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ABSTRACT 

The aim of this article is to introduce and recommend an improved method of planning and evaluating high volt-
age substations. To scrutinise different kinds of switchgear solutions with the objective to achieve sustained busi-
ness profitability, it is recommended to use:  

1. Functional Specifications instead of the common detailed technical specifications of the substation, and a 
2. Life Cycle Cost (LCC) calculation model instead of the common Procurement Cost comparison. 

The article emphasises the economic benefits that can be derived by the use of the Functional Specification and 
Life Cycle Cost approach. In contrast to the conventional way of describing the planned substation by a single 
line diagram and the associated detailed descriptions of the technical requirements on the different components, 
this method is based on a systematic description of the substation in terms of its availability, which is a function 
of its reliability and outage time. 

 

1 INTRODUCTION 

Energy is a key element of wealth and prosperity. Electrical power systems deliver energy. The costs to build, 
operate, maintain and extend electrical power systems are immense. Simultaneously, the non-availability / outage 
of electrical power results in huge financial losses. Over the years, very complex systems of power generation, 
transmission and distribution have been developed. With every new or changing requirement, this complex sys-
tem has to be adapted. But what is the best solution for a specific case? What is important? Is it the best technical 
solution or is it the least expensive solution? This paper describes an approach for finding the optimal solution on 
a customised basis by concentrating on the transmission and distribution part of power systems, especially on 
substations, with a focus on the high voltage part. 

 

2 CHARACTERISTICS OF HIGH VOLTAGE  SWITCHGEAR SOLUTIONS 

High Voltage substations exist in various designs suited to the particular requirements. Those most widely found 
are conventional outdoor substations that consist of individual items of equipment. Depending on the substation 
voltage level, busbar scheme and number of feeders, a relatively large area of land is required. In places where  
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the cost of land or the cost of earthworks is high, this can greatly influence the overall investment needed. In 
order to reduce the required space of a HV substation, it is possible to combine certain equipment functions in 
compact switchgear designs. For example in North America, the functions of the circuit-breaker and current 
transformer are combined in so called "dead-tank circuit-breakers" to create a space-saving equipment combina-
tion in which the individual equipment enclosures are at earth potential. Highly Integrated Switchgear (HIS), 
which is a particular type of GIS especially suited to outdoor applications, have additional enclosures for the 
disconnector and earthing switches and voltage transformers. The busbars may also be metal-enclosed. This addi-
tional enclosure enhances safety for the personnel and reduces environmental influence, such as dust, sand, pollu-
tion, rain, ice and corrosion. In the case of gas-insulated switchgear (GIS), each individual item of switchgear is 
metal-enclosed which is at earth potential. This metal-enclosure enhances safety and is inherently reliable due to 
all of the main high voltage components being contained within a protective gas environment. Its other major 
advantage is the small space occupied by the equipment compared to air insulated equipment. Table I compares 
the designs of different high voltage switchgear solutions. 

The different solutions have different advantages. Economic, environmental and technical values of switch-
gear are mainly influenced by the design of its components. Table II gives a very rough view on the application 
of air-insulated and gas-insulated substation depending on the requirements. 

Table I. Design characteristics of high voltage switchgear. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table II. Application-Examples of air-insulated and gas-insulated switchgear. 

 
 
 
 
 
 

  Air-Insulated Switchgear   Gas-Insulated Switchgear 
AIS DT HIS GIS 

Air-Insulated Highly Integrated Gas-Insulated 
Switchgear Dead Tank Switchgear Switchgear 

characteristical type of installation outdoor 
metal-encapsulated                      
circuit-breaker - X X X 

metal-encapsulated disconnector - - X X 
metal-encapsulated grounding 
switch (high speed, fault making) - - X X 

busbar air-insulated 
SF6-insulated                            
current-transformer - - X X 
SF6-insulated                               
voltage transformer - - X X 
Direct                   
cable or SF6 / oil termination - - X X 

Requ irem ent
Requ ired  

Value

Air-                                    
Insu lated  

Sw itchgear

Gas-               
Insu lated  

Sw itchgear App licat ion-Exam ple
Space unlimited X countryside

limited X cities; hydro power plants, mountains
Environmental normal X "clean air"
conditions extreme X seaside, sand, wind, pollution, industry
Environmental normal X coutryside, desert
Impact low X cities; protected coutryside
Maintenance normal X short service distances, low labour costs

reduced X long services distances; high labour costs

outdoor outdoor indoor 

air-insulated 
air
gas insulatedgas-insulated 
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The above two tables show the main characteristics of different high voltage switchgear solutions. The decision 
for a certain solution has to be based on the requirements of the specific project. It has to be borne in mind that 
there is no best solution for every project. A close dialogue between the utilities, consultants and manufacturers 
will lead to the optimal solution. An example of such a dialogue is given in the following case study. 

3 CASE STUDY 
145 kV / MV – SUBSTATION 

The optimal solution can be determined by following the below-mentioned steps:  

1. Specification of Requirements 
2. Development of Solutions 
3. Evaluation of Solutions and Decision 
 

3.1 Specification of Requirements  

At the beginning of a decision process, the requirements have to be specified. The main function of a substation 
is to transmit and / or distribute energy, break and conduct electrical energy in case of operation or failure. In this 
case, the substation has two main functions, Figure 1: 

1. Transmission function from substation A to substation B through substation C  
2. Distribution function into a medium voltage network with two lines and two transformers. 

 

110 kV Network

Substation
A

Substation
B

Substation
C

F1

F2

F3

50 %50 %

145 kV Network

 
Figure 1. Functional view on substation in 145 kV network 
 

After establishing the functional description, further requirements have to be collected The most important re-
quirements are: 
1. Functional Data, such as required availability, rated current, rated breaking current, etc. 
2. Environmental Data, such as space, environmental conditions, extension requirements, laws, rules etc. 
3. Economic Data, such as real estate prices, maintenance labour costs, outage costs, etc. 
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In respect of an economical solution, it is very important to reduce the specifications to the optimum require-
ments. Every non-essential requirement causes additional costs. This approach will lead to satisfied customers 
and low costs. 

3.2 Development of Solutions  

The first step is the network analysis for different solutions. In recent studies conducted by  Siemens on Power 
System Technology, H-schemes with a different number and arrangement of circuit breakers for each AIS and 
GIS have been compared. To simplify the search for an adequate solution for substation C, we have assumed that 
substation A and B, the medium voltage network and the second line between A and B is operating without fail-
ure. Under these conditions, three types of failure may be possible (Fig.1): F1-line fault, F2-switchgear fault and 
F3-transformer fault. Table III shows the outage frequency and the outage endurance of the components. 

Table III: Average outage-data, based on recent studies of Siemens Systems Planning 

Component Outage-Frequency [1/a] Outage-Time [h] 
Overhead line 0.0028 per km 3.97 
Transformer 0.0085 97.6 
AIS (per bay) 0.02  25 
GIS (per bay) 0.006  56 
 
The AIS and GIS values are calculated on the basis of individual reliability values for circuit-breaker, busbar, 
disconnectors, earthing switches, current transformer and voltage transformer.  

Figure 2 shows possible H-schemes, that can be used for implementing substation C shown in figure 1. The 
schemes have different failure frequencies, percentage of lost power and thus energy unavailability. Table IV 
shows the results of the calculation of failure frequency and availability.  

 

H1 H2L H2T H3L

H3T H4 H5

circuit breaker, closed

circuit breaker, open

disconnector, closed

disconnector, open

 
Figure 2. Possible H-schemes for the substation 
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Table IV: Failure frequency and energy unavailability of different H-schemes for AIS and GIS.  
[H5 AIS is the reference value for 100%]. 

Type Failure frequency [1/a] Comparative Unavail-
ability  
[%]  

Loss of 
Power  

 AIS GIS AIS GIS  

H5 0.133 0.054 100 42 50% 

H4 0.114 0.050 86 38 100% 

H3L 0.096 0.045 72 35 50% 

H3T 0.179 0.129 134 97 50% 

H2L 0.077 0.041 58 31 100% 

H2T 0.160 0.124 120 93 100% 

 

The conclusions of this reliability and availability study are: 

1. High voltage sytems have a very high availability in general. 

2. A coupling circuit breaker in the H-scheme reduces the loss of power to 50% (H5, H3). 

3. The lower the number of components, the higher the availability of the system. Concerning the availability 
and the reduced loss of power , the H3L scheme is the optimal solution. 

4. Gas-insulated switchgear reduces the unavailability by more than 50% compared to air-insulated switchgear, 
based on the values given in table III. 
 
In the above context, we can also der ive an impor tant conclusion that H3L GIS [i.e a GIS H-Scheme 
with 3 circuit-breakers] has a  super ior  availability than H5 AIS [i.e. an AIS Scheme with 5 circuit-
breakers]. 
 
 

In the following, solutions with highest availabilities for H3L and H5 scheme will be described. A variety of gas-
insulated switchgear (mainly for indoor applications) is available. In case of  outdoor applications, including 
especially H-schemes, several new concepts were developed by different manufacturers. A very compact design 
is offered in the form of Siemens’  gas-insulated switchgear for outdoor use called HIS (Highly Integrated 
Switchgear). It is a combination of metal encapsulated, gas-insulated modules with air-insulated components. 
One characteristic of the HIS switchgear concept is the horizontal positioning of the modules. Described below is 
the particularly simple, three-phase-encapsulated design for 145-kV substations. The basis for the switchgear bay 
is the circuit-breaker (1), mounted on a separate frame (10). The interrupter units have been coupled to the oper-
ating mechanism (2) in such a way that both ends of the interrupter unit have accessible connectors. These con-
nectors can then be used to combine the circuit-breaker with current transformers (5). In the simplest case, the 
interrupter and current transformer unit is equipped with splitting modules (4) and outdoor bushings (9) at either 
end, setting up the functionality of a three-phase-encapsulated dead-tank circuit-breaker. The advantage of this 
concept is that it also allows disconnector modules (3) to be interconnected at one or both ends, as well as an 
extension or busbar modules. Another advantage is the added degree of personnel protection offered by the abil-
ity to incorporate enclosed grounding switches (3). With these substations, these switches can also be supplied as 
high-speed grounding switches with fault making capabilities (7). Furthermore it is  possible to fit encapsulated 
voltage transformers (6) to the free ends of the splitting or disconnector modules. The concept of HIS allows all 
the elements of the switchgear to be arranged horizontally. Correspondingly, this also means that there is no 
longer a need for any type of angular modules. Indeed, the 145-kV HIS substation is characterised by the uniform 
positioning of its conductors, so that all HIS modules can be combined with one another very easily, Figure 3. 
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Figure 3: Modules of a HIS bay 

The modular structure of the HIS substations offers another advantage. Thanks to the direct connection of the 
circuit-breakers, there is no need for large quantities of outdoor bushings or other insulators, nor for the founda-
tions and supporting structures otherwise required when putting together air insulated switchgear components. 
With the HIS modules all circuit variants can be implemented on a horizontal plane. They also offer particular 
advantages with T-schemes, In / Out arrangements, H-schemes with three, four or five circuit-breakers and with 
air-insulated single or duplicate busbar arrangements, Figure 4. 

 
Figure 4: H-Scheme with five circuit breakers 

Since this switchgear is comprised of just a few modules, planning and design of such substations is simplified. 
All modules fit together at the same height. Only standard supporting elements, standard foundations and stan-
dard termination gantries are required. Access to the spring-stored energy mechanism of the circuit-breaker, to all 
combined disconnector and earthing switch operating mechanism and to the secondary terminals of the trans-
formers is particularly user-friendly. The height of the modules is tailored to standard container dimensions, in 
order to ensure low transportation costs, when shipping overseas. The secondary equipment can be mounted in a 
container at the factory in order to allow full functional testing before the shipment. Once tested, the container 
can be used as the permanent substation control building. The auxiliary-voltage and control cables can be easily 
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connected from there to the standard interfaces of each bay. This will simplify and speed up assembly and com-
missioning of the factory-tested units. 

A complete substation, for example, an H-configuration  with three circuit-breakers, could be assembled and put 
into service in one week. Figure 5 presents the two different substation solutions: conventional air-insulted 
switchgear and the gas-insulated solution HIS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Gas-insulated and air-insulated switchgear solutions 

3.3 Evaluation of Solutions and Decision 

The evaluation of the different solutions depends on the criteria employed by the utility. The traditional evalua-
tion criteria were only the technical requirements for each components and the associated procurement costs. To 
achieve sustained business profitability, the operation, maintenance and outage costs have to be also considered. 
Table V shows an example of a cost relation between the two solutions. It is an example for the life cycle costs of 
a turnkey station. The absolute costs are strongly influenced by real estate, maintenance and outage costs. 

Table V. Evaluation of two H-scheme switchgear solutions for a turnkey substation project  
               (example based on calculations conducted by a utility) 

Switchgear  Solution 
 
L ife Cycle cost 

AIS GIS 

Planning and Engineering 
 

100% 80% 

Real estate 
 

100% 40% 

Primary equipment 
 

100% 120% 

28 m 

35 m 

45 m 

24 m 
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Secondary equipment 
 

100% 100% 

Earthwork, civil work,  
structures 

100% 60% 

Electrical assembly and  
erection 

100% 70% 

Maintenance 
 

100% 50% 

Outage 
 

100% 50% 

Life cycle costs  
after  10 years 

100% Max. 70% 

 

 

4 CONCLUSION 

When new substations are planned, there is the choice of different designs.  

·  Conventional outdoor substations are a viable option when, for example, there is plenty of space, real estate 
prices are low, environmental conditions are "normal" and maintenance labour costs are low.  

·  Compact GIS substations offer the best solution when space available is limited, real estate prices are high, 
environmental conditions are more extreme (for example, sand, wind, industrial pollution like cement and 
petrochemical plants or proximity to seawater) or maintenance labour costs are high. As already described in 
the preceding pages, HIS (Highly-Integrated Switchgear) is the state-of-the-art GIS solution also suitable for 
outdoor applications. 

However, irrespective of these factors, the main added-value of GIS- / HIS-substations which offers the maxi-
mum benefits to the client is the high degree of reliability offered by the enclosed disconnectors, earthing 
switches and circuit breakers, and availability of electric supply and of course the high level of safety on account 
of the safe-to-touch enclosures. Further, the trouble-free operating life of a GIS / HIS, which is 40 to 50 years, is 
higher than comparable AIS solutions. 

Considering the costs for real estate, primary and secondary equipment, earthworks, civil works, assembly and 
commissioning, maintenance and outage costs, we find that the life cycle costs for conventional outdoor substa-
tions differ from those for GIS substations depending on the parameters that prevail. When searching for the most 
economic substation solution, owners should lay emphasis on the evaluation of turnkey switchgear solutions and 
discuss with consultants and manufacturers, the overall parameters in order to calculate the life cycle costs of the 
various solutions available. When this is done, it is often the case that the investment costs for HIS substations 
are about the same as those for air-insulated substation solutions. In addition, the life cycle costs of GIS solutions 
are reduced due to lower expenditure on maintenance and outage costs. 
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