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Abstract 
 
 
 
Maximum asset performance is one of the major goals for electric power system 
managers. To reach this goal minimal life cycle cost and maintenance optimization 
become crucial while meeting demands from customers and regulators. One of the 
fundamental objectives is therefore to relate maintenance and reliability in an 
efficiently and effectively way, which is the aim of several maintenance methods such 
as the Reliability Centered Maintenance method (RCM). Furthermore, this 
necessitates the determination of the optimal balance between preventive and 
corrective maintenance to obtain the lowest total cost. 
 
This thesis proposes methods for defining the importance of individual components in 
a network with respect to total interruption cost. This is a first step in obtaining an 
optimal maintenance solution. Since the methods consider several customer nodes 
simultaneously, they are especially suitable for network structures that serve many 
purposes/customers e.g. transmission and distribution networks with more than one 
load point. The major results are three component reliability importance indices, 
which are applied in two case studies. The first case study is based on a network in 
the Stockholm area. The second case study is performed for one overhead line system 
in the rural parts of Kristinehamn. The application studies demonstrate that the 
indices are possible to implement for existing electrical networks and that they can be 
used for maintenance prioritization. Consequently these indices constitute a first step 
in the overall objective of a maintenance optimization method. 
 
The computations of the indices are performed both with analytical and simulation 
based techniques. Furthermore, the indices can be used to calculate the component 
contribution to the total system interruption cost. The approach developed for the 
importance indices can be utilized in any multi-state network that can be measured 
with one performance indicator. 
 
 
 
Key words: 
Reliability Importance Index, Maintenance Optimization, Asset Management, 
Customer Interruption Cost, Reliability Centred Maintenance (RCM), Reliability 
Centered Asset Management (RCAM), Monte Carlo Simulation. 





 iii

 
 
 

Preface 
 
 
 
This thesis was written as a part of the Ph.D. project “Development of optimization 
methods for maintenance considering reliability and costs” at the department of 
Electrical Engineering, division of Electrotechnical Design at the Royal Institute of 
Technology. 
 
This project was funded by the national research program EFFSYS and Fortum 
Distribution. 
 
I would like to thank the following persons for their contribution to this work: 
 
Professor Roland Eriksson and Dr. Lina Bertling, my supervisors, for the opportunity 
to carry out my Ph.D. studies at the department. I am also thankful to my supervisors 
and my colleague Tommie Lindquist for many interesting and animated discussions 
as well as for their invaluable knowledge within the field of Electrical Engineering. 
 
Bengt Hällgren for many absorbing discussions as well as for providing a connection 
to the reality of electrical networks. 
 
The staff at Kristinehamns Energi and especially Mohammad Bagherpour, for their 
patience with all my questions and requests of data. 
 
And not the least, the project steering committee for their knowledge, ideas and help. 
 
 
 
 





 v

 
 
 

List of Papers 
 
 
 

I Monetary Importance of Component Reliability in Electrical Networks for 
Maintenance Optimization. Patrik Hilber and Lina Bertling. Proceedings 8th 
International Conference on Probabilistic Methods Applied to Power Systems, 
PMAPS 2004, Ames, USA. 

  
II Optimizing the replacement of overhead lines in rural distribution systems with 

respect to reliability and customer value. Patrik Hilber, Bengt Hällgren and 
Lina Bertling. Accepted to 18th International Conference & Exhibition on 
Electricity Distribution, CIRED 2005, Turin, Italy. 

  
III A Method for Extracting Reliability Importance Indices from Reliability 

Simulations of Electrical Networks. Patrik Hilber and Lina Bertling. Accepted 
to 15th Power Systems Computation Conference, PSCC 2005, Liege, Belgium. 

  
 
 





 vii

 
 
 

Table of Content 
 
 
 

Abstract i 

Preface iii 

List of Papers v 

Table of Content vii 

1 Introduction 1 

1.1 Background 1 
1.2 Related research at the department 1 
1.3 Project objective 2 
1.4 Scientific contribution 2 
1.5 Thesis outline 2 

2 Asset management 5 

2.1 The aim of Asset Management 6 
2.2 Risk and Asset Management 6 
2.3 Literature study 7 
2.4 Conclusions 10 

3 Maintenance optimization 11 

3.1 Classification of maintenance optimization 12 
3.2 Maintenance of electrical networks 14 
3.3 Prerequisites for Maintenance optimization of electrical networks 19 

4 Reliability calculation and modeling 21 

4.1 General simplifications and assumptions 22 
4.2 Reliability assessment techniques 24 
4.3 General component reliability importance indices 25 
4.4 Importance index methods developed for electrical networks 29 

5 Component reliability importance indices 31 

5.1 Interruption cost index IH 31 
5.2 Maintenance potential IMP 32 



 viii

5.3 Simulation based index IM 32 
5.4 Comparison of the indices IH, IMP and IM 34 

6 Case studies 35 

6.1 Customer interruption costs 35 
6.2 Urban system - Birka 36 
6.3 Rural system - Kristinehamn 40 
6.4 Conclusions 47 

7 Closure 49 

7.1 Conclusions 49 
7.2 Future work 49 

Appendix A: Reflections on customer interruption cost, a measure of network 
performance  53 

References 61 

 
 



 
 
 
 
 
 
 
 
 
 
 
 

To my little Family 
 
 
 
 
 



 
 
 



 1

 
 
 

1 Introduction 
 
 
 

1.1 Background  
Maximum asset performance is one of the major goals for electric power system 
managers. To reach this goal minimal life cycle cost and maintenance optimization 
becomes crucial while meeting demands from customers and regulators. One of the 
fundamental objectives is therefore to relate maintenance and reliability in an 
effective way, which is the aim of several maintenance methods such as the 
Reliability Centered Maintenance method (RCM). Furthermore, this necessitates the 
determination of the optimal balance between preventive and corrective maintenance 
to obtain the lowest total cost. 
 
Methods to support cost-effective maintenance strategies have been developed as 
presented in [1], which presents a generic quantitative method for developing RCM 
plans. The resulting technique involves the comparison of different strategies for 
maintenance and therefore the results provide not the optimal solution but the best 
solution from among the selected strategies. This thesis can therefore be seen as a 
direct extension of the method developed and constitutes a foundation for a 
maintenance optimization method. 
 
The question of finding an optimal maintenance solution is not new, see [2]-[3]. 
However, the relation between maintenance, reliability and costs is not completely 
solved and requirements from owners, authorities and customers, create needs and 
incentives for still newer methods to handle the maintenance in an effective and 
efficient way. Consequently, and with this focus a research program is in progress at 
the Department of Electrical Engineering, KTH [4]. This thesis constitutes a midway 
report of one Ph.D. project within the program. 

1.2 Related research at the department  
The Department of Electrical Engineering at KTH has built up specialist knowledge 
in the field of reliability modeling of power distribution systems. This has for 
example resulted in two published doctoral theses [1] and [5]. These Ph.D. projects 
had different focuses for evaluating the impact on the system reliability: preventive 
maintenance of components to reduce system failures, and automation of the system 
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to reduce the outage times due to component failures. The first project used results 
from earlier research at the department in the fields of cable insulation diagnostics.  
 
The present research project together with a project on component reliability 
modeling, with specific reference to maintenance [6], constitutes a logical 
continuation of the work at the department. The vision is to establish a comprehensive 
program in power system asset management, with a special focus on the effects of 
maintenance on reliability, at both component and system level. A description of the 
suggested research program on reliability centered asset management is presented in 
[4]. 

1.3 Project objective 
The overall objective of the Ph. D. project, of which this thesis is a part, is to develop 
an optimization method for cost-effective maintenance plans for electric power 
networks. The resulting methods shall be applicable and hence comprehensive case 
studies using the developed methods are crucial means of achieving the objective. 

1.4 Scientific contribution 
The main result of the work is the formulation and derivation of three importance 
indices that provide a foundation for maintenance optimization of electrical networks. 
This is achieved by creating a connection between total network performance and the 
individual components reliability. The indices have been applied in two different case 
studies. The first case study is based on the network model and reliability tools 
developed in [1]. The second case study was performed in cooperation with Bengt 
Hällgren, Karlstad University, within the same research program [7]. The application 
studies demonstrate that the indices are possible to implement for existing electrical 
networks.  
 
The developed approach for the importance indices can be utilized in any multi state 
network that utilize a measure of total performance, examples of such areas except 
electrical power might be other types of infrastructure (for example water supply, 
road quality and internet access). 

1.5 Thesis outline 
This thesis is organized as an extended summary of papers I-III. The first chapters (2-
4) constitute an introduction to the topic of the thesis, while the two following 
chapters (5 and 6) constitute the actual summary of papers I-III. The outline of the 
thesis is as follows: 
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Chapter 2 introduces asset management and by that provides a framework for 
maintenance optimization. This is performed through a survey of a number of 
recently published papers. 
 
Chapter 3 introduces maintenance optimization of electrical networks. After a 
literature review, different kinds of maintenance optimization methods are identified 
and the maintenance situation of electrical networks is discussed. The chapter ends by 
outlining requirements for maintenance optimization. 
 
Chapter 4 discusses some general aspects of reliability modeling and introduces 
reliability importance indices. 
 
Chapter 5 contains a presentation of the proposed importance indices. 
 
Chapter 6 presents the two electrical networks that have been modeled within the 
project and results of the indices that have been applied to these. The chapter also 
includes a description on how customer costs have been implemented. 
 
Chapter 7 concludes this thesis and outlines ideas for future work. 
 
Appendix A is quite philosophical and discuss if customer interruption cost is a good 
measure of an electrical network’s performance. 
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2 Asset management 
 
 
 
Asset management is a popular concept, which is used quite frequently in numerous 
of publications as well as in the business world and within companies. But what is the 
objective of the activities that together can be described as asset management? This is 
an essential question in the search for the optimal maintenance plan, since the 
maintenance affects the assets. The identification of what asset management is and 
what the aim of the activities related to it are, leads us towards the main goal of an 
optimal maintenance. 
 
This chapter is divided into two parts. The first part contains the results and 
conclusions of a literature study. The second part consists of discussions and analysis 
of specific publications. 
 
In a company there are several things that can be called an asset, for example: 

• Capital 
• Equipment and premises (physical assets) 
• Employees 
• Customer base 
• Corporate structure 
• Brands 

 
A survey of a number of papers has shown that asset management, at least in the 
electric power sphere, only deals with physical assets with a focus on heavy 
equipment. This doesn’t exclude the other assets completely from asset management. 
Other assets can for example be involved as costs and/or constraints in the work with 
asset management. However the primary asset handled are the physical ones. Usually 
these physical assets have an expected life of more than one year and/or represent a 
big turnover [8]. In this thesis the word “asset” is used in the same way as “asset” in 
“asset management”. 
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2.1 The aim of Asset Management 
After a survey of recent published papers dealing with different aspects of asset 
management [8]-[9], the goal of asset management can be derived: 
 
 
 
 
 
 
 
 
Usually, if the organization is a company, the goal is maximum profit at an acceptable 
risk and asset management becomes one way to get there by handling the physical 
assets. 
 
There are a number of identified actions that are associated with asset management: 

• Acquire 
• Maintain 
• Dispose 
• Replace 
• Redesign/Rebuild 

 
These actions are what the asset manager can use to align the assets with the goal 
fulfillment. However, the task is not easy. Where and when should the actions take 
place and which of the actions is the best one for every specific component? 
 
All these possible actions are related to each other, for example a replacement 
consists of a disposal and an acquisition. The studied publications are in general 
focused on maintenance and/or replacement (intervals). However, some papers bring 
up a discussion about redesign. In those papers it is more or less directly stated that 
redesign is always an option to consider. Since it is hard to form any universal rules 
for redesign it usually stops here (sometimes with examples on redesign). 

2.2 Risk and Asset Management 
Risk, here defined as probability for failure multiplied with consequences, is one 
important aspect of asset management. Asset management methods are often referred 
to as the way to keep the risk at a constant level while downsizing cost (maximizing 
profit). This is achieved by a better utilization of the available asset i.e. by performing 
the best actions at the best possible time. In order to do this, different methods and 
systems are used. 
 

The aim of asset management: 
To handle physical assets in an optimal 

way in order to fulfil an organisations goal 
whilst considering risk. 
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Despite not much written about the 
concept of asset management in the 
studied papers, the concept can be 
implicitly derived from them, and that is 
to choose the right profit-risk level. To 
choose the right level of risk and profit 
is especially significant as a second 
phase, after the cost minimization at constant risk. Figure 2.1 illustrates the somewhat 
classical problem, profit versus risk, which has to be considered. 

2.3 Literature study 
In this section some publications are discussed and analyzed a bit further. The focus is 
on the publications´ use and/or definition of asset management. Note that these 
documents do not focus on the definition of asset management but on the application 
of the concept. 

2.3.1 Asset management series 
According to [10] assets can 
be divided into different 
categories. Their definition of 
assets is: 
 
“An asset is an item of value - 
something that is 'worth 
having'. Some assets have an 
expected short life or are 
readily turned into cash, such 
as investments or inventory - 
these are known as 'current 
assets'. Others have a potential 
service life longer than one 
year, and are known as 'non-
current assets'. 
 
Non-current assets may be either a physical item (such as land or buildings) or 
intangible (such as computer software or intellectual property).” [10] Figure 2.2 
shows the relationship between the asset types according to [10]. 
 
In [10] there is a statement that says that the paper only deal with non-current 
physical assets when using asset management. This statement is quite important since 
it defines what is meant with asset management in the following citation: 

All assets

Current assets Non-current 
assets

Intangible 
assets

Physical 
assets 

Figure 2.2. Assets divided into groups, [10]. 

Profit Risk 

Figure 2.1. Profit versus risk. 
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“The process of guiding the acquisition, use and disposal of assets to make the most 
of their service delivery potential and manage the related risks and costs over their 
entire life.” 
 
This definition is quite interesting since all other referred documents don’t define 
asset, but more or less indirect have the same view of what asset management really 
is about. 

2.3.2 Risk-Based Planner for Asset Management 
The paper “Risk-Based Planner for Asset Management” [11] aims to answer the 
question: “Faced with multiple options for reinvestment in equipment maintenance, 
what is the best course of action to maximize reliability at minimum cost?” [11] The 
interpretation of this question as the goal of asset management leads to a couple of 
conclusions regarding the definition of asset management in that very paper: 
 

• The assets are material property that is involved in the production (i.e. for a 
company working with power distribution: transformers, breakers, …). 

• The goal with the activity, asset management, is to “maximize reliability at 
minimum cost” [11], which is somewhat of a contradiction. 

 
Further reading in the paper clarifies the goal as an economical target where 
maintenance activities only should be performed if they are economically justifiable. 
 
In lack of a definition in the paper, the interpretation of the use of asset management 
is: 
To optimize the maintenance of material asset with an economical/risk perspective. 
 
Net present value is the method used to recalculate expected future costs/profits to the 
present. 

2.3.3 Strategic asset management for utilities – optimising 
the business of electricity transmission. 

In the paper “Strategic asset management for utilities - optimising the business of 
electricity transmission and distribution”, [12], Otto Groen defines Strategic Asset 
Management as “- how assets that are critical to business and financial performance 
are purchased, maintained and optimised throughout their lifecycle -”. Later on the 
goal is defined “Strategic asset management is about maximizing the performance of 
all assets that have a direct and significant impact on achieving corporate objectives.” 
The aim is to maximize asset return. 
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2.3.4 Asset management in the electricity supply industry 
The paper “Asset management in the electricity supply industry”, [13], begins by 
pointing out that: “Asset management is given a wide variety of interpretations 
throughout industry – even within the electricity supply industry.” Then the goal of 
asset management is expressed: Asset management, “…focuses on providing the 
hardware needed for electricity distribution and maintaining to fulfill the customer’s 
needs at minimum cost.” 
 
Later in the same paper it’s explicitly stated that maintenance is only one part of the 
asset management process and that replacement and investment strategies are equally 
interesting. 
 
Identified important concepts in the paper: 

• Ageing process 
• Condition monitoring 
• Risk management in large portfolios 
• Replacement strategies 
• Investment strategies (investment prioritizations) 
• Technology strategy (for example; power outage sensors, …) 

2.3.5 Risk-Based Asset Management 
The paper “Risk-based asset management”, [14] states that risk-based asset 
management “…analyses the reliability and (economic) importance of operating 
resources and estimates the monetary risk assessed over a longer timeframe.” (Longer 
than what isn’t clearly stated.) 
 
The paper then continues with a description of how A.T. Kearney and Salzburg AG 
have developed this so called risk-based asset management to something that can be 
explained as an improved RCM (Reliability Centered Maintenance) methodology 
(improved with risk calculations). This methodology can be used as “… an instrument 
to design strategies for maintenance and reinvestment with a predetermined risk and 
to allocate the limited cost budget optimally.” [14] It’s also stated that a too high or 
too low network quality is no good, the aim is correct quality. 
 
The interpreted goal of Risk-based asset management for paper [14] is: 
To maintain a certain level of reliability while minimizing maintenance/replacement 
cost. 
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2.3.6 Can we delay the replacement of this component? – An 
asset management approach to the question 

In paper [9], Østergaard and Jensen are straightforward in declaring that the goal of 
Asset Management is “…to exploit the physical asset in the most profitable way.” In 
other words: How to handle physical asset in order to maximize profit. 
 
The paper then defines different types of asset management, retrieved from National 
Asset Management Steering Group, New Zealand [8]. The different types of asset 
management are: 
 

• Infrastructure asset management, to provide required level of service in an 
effective way. 

• Basic asset management, based on an asset register, aims at alternative 
options and long-term cash-flow predictions. 

• Advanced asset management, the use of more sophisticated methods, like 
mathematical tools for predictions and renewal intervals. 

2.4 Conclusions 
By the identification of the goal of asset management; “To handle physical assets in 
an optimal way in order to fulfill an organisations goal whilst considering risk.” and 
by a brief survey of a number of recently published papers, we have put maintenance 
in its right context for this thesis. A context that clarifies the need of maintenance 
optimization. 
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3 Maintenance optimization 
 
 
 
Maintenance optimization is here defined as a method aimed at finding the optimal 
balance between preventive and corrective maintenance with respect to an objective. 
 
From a reliability viewpoint the reason for maintenance is quite clear, that is to 
increase the reliability by means of improving apparatus. Another aspect of 
maintenance is to reduce risk, usually by inspection, for example; if no cracks are 
found we can assume that the inspected item will last for some time, in the case of a 
crack, maintenance actions will be taken. The risk reducing approach can be said to 
be a subgroup of the main objective (increase reliability), since it is aimed at 
identifying substandard and/or hazardous equipment. Nevertheless, there are other 
objectives of maintenance such as appearance and worth of the maintained 
equipment. Appearance and worth does not necessarily correlate with reliability. 
Another aspect of maintenance is to make use of existing labor. However, this thesis 
mainly deals with the reliability objectives, while not diminishing the other aspects of 
maintenance. 
 
Maintenance optimization can be tracked back to the 1950’s when preventive 
maintenance plans became a popular and a growing concept and to the 1960’s when 
operation research methods was applied to the preventive maintenance plans for the 
first time [15]. In the 1970’s condition monitoring improved the effect of the 
maintenance. With the introduction of cheaper and more available computers in the 
1980’s maintenance optimization became more widespread [15]. In the 1990’s 
Reliability Centred Maintenance (RCM, which was originally created in the 1960’s 
for the aircraft industry), became an established method for maintenance planning of 
electric power networks. 
 
A description and overview of the current situation of general maintenance 
optimization is found in [15], [16] and in [17]. In [18] a general model for 
quantitative maintenance optimization is proposed, which is compared to the 
qualitative approach of RCM. A common problem discussed in the publications 
above is the gap between research efforts and practitioners of maintenance, where the 
research is focused on advanced mathematical models while somewhat generalized 
the most advanced practitioners utilize RCM. However, there are efforts made trying 
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to connect these two worlds, for example [19] and [1]. In [1] a quantitative RCM 
approach can be found. 
 
Maintenance optimization of electrical networks, which is the ultimate objective of 
this thesis, is not a very common topic in the literature. However, there exist a 
number of publications for example [3], [20], [21], [22] and [23]. In [24] additional 
publications on maintenance optimization can be found. Paper [3] utilizes the Total 
Test Time and the Weibull (maximum likelihood fitting of weibull distributions) 
methodologies in order to establish failure rates for maintenance interval 
optimization. A method for prioritization of maintenance activities is presented in 
[20], the approach is best performance per monetary unit. Performance is measured 
with an index that is a weighted combination of traditional reliability indices (SAIDI, 
etc.). In [21] Petri nets are used for maintenance optimization of the network 
operator’s costs (cost minimization). In [22] genetic algorithms are used for power 
system reliability optimization. Multi state systems are used to capture the fact that 
power systems in general have different task performance levels. A wood pole 
replacement model with respect to Life Cycle Costs (LCC) is presented in [23]. 
 
The above presented methods all answer specific problems of maintenance and 
related issues. In general they focus on components (mostly single or a single sets of 
components) which are optimized for availability and/or cost, hence they lack the 
focus of total system objective (customer utility), with the exception of [20] that 
minimize a weighted index, which is defined as the goal of the maintenance. 

3.1 Classification of maintenance optimization  
There are many approaches to maintenance optimization. This subchapter gives an 
indication on how the methods can be classified, depending on their number of 
components, decision factors, time horizon and objectives. This classification is based 
on [25] and [15], who also gives example references of the methods. 
 
The maintenance optimization is usually performed with one of the objectives 
presented in Table 3.1. The first two objectives are related to each others in that they 
utilize constraints regarding the other methods objective (duality). 
 

Table 3.1 Objective for maintenance optimization. 
Objective Description 
Reliability Maximize reliability under given constraints (e.g. cost 

constraints). 
Minimal cost Minimize cost given constraints (on reliability and/or 

maintenance requirements). 
Minimal total cost Minimize total cost (of interruptions and maintenance). 
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There are two major concepts regarding the time horizon for maintenance 
optimization. The first approach is performed with a fixed time interval as the time 
horizon. This horizon can be interpreted in two different ways, either as a focus on the 
coming time period or that the coming time period represents several coming periods. 
This approach is primarily applied when cost is not the main focus The second 
approach is the use of net present value, costs of all actions and effects are 
recalculated to the present value. Net present values do usually have a fixed end 
point, where the analysis is not performed beyond (for example 30 years). Note that 
these two concepts can be combined. 
 
A number of decision factors are presented in Table 3.2. Such list will never be 
complete but the most common factors are captured. The decision factors depends on 
data available and what aspects of the organizations activities that affects the 
objective. 
 

Table 3.2. Decision factors for maintenance optimization. 
Decision factor Description 
Interval 
 

Optimal maintenance and/or replacement and/or 
inspection interval, based on statistics. 

Delay-time 
 

Related to “Interval” but based on the time from a 
measurable indication of failure to actual failure. 

Spare part Identifies the allocation and number of spare parts. 
Opportunity 
 

For equipment that is costly to interrupt or hard to access, 
opportunity optimization produces schedules for what 
should be done during planned and/or unplanned 
interruptions/access to the equipment. 

Manpower 
 

Identifies how the manning should be done, for example 
how a number of utilities should be manned. 

Redundancy 
 

Identifies where it is most profitable (from a reliability 
view point) to place redundant components. 

Adaptive (Uncertainty 
minimization) 

Methods that based on data that is revealed during the 
maintenance process adjust the maintenance. 

 
The number of components that are included in optimization models vary. In this 
classification the optimization models are divided into two groups, single- and multi- 
component. The single-component models usually work with one important 
(expensive) component such as a power generator or with a generic component such 
as a light bulb. There is not always a clear distinction between the single- and multi-
component models, especially for advanced components, such as the generator, since 
subcomponents usually are modeled to a certain extent. However, models that include 
multiple components usually have a focus on the components involved interactions. 
Number of components is presented in Table 3.3. 
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Table 3.3. Number of components. 
Number of components Description 
Single-component 
 

Solves the optimal maintenance and/or replacement and/or 
inspection interval for an individual component. In general 
this is the most frequently used maintenance optimization 
method. 

Multi-component 
 

Solves the optimal maintenance and/or replacement and/or 
inspection interval for a number of components. These 
methods can also be aimed at identification of profitable 
switches of components. 

 
A true maintenance optimization involves all of the above mentioned decision factors, 
objectives and involves all system components. In reality most optimization methods 
involves one or a few of the decision factors and hence deriving a sub optimized 
solution to the question of an optimal maintenance. Nevertheless, this is quite 
reasonable since it is extremely difficult and complicated to build an optimization 
model that includes all the factors. Hence it becomes important to choose what should 
be included within an optimization framework, in order to get as close as possible to 
the “true” optimum. 

3.2 Maintenance of electrical networks 
Maintenance is crucial for electrical network owners in order to utilize already 
existing assets (apparatus) in the best possible manner. Maintenance actions are 
performed on the basis of components degradation and potential failures’ 
probabilities, consequences and characteristics. The failures can be grouped into the 
two following categories [26]: 

1. Reoccurring failures (i.e. to some extent possible to predict). 
2. Random failures. 

 
Failures can also be divided into the following two groups: 

A. Failures with incubation time (felutvecklingstid). 
B. Instant failures (without incubation time). 
 

These two forms of groupings gives us in total four types of component failures. 
Failures that occur instantaneously are hard to identify with the help of diagnostics, 
but might be prevented by other maintenance actions. Components that fail randomly 
and goes directly from functioning to failure (2B) are hard to maintain and hence 
either has to be handled with corrective maintenance or system redesign. Some 
failures within 1A are best prevented with the help of diagnostics. Important to note is 
that there is no sharp line between these four types of failures and that a specific 
component can have failures within one or more of the groups. It is also important to 
note that it is up to the maintenance organization to decide upon whether diagnosis 
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and/or preventive maintenance actions shall be performed or not, it might be the case 
that it is better to let the failure occur and then perform corrective maintenance. 
 
Reliability Centred Maintenance (RCM) [1], [27], [28], is a structured way to 
establish maintenance routines. One of the major concepts is a failure mode effects 
analysis which is used in order to establish what level of maintenance that is suitable 
for the studied system’s components. The aim of the method is to find the most cost 
effective balance between preventive and corrective maintenance. 
 
Below corrective and preventive maintenance are discussed, followed by a brief 
overview of the strategies within electrical networks, concerning these two forms of 
maintenance. Then a number of problems regarding maintenance of electrical 
networks are outlined. Followed by an illustration on how the maintenance 
development is structured. 

3.2.1 Corrective maintenance 
Corrective maintenance is performed after that a failure has occurred, that is the 
component is used until it fails. Corrective maintenance might be considered as a last 
resort and might intuitively be considered as some kind of failure of the maintenance 
organization performing it, but that is not necessary the case. Corrective maintenance 
has its place in a sound maintenance strategy at least in the planning stage (for 
example in “what happens if …“-scenarios). Corrective maintenance might be the 
right approach for one component group given that resources are focused on other 
possibly more important assets. For equipment with random occurring instant failures 
corrective maintenance might be the only option [19]. As mentioned above one might 
consider redesign of the system for these kinds of failures, but still it is quite likely 
that these failures might be worth “living with” while focusing on other areas with a 
better goal fulfillment per monetary unit. 

3.2.2 Preventive maintenance 
The concept of preventive maintenance is to avoid costs of corrective maintenance 
and other costs that belong to an unexpected failure of a component. Preventive 
maintenance can be divided into the following groups: 
 

• Periodical maintenance 
• Condition based maintenance 

 
Periodical maintenance is as the name inclines performed at regular intervals. This is 
a good strategy in the case of regularly occurring failures. The time intervals between 
the maintenance should be based on the expected time to failure (shorter intervals for 
the maintenance, than for the expected time to failure). Usually the time intervals are 
based upon the manufacturer’s specifications or company policies. By generalizing it 
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can be stated that the manufacturer is more interested in that his product does not fail 
during the warranty time than in the maintenance organization’s costs. (This can 
however be addressed with techniques such as Life Cycle Cost analysis in the 
procurement phase of equipment.) The company policies seldom consider different 
makes, usage and environment. A potential risk lies within the periodical maintenance 
if it is performed at these generalized time intervals. To maintain a component 
unnecessarily often introduces higher maintenance costs and risks for faults 
introduced with the maintenance activity. 
 
Conditioned based maintenance is performed based on an estimate of the components 
condition. One of the simpler forms of condition based maintenance is to prolong the 
first service interval of a periodical maintenance routine, based on the assumption that 
new equipment is in better condition than used. Examples of more advanced methods 
are methods based on measurements (e.g. diagnostics and inspections). Methods 
based on measurements presents a vide variety of methods, partly depending on the 
component studied. 

3.2.3 Maintenance strategies in electrical networks 
The distribution of maintenance activities around year 1990 was according to [29]: 
 
5%  Corrective maintenance 
90%  Periodical maintenance 
5%  Condition based maintenance 
 
According to a study performed by Cigré [30] in the late 1990’s, see Figure 3.1, it 
seems like periodical maintenance has lost ground to condition based maintenance 
and corrective maintenance. This might be due to the deregulation (reregulation) of 
the electricity market. The deregulation has led the companies to center their attention 
towards profit optimization. That is a shift from an engineering era, focusing on 
reliability and “good” technical solutions, to a more business and profit orientated 
regime.  
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Figure 3.1. Current and planned maintenance strategies, late 1990’s [30]. 
 

3.2.4 Common maintenance problems 
Some common problems for electrical networks are identified in [31]. Many of these 
problems have two sides, i.e. it is important to balance between the problem and its 
solution, which might be expensive and/or include other drawbacks. Below are the 
problems in bullet form: 
 

• Failures are often not analyzed to the extent that similar future failures can be 
prevented. 

 
• Effective maintenance actions but without structure and clear relevance to 

organization objectives. 
 

• Maintenance induced failures, maintenance is not failure free. 
 

• Periodical preventive maintenance is performed unnecessarily often; 
maintenance is performed towards technical goals without economical 
considerations. 

 
• Non-existent reasons for maintenance actions, it is crucial to know why the 

maintenance action is performed (what will be improved?). Without this 
knowledge it is hard to estimate the value of the maintenance action. 
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• Low visibility of maintenance strategy. If the effects of the maintenance 
activities not are clear for the organization it is hard to motivate the current 
strategy. (Note: this point is related to the previous, but on a higher level.) 

 
• Accepting manufacturer’s recommendations without consideration of specific 

circumstances for the usage. Does the manufacturer’s maintenance goal 
coincide with the user’s? 

 
• Resistance towards new equipment for diagnostics that could improve the 

maintenance actions impact on system reliability [32], [33]. It is however 
noteworthy that there is a risk with new equipment for diagnosis as well as 
with other maintenance actions, the introduced equipment might introduce 
new failures and will probably be in need of maintenance itself. 

 
For maintenance optimization the presented problems are crucial.  

3.2.5 Maintenance structure 
Figure 3.2 presents a view of the different phases of the maintenance process. The 
maintenance plan coordinates all parts of the total maintenance. The plan is based on 
the organizations goals and shall grant that the goal can be achieved, at least with 
regards to aspects affected by maintenance. The plan can be viewed as a tool for the 
organization to reach objectives. The implementation phase is the phase where the 
“physical” maintenance is performed and it consists of corrective maintenance, 
preventive maintenance, condition monitoring, modifications, replacements, data 
collection (regarding failures, costs, etc...). One important factor for the 
implementation is the level of education for the maintenance work force. The 
outcome can be seen as a result of the implementation and gives an indication of total 
system reliability and maintenance costs. The analysis of the outcome involves 
identification of extreme maintenance and interruption costs and to link technical 
causes to the achieved outcome. The outcome gives information that can be analyzed 
in order to enhance the maintenance plan. The analyzation phase involves 
development of new or modified procedures and for example to investigate whether it 
is economical beneficial to replace certain parts of the equipment. [34] 
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Figure 3.2. The maintenance process’ different phases [34]. 
 

3.3 Prerequisites for Maintenance optimization of 
electrical networks 

In order to perform a maintenance optimization there are a number of prerequisites.  
 
Most important is a clear objective. Without a clear objective no optimization can be 
performed. This might seem as a trivial point but it is not completely so. For example, 
if the objective of the optimization is chosen to be lowest total cost. Then the question 
of what costs that should be included arise (e.g. shall costs for public relations be 
included?). Related to this discussion is the risk level. That is, the modeler must know 
how risk (consequences and their probabilities) in different scenarios shall be valued 
in the optimization. 
 
Data is required, for example failure and repair rates as well as all costs involved and 
how all components and parts are interconnected and their relationships. 
 
A model of the network is required in order to establish the effects of potential 
maintenance actions on the network. For this adequate reliability modeling techniques 
are needed. 
 
Lastly an optimization approach/technique is needed in order to reach the objective. 
Such a technique requires a relationship between optimization objective and means of 
control. In terms of maintenance optimization of electrical networks this translates 
into: 

Plan 

Implement

Outcome

Analyze 

Preparations

Documentation 

Improve 

Documentation 
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• Identify how total system performance changes with changes in individual 
components reliability. 

• Identify how maintenance actions affect individual components. 
 
This thesis focus on the first bullet, see especially chapter 6 and paper I, II and III. In 
paper II an approach to bullet number two is made by studying the replacement of 
overhead lines with cables. 
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4 Reliability calculation and modeling 
 
 
 
Reliability is the ability to perform a required function under given conditions for a 
given time or time interval [35], often expressed as a probability. A term that is 
closely related to reliability is availability. However, availability includes 
maintainability and the maintenance supportability [35] and is generally expressed as 
the ratio of available time (mean time to repair) divided by total time (mean time to 
repair plus mean time to failure). One of the fundaments of this thesis is the 
calculation of reliability and availability. Reliability calculation can be seen as a tool 
utilized in order to estimate the expected availability of systems as well as other 
system and/or component measures. Numerous books have been published on the 
topic and the author would like to specially emphasize on the following five books: 

• “System Reliability Theory: Models and Statistical Methods (2nd edition)” 
[36], is a book that deals with general reliability calculations and spans over a 
wide selection of reliability topics. This is a book that is good for the 
understanding of general reliability calculation. Since the book spans over 
such a wide selection of topics it can be useful in a variety of circumstances, 
even so in calculations for electrical networks. 

• “Reliability Modeling in Electrical Power Systems” [37] is an early book on 
reliability theory for electrical power systems. 

• “Reliability evaluation of power systems” [38] provides an introduction to the 
field and can be considered as a fundament of the reliability evaluation of 
electrical power systems. 

• “Probability concepts in electric power systems” [39], is focused on the more 
theoretical aspects of probability within electrical power systems. 

• “Electric Power Distribution Reliability” [40] provides as the title indicates 
an introduction to the field of reliability calculation for distribution networks. 
The book introduces the reader to both theoretical techniques as well as more 
practical issues like animals effect on electrical equipment. Furthermore the 
book contains economical calculation techniques for electrical power 
networks. 

 
This chapter begins by discussing general assumptions and simplifications that are 
commonly utilized in reliability modeling. This is followed by a presentation of 
measures for reliability assessment of electrical networks and how to calculate these 
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measures. Finally this chapter is ended with an introduction to reliability importance 
indices. 

4.1 General simplifications and assumptions 
In order to create manageable models simplifications and assumptions often have to 
be done. The simpler model the easier calculations. Assumptions are also made when 
there is no knowledge of the exact properties of the entity modeled. 

4.1.1 Independent failure probabilities 
The assumption of independent failure probabilities for components is a common 
simplification in reliability modeling. It is also a simplification with high impact on 
the model behavior. There are many examples where it might prove wrong to assume 
independence. For example many failures are weather related, such as caused by 
storms and/or heavy snowfall. Since weather is generally affecting a whole area, all 
components within an area will be influenced. Another example is when one 
component fails which leads to rerouting of energy that places a higher load on a 
“redundant” component, which in turn fails because of the higher load. Yet another 
example is a breaker that fails to operate when called upon for the isolation of a failed 
component. These examples highlights that it is important to scrutinize the 
assumption of independent failure probabilities for components. Nevertheless having 
mentioned these counter examples of why an assumption of independent failure 
probabilities is imperfect it has to be noted that this assumption leads to relatively 
simple reliability models. 
 
One method to avoid the simplification of independencies within analytical 
calculations is to use markov chains in the modeling; however this will in general 
limit the size of the modeled system. Within simulations dependencies are in general 
easier implemented. 

4.1.2 Exponentially distributed failure and repair times 
Exponentially distributed failure and repair times is another commonly used 
simplification. The reasons for making these assumptions are many. One of the 
reasons is that the aging process of components involved in a system seldom is clear. 
However if the process is clear, there are still a couple of obstacles, for example 
components in a system might work in different environments and they might be 
utilized differently. A related problem is to keep track of the age for all components. 
Ease of calculation and data assessment is another motive, exponentially distributed 
failure and repair times result in constant failure and repair rates, which is a property 
that makes the modeling easier. 
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See reliability data, Figure 6.9, for Kristinehamn in this thesis for an example of 
something that looks like a truly exponentially distributed repair time. 
 
One effect of an assumption of constant failure rate is that preventive maintenance 
becomes virtually unnecessary. This is however not necessarily true. There is nothing 
that conditions that a maintenance action will leave the maintained component at the 
same level of constant failure rate as before the maintenance. That is, with a 
piecewise constant approach to failure and repair rates much of the reliability 
characteristics of the modeled entity can be captured. 

4.1.3 Two state model 
The assumption of a two state model states, for example, that the component/system 
functions or not. Many reliability calculation methods are based on this assumption. 
However, it has a significant impact on the reliability model, this might be especially 
true in systems which consist of components that are directly connected to each other 
such as electrical networks. For example if a circuit breaker is short circuited it surely 
does not function but still it has an impact on the system, i.e. by not being able to 
break the flow of energy. 
 
On a system level the assumption of a two state model becomes somewhat difficult to 
interpret for electrical networks with several supply and/or load points. Such a 
network is completely failed when for example no load points receives energy and 
fully functional when all load points are served from all supply points. However, the 
middle ground with a number of “broken” lines is not covered by the assumption of 
two states. 
 
On component level the assumption of one failure mode can be defended by an 
additional assumption stating that there exists a fully functional automatic protection 
system (consisting of fuses, circuit breakers, etc…). However this assumption 
involves a quite significant number of components that almost certainly has their own 
failures and failure effects. 

4.1.4 Failure effects and consequences 
The simplification of failure effects is partly related to the previously discussed 
assumption of two state models. The failure effect is usually simplified to one average 
consequence per component/load point failure, this despite that most equipment has 
several ways in which they can fail and that much equipment is prone to fail at heavy 
loads. For example in the calculation of not delivered energy an assumption of 
average energy consumption is frequently used (for example in paper I, II and III), 
this might prove to be a faulty strategy when there is a relationship between failure 
rate and energy consumption. 
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4.2 Reliability assessment techniques 

4.2.1 Measures 
One of the most basic measures of performance is the average unavailability, here 
defined as: 
 

r
rU
+

=
λ/1

        (4.1) 

 
often approximated to: 
 

rU λ=         (4.2) 
 
where U is the unavailability, λ is the failure rate and r the repair time. U is without 
unit and can be expressed either as a probability or in the form of hours per year. 
 
More complex measures of electrical network performance are the following indices 
[1]: 

• System Average Interruption Frequency Index (SAIFI) [f/yr,cust]. Total 
number of customer interruptions per year divided by the total number of 
customers served. 

• System Average Interruption Duration Index (SAIDI) [h/yr,cust]. Sum of 
customer interruption durations per year divided by the total number of 
customers 

• Customer Average Interruption Frequency Index (CAIFI) [f/yr,cust]. 
• Customer Average Interruption Duration Index (CAIDI) [h/f]. Sum of 

customer interruption durations per year divided by the total number of 
customer interruptions per year. 

• Customer Total Average Interruption Duration Index (CTAIDI) [h/yr,cust]. 
• Average Energy Not Supplied (AENS) [kWh/yr,cust]. 
• Average Service Availability Index (ASAI). 

 
Formulas for calculation of these indices can be found in [1] and [38]. Note that the 
above presented indices can be calculated with both analytically and with Monte 
Carlo simulations. 

4.2.2 Solution techniques 
There exist many methods to calculate the expected reliability of a network, example 
of approaches are; Reliability block diagrams, Markov methods, Petri nets and Monte 
Carlo Simulations [36]. Below an analytical approach and the Monte Carlo 
Simulation approach are discussed.  
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Analytical modeling 
The classical approach of reliability modeling is the analytical approach. The 
analytical approach allows for repeatable results. However the above mentioned 
approximations and simplifications are usually employed. Example of a tool that 
utilizes analytical reliability models is RADPOW [1]. 
 
RADPOW has been used for the case study performed in paper I. The tool utilizes a 
minimal cut set method on network models and is load point driven. For the load 
points the following indices are calculated; expected failure rate, average outage 
duration, annual expected outage time and expected average loss of energy (LOE or 
LOEE). For the whole system the indices presented in 4.2.1 are calculated. 

Monte Carlo Simulation 
In general, simulation techniques allows for a deeper level of model detail compared 
to the analytical approach [41]. One additional interesting output that usually is 
obtained from simulations are probability distributions of the results [42]. The 
probability distributions can be very useful in a risk assessment process. 
 
Computation time is a common objection to simulations, i.e. simulations are costly in 
terms of computation time. There are techniques for reduction of calculation times 
without loss of precision, different variance reduction techniques for example. Still 
simulations quite often turn out costly in terms of calculation time. However, if we 
compare simulations techniques with analytical based calculations for the calculation 
of reliability importance indices, the question regarding computation time is not clear, 
since analytical based reliability methods in general are difficult to adjust for the 
calculation of such indices. One conclusion might be that simulations are suitable for 
component importance calculations in complex systems. Another issue regarding 
simulations is their repeatability and consistency. Rare events with high impact can 
have a huge effect on simulations. However, being aware of these issues regarding 
simulations, the benefits of simulations must be acknowledged. Simulation based 
calculations enables us to develop models with higher resolution for larger systems in 
a more straightforward manner compared to the analytical approach. 

4.3 General component reliability importance indices 
This section contains short descriptions of some of the most referred importance 
indices, followed by an analysis of their potential use in transmission and distribution 
networks. 

4.3.1 Birnbaum’s reliability importance 
Birnbaum’s measure of component importance is a partial derivative of system 
reliability with respect to individual component failure rate [36]. It can also be argued 
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that this is a sensitivity analysis. This index gives an indication of how system 
reliability will change with changes in component reliability. 
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where h is the system reliability depending on all component reliabilities p (and 
system structure) and pi component i’s reliability. A drawback with this method is 
that the studied component’s reliability does not affect the importance index (for the 
specific component).  
 
Another issue regarding this index is that it cannot be used in order to predict the 
effect of several changes at the same time, i.e. reliability changes in several 
components at a time [43]. 

4.3.2 Birnbaum’s structural importance 
Birnbaum’s structural importance does not take any reliability into account, and 
hence it can be stated that this method is truly deterministic. The method defines 
component importance as the component’s number of occurrences in critical paths, 
normalized by the total number of system states. 
 
Definition of structural importance in accordance with [44] and [36]: 
 
IΦ(i) = ηΦ(i) / 2n-1         (4.4) 
 
where ηΦ(i) is the number of critical path vectors for component i and 2n-1 is the total 
of possible state vectors. In other words; the number of critical paths a component is 
involved in is proportional to its importance. The structural importance can be 
calculated from Birnbaum’s reliability importance by setting all component 
reliabilities to ½ [36]. 
 
One drawback with this method is that it does not take probabilities into account, 
however it can be argued that this is the whole idea with such an index. Such a 
method is interesting in the case of sparse reliability data and could moreover be used 
for identifying critical component-positions in new designs.  
 
Note that the definition of Structural importance as defined here, in line with the 
definitions in [44] and [36] distinguish from the definition in [39]. In [39] the 
definition of Structural importance is defined as a partial derivative of the system 
probability of failure with respect to a components failure probability (this definition 
is very close to Birnbaum’s measure of importance). 
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4.3.3 Fussell-Vesely’s measure of importance 
Given system failure, Fussell-Vesely's measure of component importance is the 
probability that at least one failed minimal cut set contain the studied component [36]. 
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where P(D) is the probability that at least one minimal cut set containing component i 
is failed and P(J) is the probability that the system is failed. An interpretation of this 
index is the answer to the question: If the system fails, what is the probability that the 
studied component will be involved in the failure? A drawback with Fussell-Vesely’s 
index is that it does not take into account the component’s contribution to system 
success [45]. 

4.3.4 Failure criticality importance index 
The failure criticality index (IFC) is developed in order to obtain a reliability index 
from reliability calculations based on simulations. The basic idea is to divide the 
number of system failures caused by component i in (0, t) with the number of system 
failures in (0, t) [46], see (4.6). One of the major advantages with this method is that it 
calculates a component reliability importance at a small cost in computation time 
from an already existing reliability simulation, no extra simulation rounds are needed. 
 

N
n

tI iFC
i =)(         (4.6) 

 
where ni is the number of system failures caused by component i and N is the total 
number of system failures. “Caused” should here be interpreted as if the component 
had not failed that particular system failure would not have happened. That is, the 
finally causing component that lead to the system failure gets its failure count (ni) 
increased with one (see paper III for an example). The authors of IFC also propose 
another related measure where the denominator is replaced with the number of the 
studied component’s total failures. This alternative gives an indication of the 
percentage of failures that are critical for the system.  
 
The index has been applied to a distributed control system designed for a power 
generation plant [46]. 

4.3.5 Other methods 
Except those component reliability importance measures discussed previously there 
are numerous of other measures developed. Some of those are briefly presented here, 
with references for further reading. 
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Risk Reduction Worth (RRW) 
RRW is current system unreliability divided with system unreliability with the studied 
component in a perfect condition (i.e. component reliability pi(t) = 1) [43], [36]. 

Risk Achievement Worth (RAW) 
RAW is closely related to RRW, and defined as the unreliability achieved with the 
studied component in a constant failed state (pi(t) = 0) divided with the actual 
unavailability [43], [36]. 

Sensitivity analysis 
There are many forms of sensitivity analysis that can be performed and interpreted as 
component importance indices. As long as the sensitivity analysis is performed on 
component level it can be classified as an importance index. Many of the importance 
indices discussed in this paper more or less fall within this wide classification. For a 
thorough assessment of sensitivity analyses see [47].  

Time independent component reliability importance measures 
All indices, with the exception of IFC, presented previously are via component 
reliabilities time dependant, except Birnbaum’s structural importance measure, which 
does not take component reliabilities into account. The time dependency of these 
indices are often criticized, since they only give a momentarily measure of 
importance [48]. The criticism might not be that critical in a context of power 
transmission and distribution because of two reasons. Firstly, long life times makes it 
reasonable to believe that, for example, failure rates are changing slowly in time and 
can be modeled as close to constant over relatively short time periods. Secondly, 
usually data is sparse and seldom possible to use for more than constant failure rates. 
Nevertheless seasonal variations and a long time perspective in the assessment of 
component importance might still lead to problems. 
 
One solution to the problems with time dependence might be time independent 
measures. One example of such a time independent measure is presented in (4.7) [44]. 
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where F is the distribution function for component i. IBP is the probability that the 
system life coincides with the life of the studied component. For further reading 
regarding time independent measures see [48]. One general problem with importance 
indices is that they are expensive in terms of computation time, this characteristic is 
even more pronounced for time independent indices. 
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4.3.6 Reliability importance indices applicability onto 
electrical networks 

One approach to the problem of calculating component importance for networks with 
multiple supply and load points is to study small parts of the network at a time, e.g. 
by studying a customer load point at a time. By dividing the network into these 
smaller groups it becomes possible to calculate traditional component importance 
indices. One problem with this approach is to determine the importance relationship 
between components in different branches as well as for shared components. 

4.4 Importance index methods developed for electrical 
networks 

This section discuss reliability importance index used or developed for transmission 
and distribution network. Since very few publications have been found within this 
topic a wider interpretation of component importance is utilized, for example, in the 
end of this section, project prioritization is briefly discussed. Project prioritization is 
discussed since such methodologies share some common characteristics and aims as 
component prioritization (what to do, and when). 

4.4.1 Classical indices 
In [49] and [39] some of the previously presented component reliability importance 
indices are evaluated. In the applied numerical examples, in [49], the shortcomings of 
the used indices are illustrated in the failure criterions that are used. For example 
“system failure occurs when the supply to all four load points is interrupted”. Without 
elaborating the example more it can directly be discussed whether this is an 
appropriate criteria or not. Of course the system is failed when no load point is 
supplied with power, but how should the case with for example two out of four load 
points failed be treated, the system is not fully operational (nor totally failed). 

4.4.2 Project prioritization 
In the electrical transmission and distribution literature there are methods for project 
prioritization presented. The prioritization process in these methods often involves a 
direct or indirect component importance measure. Examples of these measures are 
found in  [20] and [50]. 
 
In [20] which presents a method for prioritization of maintenance activities, 
component contribution to SAIFI, SAIDI and MAIFIE is calculated, this in order to be 
able to estimate effects on the system reliability indices of maintenance activities on 
component level. 
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In [50] whole projects are evaluated, this might seem a bit out of topic for this thesis, 
but the methodology is closely related to the method of component prioritization and 
hence component importance. The focus of this method is to minimize total cost, i.e. 
outage cost, investment cost, maintenance cost and operation cost. These costs are 
used for prioritization of available projects. 

4.4.3 Component importance 
Energy not delivered is the focus in [51], which presents a method for identifying 
components based on their expected contribution to energy not delivered (or energy 
not delivered on time). The importance is used for prioritization of components. In 
[52] a system is analyzed by a sensitivity analysis. One components failure rate is 
reduced to zero (perfect component) at a time and changes in system indices are 
recorded. 
 
These two approaches are both related to the maintenance potential presented in paper 
I. However they distinguish from the maintenance potential in that they use traditional 
system reliability measures (presented in chapter 4.2.1) for the assessment of 
component importance and not interruption cost. 
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5 Component reliability importance indices 
 
 
 
Since electrical networks in general have several states of functionality (e.g. several 
load points that can function separately) it is reasonable to model them as multi-state 
systems [22], i.e. systems that allow for several levels of function of for example 
availability. The component reliability importance indices presented in chapter 4.3 are 
based on systems that are binary, i.e. either functioning or not. This is an approach 
which proves ambiguous for networks with for example more than one load point, as 
for example shown in paper III, Table 3. One component might be crucial from the 
perspective of one load point while unnecessary from another load point’s 
perspective. This calls for an approach that takes the whole networks performance 
into account in one measure and relates this measure to the individual component. 
 
The concept of the developed indices is to utilize interruption costs as a measure of 
network performance. One simplification that is made in the implementations of the 
indices, in papers I, II and III, is that the costs are linear, that is one initial cost of the 
interruption followed by a cost that linearly depends on the duration of the 
interruption. It is important to note this distinction between concept and 
implementation, future models should not be limited to adapt to this linear approach.  

5.1 Interruption cost index IH 
The concept of IH is to study the interruption cost with respect to component 
reliability, see paper I. The method is based on the concept of IB, see chapter 4.3.1, 
which is extended for assessment of multiobjective networks (for example; networks 
that serve several load points). IH use total interruption costs instead of probabilities 
as a measure of system reliability (the interruption costs do however depend on 
probabilities). Note that the analysis is performed on component failure rate instead of 
component reliability. The interruption cost based index is defined as follows 
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where Cs [SEK/yr] is total yearly interruption cost and λi [f/yr] component i’s failure 
rate (the component index i will not be written in the following text). The importance 
index identifies components that are critical for the system with respect to their 
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individual impact on total interruption cost with changes in component failure rate, 
see paper I. In application studies within the project it has been noted that IH 
corresponds to the total expected interruption cost (for all load points) that would 
occur if component i failed. Hence, if there were one maintenance action available 
that would result in the same absolute change in failure rate for any component in the 
network IH would then be the natural index to use for a prioritization of what 
component that the action should be performed on. 
 
The index is focused on failure rate. Reliability importance measures are generally 
focused on component availability, that is both failure rate and repair rate. To apply 
the concept of IH onto repair times might prove to be more straightforward than 
failure rates and would complement IH. This is due to one interesting aspect; in 
general it is easier to estimate how repair time changes with different actions than 
how maintenance actions affect the failure rate, and hence predicted system effects of 
these repair rate related actions might be more precise. 

5.2 Maintenance potential IMP 
Analogous with Birnbaum’s importance index IH is not affected by the actual studied 
components failure rate but “only” by component repair time and the position of the 
component and all other components in the system. Hence the concept of 
maintenance potential (paper I) is introduced. Maintenance potential corresponds to 
the total expected yearly cost reduction that would occur in the case of a perfect 
component, i.e. no failures for the studied component (hence maintenance potential). 
Another way to express this measure is the expected total interruption cost that the 
studied component is expected to cause (alone or together with other components) 
during one year. 
 
 Maintenance potential is defined as: 
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where IH [SEK/f] is defined in (5.1) and λi [f/yr] component i’s failure rate. 

5.3 Simulation based index IM 
The simulation based index is builds on the concept of IH and IMP, combined with the 
failure criticality index [46], see paper III. It is an index that is derived from 
simulations that calculate customer interruption costs. If there already exist 
simulations of the reliability and/or customer interruption costs the index is possible 
to compute at low additional calculation cost, by keeping track of a relatively low 
number of events (component failures and related system costs). 
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The simulation based index, IM, is calculated by designating the total interruption cost 
caused by an interruption to the finally causing component, i.e. if the component is 
the final cause of failed delivery to one or more load point(s), the studied component 
is held responsible for the whole interruption cost. The accumulated cost over time 
for the component is then divided with the total simulation time in order to get an 
expected interruption cost per time unit (year). The index is defined as follows 
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where Ki is the total accumulated interruption cost over the total simulation time T for 
component i. 
 
The interruption cost perspective of the index allows us to identify the components 
that are likely to cause the most costs in terms of interruption. Hence, the index gives 
us an indication on what components that should be prioritized for maintenance 
actions (or in some cases re-design of the structure that results in the high value of 
IM). Correspondingly, IM indicates what components for which it might be beneficial 
to reduce preventive maintenance. It is however important to note that a relatively 
low value of IM might be due to an individual low component failure rate and that the 
network (i.e. the total interruption cost) is sensitive for changes in those components’ 
failure rates. This is analogous with the maintenance potential, neither the 
maintenance potential nor the simulation based index identifies the components that 
the system is most sensitive to regarding changes in failure and repair rates. But the 
components that cause the current interruption costs. Hence precaution should be 
taken regarding what components that get reduced attention. 
 
It might seem somewhat unreasonable to formulate an index as previously defined i.e. 
by holding the component that trip the (sub)system responsible for the whole event, 
as similarly defined in section 5.1 in paper III (IFC, the criticality index). 
Unreasonable since there might be several components involved in the failure. 
Nevertheless, since simulations generally include many events, this should not be an 
issue, in the long run all components will get their share of caused failures. However, 
the major reason for just “blaming” one component is that the measure becomes 
unambiguous. Consequently minimal cut sets are not needed in order to calculate IM. 
In a complex network with advanced mechanisms it might not be possible to deduce 
minimal cut sets. Hence, for a more complex system the proposed index, IM, might be 
a suitable measure.  
 
One alternative approach to the suggested method is to assign the interruption cost to 
all components in the failed minimal cut set, not just to the single component that 
caused the failure. The drawback with such an approach is, as previously mentioned, 
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that it becomes necessary to calculate all minimal cut sets and to keep track of which 
is failed. 

5.4 Comparison of the indices IH, IMP and IM 
The interruption cost approach in IH, IMP and IM distinguish from the more classical 
indices in more than the multiobjective approach. One additional major difference is 
that the initiation of an interruption can be penalized and that the length of an 
interruption does not necessarily have to have linear consequences with respect to 
time. However, based on the same concept these indices differ from each others. 
Table 5.1 demonstrates a number of basic differences between the proposed indices. 
 

TABLE 5.1. Developed indices. 
Name Unit Description Calculation 
IH [SEK/f] The expected cost if the studied 

component fails. 
Analytical 

IMP [SEK/yr] Total expected yearly cost reduction that 
would occur in the case of a perfect 
component. 

Analytical 

IM [SEK/yr] Total expected yearly interruption cost 
caused by the component (finally causing). 

Simulation 

 
The relation between IH and IMP is by the components failure rate. That is the 
maintenance potential (IMP) equal the expected cost in case of failure (IH) multiplied 
with the studied components failure rate, as presented in equation (5.2). Since IM is 
calculated by simulations there is no direct relation between the other two indices and 
the simulation based index. However, the observant reader notes that IM and IMP share 
the same unit, that is [SEK/yr]. Hence it is important to note the distinction in their 
definitions, for they do not only differ in their calculation. The maintenance potential 
is the potential savings in the case of a perfect component. This results, for example, 
in that two redundant components in parallel gets the same level of importance (IMP). 
That result is explained by the fact that if one component becomes perfect, there is no 
more to be saved on the other component. The simulation based index, IM, on the 
other hand represent the expected interruption cost caused by the specific component. 
Having said this it is noteworthy that IMP and IM often becomes almost equal, 
especially if there are no component-level-redundancy, as seen in paper III. 
 
The sum of all IM for all components corresponds to the total expected yearly 
interruption cost. This is not true for IMP, however for most systems the sum of IMP 
comes very close to the total expected interruption cost, as shown in paper I and II. 
 
Because of these differences between IMP and IM it is not straightforward to calculate a 
corresponding value to IH for simulation based reliability calculations. 
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6 Case studies 
 
 
 
This chapter presents two distribution networks that have been utilized within the 
project for case studies. Furthermore, summaries of the results from these studies, 
presented in paper I-III, are included. One of the most important factors in the 
calculation of the indices is how the customer interruption costs have been applied, 
hence this chapter starts with a description on how the costs have been applied. 

6.1 Customer interruption costs 
Costs for interruptions on an aggregated system level are one of the major factors for 
the indices proposed in this thesis. For electrical networks these costs are usually 
referred to as interruption costs and represent the cost at different load points in the 
system. The resulting system interruption cost for the whole network is used as a 
measure of total system performance and in the calculation of the importance indices 
(chapter 6). The load point interruption costs are in this thesis based on the number of 
interruptions and the total interruption duration during the studied time period and 
node specific interruption cost parameters (kL and cL), as follows: 
 

∑ +=
L

LLLLLLs rPcPkC )( λ  [SEK/yr]   (6.1) 

 
where Cs is the total interruption cost for the system, PL [kW] average power,  λL 
[f/yr] and rL [h/f] are reliability indices for the load point L, and kL [SEK/yr, kW] and 
cL [SEK/kWh] are cost constants representing the customer types and composition at 
load point L. Note that λL and rL are functions of input data, i.e. results from reliability 
calculations based on failure rate, repair rate and network structure. This model 
implies that the cost of a specific interruption is defined as an initial cost plus a cost 
that depends linearly on the duration of the interruption. This model of interruption 
costs is based on the cost modeling in [53] and [54], i.e. a customer specific cost per 
lost kW and per kWh. 
 
Some of the advantages with the used cost model except that it captures a relevant 
system performance measure are that it is easy to use in calculations, intuitive, and in 
the case of sparse data, it is quite easy to create a data estimate on this form. 
However, the cost model has its limitations; for example some industries have one or 
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more critical time limits for interruptions, when certain processes have to be 
restarted/discarded, these industries would require a more sophisticated cost model. 
 
Another problem of a quite large magnitude is to decide what these interruption costs 
should consist of, i.e. what costs that should be included in the parameters kL and cL. 
This depends on the user of the proposed method. If an end user applies the method, 
the costs would probably be fairly high. On the other hand if a network owner with 
few or no incentives for customer satisfaction were to set the costs, the interruption 
costs would be low (maybe only loss of contribution margin based on energy not 
delivered!). A more realistic case is probably a network owner with high incentives 
for customer satisfaction (i.e. considering public relations and control from 
authorities). 
 
In the performed studies the customer interruption costs from [55] for paper I and III 
and [53] for paper II are applied on a customer specific level. The customer 
composition is established for every load point and the interruption cost for every 
load point is then calculated based on average power consumption for every specific 
load point. For interruption costs used see Table II in paper I and Table 1 in paper II. 
 
It is noteworthy that the applied cost model used in the application studies are 
essential for the results but not limits the methodology. It is fully possible to create 
more complex cost structures in order to represent the customers better. It is also 
noteworthy that simplifications might be considered, for example; in the present 
calculations the initial cost of interruption are in general relatively low compared to 
the cost per time unit, hence it might be tempting to only consider costs for not 
delivered energy. 

6.2 Urban system - Birka 
The modeled system is located in the southern parts of Stockholm. The name is 
derived from the former Birka Energi AB, of which the presented network was a part. 
Birka Energi is now a part of the Fortum consortium. 

6.2.1 System description 
The system, see Figure 6.1, which is thoroughly presented in [1] and [56], includes a 
220/110kV station (Bredäng) and one 110/33kV, 33/11kV station (Liljeholmen). 
These two stations are connected with two parallel 110kV cables. From the 
Liljeholmen station there are two outgoing 33 kV feeders, Högalid (HD) and 
Stockholm railway (SJ), there are also 32 outgoing 11kV feeders (LH11), here 
represented by one average set of components (28-35). The model includes 58 
components divided up into four types, these are; circuit breakers, cables, 
transformers and bus bars. In the network, every component has a specific failure rate 
and repair rate. In total, this network serve approximately 38 000 customers where the 
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load point SJ consist of one customer, that is the railway. The load point LH11 
represent one average load point of 32 actual outgoing feeders, which in total serve 14 
300 customers. The load point HD feeds approximately 23 400 customers [56]. The 
model has exponentially distributed failure and repair times and independent 
components. 
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Figure 6.1. The Birka system model [1]. 
 

6.2.2 Results from Birka 
The Birka system has been investigated in two different studies within the current 
PhD project, presented in paper I and III. The first study is performed with the 
analytically based tool RADPOW while the second study is based on Monte Carlo 
simulation techniques. Thus all of the three proposed indices are calculated for this 
network.  
 
In Figure 6.2 the reliability indices IH for the network is presented. IH stretch from 0 to 
8.3 million SEK/f. It can be seen in Figure 6.2 that the reliability of component 47 is 
the most important one from an IH perspective, which implies that the system is most 
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sensitive to absolute changes to component 47’s failure rate. This is an interesting 
result since it place focus on a component that does not affect the whole network, but 
only the supply to the customers at load point HD. However, since HD is an 
important part of the network and the repair time of component 47 is relatively long, 
this result is sensible. After component 47 the importance for the components level 
out, the reason for this is that there are a number of components that affect the whole 
network but are modeled with a relatively fast repair and/or isolation rate. To the right 
in the plot there are a number of components with no or close to none importance. 
These components’ reliabilities can be concluded to have a small or none affect on 
the system cost, given the utilized model assumptions. 
 
One approach to the data presented in Figure 6.2 (IH) is to compare components of the 
same type with each other (for example 33kV breakers), in order to determine the 
most important positions in the network. Such a comparison could be used as decision 
support in a renewal strategy and/or for repositioning of components (components 
with different reliability). 
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Figure 6.2. Components sorted on IH. (Based on analytical calculations.) 
 
The previously discussed component 47 has a relatively low failure rate this result in 
a relatively low expected interruption cost per year for this component compared with 
for example component 2, which is about 6 times “less important” with the measure 
IH. However, the maintenance potential for component 2 is approximately 60% larger 
than for component 47; this motivates the need of the calculation of maintenance 
potential. The maintenance potential is presented in Figure 6.3. 
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Figure 6.3. Analytically based maintenance potential. Components sorted on IMP. 
 
It is interesting to note that the components in the left parallel branch between bus bar 
1 and 14, see Figure 6.1, are more important (IH and IMP) than those in the right 
branch, even though most of the component pairs share the same data. However, the 
components differ in the cables; cable 5 is more reliable than cable 11. This affect the 
whole set of components and leads us to the conclusion that the most reliable branch 
is the most valuable.  
 
The importance index IH combined with the maintenance potential enables the 
construction of a figure like Figure 6.4.  From this figure it is possible to identify 
which components that are important for the system, both in terms of maintenance 
potential and reliability importance. One approach to this plot is presented in paper I. 
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Figure 6.4. Note that the number of points is less than the number of components; this 
is due to similar data input for several components. 
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Figure 6.5 presents the simulation based importance of the components involved in 
terms of expected caused interruption cost per year and component. Note that some of 
the components have an importance of 0 SEK/yr, this is due to the fact that events 
that require three independent components to be failed at the same time have an 
extremely low probability. For this system these events generally do not happen, even 
with simulation times in the magnitude of billions of years. In Figure 3 it can be seen 
that the most important components (from an IM perspective) are 14 and 1, followed 
by 8 and 2. It is interesting to note that there are a number of components that cause a 
large part of the interruptions. The six most critical components (10% of the 
population) cause 48% of the interruption cost. And the 12 most critical components 
(20% of the population) cause 76% of the interruption cost. This is close to the Pareto 
80/20 rule, i.e. in this case 20% of the population is expected to cause 80% of the 
cost. 
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Figure 6.5. Simulation based component reliability importance, IM, where component 
1 and 14 are identified as most important. 
 
It is interesting to note that the maintenance potential and the simulation based indices 
for many components gives approximately the same value, especially since the 
indices are defined differently and that two models has been used. However, since the 
results agree this strengthen the results in each study and to some extent validate the 
methodologies used. 

6.3 Rural system - Kristinehamn 
In the Kristinehamn study the 11 kV distribution network of Kristinehamns Energi 
Elnät, a local utility with 13 000 customers is studied. The network of Kristinehamn 
covers the town of Kristinehamn and the surrounding countryside up to a radius of 
about 10 km. The utility has no production of its own, but draws power from the 
overlying, regional network through two receiving transformer stations. 
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6.3.1 System description 
The urban network of Kristinehamn consists of underground cables and the rural 
network comprises seven separate overhead line systems with a total line length of 
110 km. Although the lines are operated as radial, it is possible to close cross 
connections between some of them during disturbances in order to shorten customer 
outage times. This thesis shows result from application studies of the indices for line 
1, one of the seven rural overhead line systems, see Figure 6.6. The average power 
consumption for this line is 220 kW distributed over 16 stations here referred to as 
load points; the total length is 12.1 km, mostly consisting of overhead lines. In Figure 
6.7 the average power consumption for Kristinehamn is displayed, note that this 
graph does not contain data for heavy industries. If these industries would have been 
included the 07:00 to 15:00 peak would have been higher. However, for line 1 the 
figure should be quite representative (if rescaled to 220kW). See paper II for a 
description on how the reliability model for this network has been implemented. 
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Figure 6.6. Network model for Line 1, Kristinehamn. The normal feeding point is 
located in (0, 0), the secondary feeding point is marked with an ‘S’. The T’s denotes 
supply point transformers. Note that the figure is a representation of the network and 
does not correspond to actual geographic positions, although line lengths correspond 
to real lengths in meter. 
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Figure 6.7. Average power for Kristinehamn over three years (2000-2002). Note that 
the power consumption for industries not is included in the plot. 

Failure rate 
The utility at Kristinehamn keeps a complete record of interruptions beginning in 
1990. All interruptions in the rural network during the period of 1990-1999 have been 
analyzed. The interruptions have been divided up by failure cause. In Table 6.1 the 
causes of failures for overhead lines are listed for the studied 10 years. The number of 
failures is divided by the total line length (110 km) and the number of years to obtain 
the average failure rate, 0.12 failures/yr, km. The same approach is utilized for the 
failure rates for load points and cables. The corresponding value for cables is 0.0082 
failures/yr, km. Distribution stations have a failure rate of 0.032 failures/yr. 
 

Table 6.1. Interruption causes for overhead lines 
Cause of interruption No. of failures % 
Tree related 67 51 
Weather related 26 20 
Miscellaneous 16 12 
Unclassified 23 17 
Sum 132 100 

 
Figure 6.8 shows interruptions plotted on the base of when they occur in the day. This 
plot corresponds quite well with the same type of plots in [41]. 
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Figure 6.8. Interruptions per hour of day, 1990-2000, Kristinehamn. 
 

Repair rate 
The average repair time for the whole Kristinehamn system is 2.02 hrs. This repair 
time is based on ten years of statistics. In Figure 6.9 the repair times are grouped into 
half hour segments, the bars correspond very well to the line for exponentially based 
repair times with an average repair time of 2.02 hrs. 
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Figure 6.9. The distribution of repair time. The dashed line in the figure is based on 
the corresponding exponential distribution, with the average repair time of 2.02 hrs. 
Note that the exponential distribution is rescaled to fit the time scale. 
 

6.3.2 Results from Kristinehamn 
The Kristinehamn system has been studied in a study presented in paper II and [7]. IH 
and IMP have been analytically calculated for one rural overhead line system (referred 
to as line 1). The indices have been used in an economical analysis. The value of the 
secondary feeding point is established. The best replacement order of overhead lines 
with cables is identified from a cost perspective. 
 
Figure 6.10 presents the importance index, IH (y-axis), plotted versus the maintenance 
potential, IMP (x-axis), for the radial case (with the assumption of no secondary 
feeding point). The components close to the feeding points are, not surprisingly, the 
ones with the highest reliability importance. The reliability importance decreases with 
the distance to the supply point or more specifically with the decreasing number of 
customers depending on the functionality of the specific component. One interesting 
thing to note is the horizontal “floor” in the diagram (at approximately 8000 SEK/f), 
the “floor” can be derived from the reliability model. That is, since all components 
affect all customers until the fault is disconnected all components are important (see 
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paper II for model description). In systems with automatic switching devices 
available, this floor generally does not exist, which for example can be seen in paper 
I. Looking closely, it is possible to identify that the values in the plot are located on 
11 horizontal lines, that is 11 levels of reliability importance. This, as well as the 
“floor”, derives from the reliability model and the functionality of the network. Since 
there are 11 areas that can be isolated with disconnectors, all the components in these 
sectors will be given the same importance. This is reasonable, since the importance of 
the components can be interpreted as the interruption cost caused by the component in 
the case of failure. The sum of the maintenance potential for all components gives an 
estimate of the total expected interruption cost to 20 kSEK/yr for the radial case. 
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Figure 6.10. Radial case indices. The two highest and lowest levels of IH are marked 
with dashed lines, along with their respective load points. 
 
Figure 6.11 presents data for the meshed case, that is with a secondary feeding point 
available. The data in Figure 6.11 does not show the same spread as the data in Figure 
6.10. This is explained by the fact that the most costly interruptions are avoided with 
a secondary feeding point available. The sum of the maintenance potential for all 
components gives an estimate of the total expected interruption cost to 15 kSEK/yr 
for the meshed case. This results in a difference between the two cases of 
approximately 5 kSEK/yr. If approximately the same sum per year can be saved on 
line 2, which is possible to connect with line 1, the connection between line 1 and 2 is 
beneficial from a total cost perspective, see paper II.  
 



 46

0 200 400 600 800 1000
0

2000

4000

6000

8000

10000

12000

Im
po

rta
nc

e 
in

de
x,

 IH
 [S

E
K

/f]

Maintenance potential [SEK/yr]

T101 

T103, T141 

T102, T107 

T122, T123

 
Figure 6.11. Meshed case indices. The two highest and lowest levels of IH are marked 
with dashed lines, along with their respective load points. 
 
The results of a simulation based on that half of the line segments go through forest 
can be seen in Figure 6.12, here referred to as the tree scenario. In this scenario we 
have assumed that overhead lines in forest have a failure rate which is 50% higher 
than the average overhead line, and that overhead lines in open areas have a 50% 
lower failure rate, see paper II. In the figure a distinct levelling can be seen at 
approximately 750 000 SEK of investment for the tree scenario. This is where all 
overhead line sections that go through forest areas have been replaced with cables. 
Hence, at this point further investments do not pay off as much as earlier investments 
in terms of customer interruption costs. 
 



 47

0.00

2000.00

4000.00

6000.00

8000.00

10000.00

12000.00

0 500 1000 1500 2000 2500

Investment [kSEK]

C
us

to
m

er
 in

te
rru

pt
io

n 
co

st
 [S

E
K

/y
r]

Figure 6.12. Total customer interruption cost as a function of investment in 
underground cables, without contribution to interruption cost from stations. 

 

6.4 Conclusions 
The performed case studies shows that the proposed indices are possible to apply to 
existing networks and that the indices yield interesting results. Results that can be 
used for analysis of maintenance actions and their economical effects. The Birka 
studies shows example of all three indices. In the Kristinehamn study the indices are 
utilized in an approach that can be called a rudimentary maintenance optimization by 
analysis of investment versus interruption cost for actions available. These results 
indicate that a foundation for maintenance optimization has been established. 
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7 Closure 
 
 
 

7.1 Conclusions 
The proposed importance indices, IH, IMP and IM, render the possibility to evaluate 
network components from a system perspective. This is achieved by a monetary 
interpretation of interruptions, which also enable further investigations regarding 
maintenance actions and their potential benefits. The indices are based on valuation of 
each component’s contribution to interruption cost at different load points.  
 
Taken further the method could be used in order to determine which maintenance 
actions that are profitable from a system perspective, and hence be used in 
maintenance optimization methods. 
 
For large systems the method is demanding on both the data and calculation side. 
However, if these data intense reliability calculations are performed, a good 
foundation for asset management decisions is laid. 

7.2 Future work 

7.2.1 Optimization method 
To implement and develop the optimization method, which is briefly described in 
section IV in paper I, lies within future work. An expected result of such an 
implementation is a further development and use of the importance indices. 
 
The proposed indices can be used to identify components with extreme reliability 
importance (high and low). Let us assume that we have maintenance actions available 
with known costs and impact on component reliability. Knowing this would enable a 
maintenance optimization where the most profitable maintenance action would be 
selected. A simple algorithm is described in Figure 8.1. Described in words this 
would be: Select the most profitable maintenance action. Recalculate reliability 
importance indices in order to be able to identify the second most profitable 
maintenance action. This would be continued with a recalculation of the indices for 
the third most profitable maintenance action and so on. Examples of stop criteria that 
might be used are; that no profitable actions are left or that a budget constraint is met. 
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Figure 8.1. An example of a simple optimization process. 
 
Such an approach does not necessarily result in the optimal point. To be certain of 
reaching the true optima an extensive search has to be performed, which is probably 
going to be very expensive in terms of computation costs. A heuristic approach might 
prove to result in faster solutions. However, it is reasonable to believe that the above 
proposed approach would find a point near the true optimal point, since the solution 
space probably will be quite homogeneous (but still an integer problem). It might 
actually be wise to simplify the first proposed approach by selecting several profitable 
maintenance actions per iteration, in order to reduce the number of recalculations of 
the indices. 

7.2.2 Repair rate 
As well as for the failure rate it is interesting to investigate the impact of repair rate 
on the interruption cost. A method containing a sensitivity analysis for the repair rate 
could be performed in a similar way and with the same analysis for profitability. This 
is possible due to that both repair rate and failure rate affect the unavailability in 
related ways. One difference that might be considered is that some actions that affect 
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the repair rate might have a geographic effect. For example if a spare part is being 
kept at a certain place it is likely that this will affect close-by sites. This might make it 
sensible to perform sensitivity analysis for more than one component at the time. 

7.2.3 Dependencies 
To study failure probabilities and their dependencies might prove interesting to 
investigate. Even though the assumption of independent failure probabilities is one 
commonly performed assumption in reliability modeling, recent work within the 
project indicates that there exists significant dependencies in the failures of 
components within the Kristinehamn network. The failures depend on the hour of the 
day, season and weather. Since unexpected interruptions seem to occur during peak 
demand, both seasonal and daily, the expected interruption costs might become 
significantly higher than with the assumption of evenly distributed independent 
failures. Therefore resulting in higher incentives for maintenance optimization. 
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Appendix A:           
Reflections on customer interruption cost, a 
measure of network performance 
 
 
 
This appendix proposes customer interruption costs as a measure of electrical 
networks performance. The aim of this appendix is to clarify and discuss the 
advantages and disadvantages of the proposed measure and to investigate if the 
measure corresponds to the need of one single unambiguous measure. An 
unambiguous measure is, for example, needed in the evaluation of actions considered 
for electrical networks (for example maintenance actions).  
 
It is directly clear that this measure is not suitable for all cases, in less developed 
areas benefit and utility based measures are better suited measures of performance, 
i.e. when electricity is not taken for granted. This appendix will discuss the proposed 
measure from the viewpoint of mature electrical network’s performance. [57] 

A.1 Why not use a utility based function? 
It might seem a bit odd to measure an electrical network in terms of interruption cost, 
instead of utility in for example monetary terms of benefit. This section is dedicated 
to justify the concept of interruption cost as a measure, and explain why it is better 
than a utility function. 
 
First it might be argued that to use customer interruption cost (disutility) is as natural 
as using a utility function, verified with something that appears to be an easy 
calculation: 
 
Disutility = Theoretical maximum utility – Actual utility 
 
With all terms relating to electrical networks and their reliability and given that utility 
and customer interruption costs can be measured in monetary terms. If this equation 
were completely true, then the following would be true as well: 
 
Theoretical maximum utility = Actual utility + Disutility 
 



 54

This is however probably false, unless you define cost of interruptions to be the 
difference between maximum utility and actual utility. Consider the following 
example: A short power interruption while you are saving your thesis corrupts not 
only the actual file but maybe a large part of your hard drive. Does the cost 
correspond to what is left of the maximum utility? (If that was the only interruption 
that you experienced.) The answer to the question is ‘No’, since the cost of the 
interruption is much larger than the utility of having a working computer during a few 
seconds. Hence, the use of a disutility measure has to be motivated with other 
reasons. 

A.1.1 Ease of use 
It might be possible to evaluate a network from a more classical utility perspective 
but there are certain drawbacks with such approach.  
 
In general, well developed electrical networks have an availability of 99.9% or better. 
This number in itself brings up a discussion about evaluation of such extreme 
numbers. Consider the following two numeric examples of availability 99.994% and 
99.997%. The difference between these two numbers is considered small by most 
observers. From the author’s experience even a relatively large part of a class in 
reliability calculations for electrical networks considers the difference as small. This 
if of course completely true, the difference is small in absolute numbers. But if these 
numbers are viewed from an interruption perspective the difference is significant. The 
better alternative has half of the downtime of the other. These two examples 
compared to each other points out that marginal effects becomes more visible with the 
perspective of availability as the normal case and interruptions as something to be 
evaluated. If this still seems a bit odd consider the following allegory: Tomatoes 
contain about 93% water, while cucumbers contain about 96% water [58]. If we are 
looking for water, the difference is not big per mass unit, but if our interest lies within 
carbohydrates, the difference is significant.  

A.1.2 A pessimistic viewpoint? 
It might seem somewhat pessimistic to use the opposite of utility as a measure of 
performance, but that is really a misinterpretation of the discussion. This “negative” 
type of performance indicators can probably only be applied to highly reliable 
systems and hence the applicability of this concept on electrical networks should be 
interpreted as an indication of how well the networks function in general. Maybe a 
comparison with oxygen for our bodies is a bit extreme, but the electricity is almost 
as crucial for our society as oxygen for our bodies. 
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A.1.3 When is customer interruption costs a good measure? 
In the highly industrialized parts of the world the electrical networks functionality and 
availability is taken for granted. In general those who have problems with the 
functionality (quality) in general terms have some kind of especially demanding 
requirements on the delivery of power, usually in terms of high costs associated with 
shorter interruptions (voltage sags) and/or frequency variations. For those customers, 
who require a higher quality, the functionality still might be a good sign of benefit. 
However, the average customer in general takes the availability for granted. The daily 
delivery of power is so seldom interrupted, so it is meaningless for him or her to plan 
for the event of interruption. No reference is provided for the last statement, but 
consider the two following thoughts: 
 

1. Does any customer connected to a modern electrical grid ever think like 
this: “Let us plan for event A at time t, because at that time we most likely 
will have power available.” Why doesn’t he think so? One explanation 
might be that interruptions occur with such a large amount of randomness 
in them, so that it is meaningless to make plans from them. Another reason 
is that since there are so few interruptions, it is not meaningful to plan for 
them. 

2. How many customers in the electrical grid take precaution for the event of 
voltage sags and blackouts? The answer is very few! But, yes there are 
certain people and positions that plan for interruptions, for example there 
are lots of servers supported by UPSs (Uninterruptible Power Supply) and 
some people bunkering food and camping kits for survival in a 
disfunctioning society. The first group, i.e. the server administrators is of 
most people considered as caring and responsible. While the other group is 
considered as a bit paranoid. So if it is paranoid to plan for interruption, 
what conclusion can else be drawn than that the availability of electrical 
energy through the grid is thought of as granted, maybe not hundred 
percent, but at least to the extent that it for most users becomes irrational to 
plan for interruptions. Q.E.D. 

 
This is the context in which unavailability and customer interruption cost make sense. 
That is since a 100% availability is more or less anticipated; interruption enters the 
discussion as a factor of discomfort. 
 
The mere existence (or their applicability on electrical networks) of the words 
“interruption”, “voltage sag” and “black out” points out the direction for this 
appendix. These words would be meaningless if the normal case would be without 
electrical energy. E.g. you don’t have a 100% black out in the middle of a lake, since 
you don’t have electricity delivered there normally. 
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As stated in the beginning of this appendix the proposed measure is suitable for 
highly reliable networks, hence it might be reasonable to argue that there exists a limit 
for interruptions when they no longer can be considered as interruptions but rather as 
lack of electrical energy. 

A.2 The proposed measure compared with previous 
measures 
The most widespread and most accepted methods for assessing an electrical network 
is by the use of the reliability indices presented in chapter 4.2.1. All these indices tell 
interesting things about the network and of how it performs. All of them are dealing 
with number of interruptions, time and/or power. This is quite natural since that is the 
goal of electrical networks, i.e. delivering continuous energy (power * time). But is it 
appropriate? A measure of lost energy doesn’t really indicate the inflicted problems 
for the customer and/or network owner and/or society. These indices tell us what 
happens in the network, not what happens with the customers (how the customers’ 
utility is affected). This might not be wrong but it isn’t really customer orientated. 
 
One problem with the traditional indices is that they do not estimate the effects of 
interruptions, e.g. some of the indices value a hospital and a vacation cottage the same 
per kW. Some of the indices even values a customer as valuable as the next, one quite 
extreme example is an interruption for a single household compared to an interruption 
for a car manufacturer. These two examples lead us to two big problems for the 
classical indices: 

1. A customer cannot be directly compared to another. 
2. kWh and kW is not suitable measures of customer disutility, at least not if 

they are to be compared/evaluated for several customers. They are not even 
suited for one customer alone, how do you compare one 30-second 
interruption duration to a 2-hour interruption? Especially since interruption 
disutility to a great extent depends on several factors such as time. 

 
The advantage with the proposed measure is that it utilize the level of disutility (here 
SEK) per lost kW and kWh into one single index. If applied to one of the examples 
above, a hospital will be valued more than the vacation cottage per kW and kWh and 
since the hospital consumes much more energy, the hospital will become even more 
significant for the index. 

A.2.1 Utility vs. customer cost 
One reason to use customer cost for interruptions, i.e. disutility, instead of utility as 
the performance indicator of the network is that existing surveys focus on interruption 
cost instead of on benefit of the total energy delivery. One can then argue that the 
evaluation of energy carried out in those surveys can be used in order to determine the 



 57

value of the total energy delivery (i.e. total energy delivered times energy “worth”). 
That argument is not valid since it is an artificial creation of utility. The surveys are in 
general focused on questions like “Name the costs you have in the case of 
interruption?” and hence the answers are linked to those questions. Expressed in a 
more mathematical way: it is unlikely that the small change, that an interruption 
causes, is possible to extrapolate for the whole range of energy delivery. 

A.2.2 Data problem 
One problem with the proposed measure is that it sometimes can be hard to get the 
required information. This problem can be divided into two, namely; interruption 
statistics and customer costs for interruptions. 

Interruption statistics 
To procure the required interruption statistics can be a problem. This depends on the 
network owner’s routines, i.e. how he reports, interprets and stores information 
regarding interruptions. But compared with previous methods (classical measures, 
e.g. SAIDI, CAIDI, …) the needed information is approximately the same (regarding 
interruptions) for the proposed measure. So even though it might be a problem, it is 
not an argument in the comparison of a disutility to a utility based measure. 

Customer costs 
To estimate customer costs as a function of interruptions is not an easy task. But not 
impossible, which [54] and [53] show, by doing it. The customer cost distinguishes 
the proposed method from the methods based on energy, number of interruption and 
their length (SAIDI, SAIFI, …). From a data perspective, the utilization of an 
interruption cost based measure requires extra data that has to be procured (e.g. 
through interviews).  
 
The detail level of customer interruption costs is an interesting issue. It is reasonable 
to believe that an average cost over time might prove sufficient. Two arguments that 
support this are ease of use and ease of data procurement. It is of course not 
impossible to consider a high resolution of time. For example interruptions that occur 
in the middle of the night might not cause much of costs for many companies, except 
for example for bakers, news paper printers, and so on. Another example is that an 
interruption in the middle of the day in a residential area might have a really small 
impact, but if “same” interruption occurs in an industry area, it might have large 
economic consequences. These concerns must be under consideration when creating 
statistics for customer interruption costs. The resolution in time is connected to the 
interruption statistics and how these are stored and/or calculated. For example, if the 
customer cost is going to be used together with reliability calculations that deliver 
expected average interruption data per year, then average cost is the most suitable 
form to use, even tough detailed statistics not lose all of it’s purpose (can be used for 
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worst case scenarios, etc..). The issue regarding resolution in time will not be solved 
here, but is pointed out as an important part to decide upon if the proposed measure is 
implemented. 

A.3 Different perspectives of network performance 
The benefit of an electrical network depends on perspective. In this section three 
different perspectives will be discussed with respect to the proposed measure, the 
three perspectives are end customer (user), network owner and authority.  

A.3.1 End user 
For the end user the use of customer interruption costs is a relevant measurement for 
management of the network. If the costs for customer interruptions are correctly 
calculated, then the customers should be ready to pay as much as the yearly expected 
interruption cost in order to avoid these interruptions. 

A.3.2 Network owner 
If a network owner with few or no incentives for customer satisfaction were to set the 
costs for interruptions, the interruption costs would be low (maybe only loss of 
contribution margin based on energy not delivered!). Other costs would likely be of 
greater concern, as repair and maintenance costs. 
 
A more realistic case is probably a network owner with high incentives for customer 
satisfaction (i.e. considering public relations and control from authorities). 

A.3.3 Regulating authority 
The regulating authorities which exist for almost all electrical networks (rather states 
or countries) is there in order to represent the government and hence the users (both 
people and companies). The regulation is a crucial task since the networks in general 
are monopolies. 
 
If the goal for authorities is the right level of reliability to the right price, then a 
customer interruption cost model seems as a good idea. The right level of reliability to 
the right price, from a regulators view, might be trying to reach the goal (optimal 
point) of reliability where an increase in reliability would cost the society more than 
what it gains on the increased reliability. But there is a question about how to regulate 
the network owners in order to achieve this goal. If the regulators put fines 
representing customer interruptions on the network owners, the network owners need 
to raise their price for the service. This would be something of an insurance business. 
Another related problem is that there is a large part of random events in a network 
that cause interruptions, it would be “unfair” of the authority to demand 100% 
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customer compensation for all interruptions or the network owners need to raise their 
price even more or face a risk of being put out of business.  

A.3.4 Perspective, concluding remark 
Since the purpose of electrical networks is to deliver energy to customers a sound 
measure of these networks is based on the customers. In the case that the network 
owner has a different view of the situation, they risk that the two other parts (users 
and authorities) will force their perspective on to them (with for example more 
regulation). 

A.4 Communication 
Partly related to the discussion regarding perspective is the question regarding 
communication, since different perspective result in different experience of the 
networks performance. Usually there are some communication problems between 
technicians, engineers, managers, economists, authorities and end users. The 
proposed measure has a great advantage compared to other methods because of its 
simplicity. It is not simple to establish the customer interruption costs but after that 
the costs are established the ease of communication is clear. That is, money is a 
language that most people understand. 

A.5 Conclusions 
The use of a cost function of interruptions as a measure of performance is relevant in 
the case of highly reliable systems. Furthermore, the advantages of the proposed 
measure compared to the more classical measures used today are a higher degree of 
customer orientation and ease of communication. With these advantages in mind it is 
likely that the proposed method, if applied, will contribute to the development of 
electrical networks and hence it is a good measure of electrical network performance. 
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Abstract—This paper proposes a method for defining the 

importance of individual components in a network with respect 
to total interruption cost. Since the method considers several 
customer nodes simultaneously, it is especially suitable for 
network structures that serve many purposes/customers e.g. 
transmission and distribution networks with more than one load 
point. The major result is an importance index, IH, for every 
component. This index can be used for the evaluation of 
maintenance actions. Furthermore, the importance index is used 
to calculate the component contribution to the total system 
interruption cost. Finally, the goal to reach an optimal 
maintenance plan is outlined. The methodology is presented 
together with an application study for an electrical distribution 
system in the Stockholm area. 
 

Index Terms—Maintenance, Optimization, Reliability, 
Interruption cost, Importance Index, reliability-centered 
maintenance (RCM), reliability-centered asset management 
(RCAM). 

I. INTRODUCTION 
nterruption cost due to loss of supply to customers is of 
crucial importance for  network owners. This cost depends 
on failures of the components in the network system. 

However, the contribution of individual components to system 
failures depends on the reliability characteristics of each 
component and on its location in the network structure. 
Consequently, it is crucial to evaluate the importance of each 
component’s effect on the total interruption cost.  
Furthermore, the knowledge of individual components’ 
importance can be used to improve asset management routines 
for example for maintenance optimization. A well-known 
method for deducing efficient maintenance plans is the 
Reliability centered maintenance method (RCM) [1], where 
preventive maintenance actions are related to the system 
reliability. The RCM method has been further developed by 
quantifying the effect of component maintenance on system 
reliability and cost, by the RCAM method (reliability-centered 
asset management) [2]. In this method the critical components 
are identified by sensitivity analysis with respect to their effect 
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on system reliability. These components are then further 
considered when analyzing the effect of different possible 
maintenance strategies to obtain the most cost-effective 
maintenance plan. 

This paper proposes an improved method for identifying 
critical components based on their individual importance for 
the network. The method defines an importance index for each 
component in the network, and then based on the contribution 
to the total interruption cost the maintenance potential is 
defined. This method, referred to as the importance index 
method, could be applied for a general network structure. 
 The paper provides a presentation of the proposed 
importance index method together with results from an 
application study made for an electrical distribution system in 
the Stockholm region. 

 
Notation and index: 
IH Importance index [SEK/failure] 
Cs Total system interruption cost under studied time period 

[SEK/year] 
Ci Maintenance potential (for comp. i) [SEK/year] 
λi Failure rate for components [failure/year] 
λL Failure rate for node L [interruption/year] 
E Loss of energy under studied time period [kWh/year] 
k Initial cost for interruptions [SEK/interruption] 
c Cost for undelivered energy [SEK/kWh] 
q Cost of maintenance action per studied time period 

[SEK/year] 
P Profit  [SEK/year] 
L Customer node, load point 
i Component 
j Maintenance action 
s System 
 

Note the difference between failure and interruption. 
Interruption is used with the meaning failure to deliver energy 
(outage), whereas a (component) failure does not necessarily 
lead to an interruption. 

 

II. THE IMPORTANCE INDEX METHOD 
In order to evaluate loss in different load points a monetary 

interpretation is made of the interruptions, where the 
interruption costs are specific for each load point. This 
monetary interpretation makes it possible to compare and add 
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all effects of interruptions from all customer nodes in the 
network. There are three major advantages of this 
interpretation. First, as mentioned above, the performance of 
different nodes can be compared and evaluated. Secondly, the 
monetary interpretation leads to a less abstract performance 
indicator for the whole grid. And finally, given that the costs 
used for interruptions has significance for the business, the 
results can be used in order to make better business decisions 
based on the profitability of different maintenance actions. 

Figure 1 presents the logic for the proposed Importance 
index method. As a first step necessary data has to be acquired 
that includes; the network structure, component repair and 
failure rates, and interruption costs on customer level. The 
collected data is used to perform a reliability analysis, to 
obtain expected interruptions (number and duration) per load 
point (customer node). After the reliability analysis has been 
carried out the expected interruptions are interpreted as costs. 
The subsequent calculation of the importance index involves a 
sensitivity analysis, which is performed with respect to 
component failure rate. This is done for all components, one at 
the time, while keeping the rest of the data at original values. 
From the resulting importance index for each component in 
the network, a prioritization list is created. Moreover, from the 
importance index and input data it is possible to compute 
every component’s contribution to the total cost of 
interruption (maintenance potential). The prioritization list 
combined with component cost contribution provides a base 
for asset management decisions. 

For the reliability modeling it has been assumed that the 
components are independent and has individual constant 
failure and repair rate. 
  

 Data assessment  

Reliability analysis 

Interruption cost  
analysis 

Calculation of  
importance index Prioritization list

Data for decision 
making 

I H 

Ci Compute component  
contribution to total cost  
of interruptions 
( mainten ance potenti al ) 

 
 
Fig. 1. Logic for the proposed method. 
 

A. Interruption Cost 
Costs for 

interruptions on system 
level are one of the 
major inputs to the 
method and will be 
further discussed in this 
section. For electrical 

networks these costs are usually referred to as interruption 
costs and represent the cost at different load points in the 
system. The resulting system interruption cost for the whole 
network is then used in the calculation of the importance 
index. The load point interruption costs are based on the 
number of interruptions and the total interruption duration 
during the studied time period and node specific interruption 
cost parameters (kL and cL), see (1). This implies that the cost 
of a specific interruption is defined as an initial cost plus a 
cost that depends linearly on the duration of the interruption, 
see Fig. 2. This model of interruption cost is based on the cost 
modeling in [3] and [4].  
 

∑ +=
L

LLLLs cEkC )( λ  [SEK/year]   (1) 

 
Where Cs is the total interruption cost for the system, λL 

[int/year] and EL [kWh/year] are reliability indices for the load 
point L, and kL and cL are cost constants representing the 
customer types and composition, and average power 
consumption at load point L. Note that λL and EL are functions 
of input data, i.e. results from reliability calculations based on 
failure rate, repair rate and network structure. 

 Some of the advantages with this cost model are that it is 
easy to use in calculations, intuitive, and in the case of sparse 
data, it is quite easy to create a data estimate on this form. 
However, the cost model has its limitations; for example some 
industries have one or more critical time limits for 
interruptions, when certain processes have to be 
restarted/discarded, these industries would require a more 
sophisticated cost model. 

Another problem of quite large magnitude is to decide what 
these interruption costs should consist of, i.e. what costs that 
should be included in the parameters kL and cL. This depends 
on the user of the proposed method. If an end user applies the 
method, the costs would probably be quite high. On the other 
hand if a network owner with few or no incentives for 
customer satisfaction were to set the costs, the interruption 
costs would be low (maybe only loss of contribution margin 
based on energy not delivered!). A more realistic case is 
probably a network owner with high incentives for customer 
satisfaction (i.e. considering public relations and control from 
authorities). But exactly what the cost should be in the method 
is, as mentioned before, depending on the user, and on the 
users own valuation of a number of soft factors and political 
consequences, plus the actual direct cost of interruptions (i.e. 
corrective maintenance). 
 

B. The Importance Index 
The importance index method is based on the concept of 

Birnbaum’s measure of component importance [5], also 
referred to as structural importance [6], and is taken further by 
analysis of multiobjective networks, i.e. systems that have 
different levels of function (for example; networks that serve 
several load points). Moreover, the importance index method 
differ from Birnbaum’s measure of component importance by 
using total interruption cost instead of probabilities for the 
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Fig. 2. Suggested cost model for 
interruptions. 
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sensitivity studies. The interruption costs do however depend 
on probabilities.  

Provided that interruption costs, network structure and the 
involved components’ reliability are known, it is possible to 
calculate expected performance of the whole network in terms 
of total system cost caused by interruptions. A sensitivity 
analysis can then be performed by adding a small adjustment 
∆λ to one of the component’s failure rate and then 
recalculating the total interruption cost. This will lead to small 
changes in the load point reliability indices λL and EL and 
hence, by (1), result in a change in the system cost Cs. The 
difference between the original cost and the new cost is the 
worth of the small change ∆λ for the specific component. By 
dividing the cost difference with the small change, ∆λ, the 
results dependence on ∆λ:s magnitude is removed and a 
numerical differentiation is achieved. This is then performed 
for each component, which leads to a complete sensitivity 
analysis. 
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Where IH, in (2), is the proposed importance index and Cs 
system interruption cost, during the studied time period. λi is 
modified with a small change, all other parameters are fixed. 

This process results in a list consisting of all involved 
components and their importance for the whole system. This 
importance index is a numerical differentiation of the total 
system interruption cost with respect to the specific 
component’s failure rate. In other words this index tells us 
how the component’s reliability affect the total interruption 
cost. A large value implies that the specific reliability is 
important for the system and a low value indicates lower 
significance. 

The importance index is expressed as a partial derivative, 
with respect to the component’s failure rate, in (3). 
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This equation is in accord with the definition of partial 

derivatives and hence the resemblance with Birnbaums 
measure of importance is clear; see (4). 
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Where IB is Birnbaums importance measure, h the system 
reliability, p component reliability, t time and i component [5]. 

It is shown in [5] that the Birnbaum reliability importance 
index not only indicates reliability importance but also can be 
used in order to determine how the system availability will 
change with the change of the component’s reliability. The 
change in system availability is linearly dependent on the 
component, when looking at one component at the time. This 
is directly transferable to the proposed method and result in 
(5), which state that the result of a change in failure rate for 
component i, affects the total system cost with the failure rate 

change multiplied with the component’s importance, given 
that the rest of the system remain in its original state. 
 

i
H
is IC λ∆=∆        [SEK/year]   (5) 

 
This linear dependence is only valid for changes in one 

component at a time, however changes in components that do 
not influence each other and/or the same load points 
(customer nodes) should likely be possible to perform without 
loss of accuracy. 
 

C. Maintenance potential 
By multiplying every components failure rate with its 

importance index, IH, every component’s contribution to the 
total interruption cost can be estimated, see (6) and (7). This 
contribution can be interpreted as maintenance potential. 
Potential in the meaning that this is the maximum amount that 
can be saved on the specific component. The higher 
contribution to total interruption cost the higher potential for 
savings. 
 

i
H
ii IC λ≈     [SEK/year and component]   (6) 

∑≈
i

is CC     [SEK/year]         (7) 

 
This result complements the importance index, and used 

together the system’s most critical components can be 
identified. In this case critical refers to important component 
positions and components that represent a large part of the 
total interruption cost. 

This maintenance potential, Ci, corresponds to Birnbaums 
criticality importance [5], but as stated earlier; instead of 
direct reliability considerations the method interpret these as 
cost. This, as well as for the importance index, renders the 
possibility to compare several nodes at the same time and has 
a direct economical meaning. 
 

D. Identification of critical components 
By plotting a figure with maintenance potential on the x-

axis and component importance on the y-axis it becomes 
possible to get an overview over the components’ value for 
the system  (for an example see Fig. 4, in section III). The 
components located in the upper right corner are the ones that 
cause the most costly interruptions, and whose changes in 
reliability have large consequences for the total cost. 
Components found in the lower left corner are relatively 
unimportant for the system. In the upper left corner, 
components with high reliability and low cost contribution are 
found. The reason for their low cost contribution is their high 
reliability. If these components get a decreased reliability 
(increased failure rate) they will start to generate cost at high 
rate, because of their high importance. In the lower right 
corner are those components that represent a large cost in 
terms of interruption and have a low reliability. In Table I, are 
some suggested actions that can be coupled to the position in 
the plot. 
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TABLE I 
Position in plot and suggested actions 

Position Action 
Upper right Maintain more 
Lower left Maintain less 
Upper left Observe 
Lower right Maintain/Redesign 

Examples of actions that can be taken, depending on the components position 
in the plot. 

III. METHOD APPLIED ON A DISTRIBUTION NETWORK 
An application study has been carried out for a distribution 

network in the Stockholm area. The system includes a 
220/110kV station (Bredäng) and an 110/33kV, 33/11kV 
station (Liljeholmen). These two stations are connected with 
two parallel 110kV cables. From the Liljeholmen station there 
are two outgoing 33 kV feeders, Högalid (HD) and Stockholm 
subway (SW), there are also 32 outgoing 11kV feeders 
(LH11), here represented by one average set of components 
(28-35). The load in load point LH11 is the sum of all 32 
loads. For this application study a previous model made for 
the system as presented in Fig. 3 was used [7]. This model 
includes 58 components and four types of components, these 
are; circuit breakers, cables, transformers and busbars. In the 
network, every component has a specific failure rate and 
repair rate. In total, this network serve about 38 000 customers 
where the load point SW consist of one customer, that is the 
subway, the load point LH11 represent 14 300 customers and 
load point HD 23 400. 

 

Fig. 3. Note that the load point in the middle (LH11) actually consists of 32 
similar sets of components (component 28-35) [7]. 
 
 

The performed reliability analysis uses a program, 
RADPOW, developed at the department of Electrical 
Engineering, Royal Institute of Technology, Sweden [8]. The 
program is made for reliability analysis of distribution and 
transmission networks and utilizes a min-cut methodology to 
deduce a system’s reliability. The program considers three 
components/lines that are parallel to be failsafe. Input data to 
RADPOW consists of network, customer, and component 
data. The component input data includes different types of 
failure and repair rates. The used output for this study is on 
the form of reliability indices for customer nodes. In this 
example the analysis is performed over one year and total loss 
of continuity is used as failure criteria for the load flow. The 
customer nodes have individual costs, which are calculated 
from their composition of real customers, their average energy 
consumption [7] and interruption cost indices [4]. Table II 
presents the costs used in the study. In this application study 
these costs represent the customer interruption costs. The 
interruption costs are based on customer cost statistics [4], and 
on average power consumption and customer node 
composition. 
 

TABLE II 
Customer interruption costs 

Customer node SEK/int. SEK/kWh 
LH11 162360 27.6 
HD 87400 14.8 
SW 10400 64 

The first column consists of the fixed cost for one interruption and the second 
column is cost for energy not delivered. 
 

The importance index is presented in Table III, the second 
column, the components are sorted and grouped on their 
monetary importance into a prioritization list, the component 
importance stretch from 0 to 8.3 million SEK/failure. The 
table also includes the component failure rate and the resulting 
maintenance potential (interruption cost per component and 
year). 

The importance index combined with the maintenance 
potential enables the making of a figure like Fig. 4.  From this 
figure it is possible to identify which components that are 
important for the system, both in terms of maintenance 
potential and reliability importance. 
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TABLE III 

Component(s) 
Importance 

index 
[kSEK/failure] 

Failure rate 
[failure/year] 

Maintenance 
potential 

[SEK/year] 

47 8257 0.00089 7349 
2 1334 0.0087 11602 
7 1334 0.00089 1187 
8 1333 0.0087 11593 
13 1333 0.00089 1186 

15,19,23,37 
40,43,50,53 

1331 0.00089 1184 

1,14 1331 0.00964 12828 
49 1280 0 0 
57 1239 0.00089 1103 
36 990 0 0 

18,22,26 842 0.00243 2045 
27 841 0.00867 7294 
33 514 0.00331 1702 
28 514 0.00243 1250 
45 441 0.00089 392 

39,42 428 0.00089 381 
48 428 0.00964 4124 
34 90 0.0134 1205 
46 87 0 0 

52,55 62 0.00089 55 
58 62 0.00964 594 

30,31 26 0.10069 2647 
44 26 0.02265 586 
5 21 0.07012 1464 
11 14 0.07031 955 
56 10 0 0 

29,32,35 5 0 0 
4 3.9 0.0087 34 
3 3.4 0.0261 88 
6 3.4 0.0205 69 
10 2.8 0.0087 25 
9 2.4 0.0261 61 
12 2.4 0.0205 48 
38 0.9 0.02291 20 
41 0.9 0.02285 20 
51 0.7 0.00863 6 
54 0.7 0.00837 5 

17,21,25 0.4 0.01989 9 
16,20,24 0.4 0.00028 0 

 
 

It can be seen that component 47 is the most important 
component in the system, which implies that the system is 
most sensitive to absolute changes to this component’s failure 
rate. However, its low failure rate result in a relatively low 
interruption cost compared with for example component 2 
which is about 6 times “less important”. The maintenance 

potential for component 2 is approximately 60% larger; this 
motivates the need of the calculation of maintenance potential. 

It is interesting to note that the components in the left 
parallel branch between busbar 1 and 14 are more important 
than those in the right branch, even though most of the 
component pairs share the same data. But they differ in the 
cables; cable 5 is more reliable than cable 11. This affect the 
whole set of components and leads us to the conclusion that 
the most reliable branch is the most valuable. Another way to 
use this result might be to compare components of the same 
type with each other (for example 33kV breakers), in order to 
determine the most important positions in the network. Such a 
comparison could be used as decision support in a renewal 
strategy and/or for repositioning of components (components 
with different reliability). 
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Fig. 4. Note that the number of points is less than the number of components; 
this is due to similar data input for several components. 
 

IV. PROPOSED OPTIMIZATION METHOD 

A. On the use of the Importance Index, IH 
The prioritization list can be used to identify components 

with extreme reliability importance (high and low), and 
consider actions for these. That is, components with a high 
reliability value (IH) probably should get much attention in 
means of maintenance and/or redesign, while the components 
on the other side may be over-maintained today. The 
reliability value could be used in order to determine whether 
the current management of the network is appropriate or if 
there are some unbalances. In a similar way the calculated 
maintenance potential can be utilized. 

However, a more refined method could be to use the 
reliability value in order to determine the most profitable 
maintenance actions. Given estimates on how different 
maintenance actions affect the components’ reliability, the 
value of every maintenance action can be calculated 
specifically for each component. Note that “negative” 
maintenance actions can be considered, these are actions that 
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have negative effects on the reliability and which probably 
reduce cost of preventive maintenance. Below is a brief 
description on how to reach an improved maintenance plan. 

With known costs for the maintenance actions it is an easy 
task to determine which actions that are profitable, see (8). 
However having said this, it is noteworthy that if more than 
one change is made to the network at the time, the predictions 
made with (5) and (8) does not work with full accuracy. This 
is to say that after the most profitable maintenance action is 
chosen, there is a need to recalculate all reliability values, i.e. 
making a new sensitivity analysis. The next step, after the 
recalculation, is to select the most profitable maintenance 
action from the new “view point”. This has then to be repeated 
until there are no profitable maintenance actions left. It is also 
worth to note that the method, as proposed above, becomes 
quite expensive in terms of computation time and that the use 
of a more heuristic approach is likely to result in a good 
solution much faster. 
 

j
H
iijij qIP −∆−= )( λ       [SEK/year]    (8)  

 
Where Pij is the profit for action j on component i, IH 

importance index for actual component, ∆λij change of failure 
rate, q cost for action and j action. 

In the case of Pij less than zero, this means that the 
considered action for this component (specific individual) 
over the studied time period is not profitable. 
 

V. FUTURE WORK 

A. Repair rate 
As well as for the failure rate it is interesting to investigate 

the impact of repair rate on the interruption cost. A method 
containing a sensitivity analysis for the repair rate could be 
performed in a similar way and with the same analysis for 
profitability. This is possible due to that both repair rate and 
failure rate affect the reliability in related ways. One 
difference that might be considered is that some actions that 
affect the repair rate might have a geographic effect. For 
example if a spare part is being kept at a certain place it is 
likely that this will affect close-by sites. This might make it 
sensible to perform sensitivity analysis for more than one 
component at the time. 

 

B. Optimization method 
To implement and develop the optimization method, which 

is briefly described in section IV in this paper, lies within 
future work. An expected result of these implementations is 
further development of the importance index method. 
 

VI. SUMMARY AND CONCLUSION 
The proposed importance index, IH, and related 

maintenance potential render the possibility to evaluate 
network components from a system perspective. This is 
achieved by a monetary interpretation of interruptions, which 

also enable further investigations regarding maintenance 
actions and their potential benefits. The index is based on 
valuation of each component’s contribution to interruption 
cost at different load points.  
 Taken further the method could be used in order to 
determine which maintenance actions that are profitable from 
a system perspective, and hence be useful in maintenance 
optimization methods. 

For large systems the method is demanding on both the data 
and calculation side. However, if the data intense reliability 
calculations are performed, a good foundation for asset 
management decisions is laid. 
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SUMMARY 
 
In this paper we present a method for establishing the value 
of a network’s components from a reliability worth 
perspective. The method can be applied to a general 
distribution system i.e. both for radial and meshed network 
systems. Moreover, this paper shows results from an 
application study for a rural network system that is 
dominated by overhead lines. The purpose of the study was to 
establish the value of a secondary feeding point. Further, the 
method is used to establish the best replacement strategy for 
the concerned overhead lines. 
 
INTRODUCTION 
 
Customer interruption cost due to loss of supply is of crucial 
importance for electrical network owners. Crucial since this 
cost can be used as a measure of the reliability worth of a 
network [1]. One example of this focus on customer 
interruption cost is the fact that the Swedish Energy Agency, 
the government body that regulates network tariffs, will apply 
a newly developed “network performance assessment model” 
for determining the maximum tariffs. In this model, one of the 
most important factors is customer interruption cost. This fact 
combined with the utilities’ progress toward cost effective 
maintenance strategies calls for a new measure of component 
importance, especially a measure that can be used for 
prioritization of components based on where maintenance 
actions reduce customer interruption costs most effectively. 
 
In [2] a method for identifying important components from a 
customer interruption cost perspective is presented. The 
proposed importance index, IH, and related maintenance 
potential render the possibility to evaluate network 
components from a system perspective. This is achieved by a 
monetary interpretation of interruptions, which also enable 
further investigations regarding maintenance actions and their 
potential benefits. This paper utilizes the developed method in 
order to prioritize the replacement of overhead lines for a part 
of the rural electric power network of Kristinehamn, Sweden. 
The goal is to prove the index useful and to identify areas of 
further development by means of an applied study. 
 
To demonstrate the suggested method we have studied the 11 
kV distribution network of Kristinehamns Energi Elnät, a 
local utility with 13 000 customers. The network covers the 
town of Kristinehamn (“the suburban network”) and the 
surrounding countryside up to a radius of about 10 km (“the 
rural network”). The utility has no production of its own, but 
draws power from the overlying, regional network through 
two receiving transformer stations. The purpose of this paper 

is to answer the following questions:  
• What is the reliability worth of a secondary feeding point 

for overhead lines? 
• Given that the overhead lines have to be replaced with 

under ground cables, in which order should the lines be 
replaced? 

• What is the impact of the replacements in terms of 
investments costs and customer interruption costs? 

 
COMPONENT IMPORTANCE AND 
MAINTENANCE POTENTIAL 
 
The utilized importance index is based on customer 
interruption costs. It is a partial derivative of the total 
customer interruption cost, with respect to the component’s 
failure rate, [2]; 
 

i

sH
i

CI
λ∂

∂
=    [SEK/f]  (1) 

 
where IH is the importance index, i the studied component, Cs 
[SEK/yr] the total expected customer interruption cost per 
year (where s denotes system i.e. the whole network), and λi 
[f/yr] the failure rate of component i. 
 
In order to calculate the expected customer interruption cost 
per year, Cs, data is needed on; components (failure and repair 
rates), supply and load points, and network structure. Given 
this input, a reliability analysis can be performed. The 
reliability analysis combined with interruption cost data for 
the load points enables the calculation of the expected total 
interruption cost. Next section presents a description of how 
the customer interruption cost was calculated in this paper. 
 

H
iI corresponds to the total expected customer interruption 

cost (for all load points) that would occur if component i 
failed. A high value of IH implies that a small change in 
failure rate for the component has a relatively large impact on 
the system availability (customer interruption cost). A low 
value implies that a change in failure rate does not affect the 
system as much. Consequently, the index can be used for 
prioritization of components and/or maintenance actions. 
 
By multiplying each component’s failure rate with its 
importance index, IH, the component’s maintenance potential 
can be estimated, (2). The component’s maintenance potential 
can be interpreted as the maximum amount that can be saved 
by improving the reliability of the specific component (i.e. if 
the availability reaches 100%). 
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The maintenance potential and the importance index can be 
used to identify the system’s critical components, which are 
identified on the basis of their impact on Cs. 
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APPLICATION STUDY 
 
The suburban network of Kristinehamn consists of 
underground cables and the rural network comprises seven 
separate overhead line systems with a total line length of 110 
km. Although the lines are operated as radial, it is possible to 
close cross connections between some of them during 
disturbances in order to shorten customer outage times. This 
paper shows result from application studies for line 1, one of 
the seven rural overhead line systems. The average power 
consumption for this line is 220 kW distributed over 16 
stations here referred to as load points; the total length is 12.1 
km, mostly consisting of overhead lines. 
 
Customer Interruption Cost 
 
Customer interruption costs for the present study are based on 
a customer survey performed by Swedenergy [3]. The cost of 
an interruption consist of an initial cost plus a cost that 
depends linearly on the duration. For every load point 
information about customer-composition and average energy 
consumption is used to establish the expected interruption 
cost. An expression for the calculation of the total expected 
interruption cost for the studied network, Cs, is given as 
follows; 
 

∑ +=
L

LLLLs cEkC )( λ  [SEK/yr] (3) 

 
where λL [int/year] and EL [kWh/year] are reliability indices 
for load point L, kL [SEK/int] and cL [SEK/kWh] are cost 
constants representing the customer types and composition 
and average power consumption at load point L. Note that the 
load point specific λL and EL are functions of input data, i.e. 
results from reliability calculations based on failure rate, 
repair rate and network structure. Customers are divided into 
four groups as in Table 1. For example one load point could 
consist of six households (residential) with a total average 
power of 20 kW and one farm (agricultural) with an average 
of 10 kW. This would result in an initial interruption cost of 
140 SEK (20·2 + 10·10) and a continuously increasing cost of 
430 SEK per hour (20·1·4 + 10·1·35). For example 1.5 hours 
of interruption for that load point results in a total customer 
interruption cost of 785 SEK (140 + 1.5·430). 
 

 
 
 
 
 
 
 

Failure Rates 
 
The utility keeps a complete record of interruptions beginning 
in 1990. We have analyzed all interruptions in the rural 
network during the period of 1990-1999, dividing them up by 
failure cause. In Table 2 the causes of failures for overhead 
lines are listed for the studied 10 years. The number of 
failures is divided by the total line length (110 km) and the 
number of years to obtain the average failure rate, 0.12 
failures/yr, km. The same approach is utilized for the failure 
rates for load points and cables. The corresponding value for 
cables is 0.0082 failures/yr, km. Load points (receiving 
stations) have a failure rate of 0.032 failures/yr. 
 

TABLE 2 - Interruption causes. 
Cause of interruption # failures 
Tree related 67 
Weather related 26 
Miscellaneous 16 
Unclassified 23 
Sum 132 

 
 
RELIABILITY MODEL 
 
The model of the network includes disconnectors, cables, 
overhead lines and stations, as shown in Fig. 1. In the analysis 
the disconnectors are represented as connection/disconnection 
points on the line. Since disconnectors do not represent many 
failures of this network they are not assigned any failure rate. 
Cables and overhead lines are modeled with a failure rate per 
kilometer as stated in the previous section. Connecting 
networks are assumed to have 100% availability. 
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Fig. 1. Line 1. The normal feeding point is located in (0,0). The figure is a 
representation of the network and does not correspond to actual geographic 
positions, although line lengths correspond to real lengths. 
 
The reliability model is based on the generalized corrective 
maintenance routine described below. A failure on a line 
causes the circuit breaker at the supply point of the line to 
open. If the failure remains after a procedure with automatic 
re-closures, we have an interruption. Generally two 
technicians are called upon, who locate and isolate the failed 

TABLE 1 - Interruption costs [3] 
Type of customer SEK/kW SEK/kWh
Residential 2 4 
Commercial 34 169 
Light industry 15 60 
Agricultural 10 35 
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component within approximately one hour. This isolation is 
achieved with the disconnectors and hence affects all 
downstream customers from the opening point. After the 
failure is isolated the power delivery is resumed to those 
customers who are still connected. In the case of a secondary 
feeding point, customers on both side of the failure isolation 
area are provided electric power. The remaining customers 
are reconnected when the fault is repaired, which takes 
approximately two additional hours. 
 
The reliability model utilized is an analytical approximative 
model taking meshed structures into account for the reliability 
calculations. The modeling can be described in three steps: 
 

1. Identify isolation segments. The segments are 
groups of components that can not be disconnected 
from each other. All components within a segment 
are treated as serially connected, with feeding points 
at the start of the segments and all load points at the 
end. 

2. Identify all possible failures, their probabilities, and 
their consequences on the whole network in terms of 
interruption times and Cs. 

3. Calculate reliability indices, based on the previously 
identified consequences and their probabilities. 

 
In order to validate the reliability model, we analyze it on 
system level (line 1) with the standard indices SAIFI 
[failures/yr] (total number of customer interruptions per year 
divided by the total number of customers served) and SAIDI 
[h/customer, yr] (sum of customer interruption durations per 
year divided by the total number of customers). SAIFI and 
SAIDI are commonly used measures of system reliability for 
electrical distribution networks [1], [4]. There are also 
available methods using these indices in the process of 
finding optimal strategies for distribution planning e.g. [5]. 
However, with the utilized failure model, the expected SAIFI 
becomes 1.8 failures/yr and SAIDI 2.3 h/customer, yr for line 
1. These expected results can be compared with statistics 
from the studied ten years (1990-1999) that indicate a SAIFI 
of 0.7 failures/yr and a SAIDI of 1.04 h/customer, yr for the 
actual line. At first it might seem that the model is quite 
wrong, i.e. only approximately 40% of the predicted failures 
actually occurs. But it rather indicates a possible weaknesses 
of the failure data, namely that failure rates are averages, and 
for example it is not accounted for whether a line goes 
through forest or not. The discrepancy for line 1 can actually 
to a great extent be explained by the fact that line 1 mainly 
goes through forest free areas, for example following the 
railroad and going over fields. Based on this new information 
and Table 2, it would be reasonable to half the number of 
failures for line 1. Doing this, results in indices that are very 
close to actual indices, i.e. expected SAIFI becomes 0.9 
failures/yr and SAIDI 1.1 h/customer, yr. 
 
THE RELIABILITY WORTH OF A SECONDARY 
FEEDING POINT 
 
In this section we analyze the reliability worth of a secondary 
feeding point. In order to achieve this we make an analysis of 

the two cases, i.e. the radial case and the meshed case. Figure 
1 presents the modeled network (line 1). In the figure the 
secondary feeding point is identified with a diamond. 
 
Radial Case 
 
Figure 2 presents the computed importance index (y-axis) 
plotted versus the maintenance potential (x-axis) for the radial 
case. The components close to the feeding points are, not 
surprisingly, the ones with the highest reliability importance. 
The reliability importance decreases with the distance to the 
supply point or more specifically with the decreasing number 
of customers depending on the function of the component. 
One interesting thing to note is the horizontal “floor” in the 
diagram (at 8000 SEK/failure) that can be derived from the 
reliability model. That is, since all components affect all 
customers until the fault is disconnected all components are 
important. In systems with automatic switching devices 
available, this floor generally does not exist, which for 
example can be seen in [2]. Looking closely, it is possible to 
identify that the values in the plot are located on 11 horizontal 
lines, that is 11 levels of reliability importance. This, as well 
as the “floor”, derives from the reliability model and the 
functionality of the network. Since there are 11 areas that can 
be isolated with disconnectors, all the components in these 
sectors will be given the same importance. This is reasonable, 
since the importance of the components can be interpreted as 
the interruption cost caused by the component in the case of 
failure. The sum of the maintenance potential for all 
components gives an estimate of the total expected 
interruption cost to 20 kSEK/yr for the radial case. 

200 400 600 800 1000 1200
0

2000

4000

6000

8000

10000

12000

14000

16000

18000

Im
po

rta
nc

e 
in

de
x,

 IH
 [S

E
K

/f]

Maintenance potential [SEK/yr]

T106 
T101 

T122, T123 

T105, T151 

 
Fig. 2. Radial case indices, the two highest and lowest levels of IH are 
marked with dashed lines, along with their respective load points. 
 
Meshed Case 
 
Figure 3 presents the importance index plotted versus the 
maintenance potential for the case with a secondary feeding 
point (meshed case), utilized in the case of interruption. One 
interesting thing to note is that this plot seems compressed 
compared to the corresponding plot for the radial case. The 
floor is still the same, since the utilization of the secondary 
feeding point involves approximately the same manual 
actions as the radial case. The existence of 11 horizontal lines 
is equally true for the meshed case as for the radial case. The 
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most important components are the ones that are located in 
the same isolation area as the load point T101 followed by the 
components in the area with T103 and T141. The reason for 
these components’ relatively high importance is that “their” 
load points are high cost load points. The component with the 
highest maintenance potential is the line connecting T103 and 
T104. This is one of the longest line segments (components) 
and hence has a high failure rate. Combined with a high 
reliability importance, this results in a high maintenance 
potential. Notice that since this is one of the longest lines, it is 
also one of the most expensive to maintain/replace. The total 
expected interruption cost caused by line 1 with the meshed 
structure is approximately 15 kSEK/yr. 
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Fig. 3. Meshed case indices, the two highest and lowest levels of IH  
are marked with dashed lines, along with their respective load points. 
 
Evaluation of the Secondary Feeding Point 
 
The value of a secondary feeding point can be established by 
comparing the radial case with the meshed case. The analysis 
shows a reduction of customer interruption cost by 
approximately 5 kSEK/yr for the studied line. Bearing in 
mind that the extra feeding point can also be used the other 
way, i.e. feeding another line (line 2), the value of the 
secondary feeding could be roughly estimated to the double 
(10 kSEK per year). With a net interest of 6% over a 30-year 
period this corresponds to an investment of roughly 700 
meters of cable, today. Since line 1 and 2 are separated with a 
distance of approximately 700 meters, we can conclude that it 
was reasonable to connect them. 
 
PRIORITIZATION 
 
In the following calculations we will consider the meshed 
case. With the importance index presented in Fig. 3, it is 
possible to sort the components with respect to their 
reliability importance into a so-called prioritization list, 
presented in Table 3. The prioritization list can be used to 
identify components with extreme reliability importance (high 
and low), and special actions can be considered for these 
components. Components with a high reliability value (IH) 
should probably get much attention in terms of maintenance 
and/or redesign, while components on the lower side may be 
over-maintained today. Another use of the reliability values is 

that they could be used to indicate whether the current 
management of the network is appropriate or if there are some 
unbalances. 
 

TABLE 3 - Prioritization list for overhead lines. 

Load points in 
the isolation area

IH 
[SEK/failure] 

Overhead line 
length [m] 

T101 10843 862 
T103, T141 10544 1192 
T131, T132 9553 1368 

T104 9463 946 
--- 9365 173 

T121 9365 1116 
T111 9205 481 
T106 8191 1386 

T105, T151 8074 1901 
T122, T123 7935 627 
T102, T107 7523 1634 

The ‘---’ represent the small segment that not incorporates any 
load point.  

 
In the case of overhead lines, a prioritization list provides 
decision support for actions such as what segments to replace 
with cables first and where it is important to work with 
intense tree trimming (as well as where it might be wise to 
trim less intensely). Hence, the prioritization list is a tool that 
can provide answer to the question of in what order the 
overhead lines should be replaced with cables. 
 
Economical Analysis 
 
In this economical analysis we focus on the replacement of 
overhead lines with cables. In the analysis the costs has been 
included not only for replacement of the actual line, but also 
for stations, 25 % digging, a certain amount of BLX and a 
number of minor costs. These costs are estimated to averages 
per kilometer in accordance with a study performed by 
Swedenergy [6]. Note that costs for customer support and 
public relations are not included. The major reason for not 
including them in the analysis is that they are hard to 
estimate. Another difficult to estimate cost, which is not 
included, is the administration cost that occurs both in the 
case of preventive and corrective maintenance. 
  
Figure 4, base case, displays the relationship between 
investment costs and customer interruption costs for overhead 
lines, given that they are replaced with cables. Lines with 
high importance indices are replaced first. Due to the 
relatively low variation in component importance, the points 
in this graph come close to a line. The previously mentioned 
11 levels of importance can be identified in this picture as 11 
sets of slopes through the points. The reader may notice that 
the points in the right part of the figure are almost completely 
leveled out. This is due to the fact that these lines actually 
already consist of cables and hence a replacement of them 
does not make sense (at least with the utilized assumption of 
constant failure rate). 
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The identified relationship between customer interruption cost 
and investment costs clarifies the impacts of investments in 
cables, given that the investments are performed according to 
the prioritization list. 
 
Tree Scenario 
 
The results of a simulation based on that half of the line 
segments go through forest can be seen in Fig. 4, i.e. the tree 
scenario. In this scenario we have assumed that overhead 
lines in forest have a failure rate which is 50% higher than the 
average overhead line, and that overhead lines in open areas 
have a 50% lower failure rate. This is based on the 
approximation that 50% of all overhead lines go through 
forest combined with the information given in Table 2. This is 
an effect of that 67 out of 132 failures are tree related. As 
stated earlier, line 1 is not to a great extent affected by trees, 
but in order to evaluate the method we have made these 
assumptions. In Fig. 4 a distinct leveling can be seen at 
approximately 750 000 SEK of investment for the tree 
scenario. This is where all overhead line sections that go 
through forest areas have been replaced with cables. Hence, at 
this point further investments do not pay off as much as 
earlier investments in terms of customer interruption costs. 
Due to the randomization of areas with forest, the plot starts 
at a lower value than the previous one. The cause of this is 
that most of the forest-affected lines are below average 
importance. 
 

 
0 0.5 1 1.5 2 2.5

x 106

0

2000

4000

6000

8000

10000

12000

C
us

to
m

er
 In

te
rru

pt
io

n 
C

os
t [

S
E

K
/y

r]

Investment [SEK]

Base case
Tree scenario

 
Fig. 4. Total customer interruption cost as a function of investment in 
underground cables, without contribution to interruption cost from 
stations.  
 
 
 
 
 
 
 
 
 
 
 
 

DISCUSSION 
 
The difference between the highest and lowest component 
importance is not that large in this case study. This results in 
that other factors might contribute more than the component 
importance for maintenance prioritization. One example is the 
status of wood poles, i.e. one major reason for renewing 
might be the condition of wood poles. Components in a 
generally bad condition are likely to be prioritized, since these 
most probably are prone to have more failures than the 
average component. The reason for why the presented method 
does not identify these “critical” components is the 
assumption of a common failure rate (per km) for the 
overhead lines. However, component condition might be 
possible to include in the calculation of maintenance potential 
by more detailed estimates of the failure rates. 
 
CONCLUSION 
 
In this paper we have presented a method for establishing the 
value of a network’s components from a reliability worth 
perspective. The method has then been applied to evaluate the 
value of a secondary feeding point as well as the best 
replacement strategy for the involved overhead lines. 
 
The conclusion is that the proposed method can be applied to 
real life networks. It is data demanding but produces results 
that are valuable for the network owner. 
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Abstract – This paper proposes a reliability importance 

index that is possible to extract from existing reliability 
simulations at a low additional computational cost. The 
index utilizes the concept of reliability worth as a measure 
of system reliability in order to establish the importance of 
components in systems with several load points. Since the 
method is based on simulations, it is suitable for large 
networks with a high level of detail. The index can be used 
as decision support for asset management, for example 
where maintenance actions will become most beneficial. 
The index is evaluated against the background of a num-
ber of analytically calculated indices. Furthermore, the 
index is applied to a network in the Stockholm area.  The 
conclusion of the paper is that the proposed simulation 
based importance index provides a means of improving 
analysis of electrical network reliability. 

Keywords: reliability importance index, Monte 
Carlo simulation, electrical network, customer inter-
ruption cost, reliability worth 

1 INTRODUCTION 
In the search for the best possible asset management 

strategy for electrical networks it is essential to know 
the importance of components involved. The impor-
tance of components can be obtained through the use of 
reliability importance indices. The indices can be used 
for prioritizing components; one example is to deter-
mine where maintenance actions will have the greatest 
effect. Taken further, these indices can be used in the 
optimization of maintenance from a system reliability 
perspective, which is one of the major goals for asset 
management of electrical networks. 

 
This paper begins with a brief comparison/evaluation 

of a number of reliability importance indices, that is 
Fussell-Vesely’s and Birnbaum’s component reliability 
importance, the criticality index and two newly devel-
oped indices (IH and IMP) [1]. These newly developed 
indices define the reliability importance of individual 
components with respect to the reliability worth [2], i.e. 
total interruption cost. Except for IH and IMP, the above-
mentioned indices are aimed at systems that can be 
modeled as networks with components in serial and/or 
parallel couplings between two nodes. This is a restric-
tion that is not generally applicable for an electrical 
network. This motivates the indices IH and IMP, which 
can be used to evaluate several nodes (supply and load 
points). However, all of the above mentioned impor-
tance indices are based on analytical techniques. For 

more complicated systems, for example with repairable 
components and time varying failure rates, these indices 
become very complicated to solve with analytical tech-
niques. A suitable alternative to the analytical approach 
is simulation techniques. 

 
The major contribution of this paper is a further de-

velopment of the concept of IH and IMP by extending the 
method with the use of the Monte Carlo simulation 
technique. Hence, enabling to solve more complicated 
models compared to the analytical approach. One of the 
advantages of the method is that it is possible to imple-
ment in already existing network reliability simulations. 
This is achieved by keeping record of a relatively small 
number of additional data from the simulations. The 
major advantages are ease of implementation and that 
the method becomes computationally cost effective. The 
proposed simulation based index is evaluated against 
generally known indices and discrepancies are dis-
cussed.  

 
Notation and index: 

h  System reliability. 
pi  Component reliability. 
D  At least one minimal cut set containing component 

i is failed. 
J  System failed. 
i  Component number. 
s  System. 
λ  Failure rate [f/yr.]. 
Cs  Expected total yearly interruption cost [SEK/yr]. 
Ki  System cost caused by component i [SEK]. 
T  Total simulation time. 
ni Number of system failures caused by component i. 
N Total number of system failures. 

2 ANALYTICAL BASED INDICES 
This section is dedicated to a short description and 

analysis of three generally known and analytically 
based indices and two analytically based indices that 
utilize reliability worth as a measure of reliability. 

2.1 Birnbaum’s reliability importance, IB 
Birnbaum’s measure of component importance is a 

partial derivative of system reliability with respect to 
individual component failure rate [3]. It can be argued 
that this method is a form of sensitivity analysis. The 
index gives an indication of how system reliability will 



 

change with changes in component reliability. Birn-
baum’s reliability importance is defined as: 
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where h is the system reliability depending on all 

component reliabilities p (and system structure) and pi 
component i’s reliability. A drawback with the method 
is that the studied component’s reliability does not af-
fect the importance index (for the studied component). 
Noteworthy is the relationship with Birnbaum’s struc-
tural importance. The structural importance can be cal-
culated from IB by setting all component reliabilities to 
½ (p=0.5) [3]. 

 
One issue regarding this index is that it cannot be 

used in order to predict several changes at the same 
time, i.e. reliability changes in several components at a 
time [4]. However, the index can be used to determine 
effects of changes, which is not possible for all indices. 

2.2 Fussell-Vesely's measure of importance, IFV 
Given system failure, Fussell-Vesely's measure of 

component importance [3] is the probability that at least 
one failed minimal cut set contains the studied compo-
nent, as defined by: 
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where P(D) is the probability that at least one mini-

mal cut set containing component i is failed and P(J) is 
the probability that the system is failed. An interpreta-
tion of this index is the answer to the question: If the 
system fails, what is the probability that the studied 
component will be involved in the failure? A drawback 
with Fussell-Vesely’s index is that it does not take into 
account the component’s contribution to system success 
[5]. 

2.3 Criticality Importance, ICR 
The criticality importance, ICR, is based on IB, but 

places the focus on the component’s criticality for the 
system. Given a failed system at time t, this is the prob-
ability that component i is critical for the system and is 
failed at that time [3]. That is the probability that the 
system is failed because of component i's failed status at 
time t. The criticality importance is suitable for preven-
tive maintenance decisions since it puts focus on prob-
able events rather than final events (which cause system 
failure). The index is defined as follows: 
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where IB is defined in (1), pi component i’s reliability 

and P(J) is the probability that the system is failed. 

2.4 The interruption cost based importance index, IH 
The concept of IH is to study the interruption cost 

with respect to component reliability [1]. The method is 
based on the concept of IB, which is extended for as-
sessment of multiobjective networks (e.g. networks that 
serve several load points). IH uses total interruption 
costs instead of probabilities as a measure of system 
reliability (the interruption costs do however depend on 
probabilities). Note that the analysis is performed on 
component failure rate instead of component reliability. 
The interruption cost based index is defined as follows: 
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where Cs [SEK/yr] is total yearly customer interrup-

tion cost and  λi [f/yr] component i’s failure rate. The 
index identifies components that are critical for the 
system with respect to their individual impact on total 
interruption cost with changes in component failure rate 
[1]. One interpretation of IH is that it corresponds to the 
total expected interruption cost (for all load points) that 
would occur if component i failed. Hence, if there were 
one maintenance action available, which would result in 
the same absolute change in failure rate for any compo-
nent in the network.. IH would then be the natural index 
to use for a prioritization of what component the action 
should be performed on. 

 
The index is focused on failure rate. Reliability im-

portance measures are generally focused on component 
availability (i.e. failure and repair rate combined). To 
apply the concept of IH to repair times might prove to be 
more straightforward than failure rates and would com-
plement IH. This is due to one interesting aspect: in 
general it is easier to estimate how repair time changes 
with different actions than how maintenance actions 
affect the failure rate, and hence predicted system ef-
fects of these repair rate related actions might be more 
precise. 

2.5 Maintenance potential, IMP 
Analogous with Birnbaum’s importance index IH is 

not affected by the studied component’s failure rate but 
“only” by component repair time and the position of the 
component and all other components in the system. 
Hence, the concept of maintenance potential [1] is in-
troduced. Maintenance potential corresponds to the total 
expected yearly cost that is incurred by the specific 
component’s failures. Another interpretation of this 
measure is the expected system cost reduction that 
would occur in the case of a perfect component, i.e. no 
failures for the studied component (hence maintenance 
potential). Another way to express this measure is the 
expected total interruption cost that the studied compo-
nent will cause (alone or together with other compo-
nents) during one year. 

 
 



 

 Maintenance potential is defined as: 
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where IH [SEK/f] is defined in (4) and λ [f/yr] com-

ponent i’s failure rate. 

2.6 Concluding remark 
The reliability worth approach distinguishes IH and 

IMP from the more classical indices in more ways than 
just the multiobjective approach. One additional major 
difference is that the initiation of an interruption can be 
penalized and that the length of an interruption does not 
necessarily have to have linear consequences with re-
spect to time. 

3 A TEST SYSTEM 
In order to further evaluate the presented indices a 

small test system is analyzed. Figure 1 displays the 
topology of the system. The model assumes faultless 
automatic breakers, which isolates failures without 
affecting the rest of the network. Even though the 
model is simple, its properties will prove difficult for 
the most commonly used reliability importance indices. 
The test system has independent components with ex-
ponentially distributed failure and repair times. Tables 1 
and 2 present data used for the system. Minimal cut sets 
are defined for the systems as follows: {1,2} for load 
point 1 and {3} and {1,2} for load point 2. 

Figure 1:  Test system. 

Component 
number 

Failure Rate 
[failures/yr] 

Mean Down 
Time [h/failure] 

Component 
type 

1 0.02 480 Transformer
2 0.03 480 Transformer
3 0.01 6 Cable 

Table 1:  Component reliability input data for the test system. 

Load 
point kW SEK 

/kW 
SEK 
/kWh 

SEK 
/inter. SEK/h Type of cus-

tomer 
LP1 10000 15 60 150000 600000 Light industry
LP2 10000 10 35 100000 350000 Agricultural 

Table 2:  Load point input data. 

Table 3 presents the evaluated indices for the test 
system. Birnbaum’s, Fussell-Vesely’s and the criticality 
indices are all calculated for each load point, since they 
only are applicable to two state systems.  

 
 
 
 

          Component number 
Index 1 2 3 
IB LP1 0.001644 0.001096 x 
IB LP2 0.001644 0.001096 0.999998 
IFV LP1 1 1 x 
IFV LP2 0.208243 0.208243 0.791758 
ICR LP1 1 1 x 
ICR LP2 0.208241 0.208241 0.791756 

IH [SEK/f] 750408 500272 2199996 
IMP [SEK/yr] 15008 15008 22000 

Table 3:  Reliability importance indices, ‘x’ denotes that the 
index is not applicable for the studied component and load 
point. 

Table 3 shows that all indices identify component 3 
as the most important component (for IB, IFV and ICR 
from the load point 2 perspective). It is interesting to 
note that IB “values” component number 3 by a factor 
103 more than the other components (for load point 2), 
while IFV, ICR and IH place all of the components in 
approximately the same relative range and IMP almost 
equals all three components.  One important thing to 
note for both Birnbaum’s index and IH is their emphasis 
on component 1 compared to component 2, due to the 
failure rate which is 50% higher for component 2. Both 
these indices points out that the system depends more 
on component 1 than on 2. That is, the system depends 
more on the more reliable component in a parallel setup. 
However, from a maintenance perspective this result 
might be somewhat misleading, since improvements in 
absolute numbers are more likely to be found for the 
weaker component. On the other hand IFV, ICR and IMP 
all values both the components in parallel equal, which 
of course also is sound, since both the components have 
to fail in order to fail the system. 

4 IDENTIFIED COMMON PROBLEMS FOR 
RELIABILITY IMPORTANCE INDICES 

Most importance indices, like those presented in 2.1-
2.3, are created for two state system models. This is a 
system perspective that is not always suitable for elec-
trical networks, since they usually have several supply 
and load points (which can function more or less inde-
pendently). In this sense transmission and distribution 
networks can be stated to be multi-objective, with sev-
eral goals to fulfill, e.g. to deliver energy to all load 
points. One approach to the problem of calculating 
component importance for networks with multiple sup-
ply and load points is to study small parts of the net-
work at a time, e.g. by studying a customer load point at 
a time. By dividing the network into these smaller 
groups it becomes possible to calculate traditional com-
ponent importance indices. One problem with this ap-
proach is how to determine the importance relationship 
between components in different branches as well as for 
shared components. One solution to the problem is to 
use IH and/or IMP, which are indices that utilize customer 

Load point 1 Load point 2

Supply point 
1 

3 
2 



 

interruption costs as a measure of reliability. The con-
cept of customer interruption costs as a measure of 
reliability, also recognized as reliability worth, can be 
found in [2]. 

 
The presented analytically calculated indices have a 

number of common properties regarding model detail 
depth. To a certain extent the analytical approach can 
adapt time varying failure and repair rates. Neverthe-
less, the analytical approach becomes inherently hard to 
calculate for variations due to events in the network. 
Events that for example include complex reliability 
dependencies. To model large and complex structures 
with an analytical approach is a complicated procedure, 
but definitely possible as for example shown with the 
reliability tools RADPOW [6] and AREP [7]. To pro-
duce the derivative of models built with these tools with 
respect to component reliability, for example in order to 
calculate IB and IH, is even harder. One approach to a 
numerical estimate of the derivative is to perform a 
sensitivity analysis on the models with respect to the 
component reliability, for example performed in [1], 
which is a computational costly approach. 

 
To conclude this section, we state that the above de-

scribed indices have their limited capability to capture 
the reality of electrical networks and if these indices are 
to be produced with the help of analytically based reli-
ability tools, for electrical networks, a computational 
costly sensitivity analysis has to be performed. Most of 
the difficulties mentioned in this section can be ad-
dressed with simulation techniques, maybe with the 
exception of computation time. 

5 SIMULATION BASED INDICES 
In this section we will discuss one recently devel-

oped index and propose one new index. Numerical 
results for both these indices could easily be gained as 
results from reliability simulations. For some already 
existing simulation software these indices should be 
easily implemented.  

5.1 Failure criticality importance index, IFC 
The failure criticality index (IFC) was developed in 

order to obtain a reliability index from already existing 
reliability simulation routines. The basic concept is to 
divide the number of system failures caused by compo-
nent i in (0,t) with the number of system failures in (0,t) 
[8], as defined in: 

 

N
nI iFC

i =     (6) 

 
where ni is the number of system failures caused by 

component i and N is the total number of system fail-
ures. “Caused” should here be interpreted as; the final 
event that fails the system. For example if we study the 
test system and if component 1 fails followed by com-

ponent 2, that also fails, n2 and N would be incremented 
with 1, and n1 would not be incremented. 

 
One of the major advantages with this method is that 

it calculates a component reliability importance index 
from simulations at a small additional cost in computa-
tion time. The method does not require any extra simu-
lation cycles, only logging of failures for system and 
components (i.e. n and N). 

 
The authors of IFC also propose another related meas-

ure where the denominator is replaced with the number 
of the studied component’s total failures in (0,t). This 
alternative gives an indication of the percentage of 
component failures that are critical for the system.  

 
One important characteristic of this index is that it 

measures the importance in number of failures. This is a 
different approach than the classical availability based 
indices. For IFC one failure is as important as another, 
even if the failures bring the system down for different 
durations. This is addressed with more indices, indices 
that take time into consideration [8].  

 
The index has been applied to a distributed control 

system designed for a power generation plant [8]. 

5.1.1 Applicability for electrical networks 
IFC has a potential use in electrical networks, the ma-

jor reason for this is that the index is developed (and 
suitable) for large systems with a degree of complexity 
that makes analytical solutions hard to obtain [8]. An-
other reason is that simulation methods are already 
developed for many electrical networks and that this 
index most likely is reasonably easy to implement into 
the simulation methods. However this index shares the 
problem with the classical reliability indices, i.e. it is 
not developed for multiobjective systems (several load 
points).  

5.1.2 IFC applied to the test system 
The index has been applied to the test system and the 

results of the simulation are presented in Table 4. The 
small differences in IFC between component 1 and 2 are 
an effect of the simulation, they share the same ex-
pected value (which is an effect of that they have equal 
average repair times). Note that this equal importance 
between component 1 and 2 is not a shared property 
with Fussell-Vesely and the criticality indices. If we for 
example would reduce the expected repair time drasti-
cally for component 1, the primary result of this reduc-
tion would be a drop of importance of component 2 
(failures of component 2 would not cause as many sys-
tem failures). This should be compared with IFV and ICR 
which both would change the importance for both the 
components to the same lower value. This example 
emphasizes the special characteristic of IFC, that is the 
focus on the causing component, in this example the 
more reliable component is regarded as more important. 

 



 

 
 Component number 

Index 1 2 3 
IFC LP1 0.498 0.502 0.0032
IFC LP2 0.0032 0.0033 0.9935

Table 4:  Reliability importance index IFC. Note that the sum 
for each column equals 1.  

5.2 Proposed new index, IM 
This index is based on the concepts of IH and IMP, 

combined with the failure criticality index. It is an index 
that is derived from simulations that calculate customer 
interruption costs. The idea is to achieve this at a low 
additional calculation cost, by keeping track of a rela-
tively low number of events (component failures and 
related system costs). 

 
The index, IM, is calculated by designating the total 

interruption cost caused by an interruption to the finally 
causing component, i.e. if the component is the final 
cause of failed delivery to load point(s), the studied 
component is held responsible for the whole interrup-
tion cost. The accumulated cost over time for the com-
ponent is then divided with the total simulation time in 
order to get an expected interruption cost per time unit 
(year). The index is defined as follows: 

 

T
K

I iM
i =  [SEK/yr]   (7) 

 
where Ki is the total accumulated interruption cost 

over the total simulation time T for component i. 
 
The interruption cost perspective of the index allows 

us to identify the components that are likely to cause the 
most costs in terms of interruption. Hence, the index 
gives us an indication of what components should be 
prioritized for maintenance actions (or in some cases re-
design of the structure that results in the high value of 
IM). Moreover, IM gives information on components that 
do not cause much interruption cost for the network. It 
might be beneficial to reduce preventive maintenance 
for these components. It is however important to note 
that a relatively low value of IM might be due to low 
component failure rate and that the network (total inter-
ruption cost) might be sensitive for small changes in 
these failure rates. Hence precaution should be taken 
regarding what components that get reduced attention. 

 
It might seem somewhat unreasonable to formulate 

an index as previously defined i.e. by holding the com-
ponent that trip the (sub)system responsible for the 
whole event, as similarly defined in 5.1. Nevertheless, 
since simulation-runs generally include many events, 
this should not be an issue. However, the major reason 
for just “blaming” one component is that the measure 
becomes non-ambiguous. Consequently minimal cut 
sets are not needed in order to calculate IM. In a com-

plex network with advanced mechanisms it might not be 
possible to deduce minimal cut sets. Hence, for a more 
complex system the proposed index, IM, might be a 
suitable measure.  

5.2.1 Alternative approach 
One alternative approach to the suggested method is 

to assign the interruption cost to all components in the 
failed minimal cut set, not just to the component that 
caused the failure. The drawback with such an approach 
is that it is necessary to calculate all minimal cut sets 
and to keep track of which is failed, which is not neces-
sary for the previously defined method.  

5.2.2 IM applied to the test system 
We simulate the test system with the same properties 

as used for the analytical calculations. This includes 
assuming independent components with exponentially 
distributed failure and repair times. The applied simula-
tion technique is event driven. Results from the simula-
tion can be seen in Table 5. 

 
Note that the sum for component 1 and 2, 15003 

SEK/yr, is very close to the individual components 
maintenance potential (IMP), 15008 SEK/yr. This is an 
effect of the definitions of the indices. The maintenance 
potential correspond to the total amount possible to save 
on the studied component which in this case correspond 
to the total interruption cost of the cut set components. 
This corresponds with the results for component 3 
where the value for IM almost exactly corresponds to the 
value of IMP. 

 
 Component number 

Index 1 2 3 
IM [SEK/yr] 7487 7516 22008 

Table 5:  The proposed reliability importance index IM. 

The sum of all components’ indices adds up to total 
expected yearly interruption cost, for the whole system. 

6 THE SIMULATION INDEX, IM, APPLIED TO 
A LARGE NETWORK 

The proposed simulation based index, IM, has been 
applied to a distribution network in the Stockholm area, 
here referred to as the Birka system, see Figure 2 [6]. 

6.1 The Birka system 
The system includes a 220/110kV station (Bredäng) 

and one 110/33kV, 33/11kV station (Liljeholmen). 
These two stations are connected with two parallel 
110kV cables. From the Liljeholmen station there are 
two outgoing 33 kV feeders, Högalid (HD) and Stock-
holm railway (SJ), there are also 32 outgoing 11kV 
feeders (LH11), here represented by one average set of 
components (28-35). The model includes 58 compo-
nents divided into four types: circuit breakers, cables, 
transformers and bus bars. In the network, every com-
ponent has a specific failure rate and repair rate. In total, 
this network serves approximately 38 000 customers 



 

where the load point SJ consists of one customer, that is 
the railway, the load point LH11 represent one average 
load point of 32 actual outgoing feeders, which in total 
serve 14 300 customers and the load point HD that feed 
23 400 customers [9]. The model has exponentially 
distributed failure and repair times and independent 
components, which are shared properties with the model 
in [1]. 
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Figure 2:  The Birka system [6]. 

6.2 Simulation results 
Figure 3 presents the importance of the components 

involved in terms of average caused interruption cost 
per year. Note that some of the components have an 
importance of 0 SEK/yr, this is due to the fact that 
events that require three independent components to be 
failed at the same time has an extremely low probabil-
ity. For this system these events generally do not hap-
pen, even with simulation times in the magnitude of 
billions of years. In Figure 3 it can be seen that the most 
important components (from a IM perspective) are 14 
and 1, followed by 8 and 2. It is interesting to note that 
there are a number of components that cause a large part 
of the interruptions. The six most critical components 
(10% of the population) cause 48% of the interruption 
cost. And the 12 most critical components (20% of the 
population) cause 76% of the interruption cost. This is 
close to the 20/80 rule, i.e. 20% of the population cause 
80% of the trouble. 
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Figure 3:  Component importance, IM, where component 1 
and 14 are identified as most important.  

6.3 IM evaluated against IMP and IFC 
The result from the simulation can be compared with 

the analytically calculated importance index IMP for the 
system and with the previously discussed simulation 
based index, IFC. In Figure 4 the analytical based index 
IMP is calculated. If we compare IMP and IM we see a 
quite high correlation, i.e. close to the same values for 
many components. Differences, as for example for 
component 5 and 11, are explained by differences in 
reliability models and by the differences in the defini-
tions of the two indices (this is especially true for com-
ponents in parallel structures). However, both the meth-
ods, applied to respective model, identify 14, 1, 8 and 2 
as the most important components.  
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Figure 4:  IMP for the whole Birka system, where component 
1 and 14 are identified as most important. 

Results of calculations of IFC for load point LH11 are 
presented in Figure 5. It is interesting to note the em-
phasis on component 34, which is explained by the fact 
that IFC is calculated from the single load point perspec-
tive (LH11) and that the index is based on the number 
of failures (and not the duration).  
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Figure 5:  IFC for load point LH11, where component 34 is 
the most important component. 

IFC calculated for HD position component 48 as the 
most important component while for load point SJ com-
ponent 14 is the most important. The data presented for 
IFC put emphasis on the previous discussion regarding 
two state systems and their applicability to networks 
with several load points. 

6.4 Conclusion 
This section has shown an applied example of the 

proposed index, IM. In comparison with other indices IM 
give congruous and interesting results that could be 
useful for reliability related activities in the network. 

7 DISCUSSION 
Computation time is a common objection to simula-

tions, i.e. simulations are costly in terms of computation 
time. There are techniques for reduction of calculation 
times without loss of precision, different variance re-
duction techniques for example. Still, simulations quite 
often turn out costly in terms of calculation time. How-
ever, if we compare simulations techniques with ana-
lytical based calculations for the calculation of reliabil-
ity importance indices, the question regarding computa-
tion time is not clear, since analytical-based reliability 
methods in general are difficult to adjust for the calcula-
tion of such indices. One conclusion might be that simu-
lations are suitable for component importance calcula-
tions in complex systems. Another issue regarding 
simulations is their repeatability and consistency. Rare 
events with high impact can have a huge effect on simu-
lations. However, being aware of these issues regarding 
simulation we must acknowledge their value. Simula-
tion based calculations enable us to develop models 
with higher resolution for larger systems in a more 
straightforward manner compared to the analytical ap-
proach. 

8 CONCLUSION 
All of the indices presented have their own area of 

application, where they are especially suited for their 
purpose. The purpose of the proposed index, IM, is to 
establish a connection between component reliability 
and its effect on system level. Hence it gives decision 
makers support with the tasks of resource allocation for 

example. The method encourages reliability importance 
index calculations during computation of reliability 
simulations.  The interruption cost is used as a measure 
of reliability; this enabling an analysis of component 
importance for several load points with one index for 
the whole system. 

 
The limitations of IM are related to simulations, i.e. 

repeatability and computation time. However, one of 
the strongest advantages comes from simulations and 
that is the level of achievable model detail depth. Re-
garding the issue of computation time the index is suit-
able for implementation in already existing simulation 
routines at a low additional computational cost.  

 
The conclusion of the paper is that the proposed 

simulation based importance index provides means of 
improved analysis of complex electrical networks with 
several load points. 
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