrast, clearance space required for a GIS substation is
only around 10% to 20% of what is needed for an AIS
substation (see Figs. 5 and 6 below; for more information on
this point, see Section IlI-E).
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'Fig. 6 GIS Layout — 138KV 4 Breaker Ring; GIS Building in
Black Box (24.38 m by 22.86 m); Overall Site (42.67 m by
64.62 m)

Further, because GIS substations are typically placed within
enclosed buildings that are protected from environmental
conditions and people, they offer enhanced equipment
protection. That protection can be especially significant for
industrial/petrochemical manufacturing facilities that must
contend with high contamination environments affected by
released gases and, in coastal areas, exposure to salinity. In
other words, the outdoor AIS solution is far more vulnerable to
harsh environments than GIS. The result is higher operation
and maintenance (O&M) costs and shorter expected lifetimes
for AIS equipment.

In terms of performance (up to 1,100kV), the service voltage,
continuous current, and interrupting ratings for air- and gas-
insulated switchgear are comparable. Switching of high
nominal currents (above 3000A) and interruption of fault
currents greater than 40kA is possible within very small
geometries using SFe or similar gases as arc-quenching media.
Though GIS works well within a range of applications, it is
particularly suited to 34.5kV and above and is available for
short circuit current ratings from 40kA and above.

Altogether, a smaller footprint, reduced maintenance
requirements, and lower cost of operation mean GIS offers
significant short- and long-term cost savings, as will be detailed
in this paper.

TABLE |
AIS ADVANTAGES AND DISADVANTAGES

AIS ADVANTAGES

o Lowest upfront capital expenditure for equipment and
installation.

e Tried and true technology adopted by all utilities, with
numerous equipment options on the market.

e Can be installed and maintained by any electrical
contractor or service group.

e Equipment (breakers/switches) can be replaced if
failures occur.

o Standardized AIS substation designs and solutions
available.

AlIS DISADVANTAGES

e Requires largest footprint of all solutions (cost of land
acquisition and permitting issues should be
considered for total overall cost of ownership).

e Most expensive O&M costs throughout lifecycle with
regular maintenance required.

e Lower reliability over lifecycle, leading to more
planned and unplanned outages as equipment ages.

e Exposed to the environment / open yard (e.g.,
susceptible to storms and security breaches)

e Additional safety considerations (e.g., exposed live
parts)

TABLE I
GIS ADVANTAGES AND DISADVANTAGES

GIS ADVANTAGES

e Lowest overall cost of ownership throughout lifecycle
of substation when considering operating
expenditure / land cost / permitting, site prep, etc.
Up to 85% reduction in substation footprint.

e All live parts enclosed in a grounded enclosure with
arc-quenching SFe.

e Ideal for urban or public settings / occupied buildings
/ underground.

e Inherently storm-hardened design protected from
environment.

e Little maintenance and service
lifetime.

e  Substation security enhanced since GIS substations
are typically in enclosed buildings.

required during

GIS DISADVANTAGES

o Higher upfront capital expenditure for equipment and
installation compared to AlS.
Technology still new to some utilities.
Specialty contractors and training
installation and operation.

e Gas handling is required during maintenance and
repair.

e Before a GIS can be installed, site preparations (for
an outdoor GIS) or building assembly (for an indoor
GIS) must be complete. A clean and controlled
environment is necessary to avoid contaminants
within the gas zones.

required for

Il. RELIABILITY ANALYSIS OF GIS

Due to their high electric load needs, petrochemical and
other industrial facilities require robust electric infrastructure.
Reliable power is critical for the continuous operation of these
networks: any interruptions in service mean production
downtime, missed targets, and delayed customer deliveries.



Analysis suggests that GIS can meet reliability needs better
than AIS. GIS delivers this enhanced reliability in several ways.

e The enclosed GIS components arrive on site in modular,
factory-assembled pieces rather than requiring full field
assembly. Pre-fabrication results in fewer parts and
interfaces between components to handle and maintain.

e The enclosure also protects against environmental
damage and deterioration that can affect performance and
reliability.

e GIS has lower lifetime maintenance requirements, with an
estimated lifecycle of 40-50 years and only minimal time-
and operation-based maintenance required (see Section
11l for more information about maintenance requirements).

e Performance and maintenance monitoring of GIS
substations is typically far more advanced than AIS,
reducing the number of site activities and interventions
(e.g., diagnostic checks can be conducted in advance).

On the last point, similar advanced diagnostics are also
available with AIS, but they are optional, and end users
frequently opt out of these features due to upfront cost. With
GIS, however, monitoring technology is required to assess
equipment integrity since visual inspection of internal
components is impossible without taking equipment offline.
This adds to the initial cost of GIS equipment but, along with
these other factors, can result in measurable improvements to
substation reliability. Using fault simulation software, substation
designers can analyze substation reliability under assorted
conditions and determine likely failure rates and outage
durations. For instance, in one analysis of comparable busbar
configurations, researchers tested single and double busbar
configurations on the high voltage side “of [high
voltage/medium voltage] substations having air-isolated or gas-
insulated switchgears” [1]. They found that GIS technology
doubled availability when compared to the AIS solution for
certain builds (e.g., double busbar configurations).

TABLE Il
GIS VS. AIS OUTAGE FREQUENCY AND DURATION [2]
GIS AIS
Ring Bus Ring Bus
Outage
Frequency Due 1 per56.8 1 per8.5
to Equipment years years
Failure
Outage
Frequency Due L p:;r185 ! p(z;ES.S
to Maintenance y y
Total Outage 1per11.9 1per1.9
Frequency years years
Average Total 1.04 hours 3.5 hours
Outage
Duration per year per year

A separate analysis reviewed mean time between failures
(MTBF) as a measure of reliability and similarly found that GIS
has the lower outage frequency, with as much as 85.45% less

total annual downtime than a comparable AlS build (see Table
.
lll. COST ANALYSIS OF GIS

GIS typically has a higher initial capital investment. However,
evaluating the initial capital investment alone is not sufficient to
present a full economic analysis of a GIS project. Consideration
of the various factors that affect the project's lifecycle is
important, including the cost of primary hardware, O&M and
disposal costs, and the cost of failures. Overall, total lifecycle
costs of GIS facilities, due to minimal maintenance, greater
reliability, and fewer interruptions, are typically much lower than
AIS (see Table IV). However, the extent of cost savings can
vary according to project stage or element (see Table V). Thus,
while the initial outlay for primary equipment will be higher in a
GIS project, earthwork, civil work, structures, electrical
assembly and erection, and other construction components will
be notably lower.

TABLE IV
GIS VS. AIS ESTIMATED LIFECYCLES, 230kV SUBSTATION,
NORTHEAST US [3]

GIS AIS
Average Life
Expectancy 50 years 40 years
Maintenance
Inspection Interval by ) ]
Original Equipment 8-10 years 5-7 years
Manufacturer (OEM)
Time-based
Overhaul by OEM 20-25 years 15-18 years
TABLE V

GIS VS. AIS TYPICAL APPROXIMATE LIFECYCLE COST
COMPARISON BY PROJECT ELEMENT [4]

Life Cycle Cost AIS GIS
Planning and 100% 80%
Engineering
Real Estate 100% 40%
Primary Equipment 100% 120%
Secondary 100% 100%
Equipment
Earthwork, Civil 100% 60%
Work, Structures
Electrical Assembly 100% 70%
and Erection
Maintenance 100% 50%
Outage 100% 50%

The improved reliability and reduced costs of GIS yield total
lifecycle cost savings compared to an equivalent AlS build.
Table VI presents comparative cost data for a proposed 230kV
project to be constructed in the Northeast US over the full
projected lifecycle of the substation (note that Table VI does not
consider depreciation).



TABLE VI
GIS VS. AIS ESTIMATED CUMULATIVE COSTS FOR 230kV
SUBSTATION, NORTHEAST US (IN MILLIONS USD) [5]

GIS AIS
O&M  Failure O&M  Failure
Cost Cost -cr;(:)t:tl Cost Cost ggsltazc; -cr:c:)t:tl
0.50% 0.15% 1.75% 0.75% P
T
2
% $10.68 $8.01
E
o
© $0.05 $0.01 $10.75| $0.14  $0.06 $8.21
>
=
§ $0.50 $0.20 $11.37| $1.40 $0.60 $10.01
>_
&
§ $1.07 $0.32 $12.07 | $2.80  $1.20 $12.01
>
=
§ $1.60 $0.48 $12.76 | $4.21 $1.80 $14.02
>_
S
§ $2.14 $0.64 $13.46 | $5.61 $2.40 $16.02
>
B
= $2.67 $0.80 $14.15 $10.01  $26.03
kS
g $14.15 $26.03
'_

Note: Table does not reflect depreciation.
A. Reduced Construction Time

GIS comes fully assembled and tested from the factory, so
there is less onsite construction work required, all of which
reduces installation and commissioning time. Specifically, pre-
fabrication means construction is completed in a controlled
environment, regardless of weather or external conditions, with
more tools and options to perform precision work faster and at
lower cost.

Factory construction can yield significant cost savings. For
example, petrochemical facilities and renewable energy
developers are seeing cost and schedule advantages from
factory-built substations, allowing them to interconnect their
projects to the grid faster. Nuclear facilities are realizing
benefits from modular construction as well: “off-site modular
construction has been estimated to reduce the capital cost of a
[small modular reactor] by up to 37.98% compared to a stick-
built method” [6].

Pre-constructed modules also save time and money in the
field. With AIS projects that use pre-constructed modules, the
modules arrive on site, leaving less for contractors to assemble
on site. This approach reduces labor and travel expenses and
allows the substation to be fully installed in a fraction of the
time, reducing the total number of hours required onsite for
installation [7]. As with AIS modular installations, GIS projects
can realize significant time and cost savings due to their
modular design.

Refineries in particular tend to have strict working
procedures. In one case, a 69kV substation on the US West
Coast needed to reduce the number of modules delivered to
the site in order to increase onsite installation efficiency. The
solution involved offsite assembly, with the entire GIS pre-
assembled as six skids plugged together (see Fig. 7 below) and
then shipped to the site to reduce overall construction time. In
this case, pre-assembly reduced an estimated 18-week field
assembly schedule to six weeks total. The cost of pre-assembly
offsite is much less than the cost of assembly onsite.

Fig. 7 Pre-Assembled GIS Modules Attached to Six Skids
for Delivery to Field

In the same way, GIS can ease installation in difficult,
remote, or otherwise hard-to-reach locations, which is often a
factor for liquified natural gas (LNG) production facilities. The
GIS can be fully prefabricated in a facility nearby or at a supplier
near a barging location. Once assembled, operators can simply
pull it on a barge to its destination.

B. Less Downtime, Fewer Disruptions to Plant Operations

A GIS substation can be built next to an existing AIS
substation while continuing to provide power with minimal to no
outages. As construction proceeds, the operator can make
gradual cutovers from AIS to GIS until the AIS substation is
completely offline and can then be removed.

For example, one 500kV substation in Canada (see Fig. 8)
had existing AIS infrastructure that was reaching the end of its
lifecycle, and the site had no room for expansion. Without GIS,
the utility would have had to replace all equipment one-by-one
for a new AIS-to-AlIS replacement, a process they estimated
would have taken ten years. However, thanks to the smaller
footprint of a GIS build, they were able to reserve a small
portion of land on the other side of the site from the existing AIS
substation [8]. The AIS substation remained fully operational
while construction proceeded, and construction only required



two years to finish. Thus, using GIS supported operational
continuity with minimum outages.

Fig. 8 This 500kV GIS Substation Replaced the Existing
500kV AIS Substation Using a Much Smaller Footprint (GIS
Substation in White Box)

C. Less Maintenance, Lower Lifetime Depreciation Costs

Environmental impacts lead to more frequent interventions
and shorter life expectancy for AIS substations. Even with a
reduced initial cost of only $8 million, AIS failure rates are high
enough that costs aggregate much faster than for GIS. Any
initial cost savings are subsequently overtaken by these
expenses. With all the O&M and failure costs, total lifecycle GIS
costs are about half ($14.15 million versus $26.03 million, or
53%) of those for a comparable AIS facility (see Table VI).

A GIS substation contained within protective housing can
realize 40-50 years of life with minimal operation costs. In fact,
auxiliary components of GIS systems (including disconnect
switches, earth switches, etc.) rarely require any maintenance
at all (see Table VII). Specialized knowledge is required, but
GIS manufacturers typically provide training to equip facility
maintenance personnel with the knowledge needed to service
GIS equipment.

TABLE VI
BASIC RECOMMENDED MAINTENANCE SCHEDULE FOR GIS

Device Inspection After Maintenance After

Overall Installation See Below

20 Fault Clearings or

Circuit Breaker 5,000 Operating
Cycles (OC)
; 8 Years
Disconnector/ 5,000 OC

Earthing Switch

2 Closing Operations
onto Short Circuit or
2,000 OC

Fast Acting
Earthing Switch

Regarding availability of spare parts — a lack of which could
affect mean time to repair (MTTR), undermining the MTBF
advantage — established GIS manufacturers have been
investing heavily in spare parts manufacturing in order to cope
with supply chain challenges, with manufacturer service
centers available to provide parts for commissioning and
maintenance activities as needed. The number of these centers

varies according to manufacturer, but most offer several across
North America. Typical GIS warranties extend five to ten years,
with additional service contracts available to cover the cost of
maintenance and spare parts for the lifetime of the GIS. Under
the service level agreements established within these
warranties, a response within several hours of failure is typical,
with service engineers first performing remote diagnostics
before sending out a service technician, if necessary.

Notably, costs related to the insulating gas medium (SFs or
its alternatives) are comparable. The California Air Resources
Board (CARB) reports a “similar level of maintenance [including
but not limited to gas purchase, inspection, and repair] for
alternative gas technologies and SFs, hence zero cost
difference.” [9]

D. Low Failure Rates

GIS is also notable for comparatively low failure rates. A
comparative analysis published in the International Journal of
Electrical Engineering & Technology found that:

“The rate of failure of disconnecting switch and circuit
breaker in GIS is one fourth of that of AIS and one tenth in
case of busbar, thus the maintenance cost of GIS becomes
less than that of AIS for lifetime. GIS requires less
maintenance requirement because of its effective design and
protection against external elements.... Whereas in AlIS
more maintenance is required leading to increase in cost.
Operating life of GIS is more than 50 years, and no major
inspection is required before 25 years” [10].

The environmental exposure of AIS alone can lead to
increased maintenance and outages (see Figs. 9 and 10). In
December 2013, a crippling ice storm took one 230kV
Canadian substation out of commission, leaving over one
million people without power for three days [11]. As a result of
that event, a major utility in Canada began converting all their
AIS sites into GIS because the latter offered superior protection
against severe storms.

Fig. 9 Example of Storm Damage to AlS Structures
Exposed to the Environment



Fig. 10 Example of Storm Damage to AIS Structures
Exposed to the Environment

E. Reduced Footprint

The footprint of a GIS substation is much smaller than that of
an equivalent AlS substation because AIS needs several feet
of insulation space while GIS needs only inches. As a result,
total area required for GIS is 10% to 20% of AIS [12]. Fig. 11
shows how much space a GIS substation uses on average
compared to an AIS substation. In Fig. 12, the GIS switching
station depicted delivers as much power as the AlS one while
requiring only an eighth of the land for the same configuration.
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Fig. 12 GIS Switching Station Versus AIS Switching Station

The smaller footprint has multiple implications, most
immediately how it reduces site preparation and potentially site
acquisition costs [13]. The lower site costs can help offset the
upfront higher equipment cost and contribute to long-term
savings when less real estate is required to host the substation.
In some cases, the reduced footprint even means that GIS
substations can be built in areas that are otherwise impossible
for locating AIS (e.g., underground sites).

For example, in a first-of-its-kind project, a municipal utility
needed a 69/12kV substation constructed in a high property
value neighborhood. By using GIS, they were able to place the
substation in underground vaults beneath a newly-built park
(see Figs. 13 and 14) to meet both growing power demands
and maintain neighborhood property values [14].

Fig. 14 Park Above GIS Substation

The smaller GIS footprint also opens up possibilities for
future expansion. For petrochemical refineries in particular,
space is often an issue. If an expansion of a GIS is needed, it
can be done later using minimal site space, which may not be
possible with AIS if the site does not offer enough space to
accommodate the larger footprint of AIS. With some advance
planning, GIS can create the possibility of future expansion at
negligible cost, if desired. For example, constructing a building
that is larger than necessary up front may seem wasteful at first.
However, a building plan that allows for future extension by
design means additions or expansions can be built at negligible



cost in the future and at only incremental added cost in the
present. The most important issue is ensuring the building
structure allows the main bus of the GIS to be extended.

For example, one utility company in the Northeast US
needed to upgrade its infrastructure by adding a 115kV GIS
substation on a small urban site. The utility was also planning
to eventually expand the substation, so the design included
space and civil and electrical design elements in the building to
accommodate future additions [15] In this way, GIS projects
can enable operators to accommodate future expansions in a
smaller footprint, sometimes significantly, without extending
beyond a normal site footprint. This flexibility can add longevity
to the substation as it needs to grow in future decades.

IV. SAFETY AND ENVIRONMENTAL
CONSIDERATIONS

A. Arc-Resistant Design

One advantage of a GIS substation over AlS is its intrinsic
arc resistance as the enclosure bolting is rated to withstand an
arc. Further, operators face no exposure to the high voltage bus
structure, which is entirely enclosed and typically includes a
plenum and blowout panel designed to divert hot gases away
from personnel. A passive arc-resistant protection system can
be provided for AIS designs, but they can be complex and
require a large footprint. Instead, arc-resistant GIS designs that
have been tested to International Electrotechnical Commission
(IEC) specifications are standard.

B. Fire-Resistant Design

Since GIS is in an enclosed housing, any faults remain within
the enclosure. Additionally, no flammable material is used. The
insulating gases are nonflammable, and construction materials
are typically aluminum (rather than steel), which does not burn:
“In fire tests on aluminium [sic] materials, when the temperature
exceeds the melting point, in the range 600-660°C (1,112-
1,220°F), the aluminium [sic] surface exposed to the fire can be
seen to melt, but it does not burn" [16]. Similarly, control cables
are halogen-free and flame retardant according to the IEC
60332-1 standard [17].

In general, a maximum service temperature around 105°C
(221°F) is recommended, as exposure to higher temperatures
can damage barrier and support insulators, but even that
specification is solely performance related.

C. Intrusion- and Attack-Resistant Design

GIS also minimizes foreign intrusion (e.g., rodents) and
environmental contaminants, as well as attempted intrusion
with  malicious intent. Rising threats against power
infrastructure necessitate consideration of the security aspects
of substation design. According to a USA Today analysis of
federal energy records, the U.S. power grid is hit by a cyber or
physical attack approximately once every four days [18].
Oregon, Washington state, and North Carolina have each
faced recent armed attacks against substations and other
energy infrastructure. In North Carolina in 2022, tens of
thousands of people lost power for days as the result of
damage to substations by armed assailants [19].

These incidents highlight the added value of protective
buildings sheltering critical equipment by eliminating outdoor
exposure and restricting access. Further, GIS buildings can be
designed to offer additional protection from attacks, such as
bullet resistant enclosures. The buildings can also be
camouflaged by designing them to blend into the surrounding
area. Reduced vulnerability to attack can potentially reduce the
cost of security measures as well.

D. Environmental Sustainability Goals

SFs, also known as sulfur hexafluoride gas, consists of one
sulfur atom bonded to six fluorine atoms. This is the most
common insulating gas used in GIS projects because it offers
high dielectric strength (approximately 2.5x air), high arc
quenching (approximately 100x air), and high heat transfer
capacity (approximately 2x air). SFs is also nontoxic,
nonflammable, noncorrosive, and chemically inert. The gas
neither expires nor exhausts.

At the same time, SFe is also a powerful greenhouse gas,
listed in the 1997 Kyoto Protocol as one of six greenhouse
gases whose emissions need to be reduced [20]. Specifically,
the global warming potential (GWP) of SFs is over 22 000 times
that of carbon dioxide (COz), with atmospheric residence of up
to 3,200 years [21]. As a result, some regulatory authorities
have even considered banning, taxing, or otherwise forcibly
reducing its use [22].

Even so, increased regulatory controls will not render SFs
obsolete. For example, draft amendments to the regulation for
reducing SFes emissions from gas-insulated switchgear from the
California Air Resources Board proposes phasing out SFs
usage for voltages under 145kV by 1/1/2025, for voltages
between 145kV and 245kV by 1/1/2029, and for voltages over
245kV by 1/1/2031 [23]. However, these draft amendments
allow for technical infeasibility exemptions if:

e Feasible non-SFs alternatives are not available by the
phase-out date, or

e Available non-SFs alternatives do not fit the location or
technical requirements of the project.

Notably, regardless of whether a new build is AIS or GIS, any
usage of SFe gas in the breakers (which is still present in
smaller quantities even in AlS breakers) will still have to follow
regulations coming in the future. In other words, regulations
such as these do not affect just GIS builds.

In the meantime, manufacturers are actively working to
develop alternatives. In fact, new GIS technology eliminates the
necessity of SFes gas, helping facilities meet environmental
sustainability goals with newer, environmentally friendly
insulating gas mixtures in place of SFe. These non-SFe
formulations eliminate one of the most serious concerns about
GIS by offering insulating properties as effective as SFe with up
to a 99% reduction in GWP. As a result, non-SFs alternatives
make GIS a much more attractive option for organizations
looking to reduce their carbon footprint and overall
environmental impact.

These new formulations offer similar insulation, arc
quenching, and footprint characteristics as SFs solutions,
although particular specifications do vary according to
manufacturer and most formulations are proprietary (see Table
VIII). At present, limited voltage ranges are available, again



varying according to manufacturer. Manufacturers are working
to develop SFe-alternative offerings for all voltage ranges
currently available for SFe GIS equipment: “As the majority of
SFs is still used in the electrical industry, the search for alter-
natives to SFs in this field is well advanced. Changing over in
all voltage levels to Alternative Gases or technologies is

https://www.researchgate.net/publication/274246580 reli
ability of hvmv substations with air-isolated and gas-
insulated switchgear.

[2] H. Rickel, K. Koutlev, R. Reymers, L. Tang, and L. Willis,
"Substation Reliability and Economic Analysis - Tractebel
Choctaw Project," 2003 IEEE PES Transmission and

considered inevitable.” [24] Distribution Conference and Exposition (IEEE Cat.
No.03CH37495), vol 1, pp 181-185, 2003, doi:
TABLE VIl 10.1109/TDC.2003.1335178. Online at
NON-EXHAUSTIVE SAMPLE OF ALTERNATIVE GASES [24] https://ieeexplore.ieee.org/document/1335178.
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V. CONCLUSIONS

The GIS substation market is poised to grow over the next
decade, with an expected 34.8% growth rate in market size
through 2028 [25]. That's likely thanks to a number of
demonstrable benefits GIS substations can offer when
compared to their more conventional alternative, the air-
insulated substation.

By shrinking the space needed to insulate equipment, GIS
substations can be located on a variety of sites and are ideal
when future modifications or expansions are expected.
Experiencing fewer outages and fewer outage hours on
average than AIS, GIS facilities offer greater uptime and less
disruption. Taken together, these features of GIS builds can
reduce maintenance requirements and extend lifespan
significantly. Finally, by placing its live components within a
sealed enclosure protected against environmental conditions,
GIS equipment offer impressive O&M cost savings across the
entire lifecycle of the equipment — potentially about half the total
lifecycle costs of AIS builds.

These strengths are particularly noteworthy for
petrochemical facilities that must often contend with site
limitations, exposure to corrosive conditions, elevated
operating costs, and aging electrical infrastructure, all of which
are challenges that GIS is well-suited to resolve. Even better,
innovation in the gas formulations used within GIS structures
that eliminate the use of SF6 answers one of the chief
objections to GIS builds and can help project owners meet
environmental sustainability goals. Now, GIS projects can
proceed with little to no environmental impact compared to SFe-
based builds. Compact, reliable, and cost-effective, GIS offers
demonstrated advantages for building effective substations in
less space and at lower cost.

VI. REFERENCES

[1] D. Peri¢, M. Tanaskovi¢, and N. Petrovi¢, “Reliability of
HV/MV Substations with Air-Isolated and Gas-Insulated
Switchgear,” CIGRE Conference, Paris, vol B3-216,
August 2014. Online at

in Nuclear Energy, vol 134, 2021, 103664, ISSN 0149-
1970, https://doi.org/10.1016/j.pnucene.2021.103664.
Online at
https://www.sciencedirect.com/science/article/abs/pii/S01
49197021000354.

[7]1 J. W. Baker, “Saving Time & Money: A Case Study of a
Texas Utility’s Experience Utilizing a Customized Factory-
Built Substation Approach for Its Standard Outdoor Open-
Air Distribution Substation,” Transmission and Substation
Design and Operation Symposium, 2016. Online at
https://uploads-
ssl.webflow.com/5e3a3db196ecbe5471db1f1c/5ealachd
198975580a22906a TSDOS TECHNICAL PAPER -

DIS-TRAN_PACKAGED SUBSTATIONS.pdf.

[8] V. Cuguz, G. H. Xu, and S. Morf, “A 500kV AIS
Switchyard Renewal in Ontario, Canada, Using 500/800kV
Hybrid GIS,” 2022 IEEE/PES Transmission and
Distribution Conference and Exposition (T&D), 2022, pp 1-
5, doi: 10.1109/TD43745.2022.9816986. Online at
https://ieeexplore.ieee.org/abstract/document/9816986.

[9] California Air Resources Board, “Draft Amendments to the
Regulation for Reducing Sulfur Hexafluoride (SFée)
Emissions from Gas Insulated Switchgear,” February 25,
2019. Online at
https://ww2.arb.ca.gov/sites/default/files/2019-02/sf6-gis-
reg-slides022519 0.pdf.

[10] D. Kamthe and N. R. Bhasme, “Comparative Analysis
Between Air Insulated and Gas Insulated Substation - A
Review,” International Journal of Electrical Engineering &
Technology (IJEET), vol 9, issue 4, July-August 2018, pp
24-32, Article ID: IJEET_09 04 _003. Online at
https://iaeme.com/MasterAdmin/Journal_uploads/IJEET/
VOLUME 9 ISSUE 4/IJEET 09 04 003.pdf.

[11] C. Armenakis and N. Nirupama, “Urban Impacts of Ice
Storms: Toronto December 2013.” Natural Hazards, vol
74, pp 1291-1298, 2014, htips://doi.org/10.1007/s11069-
014-1211-7. Online at
https://link.springer.com/article/10.1007/s11069-014-
1211-7.

[12] D. S. Pinches, "Very Fast Transient Overvoltages



https://www.researchgate.net/publication/274246580_reliability_of_hvmv_substations_with_air-isolated_and_gas-insulated_switchgear
https://www.researchgate.net/publication/274246580_reliability_of_hvmv_substations_with_air-isolated_and_gas-insulated_switchgear
https://www.researchgate.net/publication/274246580_reliability_of_hvmv_substations_with_air-isolated_and_gas-insulated_switchgear
https://ieeexplore.ieee.org/document/1335178
https://electrical-engineering-portal.com/gas-insulated-substation-gis-vs-ais
https://electrical-engineering-portal.com/gas-insulated-substation-gis-vs-ais
https://doi.org/10.1016/j.pnucene.2021.103664
https://www.sciencedirect.com/science/article/abs/pii/S0149197021000354
https://www.sciencedirect.com/science/article/abs/pii/S0149197021000354
https://uploads-ssl.webflow.com/5e3a3db196ecbe5471db1f1c/5ea0ac5d198975580a22906a_TSDOS_TECHNICAL_PAPER_-_DIS-TRAN_PACKAGED_SUBSTATIONS.pdf
https://uploads-ssl.webflow.com/5e3a3db196ecbe5471db1f1c/5ea0ac5d198975580a22906a_TSDOS_TECHNICAL_PAPER_-_DIS-TRAN_PACKAGED_SUBSTATIONS.pdf
https://uploads-ssl.webflow.com/5e3a3db196ecbe5471db1f1c/5ea0ac5d198975580a22906a_TSDOS_TECHNICAL_PAPER_-_DIS-TRAN_PACKAGED_SUBSTATIONS.pdf
https://uploads-ssl.webflow.com/5e3a3db196ecbe5471db1f1c/5ea0ac5d198975580a22906a_TSDOS_TECHNICAL_PAPER_-_DIS-TRAN_PACKAGED_SUBSTATIONS.pdf
https://ieeexplore.ieee.org/abstract/document/9816986
https://ww2.arb.ca.gov/sites/default/files/2019-02/sf6-gis-reg-slides022519_0.pdf
https://ww2.arb.ca.gov/sites/default/files/2019-02/sf6-gis-reg-slides022519_0.pdf
https://iaeme.com/MasterAdmin/Journal_uploads/IJEET/VOLUME_9_ISSUE_4/IJEET_09_04_003.pdf
https://iaeme.com/MasterAdmin/Journal_uploads/IJEET/VOLUME_9_ISSUE_4/IJEET_09_04_003.pdf
https://doi.org/10.1007/s11069-014-1211-7
https://doi.org/10.1007/s11069-014-1211-7
https://link.springer.com/article/10.1007/s11069-014-1211-7
https://link.springer.com/article/10.1007/s11069-014-1211-7

Generated by Gas Insulated Substations," 2008, 43rd
International Universities Power Engineering Conference,
09/2008.

[13] H. Rickel, K. Koutlev, R. Reymers, L. Tang, and L. Willis,
"Substation Reliability and Economic Analysis - Tractebel
Choctaw Project," 2003 IEEE PES Transmission and

Distribution Conference and Exposition (IEEE Cat.
No.03CH37495), 2003, vol 1, pp 181-185, doi:
10.1109/TDC.2003.1335178. Online at

https://ieeexplore.ieee.org/document/1335178.

[14] Beta Engineering, “Expanding Grid Capacity While
Maintaining  Property  Values,” 2006. Online at
https://www.betaengineering.com/project/expanding-grid-
capacity-while-maintaining-property-values.

[15] Beta Engineering, “Challenging Ground Grid Design,”
2019. Online at
https://www.betaengineering.com/project/challenging-
ground-grid-design.

[16] Aluminium Federation, “UK Aluminium Industry
Information Fact Sheet 1: Aluminium and Fire,” July 2004,
Online at https://alfed.org.uk/files/Fact%20sheets/11-
aluminium-and-fire.pdf.

[17] IEC 60332-1, “Tests on Electric Cables Under Fire
Conditions Part 1: Test on a Single Vertical Insulated Wire
or Cable,” Geneva, Switzerland: I|EC. Online at
https://standards.globalspec.com/std/106240/IEC%20603
32-1.

[18] S. Reilly, “Bracing for a Big Power Grid Attack: ‘One Is
Too Many,” USA TODAY, March 24, 2015. Online at
https://www.usatoday.com/story/news/2015/03/24/power-
grid-physical-and-cyber-attacks-concern-security-
experts/24892471/.

[19] N. Salahieh, J. Miller, and H. Yan, “As North Carolinians
Regain Power, Investigators Probe Terrorism and Threats
Against Power Substations Across the US. One Expert
Explains What Needs To Be Done,” CNN, Dec 9, 2022.
Online at https://edition.cnn.com/2022/12/08/us/power-
outage-moore-county-investigation-thursday/index.html.

[20] UNFCCC Secretariat (UN Climate Change), “Kyoto
Protocol - Targets for the first commitment period,”
accessed Dec 2022. Online at https://unfccc.int/process-
and-meetings/the-kyoto-protocol/what-is-the-kyoto-
protocol/kyoto-protocol-targets-for-the-first-commitment-
period.

[21] P. Forster, V. Ramaswamy, P. Artaxo, T. Berntsen, R.
Betts, D. Fahey, J. Haywood, J. Lean, D. Lowe, G. Myhre,
J. Nganga, R. Prinn, G. Raga, M. Schulz, and R. Van
Dorland, “2007: Changes in Atmospheric Constituents and
in Radiative Forcing,” Climate Change 2007: The Physical
Science Basis. Contribution of Working Group | to the
Fourth Assessment Report of the IPCC, S. Solomon et al.
(eds.), Cambridge University Press, Cambridge, UK,

Chapter 2
(http://www.cambridge.org/catalogue/catalogue.asp?isbn
=9780521705967) Online at

https://www.ipcc.ch/site/assets/uploads/2018/02/ar4-wg1-
chapter2-1.pdf.

[22] United States Environmental Protection Agency, “State
and Regional Regulations Related to SF6 Emissions from
Electric Transmission and Distribution,” March 2022.
Online at https://www.epa.gov/eps-partnership/state-and-

regional-requlations-related-sf6-emissions-electric-
transmission-and.

[23] California Air Resources Board, “Draft Amendments to the
Regulation for Reducing Sulfur Hexafluoride (SFe)
Emissions from Gas Insulated Switchgear,” February 25,
2019. Online at
https://ww2.arb.ca.gov/sites/default/files/2019-02/sf6-gis-
reg-slides022519 0.pdf.

[24] S. Glomb, M. Goppel, and P. Pilzecker, “Alternative Gases
and Gas Mixtures Part 1, 2020. Online at
https://dilo.com/fileadmin/dilo_us/2. Alternative Gases/P
DFs/DILO-White-Paper 1 _E.pdf

[25] Business Research Insights, “GIS Substations Market
Size, Share, Growth, And Industry Analysis, by Type (High
Voltage, Ultra High Voltage), by Application (Power
Transmission and Distribution, Manufacturing and
Processing, and Others), Regional Forecast to 2028,
January 2023. Online at
https://www.businessresearchinsights.com/market-
reports/gis-substations-market-102563.

VII. VITAE

George Brashear, PE, graduated from Louisiana Tech
University in 1995 with a Bachelor of Science in civil
engineering. He started at Beta Engineering in 1995 as a
project engineer and has been executive vice president since
2012. He is a member of IEEE and is a registered professional
engineer in Colorado, Kentucky, Louisiana, Montana, Nevada,
Oregon, Texas, Utah, Washington, and Wyoming.

Vaibhav Singh graduated from Kurukshetra University in
2001 with a degree in Engineering, Control and
Instrumentation. In 2013, he earned his MBA from the
Edinburgh Business School, Heriot-Watt University. Vaibhav
joined Hitachi Energy (previously ABB) in 2009 and has been
Head of Sales — GIS North America for Hitachi Energy since
2022. He is a member of IEEE.

10


https://ieeexplore.ieee.org/document/1335178
https://www.betaengineering.com/project/expanding-grid-capacity-while-maintaining-property-values
https://www.betaengineering.com/project/expanding-grid-capacity-while-maintaining-property-values
https://www.betaengineering.com/project/challenging-ground-grid-design
https://www.betaengineering.com/project/challenging-ground-grid-design
https://alfed.org.uk/files/Fact%20sheets/11-aluminium-and-fire.pdf
https://alfed.org.uk/files/Fact%20sheets/11-aluminium-and-fire.pdf
https://standards.globalspec.com/std/106240/IEC%2060332-1
https://standards.globalspec.com/std/106240/IEC%2060332-1
https://www.usatoday.com/story/news/2015/03/24/power-grid-physical-and-cyber-attacks-concern-security-experts/24892471/
https://www.usatoday.com/story/news/2015/03/24/power-grid-physical-and-cyber-attacks-concern-security-experts/24892471/
https://www.usatoday.com/story/news/2015/03/24/power-grid-physical-and-cyber-attacks-concern-security-experts/24892471/
https://edition.cnn.com/2022/12/08/us/power-outage-moore-county-investigation-thursday/index.html
https://edition.cnn.com/2022/12/08/us/power-outage-moore-county-investigation-thursday/index.html
https://unfccc.int/process-and-meetings/the-kyoto-protocol/what-is-the-kyoto-protocol/kyoto-protocol-targets-for-the-first-commitment-period
https://unfccc.int/process-and-meetings/the-kyoto-protocol/what-is-the-kyoto-protocol/kyoto-protocol-targets-for-the-first-commitment-period
https://unfccc.int/process-and-meetings/the-kyoto-protocol/what-is-the-kyoto-protocol/kyoto-protocol-targets-for-the-first-commitment-period
https://unfccc.int/process-and-meetings/the-kyoto-protocol/what-is-the-kyoto-protocol/kyoto-protocol-targets-for-the-first-commitment-period
http://www.cambridge.org/catalogue/catalogue.asp?isbn=9780521705967
http://www.cambridge.org/catalogue/catalogue.asp?isbn=9780521705967
https://www.ipcc.ch/site/assets/uploads/2018/02/ar4-wg1-chapter2-1.pdf
https://www.ipcc.ch/site/assets/uploads/2018/02/ar4-wg1-chapter2-1.pdf
https://www.epa.gov/eps-partnership/state-and-regional-regulations-related-sf6-emissions-electric-transmission-and
https://www.epa.gov/eps-partnership/state-and-regional-regulations-related-sf6-emissions-electric-transmission-and
https://www.epa.gov/eps-partnership/state-and-regional-regulations-related-sf6-emissions-electric-transmission-and
https://ww2.arb.ca.gov/sites/default/files/2019-02/sf6-gis-reg-slides022519_0.pdf
https://ww2.arb.ca.gov/sites/default/files/2019-02/sf6-gis-reg-slides022519_0.pdf
https://dilo.com/fileadmin/dilo_us/2._Alternative_Gases/PDFs/DILO-White-Paper_1_E.pdf
https://dilo.com/fileadmin/dilo_us/2._Alternative_Gases/PDFs/DILO-White-Paper_1_E.pdf
https://www.businessresearchinsights.com/market-reports/gis-substations-market-102563
https://www.businessresearchinsights.com/market-reports/gis-substations-market-102563

	Copyright Material IEEE
	Paper No. PCIC-(do not insert number)
	I. Introduction: What IS GIS?
	TABLE I
	TABLE II

	II. Reliability Analysis of GIS
	TABLE III

	III. Cost Analysis of GIS
	TABLE IV
	TABLE V
	TABLE VI
	A. Reduced Construction Time
	B. Less Downtime, Fewer Disruptions to Plant Operations
	C. Less Maintenance, Lower Lifetime Depreciation Costs

	TABLE VII
	D. Low Failure Rates
	E. Reduced Footprint


	IV. Safety and Environmental Considerations
	A. Arc-Resistant Design
	B. Fire-Resistant Design
	C. Intrusion- and Attack-Resistant Design
	D. Environmental Sustainability Goals
	TABLE VIII

	V. Conclusions
	VI. References
	VII. Vitae

