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Introduction
Background Overview
Access to electricity is the main cornerstone of modern society. It is essential for indus-tries, research, healthcare, our daily tasks, and many other purposes. It propels the de-velopment of countries and regions and improves life-standards. Nevertheless, the elec-tricity needs to be generated first and made available on-demand. In order to distributethe electricity to different areas, population centers, and people, a power system is used.In other words, the power system is the link between the electrical energy producers andthe consumers.

The power system is a complicated structure, made up of numerous transmission linesand their connecting points. These connection points, called substations, tie together allthe various lines and other connections. The distribution of electricity is controlled andregulated through substations. They also have a protective purpose in case of failures inthe power system. If a failure occurs, then the area with the fault is disconnected from therest of the grid via substations. It is not an overstatement to say, that without substations,electricity distribution could not be operated.
As with society, the power system is always evolving. New directives, regulations, andrules implemented by the government change the energy sector. This has an impact onelectricity distribution as well, creating many challenges to tackle [1]. For example, tra-ditional power generation units in coal-based power plants are being gradually replacedby renewable energy-based solutions. This subsequently alters the locations of electric-ity generation and demand centers. As a result, the load on some transmission lines in-creases, while it decreases on others. Similarly, the power system’s electrical strength andtransmitted energy change at specific substations. Thus, these changes have an impacton the overall planning and management of the power system and substations.
The functionality of the substations itself depends on the functionality of their indi-vidual equipment and elements. If the equipment is not capable of operating within therequired limits, then the part of the power system with that specific equipment can be-come disabled. This has an impact on the transmission capability of electricity betweengeneration and demand, causing failure consequences measured mainly by the value ofundelivered energy. These situations need to be avoided by focusing on equipment withhigher risk of failure. Therefore, the risk of equipment failures needs to be assessed asstated in the ENTSO-E regulations [2, 3]. Mainly, it is essential to map the power system’selements, that can cause disruptions in energy distributions.
The risk of failure itself includes inmost cases financial and probabilistic factors. There-fore, the risk of failure indicates the combination between the likelihoodof occurrence of aspecific failure event and its related economic consequences. The obtained valuemakes itpossible to evaluate the degree of failure significance of various power system equipmenton the common scale. Higher risk of failure indicates the importance of that equipment interms of overall reliability and the redundancy of the power system. In order to decreasethe risk of failure, appropriate solutions are needed.
An option for decreasing risk of failure is to keep the condition of the power systemequipment as good as possible. However, this can have a relatively high associated cost,whichmay exceed the available resources dedicated formaintaining proper power systemfunctionality. Thus, it is necessary to develop new approaches for decreasing failure riskmore optimally. As in every sector in society, cost-efficiency has become one of the mainfactors in the operation of the modern power systems. Continuing as usual might not beenough to adapt to the changing energy sector and deal with various challenges related to
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substation asset management. Mainly, it is important to predict and avoid equipment fail-ures that have extensive consequences, such as a disconnection of larger areas or crucialfacilities. In addition, it is necessary to improve awareness of the condition of the equip-ment and allocate the available funds to equipment with a higher likelihood and cost offailure.
Maintaining the functionality of the power system is the responsibility of transmis-sion system operators (TSOs) or distribution system operators (DSOs). They also need totake necessary actions to prevent potential failures in the grid and keep its reliability ata socially acceptable level. This means having awareness about the failure risk and thecondition of the equipment in the system. Asset management is used in order to gathernecessary data and justify various decisions relatedwith power system equipment and re-liability. It requires the assessment of the condition of equipment in a regular basis to de-tect occurring degradations. If the condition of equipment has started to degrade, main-tenance procedures are carried out. Through frequent condition inspections, equipment-related data is improved. Having awareness of the condition of equipment also makes itpossible to prevent potential failures with higher and more serious consequences.
Asset management itself consist of different methods and principles. It has evolvedover the decades and is constantly improving. Nevertheless, multiple aspects are stillinefficient and not optimal. These are mainly related to reliability issues and statisticsdescribing equipment condition data. Changes in the power system alter demand, load,and the and transmitted power in lines. This has an impact on reliability aswell. As a result,the risk of some equipment failure increases and maintaining their proper functionalitybecomes a priority. Another important factor in the power system’s reliability is the agingof its equipment. The majority of the substations were constructed more than 30 yearsago, meaning that the equipment has already reached its life expectancy or is about toreach it [4]. Due to aging, their overall reliability starts to decrease.
This requires power system operators to replace the aged equipment in order to in-crease reliability, but it has a high cost and also requires available funds. Instead, it is pos-sible to maximize equipment operational time by implementing dedicated approaches inasset management. This makes it possible to decrease the total replacement cost anduse the remaining funds for other things, such as improving the power system’s relia-bility. Thus, equipment replacement should be done based on the actual condition ofequipment, not on statistical estimates. In order to make decisions on more optimal andcost-efficient options regarding aging assets, research is needed to develop the necessarymethodologies to justify these choices.
The lack or absence of statistical data on equipment condition decreases the efficiencyof asset management as well. It is necessary to know the actual condition of equipmentin order to determine the accurate failure risk or to justify its replacement. Due to thelarge amount of equipment in the power system and the previously implemented assetmanagement methods, statistical information can be limited for some equipment types.As a result, the partial information related to equipment condition alters their importancein the power system and makes determining their failure risk complicated. Thus, obtain-ing equipment failure risk in the case of data uncertainty is a crucial factor. This addi-tionally requires the development of dedicated approaches improving asset managementdecision-making.
After determining the failure risk of equipment, it is necessary to reduce it by imple-menting the correspondingmethods. Different risk reductionmethods can be usedwithinthe assetmanagement decision-making procedure. Nevertheless, each of themhas a spe-cific associated cost. Therefore, determining cost-efficient way to increase power system
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reliability requires the consideration of various cost-related components of risk reduction.For that purpose, the costs of multiple asset management methods need to be evaluated.In order to optimize asset management at a larger scale and improve its cost-efficiency, itis important to include all substation equipment in the process. This requires the deter-mination of individual failure risks for "smaller" and less expensive pieces of equipment inaddition to the "larger" andmore expensive ones, especially if they can similarly cause ex-tensive failures in the power system. Their condition data, either statistical or estimated,is also needed.Therefore, in order to increase the cost-efficiency of asset management, it is neces-sary to take into account its multiple domains. These domains are related to each otherand can be determined using dedicated methods. Combined, they create a structure ofmodern day assetmanagement and describe the various challenges in assetmanagementdecision-making. These domains are also illustratively depicted in Fig. 1. Firstly, in or-der to increase the efficiency of asset management, it is necessary to determine optimalmanagement strategies. For that, the cost-efficiency of different management methodsneeds to be analyzed. Secondly, optimal decision-making is related to the availability ofequipment-related condition data. Having high-quality statistical data is an important fac-tor in improving asset management. In the case of limited or absent data, data estimationis necessary. Thirdly, failure risk of equipment needs to be decreased cost-efficiently. Thisis achieved by analyzing potential risk reduction methods and using the proper method-ology for risk assessment. In addition, for calculating failure risk values, it is initially im-portant to determine equipment failure probability and its condition.
Asset management
decision-making

 Dealing with data
uncertainty

Optimization of asset
management

Determining cost-efficient
management strategies

Equipment related data
estimation Risk assessment

Determining equipment
failure probability

Determining equipment
Health Index

Risk reduction

Figure 1: Main domains related with asset management decision-making

Thus, all of these domains are crucial for optimizing assetmanagement decision-making.In a modern power system, one option for overcoming the challenges related to this is todevelop suitable solutions, as stated in ENTSO-E future goals for 2030 [5]. Therefore, it isnecessary to: i) maintain the reliability of the power system in the case of aging substa-tions; ii) determine the failure risk of each individual component or piece of equipment inthe power system; iii) prevent potentially occurring equipment failures with higher conse-quences in a more cost-efficient manner; iv) obtain equipment-related data in the case ofdata uncertainty; v) decrease the failure risk of equipment in a more cost-efficient man-ner. Therefore, developing methodology to improve the reliability of the power systemand increase the cost-efficiency of asset management in the case of limited funds and un-
12



certainty in condition data is crucial. This thesis focuses on the challenges listed aboveand describes corresponding methods with appropriate solutions to overcome them.
Hypotheses
In accordance with the selected domains of asset management decision-making and theirrelated challenges, the hypotheses in this thesis are presented in the following.

• Hs1 - Failure risk assessments with a focus on high-cost equipment can leave low-cost equipment with significant failure risks unnoticed
• Hs2 - Failure risk of equipment could be cost-efficiently reduced in the case of un-known condition data
• Hs3 - Failure risk reduction cost-efficiency could be used to determine the optimalrisk reduction methods for individual equipment

Research Questions
In accordance with the hypotheses, the following research questions are addressed.

• RQ1 - Is it possible to calculate the maximum failure risk of equipment including allsubstation equipment on the primary side?
• RQ2 - Is it possible to estimate equipment failure risk in the case of condition datauncertainty?
• RQ3 - Is it possible to determine a cost-efficient failure risk reduction sequence(process) to distribute equipment between preventive and corrective asset man-agement including all substation equipment on the primary side?
• RQ4 - Is it possible to increase asset management cost-efficiency in the case of con-dition data uncertainty?
RQ1 corresponds to Hs1. RQ2 and RQ4 corresponds to Hs2. RQ3 corresponds to Hs3.

Objectives of the Thesis
• In accordance with RQ1, the first objective of the thesis is to develop a failure riskcalculationmethod for all equipment on the substation’s primary side. It is intendedfor the calculation of equipment maximum risk based on its failure probability andcost-related parameters, such as cost of load curtailment and repair. The calculationprocess takes also into consideration the single failure and combined failure eventsfrom the perspective of individual equipment and its related failure impact to thepower system.
• In accordance with RQ2 and RQ4, the second objective of the thesis is to developmethods for equipment failure risk assessment and reduction in the case of uncer-tainty in equipment condition data or lack of a sufficient level of data. The methodsincorporates data or cost estimation in the process for determining a cost-efficientsequence of equipment inclusion into the preventive asset management method.They also indicate the justification for using preventive or corrective managementmethods in the case of limited condition data.
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• In accordance with RQ3, the third objective of the thesis is to develop a methodfor cost-efficient reduction of equipment failure risk. It determines the individualequipment risk reduction efficiency according to the achievable decrease in risk andits cost. The method makes it possible to evaluate the justification of decreasingfailure risk by implementing measurement solutions or arranging spare equipmentin the same or a nearby substation.
The links betweenpublications, the factors anddomains of assetmanagement decision-making, and the research questions of the thesis are depicted in Fig. 2. Publication Iaddresses RQ1 and focuses on the failure risk calculation method of individual pieces ofsubstation equipment. Publication II addresses RQ2 by proposing a process for the es-timation of equipment condition-related data and uses the results to distribute equip-ment between the different management methods from a management cost perspec-tive, therefore addressing RQ4. Publication III addresses RQ3 and proposes a procedurefor determining a sequence (process) for equipment failure risk reduction and their dis-tribution between management methods by considering management costs. PublicationIV addresses RQ4 and describes a method for evaluating the asset management costs ofdifferent approaches during a specified time period.

Asset management
decision-making

 Dealing with data
uncertainty

Optimization of asset
management

Determining cost-efficient
management strategies

Equipment related data
estimation

Risk assessment

Risk reduction

  Publication IIPublication II, III, IV  Publication I  

Publication III 

  RQ1 RQ2

  RQ3

  RQ3 and RQ4

Figure 2: Links between main domains of asset management decision-making, research questions,
and publications used in thesis

Contribution of the Thesis
Scientific Novelty

• A hybrid calculation process of equipment failure risk is developed to determineits maximum value for all equipment types in substation’s primary side from theindividual equipment perspective.
• A condition Assessment process of substation equipment is proposed in the caseof limited condition data by incorporating data estimation and cost componentsrelated to asset management methods.
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• A reduction process of equipment failure risk is proposed by incorporating preven-tive and corrective asset management methods for all substation equipment typeswithin the available risk reduction funds.
Practical Novelty• The process failure risk calculationmakes it possible to obtain a full overview of sub-station equipment with higher failure risk by including "smaller" and less expensiveequipment types in addition to "bigger" and more expensive ones.

• The procedure for determining the process of assessing equipment condition in-spections makes it possible to justify using preventive or corrective asset manage-ment methods for all substation equipment types in the case of limited conditiondata.
• The process for failure risk reduction makes it possible to determine a procedureof including individual equipment or equipment types in preventive or correctiveasset management methods from a cost and reliability perspective.

Thesis Structure
This thesis is divided into three chapters. In the first chapter, an overview of the substationasset management and the importance of equipment failure risk is given. In the secondChapter, the calculation process of determining themaximum failure risk from equipmentperspective is explained. In the third chapter, the obtainment of estimated failure risk andprobabilistic state of equipment condition in the case of data uncertainty is analyzed. Inaddition, an equipment failure risk reduction process considering the related asset man-agement costs is presented.
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1 Substation Asset Management
Substation assetmanagement contains various guidelines formaintaining the proper func-tionality of a power system’s equipment. It includes differentmanagementmethods, suchas preventive and corrective, with specific cost components. Another key factor in assetmanagement is equipment failure risk (RoF). It is possible to optimize asset managementprocedures according to the cost components and RoF values. In the case of input datauncertainty, as RoF estimation is also needed. Based on the management decisions andcorresponding procedures, the RoF of substation equipment can be reduced. This is themain factor in increasing management cost-efficiency.

This chapter will provide background information on substation asset management.Initially, a brief overview of substation asset management methods and their cost com-ponents is given. This is followed by a description of the risk of failure, its use in assetmanagement, and a discussion on the necessity of asset management cost optimization.Next, it analyses the impact of inaccuracy on the risk of failure and potential options forreducing it. The chapter ends with a description of RoF reduction methods for increasingasset management cost-efficiency.
1.1 Methods of Substation Asset Management
Substation assetmanagement is used tomaintain the good condition andproper function-ality of substation equipment. Its objective is to evaluate the condition of the equipmentand take necessary action, if a change in its condition has been detected. Usually, theseactions involve equipment maintenance or replacement. The efficiency of asset manage-ment depends on the efficiency of avoiding equipment failures. If the condition of theequipment begins to deteriorate, its operational capabilities decrease. Without timelyinterference, the deterioration of its condition leads to equipment failure. The latter cancause a disruption in energy supply and leave part of the gridwithout electricity. These sit-uations could have serious and significant consequences. Therefore, to avoid equipmentfailures, their condition needs to be evaluated or inspected regularly.

Another objective of assetmanagement is to reduce the operational expenses (OPEX )of the power system. This foremost requires avoiding equipment failureswith higher costsanddecreasing the failure probability of equipment. As such, it depends on the equipmentcondition evaluation methods and its inspection frequency. On the other hand, theseactions can increase the OPEX . An option is to increase the capital expenses (CAPEX )in order to lower overall management costs. Mainly, the CAPEX can be used to obtainconditionmeasurement solutions that allow for the prevention of equipment failures andreduce the need for time-based condition inspections of equipment.
The main principles of asset management are described in the ISO 55000 [6–8] andPAS 55 [9, 10] standards. In these, overall guidelines for implementing asset managementin various companies are provided. However, there is a lack of more detailed descriptionsrelated with asset management optimization and cost-efficiency. Therefore, these stan-dards only give more generalized instructions and approaches rather than solving specificmanagement-related issues. Thus, research done is this field could providemore accurateand directly focused potential solutions and highlight efficient approaches. In this regard,various aspects of substation asset management are covered in the literature.
An overview of asset management methods and their principles of use is provided in[11]. These are compared based on their impact on power system reliability and associatedcosts. In addition, an analysis of advantages and disadvantages of management methodsare given in [12]. Accordingly, the chosen asset management approach depends on the
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preset objectives and the justification of the increase in OPEX and CAPEX . Therefore,the asset management methods can be divided into the following categories:
• Preventive
• Predictive
• Corrective
In preventive methods, various approaches and solutions, such as equipment condi-tion inspections andmeasurement sensors, are used to detect changes in equipment con-dition. If significant changes are detected, preventive actions are implemented. Thesemay be equipment maintenance or even replacement. Preventive methods could alsoinclude replacing still functional equipment before the end of its life expectancy. The pre-dictive method has common aspects with the preventive method. Its main essence is topredict changes in equipment condition. Similarly, equipment condition inspections andmeasurement solutions are used for that. In addition, it includes statistical analysis to es-timate the time frame where the degradation the condition is most likely to occur. Basedon analysis, it is also possible to estimate the life expectancy of equipment.The preventive and predictive methods can also be described as reliability-focusedmethods. Nowadays, the aim is to transition towards methods, that increase the powersystem’s reliability. Examples of reliability focused asset management methodologies arepresented in [13–15]. The key component in these approaches is statistical or measureddata representing equipment condition. In accordance with that, the equipment impor-tance in the power system is obtained and expressed by failure probability. Next, equip-ment with higher failure risk is focused on and more frequent condition assessments areused. The majority of relevant reliability-based methods require relatively accurate inputdata. This makes them less efficient in the presence of condition-related data uncertainty.In addition, they focus on specific substation equipment type, which also limits their func-tionality.The corrective method is the opposite of the previous two. It means that no directactions are implemented beforehand to prevent or predict equipment failures due tochanges in their condition. Asset management-related actions are taken mainly after fail-ures. Therefore, using the corrective method has an impact on overall power systemreliability and cost-efficiency. Nevertheless, it can be a justified option with low cost-equipment, whose failures do not cause significant consequences.It is also possible to divide asset management methods into:
• Time-based
• Condition-based
• Risk-based
• Run-to-failure
Both categorizations of assetmanagementmethods are used in parallel. The latter dis-tribution also specifies the parameter considered in management decision-making. Forexample, in the risk-based method, the failure risk of equipment is the main parame-ter for choosing appropriate management decisions. Fig. 3 shows an overview of theasset management methods from risk-based method perspective. It is possible to usethe time-based, condition-based, and run-to-failure approaches individually and in ac-cordance with previous practices. Nevertheless, to optimize asset management cost and
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Figure 3: The overview of the asset management methods and the principle of the risk-based distri-
bution of the equipment between these methods

increase the power system’s reliability, the risk-based method is preferred. Thus, equip-ment is distributed between various management methods based on failure risk value.
The time-based method (T BM) shares aspects with the preventive and predictivemethods, as they all involve periodic condition inspections. It is also a corrective methodfor the same reason. Nevertheless, the periodic inspections can not avoid equipment fail-ures, if the deterioration of the condition has a faster pace and reaches equipment failurebefore the next inspection. Still, it can be an adequate option for equipment with lowerfailure cost.
The condition-basedmethod (CBM) can be considered preventive and predictive, as itmakes it possible to obtain a relatively accurate overview of the assets’ conditions. This isachieved by relatively frequent condition inspections or by using condition measurementsolutions. Therefore, the likelihoodof equipment failures is decreased. On theother hand,it can also be a more expensive method than T BM due to the more frequent conditionevaluation.
Opposite of the CBM is the run-to-failure method, where condition inspections andmeasurement solutions are not used. Subsequently, it can not prevent or avoid equipmentfailures. Therefore, it is a purely corrective approach. Itmay be anoption to consider, if thecost of equipment failures and their likelihood are relatively low and the cost of conditioninspection is not justified.
The risk-based method (RBM) combines aspects from T BM and CBM. According tothis method, equipment with a higher RoF is managed in accordance with the princi-ples of CBM, while equipment with a medium or lower RoF is managed in accordancewith the T BM. Another option is to use the run-to-failure method for equipment with arelatively low RoF . The RoF is calculated based on the consequences and the probabil-ity of the equipment’s failure. The threshold values determining the distribution of theequipment between each method can be obtained according to the optimization of assetmanagement cost-efficiency.
The chosen asset management methods depend also on the functionality and com-
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plexity of the equipment, as well as the cost of replacing the equipment after failure. Ifthe equipment has less complexity and lower cost, different management methods maybe preferred to the ones used on bigger equipment with higher costs. Therefore, equip-ment type is a major factor determining the optimal asset management method. Similartypes of equipment based on their functionality, complexity, degradation or aging charac-teristics, and cost can be represented by equipment groups. The equipment types on thesubstation’s primary side are:
• Power transformers
• Circuit breakers
• Disconnectors
• Current transformers
• Voltage transformers
• Earthing switches
• Surge arresters
• Insulators
• Inductive reactors, capacitor banks, and voltage controllers
With power transformers, theCBM is preferred, becausemore frequent data onequip-ment condition allows for a decrease in the likelihood of expensive failures. With otherprimary equipment, the T BM is widely used. The frequency of periodic inspections variesbased on the equipment type, its complexity, and its functionality. As stated in [16], themethods used in substation asset management are chosen based on common practices,traditional approaches, available knowledge and statistics, and field experience. Never-theless, it can also mean continuing as usual, which might be inefficient and decreasethe power system’s reliability in the long run. Therefore, to avoid and prevent equipmentfailures and increase the cost-efficiency of asset management, the optimal managementmethod needs to be chosen for each equipment group. Mainly, this depends on manage-mentmethod cost components. Thus, it is necessary to compare the costs of the differentasset management methods.

1.2 Cost of Asset Management
Assetmanagementmethods can be linked to specific cost components, which determinestheir overall cost during a specific time period. Fig. 4 gives an overview of the princi-pal links between asset management methods, management decisions, and cost compo-nents. Depending on the management method, either preventive or corrective measuresare used. These are either implemented in the condition assessment of equipment fordegradation prevention or for correcting consequences after equipment failure. If a pre-ventive approach is followed, management decisions are taken in accordance with equip-ment condition. In the case of condition degradation, equipmentmaintenance or replace-ment is used. Subsequently, these actions are related to specific cost components. Usingthe preventive approach itself for determining equipment condition has a specific cost dueto condition inspection or monitoring. The corrective approach is similar, as it is linked tothe cost of equipment failure. After obtaining asset management cost components, over-all management cost is calculated.
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Figure 4: Principle overview of the relations between the assetmanagementmethods, management
decisions and the related cost components

The T BM includes multiple cost components. Its first cost component is the cost ofcondition inspections (CoI), which depends on the inspection frequency. Therefore, morefrequent condition inspections also mean an increase in the total CoI. A second impor-tant cost component of the T BM is the cost of failure (CoF). This combines the cost ofthe equipment repair (CoR), including replacement if needed, and the cost of the loadcurtailment (CoLC) that occur with equipment failure. The CoLC represents the totalvalue of the energy not supplied (ENS) as a result of the equipment failure. It can also beindicated by the summarized value of the lost load (VoLL) at the period of failure.Similarly, the CoF depends on the frequency of the condition inspections. Due thegaps between inspections, the T BM can be inefficient for avoiding failures with largerconsequences (higher ENS and VoLL) and detecting the degradation of equipment ontime. Due to the less frequent inspections, the condition of equipment degrades furtherwithout interference. As a result, the likelihood of having a higherCoF component in thattime period increases.Usually, the CoR is the same within the equipment group. However, the CoLC canvary significantly. It is determined by two factors after equipment failure [17]. The firstfactor is the redundancy of the connection between the load (demand or supply) and thepower system. The load curtailment is higher, if there are few or no alternative pathsto power system connections, that lead to substations. The load curtailment is lower orabsent, if multiple paths exist. The second factor is the electrical strength and capabilityof the power system. This is measured by the voltage values at the substations, and thecurrent values in the connection lines and power transformers. After equipment failure,
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the voltage could be below the allowed minimum limit. Similarly, the current in nearbyconnections or power transformers could surpass the allowedmaximum limit. To increasethe voltage and decrease the current, load curtailment is used. In accordance with thesefactors, the total value of load curtailment and theCoLC can be obtained.the third cost component of the T BM is the cost of equipment maintenance (CoMA).This depends on the amount of equipmentwith the detected condition degradation at thetime of the condition inspections, as well as the scale of the condition degradation. Dueto the periodic condition inspections, the condition degradation might not be detectedin its earlier stages. This means, that theCoMA will be higher compared to if defects aredetected in an earlier stage. In addition, the condition degradation can progress betweeninspections. This means, that it could be more reasonable to replace equipment than touse maintenance, if theCoR and theCoMA are relatively similar.Overall, the cost of the time-based management method (CoT BM) in time period t(1) depends on the condition inspection frequency, the CoI and the CoFi. Due to that,it is not optimal or cost-efficient. To increase its efficiency, evaluation of the inspectionfrequency is necessary.
CoT BM(t) =

n

∑
i=1

(CoIi +CoMAi +CoFi) (1)
In order to prevent potential failures due to the degradation of equipment condition anddetect the occurred defects on time, the CBM can be used. This means, that the condi-tion of equipment is assessed based on relatively frequent inspections or measurementsolutions. Therefore, the CoI is higher in the CBM compared the T BM, if using condi-tion inspections. The cost of measurement solutions (CoMS) is added, if measurementsolutions are used instead or with condition inspections. Usually, though, the inspectionsare replaced by measurement solutions. As a result, the degradation of equipment hashigher probability of being detected in its earlier stages. In addition, equipment mainte-nance is implementedwithout significant delays. Subsequently, this decreases theCoMA.On the other hand, frequent condition inspections ormeasurement solutions increase theoverall cost of the condition-based management method (CoCBM) in a time period t (2)compared toCoT BM, without considering theCoF .

CoCBM(t) =
n

∑
i=1

(CoMSi +CoMAi) (2)
If including theCoF , theCoCBM can be lower than theCoT BM. It depends on the num-ber of prevented equipment failures and the scale of the analyzed time period. In accor-dance with the CBM and its outcome, the failure probability (PoF) of the equipment isdecreased. This subsequently reduces the potential failureswith extensive consequences,as indicated by theCoLC. Therefore, it is possible to minimize or discard the componentof the CoF . Overall, the CoCBM depends on the condition inspection frequency, or the
CoMS, and theCoMA.Another important factor in the CBM is the amount of equipment with added mea-surement solutions. To optimize the cost of asset management and avoid the extensiveincrease of CAPEX , the optimal amount of equipment with measurement solutions isnecessary to determine. In that, theCoMS is an important factor as well. If it decreases,more equipment can be included in theCBM without exceedingCAPEX significantly. Inaddition, the avoided CoLC makes it possible to reduce the OPEX . Therefore, it is nec-essary to compare the change inCAPEX and OPEX based on the usage of the T BM and
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the CBM. Based on the results, the equipment can be divided between different man-agement methods in accordance with the RBM.The use of the run-to-failure approach may be preferable from a cost-efficiency per-spective, if the potential CoFi is lower than the total CoIi or the CoMSi of equipment inthe specific time-frame. It is still an alternative option, though, and not suitable for pre-venting equipment failures. In addition, the overall cost of the run-to-failure approach(CoRtF) in a time period t (3) can be higher compared to the T BM due to the conditiondeterioration of equipment without interference.
CoRtF(t) =

n

∑
i=1

CoFi (3)
The cost of risk-based asset management (CoRBM) in time period t (4) depends on theamount of equipment k added into theCBM,m added into the T BM and p added into therun-to-failure approach. Subsequently, each equipment added to the CBM can increasethe CoRBM. On the other hand, it decreases the likelihood of equipment failures, andtherefore, can decrease the total CoF and the CoRBM. A dedicated analysis is neededto determine the efficient balance of the amount of equipment in different managementmethods. Still, because of the higher probability of avoiding failures, theCBM is preferredin the case of equipment with a higher risk.

CoRBM(t) =
k

∑
i=1

CoCBMi +
m

∑
i=1

CoT BMi +
p

∑
i=1

CoRtFi (4)
The main objective of using the RBM is to optimize the cost of asset management. Forthat, it is necessary to analyze multiple cost components, which are linked with a rela-tively frequent condition inspections, the number of measurement solutions added, andthe potentially avoided equipment failures. This makes it possible to determine the op-timal amount of equipment to include in the CBM. The remaining equipment is dividedbetween the T BM and the run-to-failure approach.
1.3 Risk of Failure
The risk of failure incorporates the likelihood of a failure event and its related economicconsequences. Combined, the calculated value indicates the financial risk of the failureevent on the probabilistic scale. The financial risk is higher if the failure event has sig-nificant economic consequences in addition to a relatively high probability. On the otherhand, it is lower if the consequences of a failure event do not cause economically seriousenough limitations. Mainly, the financial aspect is related to the amount of undeliveredenergy to demand and restrictions implied to generation. Therefore, it can be describedas load shedding (curtailment). An additional part in that is also the cost of equipmentrepair or replacement after the failure. The probabilistic aspect is related to equipmentcondition and its worsening over time. Equipment with a more deteriorated conditionand higher likelihood for that has also a higher risk of failure. The risk calculation is usedto combine these aspects in the same process.The substations of a power systemcan include over tens of thousands of units of equip-ment. Their overall functionality and the CoRi are the same within the equipment type.On the other hand, their failure consequences and related costs can be different. Thesedepend mainly on the CoLC. To decrease the OPEX and increase the cost-efficiency ofasset management, it is necessary to focus on equipment with higher CoFi. Another re-lated parameter is the PoFi, indicating the likelihood of equipment failure in the specific
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time-frame. By combining the CoFi and the PoFi, the risk of failure (RoFi) (5) can be ob-tained.
RoFi =CoFi ·PoFi (5)

If the RoFi of equipment is higher, it might be caused by a higher CoFi or a higher PoFi.Very high RoFi occurs in the case of higher values of both parameters. If the CoFi or the
PoFi is lower, the RoFi of equipment is also lower. In the case of lower values of bothparameters, the RoFi is relatively low. These relationships can also be used in asset man-agement decision-making. A more detailed description of the risk calculation equationsimplemented in the scope of the thesis is available in Chapter 2.The RoFi value is mainly used to highlight the importance of the equipment in thepower system and, subsequently, to direct the focus of asset management towards thesepieces of equipment. This is also the main essence of the RBM. Its principle structureis provided in Fig. 5. Initially, the equipment included in the RBM is chosen. Next, thecorresponding risk components are obtained and equipmentRoFi is calculated. The latteris used to determine the equipment’s importance in the power system. This makes itpossible to improve asset management decision-making.

Equipment group 

Calculation of risk

 Risk components Cost of failure 

 Probability of failure

Equipment order based on risk 

Decision-making 

Figure 5: Principle overview of the risk-based asset management structure

The failure risk of the equipment has a direct link to substation and power systemreliability. Mainly, if the RoFi is higher, then the reliability is lower. The usage of reliabil-ity assessment in the power system is analyzed in [18], with an included overview of keyterms and usual approaches in the field. Commonly, overall reliability is assessed basedon the available statistics describing equipment condition. The latter is converted to ele-ment failure rate or failure probability. The obtained failure probability of an element isused to calculate its reliability. Next, a specific power system example is implemented todetermine element failure consequences, indicated usually by CoF . This makes it possi-ble to analyze the failure consequences from the perspective of power system reliability.Nevertheless, as stated in [19], common methods of failure risk assessment need to bemodified in order to obtain the required inputs for management decision-making. Thesemodifications can be related to the calculation of load curtailment in the power systembased on its topology, evaluating the equipment failure impact in accordance with sub-station configuration, or incorporating recently developed elements in the power grid.
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The impact of different substation configurations with circuit breakers and disconnec-tors on reliability and risk is discussed in [20–24]. The common conclusion is, that theavailability of alternative paths between transmission or distribution lines increases theoverall reliability of the power grid. The main factor in choosing substation topology de-pends on theCoF values and equipment failure probability. If the highest power systemreliability is required, then it is necessary to consider with a double-bus double-breakersubstation configuration instead of a single-breaker single-disconnector configuration. Itsimpact is also analyzed in [25] by using the failure tree method to determine the equip-ment failure consequences in the power system substation.
Commonly, though, the risk values are calculated for specific equipment types. Theseare either power transformers, with examples in [26–29], and circuit breakers, with exam-ples in [30–33] . The reason for choosing power transformers and circuit breakers is theirhigherCoRi compared to other substation equipment. In addition, there are more avail-able statistical data for these equipment types. It is less common to calculate the risk forcables and joints, with examples in [34,35]. The risk calculation of other equipment typesis largely discarded. Similarly, part of that reason is related to their lower CoRi. Anothercause is the lack of data for the PoFi.
Nevertheless, in order to assess the RoF of the overall power system and its substa-tions, it is necessary to calculate the RoF for all of the equipment. This is an importantand mainly overlooked factor in asset management. In accordance with the reliability ofthe systems, the failure of one element in a series causes the failure of the whole con-nection. Therefore, the failures of these "smaller" pieces of equipment with lowerCoRi,can similarly to the more expensive equipment, result in extensive load curtailment andhigherCoLCi. The results may also be the same, if these elements are located in parallelconnections. This highlights the need to include all the equipment at the substations inrisk assessment procedures. Otherwise, the achievable increase in the cost-efficiency ofasset management is limited.
As described in Fig. 5 above, the RoF values are further implemented in asset man-agement decision-making. Examples of using the RoF in the management decision pro-cess are given in [32, 36–38]. In them, the importance level of equipment is commonlyobtained. It is used to determine the optimal inspection and maintenance scheduling ofdifferent equipment by considering the statistical change in the PoFi and theCoFi values.If specific equipment related values are above a preset threshold, then the frequency ofcondition inspection or monitoring as a part of the T BM or theCBM is increased for thatequipment. The main disadvantage of these approaches are the requirement of havingsufficient data on equipment condition. They also rely significantly on the equipment agefor calculating its PoFi based on statistical data. Still, for most equipment types, availablecondition data can be limited or even absent. This factor can alter the overall usability ofthe available methods for asset management decision-making.
Mainly, it is crucial to create an extensive overview of all higher risk equipment in asubstation and propose appropriate methods for increasing the power system’s reliabil-ity. In risk assessment and its relationship with overall reliability, some other factors arealso important, such as the availability of funds and accurate condition data. The risk isdetermined in [39] to assist in directing asset management tasks within limited funds to-wards equipment with higher importance. Themain objective is to increase the efficiencyof maintenance scheduling in order to reduce overall management costs. The need forobtaining relatively accurate risk values to represent the importance of the substation ishighlighted in [40]. They stated, that in the changing power system, the relatively accu-rate prediction of failures has become a necessity. This means, that either more frequent
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condition inspections or measurement solutions need to be used. Subsequently, this it-self requires sufficient amount of condition data to calculate risk values andmake justifiedmanagement decisions, such as determining the amount of equipment to be included intheCBM.Without sufficient condition data, most of the available approaches have a lower func-tionality and only evaluate asset management decision-making from the perspective ofspecific equipment types. In order to develop a substationwide assetmanagement decision-making process, all substation equipment types should be included. The importance ofincluding other substation equipment in risk calculations is highlighted in [41], where thefailure-related risk of the substation busbars are analyzed. It is stated, that due an in-crease in potential threats to substation protection and measurement systems, a morebroader perspective of risk assessment needs to be taken. Similarly, as mentioned in [42],the importance of the proper functionality of the substation equipment also affects thesecondary side functionality, and therefore the corresponding equipment needs to be in-cluded in addition to considering the accuracy of condition measurement.
1.4 Optimization of Asset Management Cost
In addition to reliability assessment and failure risk calculation, more discussions are be-ing held about the possibilities of increasing the cost-efficiency of asset management.This is partially because of the disadvantages of the widely used T BM. Due to periodicinspections, it is impossible to detect fast-evolving defects in equipment, which can leadto failures before an inspection. On the other hand, increasing the inspection frequencysubsequently increasesCAPEX . Therefore, the T BM becomes more similar to theCBM.From this perspective, it is not cost-efficient to inspect all equipment relatively fre-quently. If the likelihood of failure is smaller, inspecting the equipment condition at a highfrequency is unjustified. In addition, some equipment failures do not cause significantor any load curtailment. Because of that, it is initially necessary to analyze the CoIi ofthese types of equipment from the perspective of theCoFi. It might be more reasonableto discard the periodic inspections or increase their intervals, especially in the case of alower PoFi. If the risk is quite small, then discarding the inspections entirely and using arun-to-failure approach can be more cost-efficient than other methods.Similarly to condition inspections, it might be unreasonable to addmeasurement solu-tions to most of the equipment. Firstly, it increasesCAPEX and secondly, if the PoFi andthe RoFi are relatively low, periodic inspections may be preferable. This also depends onthe CoMSi, which is another important parameter in asset management cost-efficiency.If it decreases, then the CBM can be implemented more widely without increasing the
CAPEX . Subsequently, the risk threshold in RBM can be lowered by including moreequipment in the CBM. This means, more equipment can be mounted with measure-ment solutions within the same funds.Therefore, an analysis of asset management costs based on the use of the differentmethods is required. This makes it possible to optimize by adjusting asset managementdecision-making processes. In literature, optimization of asset management costs is com-monly done by changing equipment inspection frequency, maintenance time, and theoverall number of measurement solutions used. Its main goal is to avoid the degradationof equipment condition by using an optimal inspection frequency and implementing on-time equipment maintenance. This also means determining the optimal distribution ofequipment between management methods based on their RoFi or priority. An overviewof the options for maintaining the good condition of equipment and extending their op-erational time is provided in [43]. It ranges from "follow-the-manual" types to detailed
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probabilistic approaches. In order to increase the efficiency of maintenance, it is neces-sary to select a mathematical model allowing optimization. Another more popular choiceamong power system operators is to apply a maintenance policy, that is based not ona rigid schedule, but on an "as needed" principle. These approaches can also be imple-mented with or without mathematical models.
An analysis of the difference in time intervals used in asset management planning andits impact on management decisions is provided in [44]. It concludes, that more frequentcondition monitoring is essential to prevent extensive degradation of equipment condi-tion. On the other hand, without optimization, it could increase asset management costs.The potential options to tackle aging substations and determine the optimal time-framesfor equipment replacement are given in [45]. They propose using life cycle cost analy-sis to compare different asset management strategies like equipment refurbishment, re-newal or redesign. Similarly, a life cycle cost analysis is implemented in [46] to determinelong term maintenance of equipment based on the available data on historical mainte-nance planning and equipment operational data. Subsequently, this makes it possibleto decrease the OPEX as part of preventive management. Another methodology forequipment maintenance planning considering statistical data in order to increase assetmanagement cost-efficiency is provided in [47]. It incorporates equipment age, its esti-mated degradation characteristics in accordance to statistics, and potential failure conse-quences in decision-making process. Most available methods for asset management costoptimization indicate a strong relationship between the scale and frequency of conditionassessment and asset management costs.
The optimization of equipment maintenance in order to minimize its impact on assetmanagement costs is described in [48]. Its additional objective is also to increase cost-efficiently power system reliability. Similarly, an optimal asset management method forselected equipment in power systems is determined in [49], in accordance with their im-portance indexes. It states, that increasing the inspection frequency of equipment withhigher risk and decreasing the inspection frequency of equipment with lower risk, can beeconomically feasible. Similarly, the process for obtaining optimal inspection frequency isproposed in [50] and by using the irregular inspections in [51]. The latter includes a moreflexible condition inspections time frame for analyzing its impact on management deci-sions and explicitly considering equipment aging using theMarkov process. The proposedmodel combines random and deterioration failure modes with appropriate maintenanceactivities. It concludes, that using opportunistic maintenance strategy over a long timespan with non-periodic inspections can have economical benefits compared to a regulartime-based approach.
Mainly, the common option is to predict the potential time of equipment replacementand failure by analyzing its available condition data. For example, a stochastic analysis isused in [52] to evaluate the remaining lifetime of power transformers in accordance withstatistical data. A methodology for evaluating the remaining lifetime and the HI of powertransformers is also provided in [53]. Similarly, the main requirement is to have an ade-quate awareness of the equipment condition and its probabilistic change. The previouslygathered statistics are also implemented in equipment health modeling for predictive as-setmanagement decisions in [54] and for obtaining the failure rates of power transformersin [26]. The same principle is implemented in [55], where the actual equipment conditionis assumed to be known, making it possible to obtain the HI values for further usage intheir maintenance and inspection scheduling.
Another important aspect is also the gathering of equipment condition data. For thatpurpose, the importance of using condition measurement solutions is highlighted in [56].
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This makes it possible to obtain relatively frequent or real-time data on equipment condi-tion, avoid underestimating substation reliability, and obtain more accurate RoFi values.The optimization of asset management using measurement solutions as part of equip-ment condition monitoring is additionally analyzed in [30]. Overall, these methodologiesconclude, that it is important to have sufficient statistical data for decision-making pro-cedures. This is considered to be a key parameter for increasing asset management effi-ciency and decreasing capital related investments.It is also necessary to take into account the actual condition of the equipment nearor at the age of the suggested replacement. It is suggested, that the majority of sub-station equipment should be replaced after 40 years. Therefore, power system operatorsneed to increase theirCAPEX to replace equipment reaching or exceeding the suggestedage of use. The cost related to extensive equipment replacement is high, so alternativesolutions are sought. Statistically, the PoFi increases with the aging of the equipment.Nevertheless, there are a lot of examples of equipment that have been operating beyondtheir suggested lifetime in relatively good condition. If the objective is to increase assetmanagement cost-efficiency, then that factor needs to be considered. As stated in [27],it is not realistic to replace large amounts of equipment in a short time period based onaging, due to cost, construction, and network operational constraints. Therefore, in orderto realize effective investment and equalization of the replacement amount, evaluationof equipment condition and consequence is necessary.A similar conclusion is made based on the optimization of circuit breaker manage-ment in [57], wherein the older equipment does not always require more attention dueto differences in important parameter values, such as deterioration process, failure rates,operation frequency, and the location of the equipment in the power system. An option tojustify the delay in equipment replacement is using theRoFi values as indicators of the im-portance of the equipment in the power system. If the RoFi is lower, the replacement canbe postponed, and if the RoFi is higher, the replacement should be done even sooner. Inthat regard, amethodology for determining the optimal replacement time of circuit break-ers and its financial justification is provided in [58]. The preventive or delaying equipmentreplacement with consideration of their condition is also discussed in [59]. They con-cluded, that distributing equipment replacement over a longer time period decreases themaximumCAPEX needed in the narrower time-frame. Furthermore, its impact onOPEXcan be minimized by using corresponding asset management decision-making processes.Subsequently, it requires optimal distribution of each substation’s equipment betweenspecific management methods. In addition, calculating cost related parameters for differ-ent distribution scales is needed. Thus, when considering the cost parameters of assetmanagement methods, the optimization function F of the risk-based asset managementmethod from theCoRBM perspective can be expressed by (6).
F(CoRBM(t)) = min

n

∑
i=1

(CoIi,CoLCi,CoCBMi) (6)
The main objective is to minimize condition inspection cost (CoI), load curtailment cost(CoLC) and overall condition-based management cost (CoCBM). The latter includes thecost of measurement solutions (CoMS) as a major cost component. Nevertheless, theminimization of the CoMAi, which is another related parameter in management cost-efficiency optimization, can bemore difficult to achieve. It is based on the condition degra-dation occurrence probability and its pace. Therefore, it requires obtaining adequate sta-tistical data to represent the aging characteristics for individual pieces of equipment.To optimize the cost of asset management, comparing currently used management
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methods to other management methods is also necessary. Commonly, the T BM is imple-mented with the majority of equipment types [16]. Therefore, the cost of the alternativemanagement methods, mainly the CBM and the RBM, needs to be evaluated in accor-dance with the CoT BM. Foremost, if increasing the frequency of the condition inspec-tions or using a higher number of measurement solutions, the cost of overall asset man-agement could increase. Because of that, obtaining optimal threshold values betweenthese methods is important.Due to their differences, the CBM can have a higher overall cost than the T BM. The
RBM is a combination of the T BM and the CBM, and therefore its cost is expected tobe lower than the T BM. This is due to the objective of asset management optimization.Therefore, it is necessary to estimate the threshold value, where the CoRBM is equal totheCoT BM. Based on that, it is possible to adjust the scale of theRBM and determine theamount of equipment included in theCBM and othermethods. Each included equipmentin theCBM increases the management cost and the extent of the RBM. If all equipmentis added in the RBM, then it becomes the same as theCBM.The principle structure of the optimization of theCoRBM is provided in Fig. 6. Initially,the analyzed time period is chosen. Next, the costs of the selected asset managementmethods are estimated. Then, the order of the equipment included in cost optimizationis determined according to their risk of failure. Lastly, equipment is distributed betweenmanagement methods by using dedicated approaches. Based on these approaches, anoptimal equipment distribution is obtained.

Equipment group

Choosing analysed time-frame

Estimating the cost of asset
management methods

Determining the optimal 
distribution of equipment in

management methods 

Equipment order based on risk

Figure 6: Principle overview of the stages in the risk-based asset management cost optimization

Nevertheless, relatively accurate data representing equipment condition is needed forthat purpose. Thus, a part of the optimization process is also to gather necessary data.For that purpose, frequent inspections andmeasurement solutions are used in addition tostatistical options. The data related to cost components can be divided according to theirobtainment. The CoRi is based on the equipment market value. Similarly, the CoMSidepends on their market value. The averageCoIi is determined by the contracts betweenthe power systemoperator and the equipment inspection provider. It also depends on the
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level of inspections, which can be either superficial or relatively detailed. The expected
CoMAi can be evaluated based on the statistical data for a specific condition degradationlevel. The CoLCi depends on the cost of undelivered energy for that load (demand orsupply). The latter is commonly obtained based on contingency analysis results.
1.5 Risk of Failure Estimation and Uncertainty
The accuracy and, therefore, the uncertainty of the RoFi depends on the accuracy of therisk components and the quality and availability of data. The cost-related componentscan be determined relatively accurately. The PoFi, on the other hand, is based on theequipment condition and its change over time. An option is to obtain the PoFi by usingequipment inspections or measurement solutions. This means, that the PoFi is directlyrelated to the equipment condition. The latter is converted to PoFi using the appropriatemethodology. An example of that is described in [60], where a data-based equipmentcondition evaluation is implemented on the failure risk assessment of circuit breakers.The use of statistical data for obtaining circuit breakers’ hazard functions is also discussedin [61]. A second option for obtaining the PoFi values is using a Health Index (HI)-basedapproach. An overview of different HI obtainment methods is given in [62]. Mainly, thecondition of equipment is evaluated on a preset scale. If a part of the equipment or itscomponent is considered to be deteriorated, then a higher HI value is given. The over-all HI usually represents the maximum HI of equipment components. Next, the HI isconverted to the PoFi, for example, by using a hazard function.The PoFi can also be estimated based on statistical data. This means using previouslycollected condition data to predict its values for current or future time-frames. The ac-curacy of the estimated PoFi depends on the accuracy of the available data. In addition,it should be suitable for representing the analyzed equipment. As stated in [63], the sta-tistical data can be enough to make adequate decisions. If estimating the PoFi from sta-tistical data, the value is commonly based on the equipment failure rate. The failure rateexpresses the number of average failures in a specified time period. Therefore, it canbe linked to the age of the equipment as well. According to [64], it can also be used tosimulate the degradation of the equipment condition for an asset management decisionanalysis.Thus, the extensive statistical data makes it possible to estimate or predict the changein equipment condition and PoF in upcoming time periods. For example, statistical datais used for modeling the deterioration of equipment condition in [65]. Its main objectiveis to evaluate the optimal proportion of limited funds to be spent on maintenance. Inaddition, the estimation of equipment failure rates based on the available statistics is de-scribed in [66,67] for the assetmanagement decision framework. The accuracy and use ofthe statistical data depends foremost on the number of samples and their relation to thespecific equipment. If the available samples are limited or even absent, data estimationneeds to be implemented.The quality of condition data also depends on the asset management method used.In the case of the CBM, a relatively accurate PoFi can be obtained with high frequency.In the case of the T BM, the PoFi is updated with a lower frequency. Therefore, the PoFiestimation could also be implemented in addition to statistics. If using the run-to-failuremethod without condition inspections, a PoFi estimation is needed. The latter still re-quires some initial data for preliminary analysis. An example of a procedure for determin-ing the data quality in HI calculations is provided in [68]. They stated, that infrequentcondition inspections and a lack of real-time measurement solutions decrease the accu-racy of the data. Therefore, it is necessary to make adequate decisions in the presence
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of uncertainty. Furthermore, the impact of uncertainty in the equipment condition eval-uation is analyzed in [69]. They conclude, that it can alter equipment order based on the
RoFi and the focus of asset management.

The accuracy of the PoFi depends on the accuracy of the condition inspections andmeasurement solutions as well. It is assumed, that during periodic inspections, relativelyprecise measurement equipment is used. In addition, their accuracy should also be con-sidered in the PoFi. Thus, the accuracy of the PoFi determines its uncertainty and, subse-quently, the uncertainty of the RoFi. Therefore, to obtain a relatively accurate RoFi value,the accuracy of the PoFi is important. If the uncertainty of the PoFi is relatively high, thenthe actual RoFi of equipment can be difficult to determine. For some equipment types,such as power transformers and circuit breakers, the CBM is used or there is sufficientstatistical data. Therefore, the PoFi can be calculated relatively accurately. With otherequipment types, T BM is commonly used, and the statistical data can be limited or ab-sent. As a result, the PoFi is either updated during periodic inspections or is estimatedand includes a higher uncertainty.
Commonly, though, the analysis of uncertainty in equipment condition and the RoFiincludes only specific equipment types. These are mainly power transformers and circuitbreakers. For example, fuzzy processes are used to evaluate the power transformer riskin [29]. The stochastic nature of power transformer insulation degradation is included inthe HI calculation in [70] and power transformer maintenance scheduling with consider-ation of its condition uncertainty is analyzed in [71]. Bayesian statistics and its approachesare implemented in [72] for obtaining the probabilistic HI of power transformers. Theprobabilistic HI values are used in [73] for assessing the condition monitoring of powertransformers. In the case of circuit breakers, condition-dependent failure rates with anadded uncertainty level are implemented in [74] for asset management cost optimization.For other substation equipment types, less methodologies or approaches are provided.Nevertheless, for maintaining proper functionality of substations and power systems, allequipment needs to be included for various analyses. This is also required for increasingthe cost-efficiency of asset management.
According to another perspective, the uncertainty of failure probability is modeled byfuzzy processes in [75] to simulate the inaccuracy of the available data. Stochastic pro-cesses are also implemented in [76] to increase the real-life similarity of the equipmentcomponent aging. Commonly, an additional parameter is added to statistical data to indi-cate its uncertainty. In that case, the lack of sufficient data can bemodeledmaking it possi-ble to analyze its impact on management decision-making. Fuzzy processes are also usedin [77] to simulate uncertainty in equipment condition and statistical failure rate. Its goalis to prevent equipment failures by implementing on-time maintenance tasks by avoidingfurther condition degradation. Another approach for equipment maintenance schedulingin the presence of uncertainty in failure rates is presented in [78]. It concludes, that un-certainty in data can have a significant impact on asset management costs. Nevertheless,for simulating data uncertainty, some extent of preliminary data is still needed.
Despite various approaches regarding failure risk estimation, their functionality is lim-ited in the case of high uncertainty in the condition data of equipment. Therefore, obtain-ing the PoFi and the RoFi depends on multiple factors. Its principal overview is providedin Fig. 7. Initially, a specific equipment type or preset equipment group is selected. Next,equipment is divided based on awareness on their condition data. Mainly, the conditionof the equipment in one group is known, and the condition of the equipment in secondgroup is unknown. Data quality is assessed according to the samples in the first group. Ifit is relatively high, the PoFi is calculated and assumed to have a lower uncertainty. The
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samples from the first group are also used to estimate the condition data for the secondgroup. This alsomakes it possible to estimate theirPoFi values. In addition, the evaluationof availability, usability, and accuracy of statistical data related to the analyzed equipmenttype should be considered. It can strengthen the condition data estimation.
Choosing the equipment

group

 Determining the
equipment with unknown

condition data

 Determining the
equipment with known

condition data

 Estimating the equipment
failure probability

 Statistical condition data

 Assessing the availability,
usability and accuracy of

condition data

 Estimating the distribution
of condition data based on

known data

 Calculating the equipment
failure probability

Figure 7: Principle overview of the failure probability obtainment in accordance to the available data
of equipment condition

Thus, an option to bypass the impact of limited or absent data related to equipmentcondition is to use dedicated processes and methods for determining the importance ofequipment and its RoFi in the case of uncertainty. These solutions make it possible toimprove the efficiency of assetmanagement, gathermore data about the actual conditionof equipment, and update the PoFi of equipment with a higher RoFi more frequently. Asan example, the process of HI prediction over a longer time period by improving theavailable condition data with a preset condition inspection frequency is provided in [79].Foremost, it assists in improving awareness of equipment condition gradually. Still, similarapproaches are also needed for other equipment types besides power transformers andcircuit breakers.
1.6 Risk of Failure Reduction
An important objective of asset management is to maintain and increase the reliability ofthe power system. This requires focusing on equipment with higher RoFi, which meansdetermining their rank or importance in the power system. A simplified overviewof equip-ment ranking for further use is given in [80]. In addition, the analysis of the equipmentrank and its importance in asset management decision-making is provided in [81]. Riskcalculation itself is used as an input in asset management decision-making. In accordancewith the calculation results, optimal options to increase substations and power systemreliability is determined. A significant part of that process is the failure risk reduction.The RoFi can be decreased based on multiple risk components. These componentsare the CoFi, the MT T Ri, and the PoFi. Firstly, the CoFi can be reduced. This requiresstrengthening the power system by adding additional transmission lines or changing thetopography of the substations. Foremost, load curtailment needs to be avoided or mini-mized to decrease theCoFi Secondly, the replacement times (MT T Ri) of equipment canbe reduced. This decreases the CoFi due to the decrease in the load curtailment time.An option to reduce equipment replacement times is to arrange for spare equipment inthe substation or in nearby substations. Another option is to optimize the replacementprocedure. Thirdly, a decrease in theRoFi can be achieved by decreasing equipmentPoFi.
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This requires the use of predictive or preventive asset management methods, mainly the
CBM or the RBM. It is assumed, that by increasing the inspection frequency or usingmeasurement solutions, the PoFi is reduced. It can be a more reasonable option froma cost perspective compared to changing the substation schematics or adding additionallines to the power system.

In the case of strengthening the power system, the impact of improving the substa-tion configuration is discussed in [82, 83]. They concluded that adding more redundancyas alternative paths makes it possible to decrease the failure consequences. Therefore, itis necessary to determine paths that do not have redundancy. Similarly, in [84], potentialimprovements in the substation configuration to increase their reliability are proposed.The reliability analysis for multiple substations with a local grid is provided in [85–89].They indicated, that the main difference between substations depends on the CoFi val-ues of individual failures of inner paths. Therefore, a failure risk calculation is requiredto determine the weakest links in the power system’s substations. Next, it is possible toconsider the potential options for decreasing the RoF . From that perspective, the opti-mization of the substation configurations in order to decrease the load curtailment afterswitching operations is presented in [90]. As a result, the topology of substations withhigher impact on overall reliability is changed. Nevertheless, this analysis only includescircuit breakers or power transformers as the potentially failed pieces of equipment inthe substations.
In terms of decreasing the CoFi, the method to identify the specific combinations ofequipment failures that would result in higher consequences is provided in [91]. The re-sults are used in risk calculations based on the statistical data and the implementationof the CBM. Similarly, the combinations of simultaneous equipment failures and theirimpact on power system reliability are also analyzed in [92]. In addition, theCoFi can bedecreased by through power control of generation units as suggested in [93]. Thismakes itpossible to reduce load curtailment as a result of the change in active and reactive powerflow. From another angle, an evaluation of the impact of the load characteristic on the

RoFi values is provided in [94]. They stated, that by considering the average load levels,the actual failure risk is also lower. Therefore, it alters the RoFi and changes the cost re-lated parameters as well. In addition, the constraints in the maintenance team and theirimpact on the reliability of the power system are analyzed in [95]. This can be useful forreducing the equipment replacement or repair time and, therefore, the duration of loadcurtailment.
Regarding decreasing the PoFi, it is foremost necessary to determine the equipmentwith higher importance. The methodology for reducing the substation risk and equip-ment failure probability is presented in [96], where the available resources are allocatedto equipment with higher RoFi based on the asset management decisions. From anotherperspective, an inspection pattern for evaluating equipment condition is proposed in [97],which considers the potentially different degradation characteristics of the equipment.Themethodology for increasing the power system reliability by decreasing thePoFi basedon the real-time condition monitoring solutions is provided in [98]. Similarly, a condition-based asset management decision-making process is proposed in [99]. Overall, though,they all require data on equipment condition to determine the initial order of equipmentfor risk reduction.
Each of these options for decreasing the RoFi have advantages and disadvantages.To determine the suitable options for an individual substation or power system, specificprocesses need to be followed that makes it possible to achieve higher cost-efficiency infailure risk reduction and asset management. The process itself contains multiple stages.
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Firstly, the equipment failure risk is calculated. Next, the equipment order based on therisk is determined. After that, the potential options for decreasing the risk are evaluated.For example, this can be done by analyzing their risk reduction cost-efficiency. Finally, itis necessary to determine the extent of the risk reduction in accordance with the use of
CAPEX and the change in OPEX . These are based on the cost of asset managementmethods. The overall process of risk reduction is given in Fig. 8.

Calculating the risk of
failure

Equipment order based on
the risk

Options for risk reduction

Calculating the risk
reduction cost-efficiency

Determining the risk
reduction extent

Figure 8: Principle overview of the main stages in the risk reduction process

The efficiency of failure risk reduction depends on the achievable decrease in failurerisk and its cost. In order to increase the reliability of a substation cost-efficiently, the riskreduction process needs to be determined. In addition, it is necessary to specify the riskcomponent that allows for the necessary decrease in risk. By calculating the cost of riskreduction and its cost-efficiency, it is possible to choose the potential solutions availablefor achieving the risk reduction in the actual power system substations. It can also indicatethe efficiency of increasing the condition inspection frequency or using measurement so-lutions. Based on the process, the order of the equipment for which the measurementsolutions are added or the inspection frequency are increased can be determined.Commonly, the RoFi reduction is analyzed from the perspective of more expensiveequipment, such as power transformers and circuit breakers. For example, the processfor determining the circuit breakers in the power system for condition monitoring is pre-sented in [57]. Its optimization allows for a larger decrease in the RoFi compared to moresimplified approaches. A methodology is presented in [100] to obtain the amount ofequipment needing additional management decisions in accordance with their ranking.Mainly, this equipment is included in the CBM as part of risk reduction. Nevertheless,the all primary equipment of substations should also be included in the process to obtainhigher risk reduction efficiency for the whole substation.In the case of risk uncertainty, the optimal solution for risk reduction can not be accu-
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rately determined. It is mainly caused by the uncertainty in the equipment condition data,which alters thePoFi. Therefore, thePoFi needs to be estimated and does not indicate theactual condition of the equipment. On the other hand, without the data estimations, theasset management decision process is even more stochastic. The options are to continueas usual and accept the risk of failure with a higher cost or to try to predict and preventthese failures. If cost-efficiency is an objective, then it is necessary to use the availabledata and methods to improve the overview and awareness of the equipment conditionsand risks. The potential solutions for the RoFi reduction within the scope of this thesis isdescribed in more detail in Chapter 3.
1.7 Focus of Thesis
This thesis focuses on specific aspects considering the limitations of available method-ologies, such as the requirement of sufficient data and providing partial overview of thereliability of substation, related to assetmanagement decision-making processes and sub-sequent factors. These aspects are also depicted in Fig. 9.
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Figure 9: Aspects focused on asset management decision-making process considering with limita-
tions in available methodologies

In the case of failure risk assessment, a maximum RoFi calculation process of indi-vidual substation equipment is developed. Regarding uncertainty of equipment related
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data, RoFi estimation method is proposed. It can also be used to determine the conditioninspection procedure (sequence) of equipment in the case of data uncertainty. In termsof asset management optimization, preventive and corrective methods are used in or-der to obtain a RoFi reduction process from a management costs perspective. The latterconsiders the available funds for implementing the RBM and the difference between costcomponents of managementmethods. Regarding theRoFi reduction, a process for deter-mining a risk reduction procedure (sequence) based on the extent of achievable decreasein failure risk and its cost is proposed. In addition, the RoFi reduction process makes itpossible to determine specific equipment and their types in substations with the mostcost-efficient contribution to the decrease in risk of failure.
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2 Calculation Process of Individual Equipment Risk
Improving asset management from a cost-efficiency and reliability perspective requiresknowing the importance of equipment in the power system. Risk calculation methods areused for that purpose. Commonly, they only consider specific types of equipment, givinga partial perspective on substation equipment with higher risk. In accordance with theobjective of this thesis, a risk calculation process including all equipment on the substa-tion primary side is developed. This makes it possible to obtain the necessary input forother methods used in increasing asset management cost-efficiency. These methods arepresented in Chapter 3.This chapter is based on publication I and addresses RQ1. It provides an overview ofthe developed risk calculation process and describes its related aspects. The process itselfis divided into multiple parts. Initially, the principles for the calculation of equipment riskare explained. This is followedby a description of determining load curtailment and linkingsubstation equipment to the substation schematic and power system. Next, the overallstructure of the risk calculation process is presented. The chapter ends with a case study.
2.1 Calculation of Equipment Risk
The main objective of the risk calculation process is to obtain the RoFi for each individ-ual piece of equipment on the substation’s primary side. The risk value itself is used todetermine the order of equipment indicating their importance or rank in the power sys-tem. Based on this, the asset management can be focused towards equipment whosefailure could have higher or more significant consequences. Subsequently, it will assist inincreasing the reliability of the power system and asset management cost- efficiency, as amain part of the RBM. In addition, the risk values are also used in the related processesfor evaluating the potential options for risk reduction.Commonly, risk of failure is calculated based on the disconnection of a single trans-mission line or connection (N-1 contingency) and a combination of double transmissionlines or connections (N-2 contingencies). This can be inadequate in the case of substationequipment failures. In certain situations, the failure of equipment could cause the dis-connection of more than two transmission lines or connections. This is usually related tosubstations that have configurations with lower redundancy. Therefore, the risk needs tobe calculated from an equipment perspective. This means, that the N-1 contingency is afailure of equipment i and the N-2 contingencies are failure combinations of equipment iand j.In addition, risk of failure is commonly calculated for specific equipment types. Theseare mainly power transformers, circuit breakers, and in some cases, cables. However,to obtain an overview of the risk of all the equipment in a substation, all of the valuesneed to be calculated. This makes it possible to determine the overall, not partial, risk ofthe substations and power system. Subsequently, it is possible to more efficiently deter-mine the pieces of equipment, that can cause higher failure consequences. Inclusion ofall equipment in the risk calculation is also needed in order to analyze the potential riskreduction options and determine their cost-efficient distribution between different assetmanagement methods.Multiple inputs are needed in calculations of equipment risk. Mainly, they representthe cost of equipment replacement, the cost of load curtailment after failure, and thelikelihood of failure. These inputs are indicated as:

• CENS - cost of energy not supplied
• LC - load curtailment
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• LF - load factor
• CoR - cost of equipment repair
• CoA - additional cost of equipment replacement or failure (related to substationlocation, environmental restrictions, maintenance team availability, and the repu-tation of the power system operator)
• MT T R - mean time to repair equipment
• PoF - equipment probability of failure
Next, the inputs are combined in a risk calculation to determine its maximum valuefor each equipment. The maximum risk describes its highest value according to failureconsequences and probability. The overall schematic for calculating the maximum risk isgiven in Fig. 10.
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Figure 10: Principle of calculating the maximum risk of failure (RoFi) of substation equipment

Initially, the risk of equipment i based onN-1 contingency (RoFi(N−1)) and combinationwith equipment j in N-2 contingencies (RoFi j(N−2)) is acquired by using (7) and (8). The
VOLL, expressed by (12), is the value of lost load at time t, theCoR is the cost of repairingequipment i and j, the CoA is the additional cost of replacement of equipment i and j,theCoLC is the cost of load curtailment after equipment i and j failures during the time
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period t, the MT T R is the mean time to repair equipment i and j, and the PoF is theprobability of failure of equipment i and j. In (12), theCENSi(t) is the cost of energy notsupplied to load i at time t, the LFi(t) is a load factor for load i at time t and the LCi(t) isload i curtailment at time t.
RoFi(N−1) = ((VOLLi(t) ·MToRi)+CoRi+

+CoAi) ·PoFi = (CoLCi +CoRi +CoAi) ·PoFi (7)

RoFi j(N−2) = (CoLCi j +CoRi +CoAi +CoR j+

CoA j) ·PoFi ·PoFj (8)

CoLCi j =





MT T Ri > MT T R j, use (10)
MT T Ri = MT T R j, VOLLi j(t) ·MT T Ri

MT T Ri < MT T R j, use (11)
(9)

VOLLi j(t) ·MT T R j +VOLLi(t) · (MT T Ri −MT T R j) (10)
VOLLi j(t) ·MT T Ri +VOLL j(t) · (MT T R j −MT T Ri) (11)

VOLL(t) =
n

∑
i=1

(CENSi(t) ·LCi(t) ·LFi(t)) (12)
Due to calculating the risk from an equipment perspective, different RoFi values are ob-tained for each equipment i - one based on N-1 contingencies and multiple based on N-2contingencies. The number of values in N-2 contingencies depends on the total amountof equipment in the power system. The maximum RoFi j(N−2) is obtained based on all
RoFi j(N−2) values in combinations between of equipment i and j in N-2 contingencies.As a result, the maximum RoFi is determined by comparing the RoFi(N−1) in N-1 and themaximum RoFi j(N−2) in N-2 contingencies (13).

RoFi = max(RoFi(N−1),max(RoFi j(N−2))), j = 1...n, i ̸= j (13)
Therefore, the calculated value in the N-1 contingency makes it possible to evaluateequipment RoFi in a individual failure case. The calculated value in the N-2 contingen-cies indicates the highest RoFi j in a combined failure event of two different equipment.It represents the combination, which has the highest outcome in terms of consequencesand probability. Values of other combinations have lower values and can be discarded. Incertain areas, where the power system redundancy is limited or absent, the RoFi can behigher than the maximum RoFi j. If the redundancy of the local area is good, but not in abroader scope, then the maximum RoFi j is most likely higher than the RoFi. Especially, ifthe consequences of that combined failure event are significantly greater than its lowerprobability. This is related to the difference between the CoLCi and the CoLCi j. On theother hand, it can also mean that the failure probability of these equipment in the com-bined event are also relatively high. Therefore, these equipmentmight be detected basedon theRoFi values. Thus, it is important to compare themand choose themaximumvalue.This is representing the equipmentmaximum risk of failure based on a single failure eventand combined failure events, and thereon is used in asset management decision-makingprocedures.The other RoFi j values below the maximum can be analyzed in form of a distributionfunction. This makes it possible to evaluate, whichRoFi j values have the higher density. If
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the density is higher near the maximum RoFi j, then more combined failure events couldcause greater consequences. The density nearer the lower side indicates, that most ofcombined failure events do not cause significant damage and have lower probability ofoccurrence. Therefore, the maximum RoFi j is partially an outlier, which might requirefurther attention in order to avoid that event from happening. However, a specific valueis needed to represent equipment in the risk analysis. The density function makes the riskanalysis more multi-dimensional and requires a dedicated parameter to convert it intocomparable scale.
2.2 Obtainment of Load Curtailment
The failure consequences in risk depends on the amount of load curtailment (LC) after theequipment failure, its cost and theCoR. In the case of N-2 contingencies, the replacementcost of two pieces of equipment is included. The LC is usually considered to be smallerin N-1 contingencies and bigger in N-2 contingencies. This is due to the potentially highernumber of disconnected connections after equipment failures in N-2 contingencies. Nev-ertheless, the LC in both cases need to be determined in risk calculations. Therefore,similarly to the RoFi, one LC value in the N-1 contingency, and multiple LC values in N-2 contingencies, are obtained for each equipment. These values are further used in thecalculation of the maximum RoFi.The LC itself is determined based on the necessary decrease in load (demand and sup-ply) after equipment failure to maintain the functionality of the power system within al-lowed limits. These limits are the current (I) in connections (transmission lines and powertransformers), and the voltage (U ) at substation busbars. After equipment failure, thecurrent in alternative paths and nearby connections could surpass the maximum allowedlimit. Similarly, the voltage at the substation with the equipment failure or nearby substa-tions could decrease below the minimum allowed limit. To restore the normal operationof a power system, the current (overload) needs to be decreased and the voltage neededto be increased. An option is to reduce the load, usually in the power system area nearthe failures. The load is decreased until the current and voltage values across the powersystem are between allowed limits, indicated by (14) and (15).

Iconnection < Imax (14)
Umin <Usubstation <Umax (15)

Overall, load curtailment needs to be avoided due to its higher cost. A potential solu-tion is to use additional options for decreasing the overload and increasing the voltage.These are generating unit control - for decreasing or increasing in active or reactive power;adjustment of power transformers tap-changers - for increase in voltage; and implemen-tation of inductive or capacitive elements - for increase in voltage. By changing the activeand reactive power, it is possible to adjust the current and voltage. As a result, these op-tions can decrease the LC or avoid it entirely. Nevertheless, they need to be available inthe case of equipment failures. There might be areas in the power system without manyof these options. The tap-changers of power transformers are still relatively common insubstations, but their impact on decreasing the overload or increasing the voltage de-pends on the seriousness of contingency. In addition, the generating units control, andusing inductive and capacitive elements, has its specific cost. Also, due to the rise in therenewable energy-based power plants, their active and reactive power control might beunavailable at the time of equipment failure. Therefore, the LC and its potential decreaseafter equipment failures through the available options depends onmultiple factors. Based
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on the risk value, it is also possible to implement the additional solutions to decrease the
LC.The consequences of failures are commonly evaluated using specific software devel-oped for power system analysis. Foremost, it makes it possible to obtain the current andvoltage values throughout the power system after the simulated disconnections of user-defined connections. Some more capable tools also provide an option to calculate LCvalues. These can be obtained in cases of using or not using the additional options fordecreasing the LC after failures.To calculate the LC for selected contingencies, it is necessary to follow the preset se-quence (formula) given in Fig. 11. Initially, it is necessary to load the power system data.For that, the power system is modeled in PSS/E based on buses, connections betweenthem, and additional elements connected to buses, such as loads, generation units, andreactive shunts. Next, the current, voltage, and other parameters monitored are speci-fied. Then, description of the analyzed contingencies are added. Also, the inclusion ofgeneration units control, power transformer tap-changers and other reactive control ele-ments, can be chosen as part of the corrective options. Thereon, contingency analysis isrun and the LC values are calculated. Still, the LC values are based on the disconnectionof power system connections, and therefore, linked to the connections. To link them tosubstation equipment, additional solutions need to be used.

 Load power system data

 Define monitored
parameters 

 Load contingency
descriptions

 Define corrective actions
and options available

 Calculate load curtailment

Figure 11: Overall sequence of calculating the load curtailment values

The structure of the contingency descriptions depends on the tool chosen for powersystem analysis. It mainly defines, which connections are disconnected and its order (se-quence). Each contingency and combination of contingencies (disconnection of multipleconnections at the same time) is described separately. In the case of more extensive con-tingency analysis and bigger power systems, the contingency description becomes rela-tively long. In that case, it can be generated based on additionally developed code.In contingency description generation, a dedicated string structure is used. This in-cludes the indices of disconnected connections (substations bays) as Cnct. The connec-
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tions indices are added after the specific indexes a, b, d, e and f . If more than five con-nections are disconnected, then additional indices are added at the end of the string in(16). The index g indicates the combinations of disconnected connection types, which caninclude branches (including two-winding power transformers), three-winding transform-ers, loads, generation units, and other elements. In accordance with predefined connec-tion types and combinations between them, the individual contingencies and contingencycombinations are indicated by a dedicated index denoted as CntgCbn. For example, the
CntgCbn can describe a disconnection of two branches, branch and load, branch and gen-eration unit, load and generation unit, or three branches. Based on theCntgCbn and the
Cnct, the contingency analysis results are linked to substation connections and, subse-quently, to individual equipment. The index h is used for indicating the number of thecontingency or its combination, denoted asCntgNbr.

a(Cnct1)b(Cnct2)d(Cnct3)e(Cnct4) f (Cnct5)g(CntgCbn)h(CntgNbr) (16)
The pseudo-code of contingency description generation is provided in Algorithm 1. Ini-tially, the power system data with connection and elements indices are read. This is usedto generate a virtual structure of the power system. Next, the various combinations be-tween the types of disconnected connections are predefined. Based on these, the con-tingency descriptions are generated in an iterative process. In each iteration, the indicesof one disconnected connection is changed and the contingency description is saved asa string format in the corresponding file. There, the indices that make it possible to de-termine the disconnected connection and a combination of their types are also included.At the end of an iteration, the generated contingency description is added after previousones. The iterative process stops, if all combinations between the considered connectionsare processed. Thereon, the process is repeated for another predefined combination. Af-ter generating the contingency descriptions for all predefined combinations, they are usedin PSS/E to calculate the LC values.
Algorithm 1: Pseudocode of generating contingency descriptions
for Length of contingency combinations doRead power system dataGenerate virtual structure of power systemPredefined combination of disconnected connections and their types

for Length of contingency combinations based on predefined parameters do
for Length of connections indices doRead connections indicesAdd connections indices after dedicated indices in contingencydescription stringAdd a dedicated index describing combination between connectionstypesSave contingency descriptions

2.3 Equipment Link to Substation Schematic and Power System
Part of the dedicated failure risk calculation process is processing the extracted LC val-ues. Its main objective is to load the LC values and link them with individual substationequipment. Firstly, this requires determining the location of the equipment in the substa-tion’s electrical schematic. Based on that, each equipment in the substation is added by
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Figure 12: Schematic of a substation with single-breaker single-disconnector configuration (type 1)
[101]

a specific index. Secondly, it is necessary to link the equipment failure to the disconnec-tion of power system connections. Thanks to the equipment indexes, individual pieces ofequipment can be linked to substations and their connections. This makes it possible toanalyze the consequences of equipment failures and use these in the failure risk calcula-tion process.Therefore, the location of equipment in a substation is determined based on its index.The equipment indexes also depend on the substation schematics. In the risk calculationprocess, three different substation configurations common in power systems, are consid-ered. These are type 1 - the single-breaker single-disconnector configuration in Fig. 12,type 2 - the double-bus single-breaker configuration in Fig. 13, and type 3 - the double-bus double-breaker configuration in Fig. 14. In substation schematics, indices E1. . .E4 aresubstation bays and E5 is the connection between substation section 1 (indicated by B1)and section 2 (indicated by B2). Other indices are C (CB) – circuit breaker, D (DC) – dis-connector, VT – voltage transformer, CT – current transformer, CA – cable, ES – earthingswitch, SA – surge arrester, PT – power transformer, IS – insulator chain. In Fig. 13 and Fig.14, E1...E4 include the same equipment as in Fig. 12.The impact of equipment failure to substation connections can be determined by (17).In that, the CSi is the state of substation connection E1...E5. Its value 1 indicates a con-nected state and 0 a disconnected state. TheCni is the i-th connection of the substation,the Sei is the switching units connected to the i-th connection or to the busbar connectedto the i-th connection, the Bbi is the busbar connected to i-th connection, the Siei are thecircuit breakers and instrument transformers, whose failures or defects impact the circuitbreakers of the i-th connection.
CSi =

n

∑
i=1

Cni ·Sei ·Bbi ·Siei (17)
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Multiple connections can also be disconnected after equipment failure. This depends onthe location and functionality of the equipment, although it is more likely in the case ofmultiple equipment failures occurring in the same time period. Another factor in that isthe substation schematic. In the case of a more reliable schematic, the equipment failurecan have less impact to the connections. The reliability of substation schematic type 1 islower than others, and type 3 is the highest.
The main logic of linking the substation equipment indexes to the power system isgiven in Fig. 15. Initially, the buses’ numbers and their related substation configurationsare extracted from the power system data. In each substation, a specific number of nodesexist based on the connectionswith the power systemand its type. Therefore, each powersystem’s connection and element is connected to a dedicated substation node with anindividual number. These nodes can also be described as substation bays and busbar sec-tions. In parallel, similar substation schematics are chosen in Python. It is assumed in therisk calculation logic, that the equipment is connected to fictive nodes corresponding tothe same nodes in the power system data. This allows the creation of a virtual link be-tween substation equipment and the power system. Its principle is given in Fig. 16, whereE1...E5 are connections (substation bays) in the substation schematic and numbers 1...6are substation nodes modeled in PSS/E. Based on that, the equipment indexes, and sub-sequently, their locations in the substations are acquired, and used in the risk calculationprocess.
A similar principle applies in the case of having more connections (bays) in the sub-stations. Because of that, additional substation nodes are used in PSS/E. In a virtual sub-station schematic in Python, corresponding connections are also added by the same ap-proach as implemented in E1...E4 and its related circuit breakers (C) and disconnectors(D). This subsequently alters the LC values and could decrease the equipment risk and in-crease the reliability of the substation. Fig. 17 provides an example of substation schematictype 1 with additional connections E6, E7, and related elements. Fig. 18 is a schematic ofa virtual link between substation nodes 1...8 used in PSS/E and connections E1...E7 withsections B1 and B2.
It is also assumed in the risk calculation process, that different substation schematics(types) can be used. This makes it possible to assess the change in substation reliabilityand equipment risk based on the change in the individual substation schematic. Basedon that, it is possible to determine the optimal risk reduction option and increase its cost-

Figure 13: Schematic of a substation with double-bus single-breaker configuration (type 2) [101]
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Figure 14: Schematic of a substation with double-bus double-breaker configuration (type 3) [101]

efficiency. In the risk calculation process, the substation types as indexes 1...3 (correspond-ing to Fig. 12, Fig. 13, and Fig. 14) are in a dedicated vector. Their values are used in linkingthe LC values to substation equipment. Due to the change in substation schematics, the
LC for specific equipment changes as well. These are related to the substation sectionbusbars B1 and B2, and connection E5. The amount and the risk of circuit breakers (C) anddisconnectors (D) depends also on the schematic. Therefore, to have the possibility toimplement different types of substation configurations, the contingency analysis resultsneed to include the necessary data. This is necessary to consider when compiling thecontingency descriptions.

Power system schematic in
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Acquiring substation node
numbers 

Selecting substation schematic
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Linking substation nodes to
substation equipment

 Linking power system
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Figure 15: Principal logic to link power system data and substation configurations to individual sub-
station equipment
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Figure 16: Principal of using substation node numbers, 1...6 in this case, to virtually link power system
connections E1...E5 to substation sections 1 and 2 [101]

Figure 17: Substation type 1 schematic in case of additional connections E6 and E7

Figure 18: Principle of using substation node numbers, 1...8 in this case, to virtually link power system
connections E1...E7 to substation sections 1 and 2
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An additional logic process is added to the risk calculation process for determiningthe appropriate LC values used with the equipment based on the substation schematic.It consists of separate blocks of conditions in a linear sequence for contingencies in N-1and N-2. Initially, the location of equipment in the substation schematic is analyzed. Theequipment location is separated into three groups. For each group, different LC valuesapply, which are used according to equipment location. Firstly, the equipment can beplaced in series in connections E1...E4. In this case, the LC values remain the same despitethe change in the schematic. Secondly, it can be directly connected to substation sectionbusbars B1 or B2. Thirdly, it can be in connection E5 between sections B1 and B2. For thelast two groups, the substation schematic has an impact on the LC values. The inclusion ofequipment in these groups is determined based on its index. Different equipment indicesare listed in each group. Which group each piece of equipment is included in is determinedaccording to a sequence of conditions. Subsequently, the corresponding LC is chosen andused in risk calculations. The corresponding logic process is presented in Fig. 19.
In N-1 contingencies, only the location of equipment i is analyzed. In N-2 contingen-
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Figure 19: Process of linking the load curtailment to equipment location in different substation
schematics [101]
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cies, the location of equipment j is also needed. Therefore, in combined failures of equip-ment, initially the inclusion of equipment i in E1...E4 is checked. Next, the same conditionis checked for equipment j. If both are true, then this logic part of the risk calculation pro-cess is bypassed. Due to the locations of equipment i and j in a series connection, the LCvalue is the same in all the analyzed substation types. If one of the conditions is not true,then the substation indexes are checked. Next, it is determined, whether the equipment
i and j are in the same substation. Similarly to the equipment location in the schematic,the LC values can be different, if these pieces of equipment are in the same or in differentsubstations. In accordance with the condition results, appropriate substation indices andthe corresponding LC values are used. At the end of the logic process and sequence ofconditions, the RoFi in N-2 contingencies is calculated.In this risk calculation, it is assumed that the buses in PSS/E also indicate substations.It is possible to combine different buses to one substation, if needed, though this is mainlyrelated with the result analysis, and does not affect themain risk calculation logic. The ap-proaches used in further implementation of the risk calculation process depends foremoston the power system analyzed, the risk calculation objectives, and the implementation ofequipment risk. Therefore, the developed process can be modified based on the needsand the data required. For example, the extracted data can also indicate the changed ac-tive and reactive power of generation units in the case of corrective Multi-ACCC analysis.In addition, it may be reasonable to account for data related to power flow conversionand the calculation errors. This can assist in indicating the specific contingencies withpotentially inaccurate LC values for a more detailed analysis.
2.4 Structure of Risk Calculation Process
For linking the parameters representing equipment failure consequences and their prob-abilities to individual equipment, a hybrid risk calculation process is developed. Its inputsare the power systemdata and contingency analysis results fromPSS/E, and cost and prob-ability related values of the equipment. The input data are combined in a dedicated logicprocess in Python for calculating themaximum risk of equipment. The overall structure ofthe hybrid risk calculation process is given in Fig. 20. A schematic of risk calculation logicfrom another perspective is presented in Fig. 21. The developed process structure allowsfor separate contingency analysis in PSS/E and risk calculations in Python.The main input of the risk calculations is the power system, which is modeled in thePSS/E software. Thismakes it possible to acquire the power systemdata and theLC valuesin contingencies. The power system data describes its structure and connections betweenits elements. It includes all the buses, branches (connection lines and power transform-ers), loads, generation units, and other elements. In addition, the substation configura-tion with numbered nodes are added as well. Nevertheless, a dedicated logic process isneeded to link these elements with each other to form a virtual power system outside ofPSS/E for further use. This is necessary, when combining individual pieces of equipment tothe LC values and calculating their risk. In this case, the logic process for a power systemdata analysis and risk calculation process is developed in Python.For calculating the LC values representing the consequences of equipment failures, aACCC (AC contingency analysis) and Multi-ACCC analysis is run in PSS/E. In the ACCC anal-ysis, the overload in connections and power transformers, and the voltage violations atthe busbars are indicated. The LC values, though, are only obtained in the case of fulldisconnection of load. This means, that the LC values are calculated for specific contin-gencies, and are not related to overload and voltage violations. To obtain the potential
LC values for each individual contingency and their combinations, the Multi-ACCC analy-

47



Data extraction from ACCC and
Multi-ACCC analysis output  

Linking power system
connections to substations bays 

Linking substation equipment to
substation bays   

Data related to substation
schematic and risk components 

Power system is modeled in
PSSE 

ACCC and Multi-ACCC analysis
is run in PSSE  

ACCC and Multi-ACCC analysis
results are loaded in Python  

 Linking load curtailment values
to substation equipment  

Calculation of substation
equipment maximum risk 

Data extraction

Power system data is loaded in
Python 

Load curtailment values 

Figure 20: Principal concept of the risk calculation of substation equipment

sis is run. Compared to the ACCC analysis, it makes it possible to use corrective measures.These are needed to curtail the load in order to eliminate overload and voltage viola-tions. The corrective measures are related to active and reactive power control, and caninclude generation units, shunts and loads. Therefore, the Multi-ACCC analysis calculatesthe potential LC values for all other contingencies besides the onesmentionedwith ACCCanalysis.
Initially, the ACCC and Multi-ACCC analysis results are loaded in the risk calculationlogic process as .acc files. The LC data from these files are extracted in an iterative loop.In each iteration, the LC values for a specific N-1 contingency or N-2 contingencies are ob-tained. These values are inserted into dedicated matrices in accordance with the contin-gency description. The correct matrix chosen for each LC depends on the disconnectedconnections and the related data in contingency descriptions. The indices of rows andcolumns in these matrices indicate either the substations (buses) or power system con-nections. This makes it possible to find the LC values for further use based on the equip-ment index, which indicates its location in substation schematic, and substation number.The pseudo-code of that process is provided in Algorithm 2.
Based on the substation schematic, the number of connections disconnected afterequipment failure can be different. It is common in the case of substation schematicswith a lower reliability. This ismainly caused by the failure of the overall substation sectionbusbar. In order to use 2-dimensional matrices to represent the LC values after multipledisconnections, these connections need to be combined into a single index. Subsequently,this makes it possible for the row and column indexes of the matrices to indicate the dis-connection of more than one connection. For different substation schematics, additionalsets ofmatriceswith correspondingLC values are added. In accordancewith theCntgCbnvalue, the risk calculation logic process can determine the combinations of connections inthe matrices. These are used further to link the LC to related risk components of equip-
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ment. In accordance with the vector indicating the substation type in the risk calculationlogic process, appropriate matrices with LC values are chosen.In order to link theLC values to individual equipment, the power systemdata are used.This is loaded into the risk calculation logic process as a .rawfile. Next, the data is extractedby API commands and the virtual power system structure in Python is generated in theform of variousmatrices. These contain the number of buses, branches, loads, generationunits, and other elements. Another matrices indicate the links between these elements.This requires using part of the power system data including the substation configurationsmodeled in PSS/E.Mainly, it describes the connections betweenbranches, loads andotherelements to buses and substation nodes. This makes it possible to link the power systemconnections to substation bays. The virtual substation configuration is generated basedon the data in the matrices. The pseudo-code of that process is provided in Algorithm 3.Subsequently, it is used to link individual equipment to substation bays and busbar of itssections.
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Algorithm 2: Pseudocode of linking LC to specific vectors or matrices
for Contingencies descriptions i = 1...n doRead contingency data of ACCC analysisRead contingency data of Multi-ACCC analysisExtract LCi valuesExtract the indexes of disconnected connections or busesExtract theCntgCbni valueGenerate vectors and matrices for LC values

if CntgCbni is equal toCntgCbn of vectors or matrices then
for Length of vectors or matrices doAdd LC values to vectors or matrices in accordance to connections orbuses indices

Algorithm 3: Pseudocode of generating virtual structure of power system
for API commands of power system elements i = 1...n doRead elements dataExtract elements indicesGenerate matrices for elements indicesGenerate matrices for links between elements

for Length of elements indices doLink elements indices to buses
for Length of substation node indices doLink substation node indices to busesLink substation node indices to elements indicesAdd extracted indices to vectors and matrices
if Elements are connected to nodes 3, 5, 7, 9, 11 thenSet connected substation section number to 1
if Elements are connected to nodes 4, 6, 8, 10, 12 thenSet connected substation section number to 2

Next, it is necessary to add the LC values, related cost parameters, and thePoFi valuesto individual equipment for risk calculations. This is done in a dedicated part of the logicprocess. In that, multiple parameters are combined for the RoFi calculations. The dataabout the LC values are obtained from matrices consisting of contingency analysis re-sults. The equipment indices itself are specified in a dedicated matrix for each substation.The MT T Ri and the PoFi values are loaded as .csv files and then extracted. In addition,the vectors with the CoRi, the VoLLi, substation schematic type, and inclusion of powertransformers in substation bays, are inserted into risk calculations. From another input,the matrices consisting of a virtual power system structure are also added.
Based on the matrices with buses, connection numbers, substations and their nodes,and links between them, the main matrices for risk calculation results are created. Theinitial column in these indicates the substation (bus) number and the second column in-dicates the substation bay or section busbar. If the substation bay is connected to thepower system connection (transmission line or power transformer), then the connectionnumber is used as a bay index. In the case of equipment related to substation busbar ofsections, the bay index is 0. For indicating the connected loads, index value -1, and for the
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connected generation units, index value -2, is used. In accordance with bay indices, thecorresponding LC values are added for each equipment in the risk calculation process.The columns following the indices of substations and its bays are intended for the
RoFi values. In each column, the calculation results for specific equipment is added. Theequipment indices based on the columns are: C(B1), C(B2), VT, CT, CA, ES, SA, PT, IS, ES(PT),SA(PT), D(B1), VT(B1), ES(B1), SA(B1), D(B1E5), D(B2), VT(B2), ES(B2), SA(B2), D(B2E5), C(E5),CT(E5), CA(E5), ES(E5). B1 and B2 indicate the sections busbars, where the equipmentis connected. The index E5 is added, if the equipment is related to the connection E5between sections busbars. Compared to the schematics in Fig. 12, Fig. 13, Fig. 14 andFig. 23, the actual connections of the power system to E1...E7 are known and expressedby indices in initial columns. The same principle is also used in converting the C1...C9and D0...D9 to C(B1), C(B2), C(E5), D(B1), D(B2), D(B1E5) and D(B2E5). Subsequently, thismakes it possible to link individual pieces of equipment to the LC values. If the specificequipment is excluded from the substation bay or section busbar, then value 0 is addedinto the matrices.In order to determine the LC for N-1 and N-2 contingencies, separate matrices for riskcalculation results are used. Their structure is the same, besides the different LC valuesinserted. In an iterative process of risk calculation, they are combined with the MT T Riand the PoFi values. The matrices with the MT T Ri and the PoFi also follow the mainstructure of risk calculation results matrices. Therefore, the appropriate values are addedto the LC based on indices of substations and their bays or busbars.Initially, the RoFi in N-1 contingencies is calculated. This is based on the double itera-tion loops. In the outer loop, the indices of the substation, and its bay or section busbarare obtained row-wise. In accordance to these, the correspondingLC value is inserted intothe calculation process. In the inner loop, the equipment indices are obtained column-wise. These indices are used to insert the corresponding MT T Ri and PoFi values in thecalculation process. TheVoLLi is also added, and as a result, theRoFi in N-1 is determined.The pseudo-code of that process is provided in Algorithm 4.
Algorithm 4: Pseudocode of calculating RoFi in N-1 contingencies
for Length of substation bays and sections busbars indices doRead substation index for equipment iRead substation bay or section busbar index for equipment i

for Length of equipment indices doRead equipment i indexRead LC value based on indices of substation and its bay or sectionbusbarRead MToR and PoF value for equipment iReadVoLL valueReadCoR value for equipment iCalculate RoFi(N−1)

Next, the maximum RoFi in N-2 contingencies is calculated. The overall process of ob-taining the corresponding values of risk components is similar to the process implementedwith the N-1 contingencies. Still, since the combined failures of equipment i and j need tobe considered, four iterative loops are used: two for equipment i related indices and twofor equipment j related indices. The risk is calculated for the perspective of equipment i.Therefore, for each failure of equipment i, the failures of other equipment, indicated as j,
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are looped. In the outer loop, the indices of the substation, and its bay or section busbarfor equipment i is determined row-wise. In the loop inward, these indices are determinedrow-wise for equipment j. The next loop inward is for obtaining the MT T R and the PoFvalues for equipment i, and the inner loop is for obtaining the MT T R and the PoF val-ues for equipment j. Because equipment j is virtually equipment i, and is referred to asequipment j to describe the combined failure event between two pieces of equipment i,theMT T Ri and thePoFi values are used in both cases. A similar approach is implementedwith theVoLLi values.In N-2 contingencies, the RoFi expresses the maximum RoFi j(N−2). Due to the multi-ple combinations of combined failure events between equipment i and j, the RoFi j(N−2)is calculated in each iteration. To use a single risk value for individual equipment, themax-imum RoFi j(N−2) based on all iterations is determined. For that, the maximum RoFi j(N−2)in each iteration is compared to its previous value. If the RoFi j(N−2) in a current iterationis higher than the maximum RoFi j(N−2) based on a previous iteration, then it is updatedand set asmaximumRoFi j(N−2). If it is lower, then the previously setmaximumRoFi j(N−2)remains unchanged and used in the next iteration. The initial maximum RoFi j(N−2) is setto 0. As a result of the iterative process, the RoFi in N-2 contingencies is determined. Thepseudo-code of that process is provided in Algorithm 5.
Algorithm 5: Pseudocode of calculating RoFi in N-2 contingencies
for Length of substation bays and sections busbars indices doRead substation index for equipment iRead substation bay or section busbar index for equipment iSet maximum PoFi j(N−2) as 0

for Length of substation bays and sections busbars indices doRead substation index for equipment jRead substation bay or section busbar index for equipment j
for Length of equipment indices doRead equipment i index

for Length of equipment indices doRead equipment j indexRead LC value based on indices of substations and its bays orsections busbarsRead MT T R and PoF values for equipment i and jReadVoLL valueReadCoR values for equipment i and jCalculate RoFi j(N−2)Compare RoFi j(N−2) to maximum RoFi j(N−2)

if RoFi j(N−2) > maximum RoFi j(N−2) thenSet RoFi j(N−2) as maximum RoFi j(N−2)

Obtain maximum RoFi j(N−2)

The calculation of the RoFi(N−1) and the maximum RoFi j(N−2) is included in a largerlogic process. Its pseudo-code is provided in Algorithm 6. It is used to select the correct
LC values from matrices in accordance with substation types and connection types ofsubstation bays. Based on the indices of substation types, the LC values of equipmentfailure in the N-1 contingency and equipment failures in N-2 contingencies are taken from
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the corresponding matrices. The indices of connection types of substation bays are alsoused for determining the correct LC value. Due to the commands implemented in con-tingency descriptions in PSS/E, the connections are indicated as branches (including two-winding power transformers), three-winding transformers, loads, generation units, andother elements. Therefore, the LC values are added into different matrices according toconnection type. Subsequently, these indices are used in the risk calculation logic processbesides substation types.
Algorithm 6: Pseudocode of calculating the maximum RoFi

for Length of substations equipment indices doRead risk components data
Function Determine substation typesRead substations types based on substation indexRead LC values of equipment according to substations types andequipment locations in substations schematic
Function Determine connections types of substations baysRead connection type of substations baysSelect corresponding matrix with LC value based on connection typesRead LC value of equipment according to connections typesCalculate RoFi(N−1) and maximum RoFi j(N−2)

Function Determine substations bays with power transformersSet corresponding equipment RoFi to 0 for substations bays withoutpower transformers
Function Determine number and connection of elements C and D based on
substations typesExclude elements C and D in accordance to substations types from riskcalculations resultsObtain maximum RoFi

In addition, it is necessary to indicate the correct substation bays with power trans-formers. Because power transformers are connected between buses in PSS/E, they areincluded in data of both buses. Therefore, a dedicated vector is used for indicating thesebuses, in which side the power transformers are included in the risk calculation logic pro-cess. They are also added to substation bays in accordance with bus indices and their
RoFi is calculated. The power transformers from the substation bays of other buses areexcluded and their RoFi is set to 0. It is also necessary to include the proper number ofcircuit breakers and disconnectors based on the connections of substation bays and theirschematic type. For that, the indices of substation types are used with the matrix con-taining data describing the link between these elements and substation section busbars.If some of these elements do not exist in substation based on their type, their RoFi is setto 0.As a result of the risk calculation process, the RoFi(N−1) and the maximum RoFi j(N−2)are obtained. These values are compared to determine themaximumRoFi. If theRoFi(N−1)is higher than themaximumRoFi j(N−2), then themaximum risk is based on theN-1 contin-gency. Otherwise, the maximum risk is caused by a combined failure event of two piecesof equipment in the N-2 contingency. The risk calculation results are also extracted fromthe logic process as .csv files for further analysis. The RoFi, the RoFi(N−1), the RoFi j(N−2),and other risk components’ values can be used as inputs in asset management decision-making. Based on their analysis, it is possible to direct focus towards equipment with
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higher importance in the power system and optimize approaches used.
2.5 Case Study
The results of this case study are based on publication I. They are obtained using the IEEE39-bus power system, the schematic for which in in Fig.22. The power system includes 34transmission lines, 12 branches modeled as power transformers, 19 loads, and 10 genera-tion units. The voltage of its main buses is rated as 330 kV.

The PSS/E is used to model the power system for obtaining the load curtailment val-ues after equipment failures. In Python, various substation schematics with individualequipment placements are implemented in the dedicated logic process. In addition, theload curtailment values are also linked with substation equipment. The dedicated vectorsand matrices are used for values of the risk related components and are included in thecalculation process by considering equipment indices.
The values of the risk components are provided in following. The CoRi of equipmenttypes are: C - 30 k€, D - 10 k€, VT - 20 k€, CT - 20 k€, CA - 10 k€, ES - 5 k€, SA - 2,5 k€,PT - 300 k€, and IS - 2,5 k€. The MT T Ri in hours for equipment types are: C - 8, D - 6, VT- 8, CT - 8, CA - 8, ES - 6, SA - 6, PT - 24, and IS - 6. The relatively fast replacement timeof PT can be assumed achievable as there is a similar spare unit available. In the oppositecase, the RoFi of that equipment type in N-1 contingencies increases. TheVoLLi is set to 1k€ for all the loads. The PoFi values is initially set to 0,1. The latter represents equipmentwith certain degree of condition degradation.
The results depict the change in the PoFi, the change in the MT T Ri, and the changeof substation type. These values are based on the equipment chosen as examples, suchas VT1 (branch 8 at busbar 7) and VT2 (branch 21 at busbar 19) provided in Fig. 23, and DC1

Figure 22: Schematic of the IEEE 39-bus power system used in the risk calculations. Power system
data is available in [102].
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Figure 23: Risk of substation equipment (VT1 and VT2) based on cases: 1 - initial, 2 - PoFi is increased
to 0.2, 3 - MT T R is increased to 10, 4 - substation type is changed to 1 [101]

Figure 24: Risk of substation equipment (DC1 and DC2) based cases: 1 - initial, 2 - PoFi is increased
to 0.2, 3 - MT T R is increased to 10, 4 - substation type is changed to 1 [101]

and DC2 (branch 20 at busbar 4) provided in Fig. 24. The results indicate the risk in theN-1 contingency and its maximum value in N-1 and N-2 contingencies. It is apparent fromFig. 23, that increasing the PoFi to 0.2 (case 2) also increases the RoFi (compared to case1). The increase in MT T Ri also increases the RoFi (case 3 compared to case 1), thoughthe change in case 3 is smaller than in case 2. In conclusion, the increase of MT T Ri by 2hours has less impact on the RoFi compared to the change in PoFi from 0.1 to 0.2.
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Moreover, theRoFi of VT1 is lower inN-1 contingencies than itsmaximumvalue,mean-ing that the maximum RoFi is obtained in N-2 contingencies. In contrast, the maximum
RoFi of VT2 is based onN-1 contingencies. Changing the substation type does not increasethe RoFi, due to equipment placement in a branch (E1 in Fig. 12).The RoFi of equipment DC1 and DC2 is provided in Fig. 24. Similarly, the RoFi is in-creased due to the increase in the PoFi and the increase in the MT T Ri. However, thelatter’s impact is smaller compared to case 2. The RoFi of DC1 in N-1 increases from near0 to 70, when comparing case 4 to case 1. Nevertheless, the maximum RoFi remains thesame. The RoFi of DC2 can not be calculated in case 4 because that equipment is notincluded in the less reliable substation schematic (schematic in Fig. 14 is changed to Fig.12).The results indicated, that the impact of the change in risk components depends onequipment location in the substation and its type. Similarly, it alters the RoFi in the N-1 contingency and the maximum RoFi. Overall, the developed risk calculation processprovides options to evaluate equipment importance in the power system, determine thepotential causes for higher RoFi, and assess suitable methods for RoFi reduction.
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3 Equipment Risk Reduction in the Case of Unknown Condi-
tion Data

In the previous chapter, themaximum risk calculation process was described. The risk val-ues of equipment are further used in different asset management related processes. Theyare the main input for various management decisions, task planning, and analysis. Fore-most, asset management needs to focus on equipment with a higher failure risk. Basedon the risk, an efficient management method for each piece of substation equipment canbe chosen. In addition, it is also possible to determine suitable options for risk reductionand the amount of equipment included in its options. The increase in the cost-efficiencyof asset management is achieved with the adjustment of risk reduction related parame-ters. Another aspect is the uncertainty in risk and its components. Before analyzing therisk reduction methods, it is necessary to obtain data on equipment condition, and sub-sequently failure risk, as well. Thus, risk reduction is a complicated process consisting ofmultiple factors.This chapter is based on publications II, III and IV consisting of twomain aspects. Firstly,addressing RQ2, an overview of the failure risk estimation process in the case of uncer-tainty in equipment condition data is presented. It initially describes the estimation ofunknown condition data of equipment. Next, the process for using estimated data in risk-based asset management is provided. Secondly, addressing RQ3, an overview of risk re-duction related factors are presented. The chapter continues by explaining options forachieving cost-efficient decrease in failure risk. This is followed by the corresponding fail-ure risk reduction process. In addition, addressing RQ3 and RQ4, the cost limits of riskreduction are evaluated. The chapter ends with a case study.
3.1 Principles of Failure Risk Reduction
The risk calculation process is an important part of asset management decision-making.Its main purpose is to identify equipment with a higher RoFi. Based on that, suitablemeasures can be taken to reduce equipment risk. Failure risk reduction is achieved bystrengthening the power system with alternative paths between substations or by reduc-ing the equipment’s likelihood of failure. The suitable method can be selected based onthe cost of risk reduction, its efficiency, and the available funds. It is also important toanalyze the cost related factors of asset management methods to determine the scale ofrisk reduction from a cost perspective. This is necessary for increasing the efficiency andjustification of using the RBM. The principles of failure risk reduction are also describedin Fig. 25. Overall, the process of the risk reduction consists of:

• Determining the condition of the equipment based on available data
• Estimating the condition of the equipment based on available data
• Using the known and estimated data in asset management decision-making
• Calculating the equipment risk
• Analyzing the options for risk reduction
• Decreasing risk based on the chosen risk reduction methods
• Analyzing the cost limits of risk reduction
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Figure 25: Principle process of risk reduction

In the case of uncertainty in equipment condition data, risk reduction can be used asan option to increase awareness on the condition of higher-risk equipment. Dependingon the scale of risk reduction, the overall uncertainty could decrease as well. Thereafter,the efficiency of risk reduction and the cost-efficiency of risk-based asset management isgradually increased based on the increase in accuracy of condition data.
3.2 Risk Assessment in Condition Data Uncertainty
3.2.1 Health Index Based Condition Indication
Before risk calculations and assetmanagement decision-making, actual or estimated equip-ment condition needs to be determined. This can be achieved based on condition inspec-tions ormeasurement solution data. Another option is to use statistical data, but this onlyprovides an overview of equipment’s probabilistic condition for the whole group. There-fore, to determine the actual condition of an individual piece of equipment, it needs tobe inspected or monitored. It is also possible to estimate the condition of equipmentwith unknown data based on the known data. Nevertheless, the results also indicate theprobabilistic condition of the whole group instead of a single piece of equipment.

It is relatively common to express equipment condition by its Health Index (HIi) value.Its principle of use is illustrated in Fig. 26. For HIi obtainment, the equipment parametersare measured on a predefined scale. The HIi is calculated based on the results and theirdeviation from the reference values. If the evaluated parameter is within the expectedrange, the equipment condition is stated as good. If the evaluated parameter exceeds thethreshold value, then condition degradation is detected. The HIi values can be within 1and 5, 1 and 10, or 1 and 100, based on themethodology used. Usually,HIi value 1 indicatesthe good condition of equipment, and HIi value 5 (10 or 100) indicates its highly deterio-rated condition. It can be determined separately for various components of equipment.
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Figure 26: Principle process of obtaining and using equipment Health Index

Thereon, the dedicated equations are used to calculate overall HIi. Based on equipmenttype and functionality, its calculation process can also be different.The usage of HI approach can be preferred if the age-related factor of equipment isdiminished or discarded by subsequent factors. For example, in the case of absent orlimited condition data or when the equipment age is not correlating with the previouslygathered data. Therefore, the HI makes it possible to express the equipment conditionwithout having sufficient information regarding the degradation patterns of equipmentwith respect to equipment age. Furthermore, it indicates the exact condition of equip-ment if that is evaluated directly. Secondly, the results are not linked with the equipmentage. Thus, the older equipment can be in a relatively good condition, and the newer onemight have deteriorated significantly. This can be undetected when using statistical data.On the other hand, the gathered HI values need to be converted to degradation charac-teristics in order to predict the changes in the equipment’s condition over a longer periodof time. TheHI approach is also used in the process of assetmanagement of transmissionoverhead lines [103], where assets age was not correlating with their actual condition.An option is to implement HIi values directly to asset management decision-making.If using relatively frequent condition inspections or monitoring, equipment maintenanceor replacement can be scheduled based on the HIi. However, these values alone arenot enough for optimizing asset management. To increase cost-efficiency, knowing theequipment’s importance in the power system is necessary. For that, the HIi values needto be converted to the PoFi. It is relatively common to use methods based on hazard rateto obtain the PoFi from HIi.An overview of different HI obtainment methods is given in [62]. These methods areusually intended for specific equipment types. For example, HI calculation methodologyfor power transformers is presented in [70], [71], [72] , [73]. In the case of circuit break-ers, HI obtainment is provided in [74], and for cables, it is presented in [34]. For otherequipment types, dedicated approaches to obtain HI values are majorly absent.
3.2.2 Estimation of Unknown Condition Data
In an idealized situation, the condition of all equipment in the power system is known.Furthermore, it is updated relatively frequently or in real-time. Therefore, equipmentfailures can be avoided. Also, knowing the actual data on equipment condition makes itpossible to increase asset management cost-efficiency. In real power systems, though,it is quite common that the condition of the majority of the equipment is updated ata slow frequency or their actual state is unknown. As a result, predicting and preventingequipment failures is a challenge. In addition, this makes increasing the efficiency of assetmanagement more complicated.To optimize asset management and use the RBM, it is necessary to calculate the riskof all equipment. Subsequently, this requires knowing their condition for determining the
PoFi. If the condition data is available, relatively accurate RoFi values can be calculated.
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On the other hand, if there is limited condition data or no awareness of the actual con-dition of the equipment, the RoFi values have higher uncertainty. Also, it is necessaryto determine the condition of equipment, for which sufficient data is unavailable. Thisequipment could have higher risk, and therefore, their failures may cause significant con-sequences. This requires some additional steps to be taken. Mainly, the unknown dataneed to be estimated based on the known and available data.The equipment condition estimation is necessary for multiple reasons. Firstly, it canbe used to obtain the PoFi in the case of unknown condition data for the RoFi calcula-tions. Because the estimation is done based on the known condition data, all the RoFivalues are found on the same basis. This means, that the RoFi values are comparablebetween equipment with a known condition and equipment with an unknown condition.Secondly, it increases awareness about an equipment’s potential condition, representedby the HIi. Based on that, the amount of equipment with condition degradation and po-tential equipment failures in the upcoming time period can be estimated. Thirdly, it im-proves the cost-efficiency of asset management and helps to avoid failures with a highercost. If the estimated RoFi or condition degradation of equipment is relatively high, thenit is reasonable to consider the reduction of its risk.Therefore, having knowledge of equipment condition is necessary in order to optimizeasset management. For data estimation, though, it is necessary to analyze the availabil-ity and usability of the known condition data. Its availability is higher, when gatheredperiodically within all equipment groups. Access to statistics representing the analyzedequipment groups increases the quality of data and its usability as well. The overall qual-ity of condition data depends on the amount of equipment with known condition andequipment with unknown condition, denoted as K and M, respectively. Combined, theyrepresent the equipment group S (18).
S = K +M (18)

If K >> M, there is a good overview of equipment condition in group S. This allowsfor relatively accurate HIi, PoFi and RoFi calculations for most of the equipment. Theestimation of these values for group M can also have lower uncertainty due to a higherquantity of known data. If K << M, then the condition of most equipment is unknown.This leads to higher uncertainty in theirHIi, PoFi andRoFi values. Therefore, these valuesneed to be estimated based on the known data on group K or by using related statistics.In the case of limited information regarding the condition of equipment in group M,some assumptions are necessary to bemade. Foremost, the degradation pattern of theseequipment is expected to be similar to equipment in group K. As a result, it is possible toestimate the condition data of group M from group K. The estimation process creates aprobabilistic understanding of their condition states compared to a situation without anyor with limited information related to group M. This becomes more accurate if the pro-portion of group K increases. However, it should be reasonable to exclude outliers, suchas equipment, which stands out from the overall group S. They can be related to theirsignificant age, manufactory- or producer-related issues, and previously occurred over-loading or over-voltage incidents. Furthermore, if the equipment for group K is chosenbased on random selection, the likelihood of being chosen is the same for each piece ofequipment. Thus, it can provide a probabilistic overview of the overall condition of group
S. Initially, it is necessary to gather data about the equipment in group K. This data isexpressed by the HIi values. Next, the known HIi values need to be evaluated to obtainthe number of pieces of equipment with different condition states. One option is to dis-tribute the acquired samples of HIi...k values of group K by using a histogram. It is also
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Figure 27: Fitting the probabilistic distribution (likelihood function) A to the number of HIi values

necessary to scale the summarized HI values between 0 and 1. This makes it possible toobtain the proportional values of HI indices (for example, 1 to 5) based on the numbers
N of equipment in group K (19).

HIi(prop) =
N∑(HIi)

N∑(HIi...k)
(19)

For further data analysis, the proportional sample sizes need to be expressed by aspecific likelihood function. This represents the change in proportional samples after theincrease in HI indices. For that, the distribution of HI indices is fitted to various prob-abilistic distributions. Commonly used distributions are exponential, normal, lognormal,weibull, and uniform [17]. Choosing between these also depends on the analyzed subjectand the goals of the analysis. The principles of this approach are provided in Fig. 27.After fitting the chosen distribution functions to the distribution of HI indices, thefunction with the best fit is determined. For that, various methods can be implemented.An option to evaluate the goodness-of-fit of probabilistic characteristics to sample data isto use the sum of squared error (SSE) (20). In that, the n is the number of data points,
yi represents the observed value for the i-th data point and ŷi represents the predictedvalue for the i-th data point.

SSE =
n

∑
i=1

(yi − ŷi)
2 (20)

The distribution function with the best fit is used in equipment condition data estima-tion processes. Its shape represents the probability to obtain the specificHI indices basedon condition data of group K. If assuming that the pieces of equipment in group S are rel-atively similar by their functionality and type, the likelihood function should describe thecondition data of group M as well. This makes it possible to increase awareness aboutequipment condition with unknown data and use it in risk assessment decision making.
3.2.3 Use of Estimated Data in Risk-Based Asset Management
If the exact condition of the equipment is known, represented by group K, then the cor-responding HIi, PoFi and RoFi values can be directly calculated. They are assumed to
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have relatively low uncertainty, if dedicated approaches and solutions are implementedto determine their condition. In the case of an unknown condition state of equipment,represented by group M, the HIi needs to be estimated. Next, these HIi values are usedto obtain the PoFi for further risk calculations. Due to the lack of knowledge on the exactcondition of the equipment, the mean PoFi value is used with all the equipment in group
M. Despite that, the HIi estimation based on known HIi values makes it possible to scalethe RoFi values of group M to all other equipment RoFi values in group K. Therefore, itis possible to obtain a rank or order of equipment based on their RoFi. This can be usedin asset management decision-making.To increase asset management cost-efficiency, one option is to reduce equipment fail-ure risk based on its order. Therefore, the uncertainty in risk components can have a sig-nificant impact on the RoFi and risk reduction. If the RoFi is noticeably higher than mostequipment RoFi, then it also has a relatively high cost component. This can be consideredreason enough to include the equipment in theCBM, even if their exact PoFi is unknown.Similarly, relatively low RoFi values may be caused by relatively low CoFi values. There-fore, their failures alonewould not have a significant impact on overall assetmanagementcosts. If themajority of equipmentRoFi are around the same values, illustratively groupedtogether, then determining their order based on risk becomes complicated. It is also pos-sible to compare the RoFi values of different equipment groups for a higher amount ofsamples and better separation.The main downside of data estimation is the potential possibility to under- or over-estimate theRoFi values. Its probability and extent in awhole equipment group S dependson the proportional scale between group K and M. If K » M, then most of the equipment
RoFi is determined relatively accurately. Therefore, the uncertainty in the RoFi of group
M has a lower impact on overall equipment rank in group S. If K « M, then most of theequipment RoFi is estimated. Nevertheless, they are affected similarly due to the use ofmean PoFi. It also means, that their rank is determined mainly by the cost componentsof risk.The uncertainty in the equipment condition of group S depends on the amount ofequipment in the groups K and M. It also represents the proportional sample size p̂K ofgroup K from group S (21). Therefore, it makes it possible to evaluate the scale betweenthe known and unknown condition data. If the p̂K is relatively high or near 1, then there isa good level of awareness of equipment condition in group S. Subsequently, determiningthe HIi and the PoFi for the majority of equipment is quite accurate. If the p̂K is relativelylow or near 0, then the equipment condition is largely unknown and there is not enoughdata to determine the HIi within a lower level of uncertainty.

p̂K =
NK

NS
(21)

Because data estimation does not indicate the actual condition and theHIi of equipment,it can have HIi value between 1 to 5. Therefore, it can be complicated to evaluate the po-tential amount of equipment with actual higher HIi values. This causes uncertainty inasset management cost estimation as well. If the amount of equipment with higher HIivalues is unknown, then the amount of equipment failures and maintenance during theupcoming time period is also difficult to assess. As a result, comparing asset managementmethods based on cost becomes unreasonable and inefficient. Nevertheless, for risk re-duction and the use of RBM, it is necessary to know these values to evaluate its extent.The objective of the RBM is to minimizeCAPEX and OPEX during the time period t(22). These values depend on the various cost components. Mainly, the cost of inspectionsand its frequency, the cost of maintenance, the cost of equipment replacement, and the
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cost of equipment failure.
min(CAPEX(t),OPEX(t)) (22)

If the p̂K is relatively low, meaning that the exact condition and HIi of the majority ofequipment is unknown, an alternative approach is necessary for determining potentialvalues of asset management cost components. This can be done based on estimated HIivalues. Based on the HIi values in group K, the HIi values for group M are estimated. Asa result, an assumed amount of equipment with each HIi is obtained. Next, these valuesare analyzed to determine the overall condition of equipment in group M.For example, if using a HIi scale of 1 to 5, then a value below 4 indicates relativelygood functionality of equipment. If HIi is 2 or 3, some defects in their earlier stages maybe noticed and there are signs of degradation. Overall, though, its likelihood of failure canbe considered relatively low and there is no urgent need for equipment maintenance orreplacement. If HIi is 4, referred to as event P(HIi = 4), then there are signs of moreextensive degradation, which could have an impact on its functionality. Without inter-vention, this can lead to HIi value 5, and eventually to equipment failure. HIi value 5,referred to as event P(HIi = 5), indicates the importance of equipment replacement dueto higher failure probability.Therefore, if the (23) applies, then equipment condition in group M can be consideredmostly sufficient and urgent asset management activities are unnecessary. Otherwise, alarge amount of equipment in groupM is deteriorating and could cause equipment failuresin the upcoming time period. Based on the evaluation ofHIi values, additional steps in riskanalysis can be taken. Similarly, potential values of asset management cost componentscan be evaluated.
m

∑
i=1

P(HIi < 4)>>
m

∑
i=1

P(HIi = 4,5) (23)
The HIi values can be linked based on their related tasks and consequences to specificcost components of asset management, described by (24)...(27). These cost componentsdepend on the awareness of equipment condition and the availability of relevant data.Therefore, they can be different for group K and M. In the case of group K, due to moreextensive condition degradation indicated by P(HIi = 4), equipment maintenance is usu-ally implemented. This is represented by the CoMAi. In P(HIi = 5), instead of main-tenance, it may be reasonable to replace equipment as a preventive measure. This isexpressed by theCoRi. In the case of group M, without knowing the condition deteriora-tion of equipment, its HIi increases from 4 to 5 over time. For the same reasons, events
P(HIi = 5) could go unnoticed. As a result, the P(HIi = 5) eventually causes equipmentfailure, which is represented by theCoFi.

P(HIi = 4) =CoMAi, i f i ∈ K (24)
P(HIi = 5) =CoRi, i f i ∈ K (25)

P(HIi = 4)−→ P(HIi = 5), i f i ∈ M (26)
P(HIi = 5) =CoFi, i f i ∈ M (27)

Based on the HIi values 4 and 5, and their related cost components, (28) is obtained.This makes it possible to analyze the total cost of asset management based on actual orestimated data. This can be beneficial for evaluating the impact of data uncertainty oncost component, as well as for analyzing the outcome of having limited or absent data on
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equipment condition. Based on that, an appropriate asset management decision can bemade.
k

∑
i=1

(CoMAi +CoRi) =
m

∑
i=1

CoFi, i f P(HIi = 4,5) (28)
Overall, these decisions depend on the justification of using preventive measures to avoidequipment deterioration and failures or accepting potential failure consequences. In or-der to perform equipment maintenance on time, prevent its ongoing condition deterio-ration, and avoid failure consequences with higher cost, the PoFi, RoFi and HIi need tobe linked to individual equipment. In the case of group K, due to the knowledge of theexact equipment with a specific HIi value, it is possible to directly focus on that equip-ment and arrange maintenance or schedule replacement. The potential consequences ofthe equipment failure are also known. Therefore, asset management can be addressedbased on individual equipment. In the case of group M, the HIi values are estimated, soequipment with higher HIi values are not precisely known. Subsequently, addressing thisequipment is difficult.In the case of an assumption, that group M has a relatively high amount of equip-ment with HIi values 4 or 5, the total cost of their failures could be significant. Therefore,to avoid the potential failures of equipment in group M, the pieces of equipment withassumed condition degradation need to be determined. One option is to assess the con-dition of each equipment in M, but this can be time-consuming and come with a highercost. Without inspections, pieces of equipment with events P(HIi = 5) are not detected.Similarly, the occurrence of the event P(HIi = 4) leads to event P(HIi = 5) without on-timemaintenance, which subsequently causes equipment failure. From the cost perspec-tive of asset management, neither option is ideal. Therefore, additional parameters arenecessary in order to locate pieces of equipment, whose failures may have higher conse-quences.To assess the significance of the events Pi, additional parameters indicating its weightare necessary to implement. For that, vector W (Pi) representing a function of individualweight parameters wi is used (29). The inclusion of different parameters wi depends onthe objectives of the analysis and their availability. In this case, the w1 is a cost relatedparameter, w2 is a risk related parameter and w3 represents the time-frame t.

W (Pi) = f (w1,w2,w3, ...,wn) (29)
Parameter w1 can be linked to the cost of events P(HIi = 4) and P(HIi = 5) to obtaintheir individual equipment-based cost or their overall equipment group-wise cost. Thecost functionCoPa for the group K can be determined by (30) and the cost functionCoPbfor the group M by (31). It represents the cost of reacting to these events in the case ofgroupK and the cost of not reacting to these events in the case of groupM. The total costof the corresponding asset management decisions depends on the amount of equipment
p with events P(HIi = 4) and P(HIi = 5) in groups K and M.

CoPa(HIi = 4,5) =
p

∑
i=1

CoMAi +
p

∑
i=1

CoRi, i f i ∈ K (30)

CoPb(HIi = 4 −→ 5,5) =
p

∑
i=1

CoFi, i f i ∈ M (31)
Another factor to consider is the cost of reacting the opposite way to events P(HIi = 4)and P(HIi = 5). In the case of group K, represented by cost function CoPb (32), this in-cludes the same cost component as with group M. In the case of group M, reacting the
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opposite waymeans using condition inspections to determine the equipment i, which cancause the estimated eventsP. For that, the exact condition andHIi of each piece of equip-ment in group M need to be assessed. Usually, condition inspections are necessary todetermine the equipment with higher HI. It can be impossible or quite difficult to obtainthe actual equipment condition using alternative methods. The equipment inspectionsalso have specific cost. The total CoIi depends on the amount of inspected equipment.This task is expressed by the cost functionCoPa (33).
CoPb(HIi = 4,5) =

p

∑
i=1

CoFi, i f i ∈ K (32)

CoPa(HIi = 4,5) =
m

∑
i=1

CoIi, i f i ∈ M (33)
Due to the different options of reacting to events P(HIi = 4) and P(HIi = 5) and theirrelated cost functions, the equilibrium in (34) needs to be evaluated. This is expressed bycost functions (35) for group K and (36) for group M. If the amount of equipment needingmaintenance and replacement in group K is known, it is possible to compare their costto the equipment failure cost. Based on that, an appropriate management decisions ismade. In the case of group M, the total values of cost components can only be compared.

CoPa(HIi = 4,5) =CoPb(HIi = 4,5) (34)
p

∑
i=1

CoMAi +
p

∑
i=1

CoRi =
p

∑
i=1

CoFi, i f i ∈ K (35)
m

∑
i=1

CoIi =
p

∑
i=1

CoFi, i f i ∈ M (36)
Based on the objective of the asset management and whether the equipment is in group
M the overallCoIi and theCoFi need to be minimized to meet the condition in (36). Oth-erwise, the cost-efficiency of asset management decreases. Based on the cost functions
CoPa, CoPb, and the weight vector Wi, the minimization function (37) for group M is ob-tained.

F(CoPa,CoPb,Wi) = min(
m

∑
i=1

CoIi,
p

∑
i=1

CoFi), i f i ∈ M (37)
The parameterw2 in vectorWi represents theRoFi calculated based on the known and es-timated PoFi. It can be used as an additional value to determine the sequence of reactingto events P. Still, it is more considerable in the case of group K, because the equipmenthave different PoFi values. Therefore, the RoFi indicates equipment rank or order in thesequence more accurately. This is especially important, if K >> M. If the size of group Kdecreases, then a less accurate awareness of equipment conditions exists. Subsequently,thePoFi represents itsmean value for thewhole groupM instead of individual equipment.Because of that, parameter w1 can indicate equipment importance better than w2.The parameter w3 expresses the time-frame t, when the decisions or measures re-lated to event P are taken. It means either reacting or not reacting to equipment withknown or estimated higher HIi values. Based on that, asset management costs for a spe-cific time-frame can be determined. If the time-frame is narrower, then the likelihoodof events P decreases. In the case of a wider time-frame, more events P probably oc-cur. Subsequently, it changes the CAPEX and OPEX values used in asset managementdecision-making. In addition, the event P(HIi = 4) in t is assumed to become the event
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P(HIi = 5) in t + 1, if the equipment is in group M. Therefore, these events need to beseparated between different time-frames. For that, the length of time-frame t is necessaryto determine. This also makes it possible to increase the accuracy of asset managementcost evaluation.
The length of time-frame t depends mainly on the degradation characteristics of in-dividual pieces of equipment. The pace of these can be different and are impacted byvarious parameters. Therefore, without relatively frequent condition inspections, the endof time-frame t is difficult to determine. For specifying it, an option is to link parameter

w3 to equipment age. Statistically, the likelihood of having more equipment with higher
HIi values increases, when the equipment begins to near the end of its life expectancy.This means, that the length of the time-frames decreases and the costs related to events
P increase. These patterns represent a larger equipment group rather than an individualpiece of equipment. For this reason, the age of equipment itself can not be taken as ajustification to use higher HIi and PoFi values. In addition, linking degradation patternsto equipment HIi can cause relatively high uncertainty, if the available data is limited.

Without actual data on equipment condition, the accurate length of time-frame t isimpossible to obtain. This can be considered as a distinctive outcome of using the T BM.Therefore, as part of implementing the RBM and risk reduction, the parameter w3 is ini-tially estimated. Mainly, this depends on the overall age and other similarities of equip-ment in group S. Based on that, the known HIi values of group K and their estimation forgroup M are used to represent the time-frame t. It is still an approach with relative uncer-tainty, but during implementation of the RBM, the quality of data increases, allowing forthese time-frames to be determined more accurately.
Nevertheless, for risk reduction, all weight parameters w need to be considered. Theparameter w1 can be determined relatively accurately. Its values are represented by thecost components and are calculated by dedicated solutions used in power system anal-ysis. Therefore, the proportional scale of equipment in group K or M is irrelevant. Theparameter w2 depends on the cost components as well as on the PoFi values, which arecombined in the RoFi values. If equipment is in group K, its RoFi is considered to be accu-rate. If equipment is in group M, the RoFi has uncertainty, as data estimation was basedon the mean PoFi. The parameter w3 partially depends on the average HIi of group S,and its estimation based on group K to group M. If the average HIi is relatively low, thenfewer events P could occur during time-frame t. On the other hand, having higher HIivalues also means an increased probability of events P. Subsequently, the time-frame tdecreases. The parameterw3 is used for indicating assetmanagement cost, not the equip-ment risk of failure directly. It is more useful for evaluating the scale of risk reduction.
These parameters are the main inputs in risk reduction processes. based on their val-ues, the order of equipment to be included in the RBM is determined. They also makesit possible to adjust the scale of risk reduction. Due to the sequential nature of that pro-cess, its extent and the amount of equipment included depends on the available fundsintended for that purpose. This is subsequently related to asset management cost com-ponents. Therefore, the risk reduction process requires determination of the sequentialorder of equipment, theCoPa, theCoPb, and the cost of using theCBM.
For the risk reduction sequence, the parameterw1 is used to indicate theCoFi and the

w2 to indicate the RoFi. Based on their values, it is possible to obtain the rank of a pieceof equipment. Next, the rank index makes it possible to obtain the sequential order ofequipment for risk reduction. This can be considered an iterative process, where in eachiteration, a specific equipment risk is decreased. The total number of iterations dependson the cost of reacting to the event P, the cost of risk reduction, and the available funds
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indicated by CAPEX . For OPEX , the parameter w3 is used to indicate the total CoFiduring time-frame t. In a more extensive risk reduction analysis, the comparison between
CAPEX , OPEX , and the risk reduction cost need to be made.Another factor is related to choosing the CoFi values used in the parameter w1 and
w3. In risk calculation, themaximum RoFi is determined in accordance with theCoFi(N−1)and the maximum CoFi j(N−2). Therefore, the CoFi can be based on the failure event inN-1 contingencies or the combined failure event in N-2 contingencies. This also means,that at least two differentCoFi values need to be considered in the failure cost analysis.The differencebetween choosing theCoFi inN-1 andN-2 contingencies dependsmainlyon the probability of having a combined failure event of two pieces of equipment. If theoverallPoFi is relatively low, then the probability of a combined failure event is even lower.Subsequently, using theCoFi in N-1 contingencies represents load curtailment values withhigher probability than the CoFi in N-2 contingencies. If the PoFi of most equipment isrelatively high, using theCoFi in N-2 contingencies is more adequate.In this case, it is reasonable to make the assumption, that failures of equipment ingroup M do not occur in the same time-frame. This makes it easier to obtainCoFi, whichequals theCoFi in N-1 contingencies (38).

p

∑
i=1

CoFi −→
p

∑
i=1

CoFi(N−1), i f i ∈ M (38)
If the equipment is in group M, then because of data estimation, they have similar PoFivalues. However, this is based on an assumption where age-related factors are not con-sidered. Therefore, equipment in group M can also be ranked by their maximum CoFivalue. Furthermore, if assuming that the probability of having combined failure events ofequipment is relatively low, theCoFi(N−1) is used for ranking purposes.Equipment order can be used to determine the focus of asset management activities.One of these activities is a risk reduction. To increase the cost-efficiency of asset manage-ment and risk reduction, it is necessary to obtain the optimal sequence of equipment, bydecreasing risk of failure. In the case of uncertainty in condition data, a couple of param-eters are used. These are the CoFi, the RoFi, and the estimated number of equipmentwith higher HIi values.
3.2.4 The Process of Choosing the Equipment for Condition Inspections
Before choosing suitable and cost-efficient options for equipment risk reduction, it is nec-essary to determine the exact condition of higher risk equipment. In the case of group K,the actual condition data and the HIi values are known. Therefore, the equipment ordercan be obtained relatively accurately and with a low uncertainty. In the case of group M,the actual condition data and the HIi values are unknown. This causes specific limitationsin risk reduction.Mainly, the estimated RoFi values need to be adjusted to obtain RoFi values that arebased on the actual condition of the equipment. This means assessing the condition ofthe equipment. An option for that is to use condition inspections. The latter is also relatedto specific cost components. If group M consists of a large amount of equipment, theninspecting them all could have a high cost. In addition, it is not cost-efficient or optimal,because the risk of the pieces of equipment are most likely different. Some equipmentfailures’ cost and probability could be higher. On the other hand, some equipment’ failurecost and probability is relatively low. Therefore, inspecting them all is inefficient. Espe-cially, without a predetermined order. Thus, it is necessary to use specific procedures toincrease asset management cost-efficiency. This is also important for further reduction
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processes of the RoFi.For determining the actual risk of equipment cost-efficiently, it is necessary to obtainthe optimal sequence of equipment inspection. Another reason for that is an estimatedknowledge of having HIi values 4 and 5 in group M. If these potential events are ignored,then the consequences of failure could have a higher cost. Therefore, detecting this equip-ment is crucial. For that, the functionW of the equipment in groupM is used. This is addedto the minimization function in (37). Based on these functions, a cost-efficient sequenceof equipment condition inspection is determined.The principle is to avoid higherCoFi values by inspecting equipment condition basedon a predetermined order. If the inspected equipment has higher HIi value, then appro-priate measures are implemented, such as condition maintenance or replacement. Thismakes it possible to improve equipment condition and decrease failure probability. As aresult, equipment failure and theCoFi are prevented as well. Another objective is to min-imize the overall cost of equipment inspection used to detect equipment with higher HIi.This is also partially related to distributing equipment betweenmanagement methods. Inaccordance with (36), the total remainingCoIi needs to be lower than the highestCoFi inthe analyzed equipment group.The overall principle of this process is depicted in Fig. 28. Initially, equipment in group
M is ranked by the CoFi values. Also, the number of equipment in group M with the HIivalues 4 and 5 is estimated. In addition, equipment p in M with estimated HIi values4 and 5 and indicated by ∑

p
i=1(HIi = 4,5) is summarized. Next, an iterative sequenceof equipment condition inspection is used. In each iteration, the equipment with thehighest CoFi is chosen. Thereon, an inspection of that equipment is carried out. Basedon the inspection, the equipment’s actual condition and the HIi value is determined. Ifthe HIi of that equipment is 4 or 5, appropriate management activities are implemented.Afterwards, a suitable risk reduction method is chosen to decrease the equipment risk.Subsequently, it is assumed that the equipment’s CoFi is minimized, or in other words,prevented. This makes it possible to remove the value from further iterations and the

RBM cost calculations.It also means, that at the end of each iteration, the highest CoFi value decreases.Therefore, the maximum potential failure consequences after equipment failure becomesmaller. The iterations are done until the highestCoFi is lower than the ∑
m
i=1 CoIi for theremaining equipment in group M. This means, that it is not cost-efficient to inspect moreequipment in group M. Otherwise, the total cost of the inspection to detect equipmentwith HIi values 4 and 5 would be higher than the costs of potential equipment failure.The process stops, if the condition in (36) based on the minimization objective (37) is notmet or the ∑

p
i=1(HIi = 4,5) is lower than 1.The process of determining the equipment inspection sequence alsomakes it possibleto determine the amount of equipment in different asset management methods. Theequipment inspected is added to theCBM, if economically feasible, based on cost relatedparameters such as available funds, cost of measurement solutions, or cost of arrangingspare equipment. The equipment not inspected and with the lowerCoFi can be includedin the T BM or the run-to-failure approach. If the equipment is included in the CBM, asuitable risk reductionmethod needs to be chosen. It is themain component for achievinga decrease inCoFi values in asset management cost analysis.

3.3 Risk of Failure Reduction
Risk of failure reduction is used as an option to increase the reliability of a power sys-tem. Higher reliability means, that the impact and likelihood of equipment failures are

68



Stop

Yes

No

No

 Select highest CoFi(N-1) 

 Remove CoFi(N-1) from
iterations 

 Reduce total CoI for
group M by CoIi 

Reduce total (HIi = 4, 5)
by 1 if HIi is 4 or 5 

Is total CoI <
CoFi(N-1) ?

Is total
(HIi = 4, 5)

> 1 ?

Start

Form group M with
equipment i

 Is last i ?

Yes

Yes

No

Figure 28: Process of determining equipment inspection sequence

decreased within an achievable extent. This also makes it possible to reduce the amountand related cost of equipment failures. Beforehand, though, it is necessary to determinehigher-risk equipment. For that, the corresponding RoFi values need to be calculated.Next, the equipment is ranked based on the RoFi. Thereon, it is possible to focus onequipment with higher risk and take appropriate measures to reduce it. The risk of failurecan be reduced by decreasing the value of the risk components, which are:
• The cost of load curtailment (CoLCi)
• The failure probability (PoFi)
TheCoLCi can be decreased by increasing the reliability of the power system or sub-stations or decreasing the equipment replacement times. The main option to increasereliability is to add alternative paths in the power system between substations. Thesemake it possible to maintain the connection between demand and supply in the case ofthe equipment failure and a disconnection of one of the paths. However, it can have a
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relatively high cost due to additional transmission lines. Another option is to use substa-tion schematics, which provide higher reliability. For that reason, the schematic with thedouble-bus and double-breaker is preferred. Nevertheless, it increases overall reliabilityless compared to adding alternative paths into the power system. Improving substationschematics only reduces the failure impact of equipment connected directly to substationsections busbars. Alternative paths between substations are still necessary in the case ofequipment failures related to connections of the power system. Therefore, both addi-tional connections and improved substation schematics need to be used to maximize theincrease in reliability.The third option is to decrease theCoLCi by reducing the replacement times of equip-ment after failure. This makes decreases in the duration of load curtailment. For that, itis necessary to have availability and fast access to spare equipment. It can be partiallyconsidered a preventive measure. Nevertheless, for a higher decrease in the MT T Ri, theoptimal paths to spare equipment and its locations need to be determined. Similarly, therisk values of equipment are used for that purpose. In addition, it can decrease the riskof multiple equipment in the same equipment group. If one of these pieces of equip-ment has had a failure, then a spare is used. Therefore, it is not dependent on specificequipment and can be implemented within a substation or a group of nearby substations.Still, this option decreases the CoLCi and the RoFi instead of increasing overall reliabil-ity. Because of that, it can be considered an additional risk reduction measure besidesreliability-oriented approaches.An alternative option is to increase the reliability of the power system by decreas-ing the equipment PoFi. Mainly, it can be decreased by maintaining good condition ofequipment. Subsequently, this requires the use of more frequent equipment conditioninspections or measurement solutions. It is assumed, that by evaluating equipment con-dition in high frequency or real-time, the occurred defects and condition degradation aredetected at earlier stages. This allows for on-time assetmanagement action, such as plan-ning maintenance. As a result, the increase in PoFi due to aging is avoided, and its valueis kept relatively similar within a longer time period. Overall, it means using theCBM forpredictive and preventive reasons. The cost of decreasing or maintaining a steady PoFivalue depends on the equipment type, inspection or measurement solution costs, andthe amount of equipment included in the risk reduction. Therefore, it is partially a multi-parameter optimization. On a larger scale, a comparison between increasing reliabilityby adding alternative paths with improving substation schematics and decreasing PoFi isalso necessary for a more extensive risk reduction analysis.In addition, the extent of the risk reduction depends on the available funds. If fundsare unlimited, the reliability can be increased to its highest achievable and reasonablelevel. If not, then its extent and the increase in reliability is limited. This is the commoncase in power system asset management. Usually, risk reduction requires increasing the
CAPEX . It is used for adding alternative paths to the power system, improving substationschematics, and decreasing the failure likelihood of equipment. On the other hand, therisk reduction can decrease the OPEX as well due to the potentially avoided higher costequipment failures. Therefore, in order to determine the change in the CAPEX and the
OPEX , it is necessary to evaluate the change in asset management costs based on riskreduction. This is also needed in order to justify the decisions made in risk reduction.Overall, risk of failure reduction depends on the:

• Uncertainty in the risk components
• Calculation of risk values
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• Achievable decrease in the risk
• Cost of decreasing the risk
• Change in the cost of asset management
The increase in the power system’s reliability can be achieved by decreasing the risk insubstation equipment. Commonly, the funds needed are taken from theCAPEX plannedfor the time period T , described as (CAPEXlim(T )). Thus, the CAPEX used in risk re-duction in time period T should be within the limit of (CAPEXlim(T )) as expressed by(39).

CAPEX(T )<CAPEXlim(T ) (39)
Theobjective is to achievemaximumrisk reduction efficiencywithin the availableCAPEX(T ).The extent of risk reduction is described by the difference of risk value (∆RoFi) before thereduction RoFi(Be f ) and after the reduction RoFi(A f t), expressed by (40).

max(∆RoFi) = max(RoFi(Be f )−RoFi(A f t)) (40)
For the risk reduction, specific methods should be used. The risk reduction methods con-sidered are:

• Method A - reducing the failure probability (PoF) of substation equipment;
• Method B - reducing the replacement time (MT T R) of substation equipment.

3.3.1 Risk Reduction by Decreasing Failure Probability (Method A)An option to decrease the equipment risk and increase the reliability of power system isto decrease or minimize the change in their PoFi values. The overall principle is illustra-tively represented in Fig. 29, in which function A indicates the increase in PoFi over timeby equipment aging and wear, and function B indicates the potentially maintained PoFivalue, if using relatively frequent condition inspections ormeasurement solutions. Subse-quently, this requires the equipment to be included in theCBM. The achievable decreasein PoFi (41) is the difference (∆PoFi) between the equipment potential PoFi in the timeperiod t without theCBM and with theCBM.
∆PoFi(t) = PoFi(notCBM)(t)−PoFi(CBM)(t) (41)

Another option is to compare the PoFi at the current time period with the assumed
PoFi representing the use of theCBM. Therefore, it is not required to assess the potential
PoFi after a longer time period. Also, it makes it possible to discard the time factor. Forthat, the condition of the equipment needs to be estimated or inspected to obtain the
PoFi. Next, it is compared to the PoFi value indicating the equipment in a good condition.Subsequently, the ∆PoFi can be calculated with (42).

∆PoFi = PoFi(actual)−PoFi(CBM) (42)
Both options require the use of the PoFi values in the case of the CBM. For that, thepredefined PoFi that represents the good condition of the equipment can be used. Ifusing a HI-based approach, the corresponding HIi values can be 1 or 2.If the risk of failure reduction is accomplished by decreasing the PoFi, then theCoLCiand theCoFi remain the same. Therefore, the change in risk (∆RoFi) is basedon the∆PoFi.Due to the different values of the CoLCi, the CoFi and the ∆PoFi, the ∆RoFi values varybetween the equipment.

71



Figure 29: Illustrative probability of failure (PoFi) functions: A - without on-time maintenance and
condition inspections, B - with on-time maintenance and real-time measurement solutions. The
∆PoFi is the difference of the PoFi based on the functions A and B at time t

The decrease in the PoFi and subsequently, in the RoFi, is achieved using CBM. Thisis related to the specific cost components; mainly, the cost of measurement solutions(CoMSi). Therefore, the availability and theCoMSi has an impact on the potential imple-mentation of the risk reduction.In order to determine the risk reduction efficiency, it is necessary to analyze it fromthe cost perspective. For that, the cost-efficiency of the risk reduction (EoRRi) in (43) canbe used. The CoRRi represents the cost of the risk reduction, which in this case is the
CoMSi.

EoRRi =
∆RoFi

CoRRi
=

RoFi(actual)−RoFi(CBM)

CoRRi
(43)

The EoRRi makes it possible to analyze, which equipment risk is the most cost-efficientto decrease. If the risk reduction is achieved using theCBM, then the EoRRi,CoRRi and
∆RoFi depend on:

• The cost of measurement solutions (CoMSi)
• The ability of measurement solutions to decrease the PoFi

• The achievable ∆PoFi

Each of these parameters are important for risk reduction cost-efficiency. If the valueof the CoMSi is higher, then the EoRRi is lower. If the measurement solutions are inca-pable of detecting the change in equipment condition, then a sufficient decrease in the
PoFi can not be achieved. The ∆PoFi are also related to the accuracy and the usability ofthe measurement solutions.Therefore, these parameters depend on the complexity of the monitored equipment.For power transformers and circuit breakers, different types of measurement solutionsare needed. In the case of disconnectors and earthing switches, more simple units canbe used. Therefore, the CoMSi is assumed to be higher, if the equipment is consideredrelatively complex.Another factor is the measurement solution’s ability to decrease the PoFi. To obtainhigher efficiency in conditionmonitoring, relatively accuratemeasurement solutions needto be used. In addition, the equipment parameters that indicate condition the best should
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be measured. Usually, more accurate measurement solutions also have a higher cost.Today, research focuses on developing more affordable options, but these are often lessaccurate. Therefore, the preset PoFi(CBM) should be higher due to delayed detection ofchanges in the equipment condition. As a result, the∆PoFi is assumed to be lower as well.The availability of measurement solutions is another factor. This depends mainly onthe equipment group. For specific equipment groups, suitable units might not exist ortheir costs are quite high. An alternative approach is to use other types of measurementsolutions that provide anoverviewof the equipment condition fromadistance or estimateit based on indirect parameters.Without a more extensive analysis of the link between the measurement solution’saccuracy, its capability to detect occurred defects and its usability for maintaining thepreset condition level of the equipment, an assumption needs to be made. Therefore,determining the achievable decrease in the ∆PoFi and the PoFi(CBM) can also be a rela-tively complicated task. If themeasurement solutions are capable of detecting the changein equipment condition relatively accurately, then in theory, the PoFi value can be main-tained over a longer time period. For that, it is necessary to keep the condition of theequipment at a good level through timely maintenance.Inmethod A, decreasing thePoFi, the risk of equipment is reduced by using condition-based asset management. This means, the condition of the equipment is monitored inreal-time or relatively frequently. As a result, defects in equipment leading to failure aredetected earlier. Therefore, their probability of failure (PoF) and, subsequently, the RoFiare decreased. For that, measurement solutions or condition inspections can be used. Thecost perspective of condition monitoring is represented by the cost of condition-basedmanagement (CoCBM). The CAPEX related CoCBM includes the cost of measurementsolutions (CoMS) and the cost of condition inspections (CoI), expressed by (44).
CoCBM =CoMS+CoI (44)

Method A is implemented individually for each selected piece of equipment. Thus, therisk reduction is equipment-specific. This also means the CoCBMi related to it can bedifferent. Nevertheless, the total cost of risk reduction should meet the condition in the(45). If the CoCBM for each piece of equipment is the same, the potential amount ofequipment (ND) included in the condition-based method (CBM) depends on the (46).
n

∑
i=1

CoCBMi(T )< (CAPEXlim(T )) (45)

ND =
(CAPEXlim(T ))

CoCBMi
(46)

The total cost of risk reduction (CoRR) based on method A for individual equipment isequal to theCoCBMi. For a group of similar equipment, it is expressed by (47).
CoRR(A) = ND ·CoCBMi (47)

3.3.2 Risk Reduction by Decreasing Replacement Time (Method B)
If the cost of equipment replacement (repair) is relatively small and affordable measure-ment solutions are unavailable, then an alternativemethod is to arrange spare equipmentin the substation or a group of substations. This makes it possible to decrease the timeof equipment repair or replacement. By arranging spare equipment, the risk can be de-creased for multiple pieces of equipment in the same substation or nearby substations.
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Thus, this option can be more efficient in certain cases and with specific equipment typesthan method A.Therefore, in method B, the risk of equipment is reduced by reducing their replace-ment or repair time (MT T R) after the occurred failure. Subsequently, this decreases thecost of load curtailment (CoLC) and therefore the risk. The MT T R consists of:
• Stage 1 - Determining the location and the type of the failed equipment
• Stage 2 - Preparation time of the maintenance team
• Stage 3 - Getting the spare equipment
• Stage 4 - Bringing the spare equipment to the substation where the failed equip-ment is located
• Stage 5 - Replacing the failed equipment
Each stage in the MT T R has its significant purpose and their duration depends onvarious factors. Therefore, no stage can not be fully removed from the sequence or itwould be difficult to reduce their scale in the the MT T Ri. Nevertheless, it is possible todiscard stage 3 and 4 from the replacement process by arranging for spare equipment inthe substation beforehand. Thus, there is no need to bring the replacement equipmentto the substation reducing the MT T R. However, the maintenance team still needs toget to the failed equipment. Therefore, the reduction of MT T R depends on the distancebetween the location of the maintenance team, the spare equipment and the destinationsubstation. In method B, the cost related to CAPEX is the cost of replacement (CoR)required to acquire a spare equipment.Method B can be implemented on all similar pieces of equipment in the same ornearby substations. This means the spare equipment for an equipment group k (equip-ment with the same purpose and functionality) is located at the chosen substation. Afterthe failure of equipment, it is replaced with the spare equipment. Then, the next spareequipment is brought to the substation. Thus, it is possible to reduce the risk of all simi-lar equipment in the same or a cluster of multiple substations. The maximum number ofspare equipment (NS) depends on (48).

NS =
(CAPEXlim(T ))

CoRi
(48)

The main advantage of method B compared to method A is the possibility to reduce therisk of all similar pieces of equipment in multiple substations. The disadvantage is themissing data about the condition of equipment that is obtained using method A. Also,occurred defects can be detected only during inspections. Therefore, method B is consid-ered a partially preventive method. Method B may be preferable, if the equipment hasa lower CoR and suitable (low cost) measurement solutions or frequent inspections areunavailable. The cost of risk reduction based on method B for equipment group k equals
CoR. The total cost of method B is obtained by (49).

CoRR(B) = NS ·CoRi (49)
3.3.3 Risk Reduction ProcessTo determine a cost-efficient option for equipment risk reduction, methods A and B needto be used individually or combined in a dedicated risk reduction process. In both meth-ods, the achievable ∆RoFi after the risk reduction is evaluated from the cost (CoRR) per-spective. It is expressed by the efficiency of the risk reduction (EoRR) and is obtained for
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method A by (50) and for method B by (51).
EoRR(A)i =

∆RoFi

CoRR(A)i
(50)

EoRR(B)k =

k
∑

i=1
∆RoFi

CoRR(B)k
(51)

The difference between theEoRR ofmethods A and B formultiple similar pieces of equip-ment (in group k) is assessed by (52). The cost-efficiency of method A increases, if the
CoCBMi or the NS decreases. For method B to be preferable, the CoCBMi or the NSshould increase. The total change of ∆RoFi also has a significant impact on the method’sefficiency.

ND
∑

i=1
∆RoFi(A)

ND ·CoCBMi
=

k
∑

i=1
∆RoFi(B)

NS ·CoRi
(52)

The risk reduction methods A and B are used in an iterative process for reducing the riskcost-efficiently. The main process is shown in Fig. 30. Initially, group C is formed withthe chosen equipment i included in the risk reduction. The group C can be also used forexcluding specific equipment i or equipment groups from risk reduction process.
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Figure 30: Main process of risk reduction based on EoRR obtained by method A and B [104]

In each iteration c, the equipment with the highest EoRR(A)i is chosen. Next, theequipment group k of that equipment i is obtained, and the EoRR(B)k is calculated. Ifthe EoRR(A)i is higher than EoRR(B)k, then the PoFi of that equipment is decreased(measurement solutions are added). Otherwise, the MT T Ri of the equipment in group k
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is reduced (spare equipment is arranged). After the iteration, the individual equipment ior the equipment group k is removed from theC. Then the next iteration begins.In each iteration, the CoRR(A)i and CoRR(B)k are compared to the available funds
r(CAPEX). The latter decreases after the exclusion of CoRR(A)i or CoRR(B)k from the
(CAPEXlim(T )) in the iteration. In addition, if the CoRR(A)i or CoRR(B)k is higher than
r(CAPEX) in each iteration, then either method A or B is skipped. The process stops, ifthe CoRR of both methods is higher than r(CAPEX). This means that all the availablefunds for risk reduction have been used.The risk reduction process also indicates the distribution of equipment between assetmanagement methods. If the EoRR value is relatively high, then the equipment shouldbe included in theCBM. Otherwise, the T BM may be preferred. If the EoRR value is rel-atively low, then the cost of risk reduction is higher which means that less equipment canbe included in risk reduction and in theCBM within the available funds. Thus, the valuesof asset management cost components can change the implementation of risk reduction.Therefore, it is necessary to analyze the cost-related limits of the RoFi reduction.
3.4 Asset Management Cost Estimation
3.4.1 Cost Limits of Risk Reduction
An important factor in risk reduction is the optimal amount of equipment included in the
CBM. This factor also determines risk reduction scale and extent. It depends on multipleparameters, which are combined in asset management decision-making. Fig. 31 providesan overview of these parameters. The RoFi indicates the equipment’s importance or rankin the power systemand can be used to determine the sequence of risk reductions. For de-termining the amount of equipment for which the T BM, theCBM, and the run-to-failureapproach are to be used, theCoIi, theCoMSi and theCoFi are included besides the riskvalue. The CoIi also depends on the condition inspection frequency. In addition, theavailability and usability of measurement solutions are important factors. If suitable mea-surement solutions are unavailable, theCBM can not be used with that equipment untilalternative options are developed. Secondly, their usability needs to also be assessed.Foremost, the measurement solutions should give a good indication on equipment con-dition to determine its HI relatively accurately.
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 Asset management
decision-making

 Cost of condition
inspections

 Cost of condition
measurement solutions

 Availability and usability
of measurement solutions

 Equipment failure rate or
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 Failure rate change during
analysed time period  Cost of load curtailment

Figure 31: Overview of the parameters related to asset management decision-making

It is also necessary to determine, how many equipment failures could potentially oc-cur during the analyzed time period. The PoFi partially expresses that value. If the av-
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erage PoFi is relatively small, then the number of potential failures is also smaller. Nev-ertheless, it is relatively complicated to obtain the actual number of equipment failuresfor a specific time period. it is even more difficult to estimate the necessary amount ofequipment maintenance. Overall, optimizing asset management and increasing its cost-efficiency depends on multiple parameters, their accuracy, and the potential means oftheir obtainment.In the asset management decision-making process, the majority of parameters arecost components. These determine mainly the amount of equipment included in risk re-duction. In addition, different types of equipment have a different impact on risk reduc-tion cost. Thus, the risk reduction process consists of multiple factors. Initially, the se-quence of the equipment for the most cost-efficient risk reduction can be obtained basedon the EoRRi. Secondly, it is necessary to analyze the potential amount of equipment,whose risk can be decreased. It depends on the funds available or intended for risk re-duction. Usually, these are related to the CAPEX . Therefore, the total CoRRi needs tobe lower than the plannedCAPEXlimit during the time period t (53).
n

∑
i=1

CoRRi(t)<CAPEXlimit(t) (53)
On the other hand, the inclusion of equipment in the risk reduction changes the assetmanagement method and its cost components. Commonly, instead of the T BM and the
CoIi, the CBM and the CoMSi is used. Subsequently, this changes the OPEX as well.Without considering theCoFi, the increase in theCAPEX and the decrease in the OPEXin the time period t is equal, if the (54) applies. If the CoFi is also included, then thedecrease in theOPEX could be bigger. This is because of the higher number of potentiallyavoided equipment failures when using theCBM.

m

∑
i=1

CoMSi(t) =
n

∑
i=1

CoIi(t) (54)
TheCoMSi can be related to theCoFi or theCoRi as well. Inmost cases, it could be unrea-sonable to usemeasurement solutionswith higher costs than the equipment replacementor repair costs. Therefore, the (55) applies.

CoMSi <CoRi (55)
In addition, the measurement solutions provide an earlier indication on the upcomingequipment failure. This makes it possible to prevent equipment failures and can be ben-eficial in the case of higherCoFi. Therefore, the (56) could be used instead.

CoMSi <CoRi +CoLCi (56)
However, the latter approach has two disadvantages. Firstly, the CoLCi is usually signif-icantly higher than the CoRi. This can make the condition in (56) always true. Secondly,it is unlikely to have all or the majority of the equipment failures within an analyzed timeperiod. Of course, the length of that time period can have an impact on that. On theother hand, an exception could occur with quite aged equipment. Then again, instead ofusing measurement solutions, their replacement or maintenance should be scheduled.If the substation equipment is assumed to have a relatively good condition, their failureprobability is lower and a potentially small number of failures could occur in the analyzedtime period. Also, in a larger equipment group, it is uncertain which individual equipment
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can cause a failure. In order to know this more precisely, theCBM needs to be used. Thiswould most likely increase asset management costs. In addition, it is necessary to knowthe equipment’s exact condition beforehand, so there needs to be enough data on theequipment condition. As a result, including theCoLCi in (56) for each equipment can beunreasonable.For including a higher amount of equipment in theCBM, the condition in (57) shouldapply. Otherwise, the CAPEX in time period t increases. In the case of (58), adding alower amount of equipment to theCBM is justified due to the significantly higherCoMSicompared to theCoIi. The asset management cost related to the equipment inclusion inthe CBM can be evened out over a longer time period, though. For example, if multiplecondition inspections are used compared to adding measurement solutions.
n

∑
i=1

CoMSi(t)<
n

∑
i=1

CoIi(t) (57)
n

∑
i=1

CoMSi(t)>>
n

∑
i=1

CoIi(t) (58)
The cost of asset management methods (CoMMi) is another factor in determining theamount of equipment included in risk reduction and their distribution between manage-mentmethods. Thismakes it also necessary to consider the risk reduction impact onman-agement method costs besides the upper limit of the total CoRR based on the CAPEX .If the risk reduction increases the overall cost of asset management, it can be unjusti-fied. Still, the decrease in assumable risk lowers that cost due to the avoided equipmentfailures. This requires an additional risk and cost related analysis.To determine the extent and impact of the risk reduction, the cost of different man-agement methods for the equipment should be analyzed. Because of the commonly used
T BM, its cost is compared mainly with the cost ofCBM (59), for higher reliability and riskreduction. For the full use of the CBM, the total CoCBM needs to be below the total
CoT BM for the same equipment. Otherwise, only specific pieces of equipment should beincluded in theCBM, which makes using the RBM necessary. In this case, the (60) needsto apply.

n

∑
i=1

CoCBMi(t)<
n

∑
i=1

CoT BMi(t) (59)
n

∑
i=1

CoRBM(t)< (
n

∑
i=1

CoT BM(t),
n

∑
i=1

CoCBM(t),
n

∑
i=1

CoRtF(t)) (60)
Overall, the cost of the management method in time period t depends on the methodused, the number of equipment failures, and the difference between theCoMSi and the

CoIi. The latter can be acquired relatively accurately with the available data. It is more dif-ficult to determine the number of equipment failures in the time period t. If the conditionof the equipment and the PoFi are known relatively accurately, it is possible to determinewhich equipment could potentially fail. On the other hand, if the average failure proba-bility ( ¯PoFi) estimation is used, then the exact PoFi of equipment can not be determinedexactly. Therefore, the ¯PoFi indicates the probability of having a failure within a specificequipment group, but it does not indicate the exact equipment that could have that fail-ure. For example, if an equipment group includes 1000 of equipment and the ¯PoFi is 0.01,and it is known that 10 of these could have a failure in the time period t, then each of themhas 0.01 probability to be the one with the failure.
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Therefore, for the estimation of the number of equipment failures and maintenances,two parameter values need to be known. These are the failure rate, which can be ex-pressed by the PoFi, and its change during the analyzed time period. The parameters aremainly determined based on the statistical data. The number of maintenances is also ex-pected to follow the change in the failure rate. If equipment condition degradation has ahigher probability, it will be detected more during inspections or by measurement solu-tions.If the statistical data is limited or absent, the uncertainty in these parameters increases.One option is to analyze different scenarios to determine the upper and lower limits ofasset management method costs, as well as the increase in the method costs after thechange in the parameter values. Overall, this is less accurate compared to using higherquality statistical data. On the other hand, in the case of limited or absent data, it canstill indicate the specific trends and break-even values of asset management methods. Inaddition, it assists in determining the amount of equipment distributed between differentmethods for the RBM.
3.4.2 Failure Cost Estimation
An option for assessing the cost of different asset management methods is to estimate itsvalues during a preset time period. The total cost of amanagementmethod (CoMM) con-sists of the method-related cost components described in Chapter 1. Overall, the functionto determine the CoMM in a time period T is expressed by (61). Besides the manage-ment method, it also includes specific cost components, such as the CoF , CoMS, CoI,andCoMA.

CoMM(T ) = f (Method,
n

∑
i=1

CoFi,CoMSi,CoIi) (61)
If some of the cost components are not included in the asset management method, theirvalues are at 0. The total value of the CoMM is based on the summarized values of thecost components. The specific cost fo each asset management method can be calculated.Thismakes it possible to compare them to determine themost cost-efficientmanagementstrategy. For example, if the CBM is estimated to be more affordable due to a relativelylow value of theCoMS and avoidedCoF compared to the T BM, then usingmeasurementsolutions for equipment conditionmonitoring instead of time-based condition inspectionsis justified. On the other hand, if the CoMS is relatively high, implementing the CBMon all equipment is not cost-efficient. In the case of the RBM, the optimal distributionbetween the T BM and theCBM is necessary to obtain based on the equipment’s rankingand importance in the power system.The summarizedCoI andCoMS values dependon the amount of equipment, forwhichcondition inspection is carried out and measurement solutions are implemented. It ismore difficult to evaluate the totalCoMA within that time period. Mainly, it depends onthe degradation level of equipment at the time of its condition measurement. Due toirregular degradation characteristics, its pace from an individual equipment perspectivecan be different. Thus, estimating theCoMA requires relatively complex approaches. Thistask becomes even more challenging if the actual equipment condition is unknown andrelated data are limited.Similarly, there are some limitations in the case of the total CoF estimation. On theone hand, it is possible to estimate the number of equipment failures during a specifictime period with data on failure rate, failure probability, and equipment age. On the otherhand, these parameters represent a statistically bigger equipment group. Therefore, theyare less accurate from an individual equipment perspective. In addition, the lack or lim-

79



ited amount of statistical data makes that estimation more complex. Nevertheless, thetotalCoF during a specified time period is necessary to obtain in order to determine theextent of the risk reduction. Subsequently, as part of the RBM, the equipment distribu-tion between the T BM, the CBM and the Run-to-Failure approach is indicated. In thiscircumstance, using alternativeCoF evaluation approaches is needed.
Another aspect is related to choosing the length of time period T for asset manage-ment cost estimation. Moreover, it should follow the change in failure rate or the PoFi.Therefore, the change in these parameters needs to be relatively small within T . Still, inthe case of the limited or no statistical data, the relatively exact length of that time periodcan be difficult to determine. Similarly, it is hard to estimate the increase in failure rateor the PoFi between time periods. Subsequently, this also makes it more difficult to es-timate the change between the CoMM(T ) and CoMM(T +1) (management cost in thenext time period). The latter largely depends on the increase inPoFi values. Thus, thePoFicalculation or estimation is needed as an input for asset management cost estimation.
Furthermore, determining theCoFi values used in asset management is also needed.In the power system, each equipment failure causes a certain amount ofCoFi. It dependson the location of the equipment in the substation and the redundancy of paths betweendemand and supply. If load curtailment after equipment failure does not occur, theCoRiis still present. The totalCoFi value for a specific time period depends on the number ofequipment failures. Nevertheless, the exact equipment with that potential failure can bedifficult to determine, especially if the their exact condition data is absent and the PoFi isestimated.
For example, the equipment group S consists of 100 pieces of equipment. If the ¯PoFiis 0.01, then one equipment out of 100 could fail within a year. Therefore, it is relativelycomplicated to estimate potentially failed equipment without having its actual conditiondata. The totalCoFi, and subsequently, theCoMM(T ) could vary significantly dependingon the location of those pieces of equipment. Thus, in the presence of limited conditiondata for a larger equipment group, their highest CoFi values need to be considered inasset management cost evaluation. The likelihood of having a combined failure of twopieces of equipment in the group S in the same year is 0.001, which is relatively smallvalue meaning a low occurrence probability of two simultaneous failures.
If the ¯PoFi value decreases to 0.001, representing unused equipment, the amount ofpotential equipment failures in a year can only be above 0 in larger equipment groups. Un-derstandably, if the ¯PoFi increases, the number of failures also increases. For example, the

¯PoFi value 0.1 raises potential equipment failures to 10 in a year for the same group S. Thisprobability is relatively high indicating significant deterioration of the equipment. There-fore, the likelihood of having two simultaneous equipment failures in the same group is0.01, theoretically meaning that one failure out of 10 potential equipment failures couldbe a combined failure with another piece of equipment. Still, the actual equipment in thatcombination could be unknown. The ¯PoFi value 0.5 indicates very high failure probabil-ity. This equipment should be replaced very quickly in the case of higher risk. Also, theamount of failures in a year increases, if the amount of equipment in group S increases andthe ¯PoFi remains the same. Similarly, the probability of having simultaneous equipmentfailures also increases.
Subsequently, the difference between a single failure or combined failure event changesthe CoFi values. This is mainly caused by the disconnection of multiple paths increasingtheCoLCi. Usually, theCoLCi in N-2 contingencies is higher, but its likelihood is also lower.Therefore, it may more relevant to consider it in asset management cost evaluation when

PoFi values are higher and the probability of having combined failure events increases. In
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the case of lowerPoFi, theCoFi can be assumed based onN-1 contingencies. Based on therisk calculations described in Chapter 2, use of theCoLCi(N−1) orCoLCi j(N−2) depends onthe ratio between them and also between the PoF of a single or combined failure event.For example, theCoLCi(N−1) is 10 MW and theCoLCi j(N−2) is 100 MW. Therefore, toconsider theCoLCii j(N −2) in risk calculations, the ratio between the PoF values in theN-1 and N-2 contingencies needs to be over 10. This means, if the PoFi value is 0.1, thenthe PoFj value is higher than 0.1 in a combined failure event. If the difference betweenthe CoLCi(N−1) and the CoLCi j(N−2) increases, the ratio between the PoFi values in sin-gle and combined failure events needs to increase as well. Therefore, in the case of asignificantly higherCoLCi(N−1) value compared to theCoLCi j(N−2) value, theCoFi in N-2contingencies is used, if the failure event includes equipment with a higher PoFi value.In the presence of condition data uncertainty, the PoFi for equipment group S is es-timated. If the awareness of actual equipment condition is limited for the majority ofequipment in substations or the power system, implementing the CoFi in the N-1 con-tingency instead of N-2 contingencies needs to be justified. Foremost, it depends on theindividual equipment PoFi and the amount of equipment in the power system with thepotentially higherPoFi values. If the exact condition state of most equipment is unknown,then theCoFi in N-1 contingencies should be initially avoided. Afterwards, the preventionofCoFi in N-2 contingencies is analyzed.
3.4.3 The Process of Estimating Asset Management Cost
A dedicated process is proposed in order to estimate the cost of different asset manage-ment methods in the case of condition data uncertainty. Its results can be used in man-agement decision-making to determine the amount of equipment included in the CBMas part of the RBM. The principle of the estimated process is illustrated in Fig. 32. Itis assumed that in time period T , the CoMM can be expressed by their mean value. Ifan accurate PoFi is unknown, this principle makes it possible to assess the costs of dif-ferent management methods based on their cost components. In the next time periods
T + 1 and T + 2, the mean value of CoMM is expected to increase due to the potentialdegradation of equipment condition.

Figure 32: Principle of proposed method for evaluating the cost of asset management [105]

The cost components of different management methods is described in Chapter 1. Forasset management cost evaluation, the cost of management methods is compared to de-termine the potentially achievable decrease in total management costs through optimiza-
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tion. It is assumed that within the major equipment types, the T BM is commonly used.Therefore, it is necessary to compare it to other management methods. These are the
CBM, RBM, and the Run-to-Failure approach. The latter, though, can be discarded whenincreasing overall power system reliability. In the case of theCBM, equipment failures canlikely be prevented using real-time or relatively frequent conditionmonitoring. Therefore,theCoCBM calculation for a time period T does not include theCoFi component. On theother hand, theCoFi is present in theCoT BM(T ) andCoRBM(T ).It is also assumed that in a time period T , a certain number of failures occur. If the
PoFi in group C are relatively similar, then the CoF is the main component determiningtheir priority. In the case of lower failure probability, only a few failures could occur inequipment group C. In addition, the exact equipment i from group C that will fail is un-known.Therefore, the CoT BM(T ) is expressed by (62). It uses the mean value of all CoFivalues in the group C. The parameter z is used for the threshold value, simulating theincrease in failure probability and its rate. In the initial time period, its value can be 1.

CoT BM(T ) =
n

∑
i=1

(CoIi +CoMAi)+

n
∑

i=1
CoFi

n
· z (62)

In accordance with (62), theCoRBM(T ) is expressed by (63). The k represents the equip-ment that has been prioritized, the m represents the equipment that has not been pri-oritized, and the n represents all the equipment in the group C. After prioritization, theequipment is removed from m and included in k. Thus, the respective cost components ofprioritized equipment i change. This mean theCoIi andCoRi are replaced by theCoMSi.

CoRBM(T ) =
k

∑
i=1

(CoMSi +CoMAi)+
m

∑
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(CoIi +CoMAi)+

n
∑
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CoFi

n
· z−

−

n
∑

i=1
CoFi

n
· (1−

n
∑

i=1
CoFi

n
· 1
CoFImCoFc=1 −CoFImCoFc

) (63)
In (63), theCoF is included separately for all of the equipment in k and m, indicated by n.This is due to the use of the mean value of all CoFi values in group C. The threshold z isused to describe increased probability caused by equipment degradation. For simulatingthe impact of prioritization on the CoRBM(T ), the mean value of CoF is multiplied bythe ratio between themean value ofCoF and the difference between themaximumCoFiand theCoFi of equipment prioritized (included in k). Because of the iterative process ofprioritization, the equipment is added to k after each iteration c. Therefore, at the endof the iteration the potential CoF value decrease. This makes it possible to avoid failureconsequences and increase overall reliability as well. The prioritized equipment i is deter-mined based on the highest value of imCoFi expressed by (64). After prioritization, the
imCoFi andCoFi values used in iteration c are removed from the selection in decreasingorder.

ImCoFi =
CoFi

n
∑

i=1
CoFi

·n (64)

The asset management cost estimation is based on an iterative process that includesmultiple stages. In the initial stage, the CoT BM(T ) and CoCBM(T ) are acquired. In the
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second stage, the amount of prioritized equipment k in RBM is obtained. It is assumedthat the cost of RBM (CoRBM) should be lower than the cost of T BM and CBM overtime period T . For this, it is necessary to compare theCoT BM(T ) andCoCBM(T ). If the
CoCBM(T ) is lower than CoT BM(T ), then k can be equal to n. Subsequently, it is morecost-efficient to include all of the equipment in groupC in theCBM. If theCoCBM(T ) ishigher than theCoT BM(T ), the value of k needs to be smaller.The iterative process is shown in Figure 33. In methodology, the value of k is increasedby 1 in each iteration c. During iteration c, theCoT BM(T ) is compared toCoRBM(T ). IftheCoRBM(T ) is lower thanCoT BM(T ), the next iteration begins. The iterative processstops when the CoRBM is higher than the CoT BM. The previous iteration determinesthe value of k. The process also stops when all of the equipment in groupC is added to k(included in theCBM).

Start

Select highest imCoFi

Stop

Select equipment 
group C

c = c + 1

 Is CoRBM(T)
< CoTBM(T)

Yes

No

Calculate imCoFi

c = 1

Include equipment i in k

Re-calculate CoRBM(T)

Remove equipment i
from group C

Figure 33: Iterative process for evaluating the cost of asset management [105]

In order to simulate the degradation of equipment during sequential time periods(from T to T n) and its impact on the cost of asset management (CoMM), the thresh-old value z in (62) and (63) can be increased. The threshold z in the initial time period
T is set to 1. In the next time period T + 1, the z value is increased. A similar pattern isused in T +2 until T n. As a result, it is possible to evaluate the change in the cost of assetmanagement over a longer time period.For each following time period, separate iterative process needs to be used. Its princi-ples are the same as in the initial time period T . The pieces of equipment already includedin k during previous time periods are skipped in the iterative process.
3.5 Case Study
3.5.1 Failure Risk EstimationResults in this case study are based on publication II. Initially, the IEEE 39-bus power sys-tem, given in Fig.22 in Chapter 2, is modeled in PSS/E for contingency analysis. This makesit possible to obtain the LC and the CoFi values. The risk calculation process is imple-mented in Python and described in 2.The analyzed pieces of equipment are instrument transformers indicated as group S.Based on the assumption, a current and voltage transformer is located in each substa-
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tion bay and voltage transformers are also connected to substation section busbars. Thismeans that there are 320 units in group S. The assumed size of group K is 32, and sub-sequently, the size of group M is 288. The unknown HIi values in M are estimated basedon the HIi values in K. Afterwards, the fictive condition inspections, such as measuringpartial discharges, dielectric losses and moisture in electrical insulation, magnetizationcharacteristics, saturation behavior, transformation ratio and its accuracy, polarity, load,winding resistance, and withstand voltage, are implemented to detect equipment in Mwith HIi values 4 and 5. The difference between the total cost of inspecting the equip-ment’s conditionwith or without using a predetermined sequence indicates the efficiencyof the proposed process. In the three cases considered, theCoIi compared to theCoRi is5% in Case A, 2.5% in Case B, and 0.5% in Case C. TheCoRi is assumed to be 20 k€.The results of the proposed failure risk estimation and use of the condition inspectionsequence are presented in the following. Initially, the best fit distribution function is ob-tained based on theHIi values of groupK, indicated in Fig. 34. Next, the distribution withthe lowest SSE is selected to calculate the PoFi mean value of equipment in the group Musing the Monte Carlo simulation. This is necessary for calculating the failure risk (RoFi)and estimating the HIi values for equipment in M.In Table 1, the PoFi mean value and confidence intervals for 95 % are presented in ac-cordance to Z-distribution and bootstrap methods. The estimated RoFi values are shownin Fig. 35 for the whole group S. The majority of the equipment has a RoFi of around 250,indicating relatively similar maximum LC values in N-2 contingencies. Nevertheless, someequipment in group S have higher RoFi values due to potentially higherCoFi.

Figure 34: Proportional distribution of known HI values of equipment group K and fitted likelihood
functions [106]

Table 2 presents the estimatedHIi values for groupM. In accordance to the∑
p
i=1(HIi =

4,5), potentially 12 out of 288 instrument transformers in the group M could fail in theupcoming time-frame and 23 additional pieces of equipment could fail over a longer time-frame. Thus, their CoFi needs to be minimized and for that, the proposed process is anefficient option. The risk values in Fig. 35 can be used to determine potential order ofequipment condition inspections. On the other hand, assuming that the failures do notoccur in the same time-frame, the CoFi in N-1 contingencies are used instead. Overall,when the majority of equipment PoFi is estimated and the RoFi calculations are based onits mean value, the CoFi in N-1 contingencies follow the same pattern as the RoFi in N-1contingencies.
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Figure 35: Amount of equipment related to RoFi values in group S after condition estimation [106]

Table 1: Sum of squared error (SSE) values based fitting distribution functions to HIi values in K

Mean CI(Z-value) CI(Bootstrap)
PoFi 0,285 [0,268 0, 302] [0,260 0,304]

Fig. 36 shows the difference between the total inspection cost (∑m
i=1 CoIi) needed toinspect equipment condition inM and the highestCoFi avoided in each iteration (amountof equipment inspected). As shown, equipment with the highestCoFi is chosen iteration-wise, which decreases the maximum equipment CoFi in the following iterations. At iter-ation 44 (number of inspections done), the remaining ∑

m
i=1 CoIi exceeds the potentiallyavoidedCoFi, indicating the lower cost-efficiency of inspecting the remaining equipment(244 in this case). Therefore, the initial ∑

m
i=1 CoIi is reduced from 288 k€ (randomly in-specting all equipment) to 44 k€. In addition, implementing this process makes it possi-ble to gather the condition data of equipment with higherCoFi. The difference betweenCases A, B, and C has a significant impact to the asset management costs after iteration44. Nevertheless, the significance of avoiding the CoFi before iteration 44 weighs overthe change in the CoIi. After iteration 44, the change in the CoIi, especially in Case C,decreases the remaining ∑

m
i=1 CoIi. Thus, it can be more justified to inspect the conditionof the remaining equipment in group M.

If multiple failure events occur within a relatively short time-frame, the related CoFican be considerably higher. However, without knowing the exact equipment that will fail,it is similarly quite complicated to take preventive measures. Still, multiple equipmentfailures could increase the totalCoFi, which changes the difference with the ∑
m
i=1 CoIi. Asa result, inspecting the condition of all equipment in M from a cost perspective can bemore justified. On the other hand, the proposed process yields higher cost-efficiency inthe case of fewer failure events in a longer time-frame, such as 10 years.

Table 2: The number of estimated HIi values for the equipment in M

HI = 1 HI = 2 HI = 3 HI = 4 HI = 5Total 117 81 55 23 12
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Figure 36: Difference in the summarized inspection cost and the potentially avoided failure cost at
the inspection for each iteration (equipment number). Line 0 indicates threshold, when the cost of
inspecting the remaining elements becomes higher then the cost of avoided equipment failure. Lines
A, B, and C indicates corresponding cases [106]

3.5.2 Cost-Efficient Risk Reduction
The results this case study are based on publication III. They are obtained using a powersystem with three substations, shown in Fig. 37, where the T S denotes the transmissionsystem side, and the DS denotes the distribution system side. The generation units areconnected to substation S1 and a combined load of 30MW is connected to substations S2and S3. The power transformers are rated 50 MVA (S1), 16 MVA (S2) and 25 MVA (S3).

Figure 37: Principle schematic of a transmission system used in the case study

Table 3 indicates the LC values after the disconnection of substation connections rep-resented by transmission lines. The MT T R values are assumed to be 24 hours for PT and8 hours for other equipment. The disconnection time of substation bays by disconnectorsafter failure is 2 hours. The included equipment in the calculation process are indicatedin 2 with a description of the substation schematics.
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Table 3: Potential Curtailment of Loads

Disconnected Overloaded Load curtailment,
element element MWL1 L2 7.25L2 L1 8.7PT(E3) (S2) PT(E4) (S2) 9.75PT(E4) (S2) PT(E3) (S2) 9.75L1 + (PT(E3 L2 + (PT(E3or E4) (S2)) or E4) (S2)) 9.75L2 + (PT(E3 L1 + (PT(E3or E4) (S2)) or E4) (S2)) 10.2S1 or (S2 and S3) 60S2 and S3 30S3 and (PT(E3 or E4) (S2)) 39.75

The assumed CoRi is: C - 30 k€, D - 10 k€, B - 5 k€, VT - 20 k€, CT - 20 k€, CA - 10k€, ES - 2 k€, SA - 1 k€, IS - 1 k€, PT - (16 MVA) 200 k€, (25 MVA) 300 k€, (50 MVA) 500k€. The CoCBMi is taken as 0.25% of the CoRi. The PoFi values are generated randomlyin each of the 1000 simulations by uniform distribution between 0.1 and 0.5 (assumingolder equipment) in order to simulate the differences in equipment conditions. InmethodA, the failure probability of equipment (PoFi) is reduced to 0.01 as a result of using the
CBM. In method B, the MT T Ri is reduced by 3 hours as a result of arranging a spare unitin the substation. Based on this assumption, the MT T Ri reduction affects equipment insubstations S1, S2 and S3 as a cluster. The (CAPEXlim(T )) is set to 100 k€. The two casesare analyzed to determine the efficiency of using preventive or corrective managementapproaches in a combined sequence. In Case 1, the proposed failure risk reduction processincluding method A and B is used. In Case 2, the failure risk is reduced by the commonmethod - applying theCBM in accordancewith the highest∆RoFi in each iteration. All theequipment typesmentioned in Chapter 2, besides B and PT, are included in the simulation.

The efficiency of risk reduction (EoRR) based on Case 1 (indicated in black) and Case2 (indicated in red) is presented in Fig. 38. It can be concluded, that the proposed RoFireduction process (Case 1) has higher EoRR values compared to Case 2. The difference inCase 1 and Case 2 is especially large within the initial 10 iterations. Also, the variability of
EoRR from its mean value in Case 2 is also bigger, indicating its inefficiency from a costperspective.

The inefficiency of failure risk reduction in Case 2 is caused by the related costs (CoRRnot being considered. This means, the higher decrease in the RoFi could also be based onthe higherCoRR. Subsequently, a smaller amount of equipment is included in the failurerisk reduction resulting in overall lower reliability. Instead, the efficiency of failure riskreduction needs to bemaximized. The proposed process in Case 1 includes theCoRRbeingable to achieve a higherEoRRwithin the same limited funds. In addition, this reduces thefailure risk of a higher amount of equipment.
The cost of risk reduction (CoRR) based on the Case 1 (indicated in black) and Case2 (indicated in red) is shown in Fig. 39. Similarly, the proposed risk reduction process(Case 1) has lowerCoRR values compared to Case 2. This pattern is seen throughout theiterations. In addition, the variability of CoRR is also larger in Case 2. This indicates that
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Figure 38: The efficiency of risk reduction (EoRR) based on the Case 1 (indicated in black) and Case
2 (indicated in red) [104]
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Figure 39: The cumulative cost of risk reduction (CoRR) based on the Case 1 (indicated in black) and
Case 2 (indicated in red) [104]

choosing the equipment based on the ∆RoFi results with a lower EoRR.
Furthermore, the spread of cumulative cost of risk reduction in iterations 1 to 4 isrelatively small. This means that decreasing the RoFi of certain types of equipment ismore cost-efficient. This is foremost related to the difference between the CoCBMi, the

CoRi, the ND and the NS. As a result, it is possible to increase the EoRR by arrangingspare equipment for a similar type of equipment group instead of decreasing the single
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equipment PoFi within the same funds.
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Figure 40: The efficiency of risk reduction (EoRR), when method B is chosen instead of method A,
for each equipment group used. The EoRR(A) is indicated in black and the EoRR(B) is indicated in
magenta [104]

Fig. 40 shows the efficiency of risk reduction (EoRR), whenmethod B is preferred overmethod A. The EoRR(A)i is indicated in black and the EoRR(B)k is in magenta. Based onthe results, theEoRR(B)k values are higher than theEoRR(A)i values with specific equip-ment groups (D, VT, CA, ES, SA). Therefore, implementing method B for these equipmentgroups achieves higher risk reduction cost-efficiency (EoRR) than method A. The lattermeans using condition monitoring solutions as a part of the CBM. Equipment groups ESand SA have the highest EoRR values, due to the number of equipment in the substationschematic used. In addition, the CoCBMi and the CoRi have a high impact on the EoRRvalue as well. Subsequently, the difference in the input values of risk reduction processdetermines the decision to arrange for spare equipment instead of using condition mon-itoring or inspections.
The results of the proposed process are case dependent, though. This means it cansuggest a different failure risk reduction sequence based on the corresponding powersystem structure. Nevertheless, it has higher failure risk reduction cost-efficiency com-pared to distributing available funds based on the highest∆RoFi. Moreover, the proposedprocess is useful for assessing the use of preventive or corrective asset management ap-proaches from a cost and reliability perspective.

3.5.3 Asset Management Cost Estimation
The results in this case study are based on publication IV, and use the same power systemin Fig. 37. In order to estimate asset management costs over a longer time period, threecases are analyzed. These are Case A - power system lines and transformers could over-load after failures in the substations; Case B - similar to Case A, but with a 3 times higher(CoLCi); and Case C - similar to Case A, but with a 3 times lower (CoLCi). The LC valuesare similarly indicated in Table 3. The MT T Ri values are assumed to be 24 hours for PT

89



and 8 hours for other equipment. The disconnection period of substation connections bydisconnectors after failure is 2 hours. The equipment included in groupC is circuit break-ers. The CoMSi as a part of the CBM is assumed to be 15 k€ and the CoIi as part of the
T BM is assumed to be 2.5 k€. The CENS is assumed to be 1 k€/MWh. Three time peri-ods (T , T +1 and T +2) are used for simulating change in the cost of asset managementmethods (CoMM). In the initial time period T , the threshold z is set to 1. It is increased to1.25 in T +1 and to 1.5 in T +2.

An example of the results based on Case A is presented in Fig. 41 and Fig. 42. Themodeled time periods include the following x-axis values: T - 1...10; T +1 - 11...20; T +2- 21...30. In each time period, the threshold value z multiplied by the mean of the total
CoFi is increased. This makes it possible to simulate the change in the failure probability.Also, the inspection of equipment condition is used in each time period, which has animpact on theCoT BM. In time period T +2, the replacement of measurement solutionsis carried out increasing theCoCBM.
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Figure 41: Cumulative cost of management method (CoMM in Case A: black - T BM; red - CBM;
magenta - RBM) [105]

According to Fig. 41, theCoCBM in the initial time period is higher than theCoT BM.This indicates that using the CBM with all equipment in the group C increases the to-tal CoMM. Therefore, an extensive and more frequent preventive management methodis inefficient from a cost perspective. Thus, only a certain amount of equipment needsto be included in the CBM. This means that the remaining ones are left in the T BM orconsidered alternatively using the corrective approach. In order to achieve overall lowermanagement costs and increase the power system’s reliability, the RBM is preferred. Theobtained results indicate that the proposed process makes it possible to keep theCoRBMbelow the CoT BM by prioritizing equipment with a higher CoFi. Subsequently, the se-lected equipment is included in the CBM in each time period. Out of 15 pieces of equip-ment in the groupC, 2 are prioritized in T , 6 are prioritized in T +1 and 3 are prioritizedin T +2. This means that higher cost-efficiency of asset management is achieved by grad-ually increasing the number of equipment in a preventive approach.
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Figure 42: Cost of failure (CoF in Case A: black - RBM; red - T BM; magenta - difference between
T BM and RBM) [105]

The total related CoF of using the T BM, the RBM, and their difference is depictedin Fig. 42. This indicates that the total CoF in the case of RBM increases noticeably lesscompared to the T BM. Furthermore, the proposed process maintains the total CoF inthe case of RBM at a similar level by iteratively prioritizing pieces of equipment with ahigherCoF and including them in theCBM. As a result, the difference between the total
CoF in the case of the T BM and the RBM increases.In a longer perspective, the CoT BM in T + 2 becomes higher than the CoCBM in
T +1. Thismeans thatwithout replacing themeasurement solutions inT +2, theCoCBMis lower than the CoT BM. Therefore, all equipment can be included in the CBM at theend of T +1. This may be enough to justify the initial inclusion of all equipment in group
C in the CBM. There is a noticeable cost related to it, but on the other hand, it couldpotentially prevent all failures. Nevertheless, in the case of limited funds, initial inclusionof all equipment in theCBM is restricted.
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Conclusions and Future Work
Conclusions
Power networks are crucial for linking electricity demand and supply. Maintaining theirfunctionality depends on asset management decision-making procedures used by powersystem operators. These procedures include multiple factors related to power systemequipment, such as equipment condition data and the cost of potential failure conse-quences. Based on the equipment condition and the topology of the power system, dif-ferent management decisions are taken. Their main difference whether they use a pre-ventive or corrective approach. If implementing a preventive approach, equipment condi-tion inspections or real-time condition monitoring solutions are used to avoid equipmentfailures. If using a corrective approach instead, equipment is replaced or repaired afterfailure. Subsequently, these have an impact on the overall cost of the asset managementmethod, making one of them more cost-efficient than the others.

Thus, an important part of modern day asset management is to improve decision-making. This requires increasing management cost-efficiency and the power system’s re-liability. In order to achieve that, it is necessary to overcome various challenges relatedto asset management. The first challenge is to tackle aging substations. Equipment con-dition can be still relatively good even after reaching its life expectancy. This means thatthere is no need for replacement and it is possible to maximize equipment usage. Onthe other hand, some pieces of equipment may degrade before reaching life expectancy.Therefore, it is necessary to determine the condition of each individual piece of equip-ment separately and relatively frequently. This increases asset management costs, whichpower system operators are trying to avoid.
The second challenge is partially related to the previous one and requires an aware-ness of equipment condition. Related data can be used to calculate equipment failurerisk and assess its importance in the power system. Based on this, it is possible to justifythe preventive replacement of equipment before reaching life expectancy or maximize itsuse and implement corrective replacement instead. Due to the various types of equip-ment in a substation and their potentially similar impacts on the power system reliability,each individual failure risk needs to be determined. This makes it possible to gain generaloverview of failure risk levels throughout the substations and in the power system.
The third challenge is related to different asset management methods and their as-sociated costs. After obtaining an overview of equipment with higher failure risk values,it is necessary to prevent and avoid potential failures. Otherwise, the cost of equipmentfailures can increase the overall cost of asset management significantly. However, pre-ventive measures like measurement solutions and condition inspections have their ownspecific costs, limiting their extensive implementation. Thus, it is necessary to assess thecost components of different asset management methods to determine an optimal andcost-efficient distribution of equipment between them.
The fourth challenge is to obtain sufficient data on equipment condition. This is nec-essary in order to determine equipment condition and failure risk. For some equipmenttypes, statistical data is available, but there may also be equipment types that have lim-ited or even absent condition data available. In this case, an estimation of their conditionis necessary. This makes it possible to evaluate the amount of equipment in the powersystemwith potentially higher degradation levels. In addition, it is possible to obtain theirfailure risk in the case of data uncertainty. This data is usedwhen choosing the appropriatemethods for avoiding potential equipment failures and optimizing asset management.
After determining the failure risk of equipment and the cost components of assetman-
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agement, the fifth challenge is related to choosing cost-efficient methods to decreaseequipment failure risk. Without this, more resources are used to reduce the failure riskof less equipment. In addition, the costs related to it are distributed between equipmentinefficiently. The optimal risk reduction method also depends on the equipment’s loca-tion in the substation and its type. For some equipment, a preventive approach is morejustified, and for others, a corrective approach is preferred. Subsequently, this has animpact on asset management costs and the distribution of equipment between manage-ment methods.
This thesis focuses on all of the aforementioned challenges and proposes solutions tothem. Due to similar aspects between these challenges, it is possible to solve some ofthem within the same method. In addition, certain challenges require overcoming otherones to achieve the required input parameters or initial conditions. Therefore, in orderto determine the justified approach to increase asset management efficiency from a costand reliability perspective, it is necessary to overcome all of them. However, some ofthese challenges are relatively complex to provide complete answers to, and therefore,the solutions proposed in this thesis need to be improved further in future research.
One of the main tasks of the thesis is to provide a solution related to determining indi-vidual equipment failure risk. For this purpose, a hybrid calculation method of maximumfailure risk was developed, which includes each piece of equipment and all the equipmenttypes on the substation’s primary side. In the method, the N-1 contingency is the failureof a single piece of equipment and the N-2 contingency is the combined failure event oftwo pieces of equipment. This makes it possible to obtain a full overview of equipmentfailure risk levels throughout the substation from the perspective of an individual piece ofequipment. As a result, it is possible to determine which equipment’s failure would resultin a higher impact on the power system’s functionality.
The results of the case study in Chapter 2 proved by addressing the RQ1, that it is possi-ble to calculate the risk of failure for each individual equipment on the substation primaryside. In the developed risk calculation process, all common substation equipment typeswere included. Therefore, their maximum RoF value based on a single and multiple com-bined failure events can be obtained and mapped all over the power system. In addition,it is possible to analyze the change in risk of failure based on the location of equipment inthe power system, the configuration of substation, and the number of equipment includedin the failure event (N-1 or N-2 contingencies). It also proved that it is possible to differen-tiate various types of equipment, including the "low-cost" ones, in the risk calculations.In addition, these units with higher RoF can be detected from a larger group of similarequipment. Therefore, confirming the RQ1 subsequently means that the hypothesis Hs1is valid. If only focusing on the "bigger" and more expensive equipment, the "smaller"and less expensive equipment with higher RoF can remain undetected. As a result, theperspective of overall risk analysis is extended.
In order to obtain the failure risk values of equipment in the case of condition data un-certainty, amethod incorporating the available condition data and estimation approachesof unknown condition data is used. It is assumed that the distribution of the equipment’sHealth Index values based on the available condition data represent the overall HealthIndex distribution of the whole group of similar equipment types. Thus, using a likeli-hood function and numerical simulations, an estimated condition state of the equipmentis determined. This is implemented in equipment failure risk calculations. As a result,the importance of equipment with unknown condition data in the power system can beevaluated.
For choosing the failure risk reduction method of an individual piece of substation
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equipment from an asset management cost perspective, a process of determining anequipment inspection sequence is proposed. It considers the cost of equipment failureand inspection as part of the preventive and corrective asset management approaches.Based on the potential cost of equipment failure, their priority in the power system isobtained. Next, the total cost of equipment condition inspections is compared to the po-tential maximum cost of equipment failure. In the iterative inclusion of equipment in pre-ventive asset management, the potential maximum cost of equipment failure is reducedsequentially. At a specific threshold, the total cost of equipment inspection exceeds thepotential maximum cost of equipment failure. This marks one of the decision factors ofchoosing corrective asset management instead of a preventive approach.
The case study results in Chapter 3 indicated by addressing the RQ2 that it is possi-ble to estimate the equipment risk of failure if having limited data about their condition.It can be considered enough to detect the equipment with higher RoFi from the overallgroup. Thereon, additional asset management activities are used in order to increase theawareness about the condition of that equipment. The case study results also confirmedby addressing RQ4 that it is possible to increase the asset management cost-efficiencyif having limited data of equipment condition. Using dedicated procedures enables tofocus on equipment with higher RoFi and implement preventive measures despite re-stricted information. On the other hand, equipment with lower risk of failure values canbe included in the corrective management approach. This optimization of managementmethods subsequently decreases the related cost. Therefore, the hypothesis Hs2 is validfrom that perspective.
To overcome the challenges associated with the reduction of equipment failure risk, afailure risk reduction method is proposed that incorporates both preventive and correc-tive asset management approaches and determines the justified option. The proposedmethod also considers the cost of decreasing failure risk and the achievable decrease infailure risk. Based on these parameters, the efficiency of failure risk reduction is deter-mined. The risk reduction method includes two options that decrease either the failurerisk of individual pieces of equipment or the failure risk of equipment types in the substa-tion. Therefore, it makes it possible to justify using either preventive or corrective assetmanagement.
Addressing the RQ3, the case study results in Chapter 3 indicate that it is possibleto determine a cost-efficient risk reduction process (sequence) to distribute equipmentbetween preventive and corrective asset management, including all substation equip-ment on the primary side. Using the efficiency of risk reduction as an indicator enables toachieve a more cost-efficient decrease in equipment RoFi. The dedicated procedure alsoincludes all commonequipment types in the substation,making it possible to decrease therisk all over the substation. Thus, the "smaller" and less expensive equipment besides the"bigger" and more expensive ones are additionally considered in that process. Thereon,all equipment can be distributed between preventive and corrective asset managementmethods more cost-efficiently. This means that the hypothesis Hs3 is valid in that regard.
Therefore, each of the developed and proposed approaches and processes also corre-sponds to the specific research question of the thesis, and as a result, confirms the relatedhypothesis. Combining the proposed methods makes it possible to evaluate the changein the currently implemented asset management strategy if preventive or corrective fail-ure risk reduction were implemented on various pieces of equipment. In addition, thecost of different asset management approaches is determined. This makes it possible tocompare these approaches in order to determine an optimal distribution of equipmentbetween them. It also allows one to analyze the amount of equipment included in a spe-
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cific management method without exceeding the one currently in use.From the perspective of power system operators, the proposed methods provide op-tions to increase the efficiency of substation asset management. Firstly, a full overviewof failure risk values of substation equipment can be obtained. These values also rep-resent the maximum failure risk considering all possible combined failure events of thedifferent pieces of equipment. Secondly, it is possible to estimate the failure risk of equip-ment if its exact condition state is not known. This makes it possible to analyze the equip-ment’s importance in the power system for further risk-related asset management deci-sions. Thirdly, the methods can be used to determine a justified distribution of equip-ment between preventive and corrective asset management approaches. For example, itis possible to evaluate howmuch equipment should be included in time-based, condition-based, or run-to-failure management. The distribution scale is assessed based on the costof equipment failure, the cost of equipment condition inspection or monitoring, and thefailure probability. When combined, the proposed methods form a risk-based substationequipment asset management methodology.
Future Work
In further research, various additional aspects can be added to the proposedmethods. Forexample, the risk calculation method could include voltage control equipment as well.Nowadays, renewable energy facilities are spreading at a fast pace, creating a need formore extensive voltage control throughout the power grid. In addition, considering thelink between equipment on the primary and secondary sides also makes it possible toimprove the failure risk calculation process. It is reasonable to combine a failure risk es-timation method with various determining approaches of equipment Health Index val-ues. This makes it possible to obtain more exact functions of condition-related data fordifferent equipment types. The availability of condition assessment solutions and theirmeasurement accuracy can also be incorporated in the failure risk reduction method. Inaddition, consideringwith the location of the substation in the power systemas part of op-timal arrangement of spare equipment could increase the failure risk reduction efficiencyas well. Moreover, if data on the change of equipment condition over a longer time periodis available, the threshold values of equipment distribution between asset managementmethods can be made more accurate. Overall, the proposed methods are the main pil-lars of improving asset management decision-making, gathering more equipment relateddata, and increasing its cost-efficiency.
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Abstract
Development of a Substation Risk-Based Asset Management
Decision-Making Process in the Case of Insufficient Informa-
tion
The majority of power system substations were constructed more than 30 years ago,meaning that the expected lifespan of their equipment has been reached or will soonbe reached. This means the TSO’s and DSO’s have to start replacing aged equipment,resulting in significantly increased asset management costs. However, the aging char-acteristics of similar types of equipment are different, resulting in situations where thereplaced equipment could have maintained its proper functionality. Thus, it is more effi-cient to maximize equipment lifespan instead of replacing everything at the end of its lifeexpectancy. On the other hand, some equipment might degrade faster, resulting in theirfailure before the planned replacement. The condition of most equipment is assessedperiodically, which makes preventing rapidly developed failures complicated. On top ofthat, the available statistical data for determining the optimal period for equipment re-placement might be limited or absent. Especially considering that "smaller" and less "ex-pensive" units can cause an extent of failure consequences similar to "bigger" and more"expensive" ones. Furthermore, the funds for determining actual equipment conditionis also limited, resulting in the need for an efficient sequence of equipment inspection.Subsequently, there is significant cause for estimating equipment failure risk while con-sidering the uncertainty component in order to increase the efficiency of managementdecision-making.

The focus of this thesis is to tackle challenges associated with failure risk calculation ofsubstation equipment, estimating equipment failure risk in the case of input data uncer-tainty, and determine an efficient failure risk reduction sequence fromamanagement costperspective. Thus, it is initially necessary to have an appropriate method for calculatingequipment maximum failure risk including all substation equipment on the primary side.For this, a hybrid calculation process is developed that can determine failure risk from anindividual equipment perspective. This makes it possible to pinpoint all of the pieces ofequipment in the power system within different equipment types that can cause large-scale failure consequences. Secondly, it is necessary to obtain input data related to equip-ment condition to calculate its failure risk, especially in the case of data uncertainty. Forthis purpose, a method for estimating the condition of equipment with the limited data isproposed and used to determine an efficient equipment inspection sequence from a costperspective. This can justify the need to use preventivemeasures with specific equipmentor maximize the asset and include it in a corrective approach. Thirdly, higher failure riskneeds to be reduced in order to prevent equipment failures resulting in serious conse-quences. For this purpose, a method of determining risk reduction efficiency from a costperspective considering individual equipment or similar equipment types is proposed. Itassists in determining whether a preventive or corrective approach would bemore appro-priate while considering the achievable extent of risk reduction and the associated cost.Lastly, a method for estimating management costs in the case of input data uncertaintyis proposed. This makes it possible to determine the extent of using either preventive orcorrective measures as part of risk reduction.
The proposed methods were tested in a case study. In the case of the developed riskcalculation process, the results indicated that it is possible to detect all pieces of equip-ment in substations that have a higher failure risk and consequences. This increases theoverall integrity of the risk analysis and makes it possible to focus on failure prevention
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more directly on each link in the transmission chain. In the case of equipment conditiondata estimation and its use in determining a condition inspection sequence, the resultsindicated a relationship between estimated data, related costs, and the limits of a preven-tive management approach. Therefore, it can justify a delay in equipment replacementor an increase in its priority. When using the risk reduction process, the results indicatedthe sequence of equipment inclusion individually or type-wise in preventive or correctivemethods. This provides an overall perspective of substation asset failure risk reductionoptions to decrease total failure risk from a cost perspective. The results of implementingthe method of asset management cost estimation additionally provides potential thresh-old values for determining howmuch preventivemeasures should be used on equipment.Combining these methods makes it possible to increase the efficiency of the asset man-agement decision-making process with a decrease in the associated costs and also con-siders the uncertainty factor related to input data. In addition, they can be included in theexisting substation asset management method to tackle multiple challenges related to itand improve its optimality.Keywords: Asset management, Decision-making process, Failure risk, Managementcost- efficiency, Management cost optimization, Power system reliability, Risk analysis,Risk reduction, Substation equipment condition
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Kokkuvõte
Alajaama riskipõhise varahalduse otsustusprotsessi arendami-
ne ebapiisava sisendteabe tingimustes
Enamik alajaamu on ehitatud rohkem kui 30 aastat tagasi. Seetõttu on nendes asuvateseadmete eeldatav kasutusaeg juba ületatud või see ületatakse lähiajal. Nõnda peavadelektrisüsteemi haldajad hakkama vananenud seadmeid välja vahetama, mille tulemu-seks on oluliselt suurenenud varahalduskulud. Samas, sarnaste seadmete vananeminevõib olla erinev, mille tõttu võidakse asendada veel korralikult toimiv seade. Selle asemelon tõhusam maksimeerida seadmete tööaega ning vahetada neid välja lähtuvalt vajadu-sest. Teisest küljest aga võivad mõned seadmed jällegi kiiremini vananeda ja põhjustadarikke enne kavandatud asendamist. Lisaks hinnatakse enamiku seadmete seisukorda pe-rioodiliselt, mis muudab kiiresti arenevate rikete vältimise keeruliseks. Muuhulgas võibka saadaolev statistika olla piiratud või hoopiski puududa, et määrata kindlaks optimaal-ne seadmete väljavahetamise periood. Eriti kui arvestada "väiksemate"ja vähem "kalli-mate"seadmetega, mis põhjustavad samasuguse rikke tagajärje, kui "suuremad"ja "kalli-mad". Lisaks on veel seadmete tegeliku seisukorra välja selgitmaiseks mõeldud rahalisedvahendid piiratud,mistõttu tuleb tõsta seadmete ülevaatuse tõhusust ja optimeerida sellejärjekorda. Seetõttu on oluline seadmete rikkeriski määramisel võtta arvesse määramatu-se komponenti, et suurendada juhtimisotsuste tegemise tõhusust.

Käesolev doktoritöö keskendubki väljakutsetele, mis seonduvad alajaama seadmeterikkeriski arvutamisega, seadmete rikkeriski hindamisega sisendandmete ebatäpsuse kor-ral ja tõhusa rikkeriski vähendamise järjestuse määramisega halduskulude vaatenurgast.Seega on esmaselt vaja sobivat meetodit seadmete maksimaalse rikkeriski arvutamisekshõlmates kõiki primaarpoole alajaama seadmeid. Selleks töötati välja hübriidarvutusprot-sess, mis võimaldab määrata iga üksiku seadme rikkeriski. Nõnda on täpselt leitavad kõikelektrisüsteemis asetsevad erinevad seadmed, millede rike võib põhjustada tõsiseid taga-järgi. Teiseks on rikkeriski arvutamiseks vaja määrata seadme seisukorda iseloomustavadsisendandmed võttes arvesse ka nende puudumist või ebatäpsust. Sellel eesmärgil töötativälja meetod hindamaks seadmete seisukorda piiratud andmete korral, mida kasutatakseseadmete ülevaatuse järjestuse kulutõhususe suurendamisel. Nõnda on võimalik põhjen-dada rikke ennetusmeetmete või korrigeeriva lähenemisviisi kasutamise vajadust sead-mepõhiselt ja maksimeerida seadmete kasutusaega. Kolmandaks on vaja kõrgemat rikke-riski vähendada, et vältida tõsiste tagajärgedega seadmete rikkeid. Sellel eesmärgil töötativälja meetod rikkeriski vähendamise kulutõhususe määramiseks võttes arvesse üksikuidseadmeid ja sarnaseid seadmetüüpe. Samuti aitab see põhjendada valikut ennetava ja kor-rigeeriva haldusmetoodika vahel ning näitab riski vähendamise saavutatavat ulatust kooskaasnevate kuludega. Lisaks töötati välja meetod alajaamade halduskulude arvutamisekssisendandmete ebatäpsuse korral. See võimaldab hinnata ennetavate või korrigeerivatemeetmete kasutamise ulatust riski vähendamise osana.
Välja töötatudmeetodeid kontrolliti simulatsioonide põhjal. Maksimaalse rikkeriski ar-vutamise protsessi puhul näitasid tulemused, et alajaamades on võimalik avastada kõikisuurema rikkeriski ja tagajärgedega seadmeid. Seega suurendab see riskianalüüsi üldistterviklikkust ja võimaldab rikete ennetamiseks keskenduda otsesemalt igale üksiksead-mele. Seadmete seisundteabe estimeerimisel ja edasisel kasutamisel seisukorra kontrolli-mise järjestuse määramisel näitasid tulemused eeldatavate andmete, sellega kaasnevatekulude ja ennetava haldusmetoodika tasuvuspunkti omavahelist seost. Nõnda on võima-lik põhjendada seadmete asendusega viivitamist või nende prioriteetsuse tõstmist. Rikke-riskide vähendamise protsessi kasutamise korral andsid tulemused seadmetele ennetava
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või korrigeeriva haldusmetoodika valimise järjestuse individuaalselt või tüübiti. Selle põh-jal on võimalik põhjendada alajaamade seadmete rikkeriski vähendamise otsuseid ja tõs-ta üldist elektrisüsteemi töökindlust kulutõhusalt. Varahalduskulude arvutamise meetodirakendamise tulemused annavad aga potentsiaalsed läviväärtused ennetava või korrigee-riva haldusmetoodika kasutamise ulatuse määramiseks. Nende välja töötatud meetoditekombineerimine võimaldab tõsta varahalduse otsustusprotsessi efektiivsust koos sellegakaasnevate kulude vähendamisega arvestades sealjuures sisendandmete võimaliku eba-täpsusega. Lisaks saab neid rakendada alajaama varahalduses, et lahendada mitmeid sel-les olevaid küsimusi.
Märksõnad: Alajaama seadmete seisukord, Elektrisüsteemi töökindlus, Otsustusprotsess,Rikke risk, Riskianalüüs, Riski vähendamine, Varahaldus, Varahalduse kulutõhusus, Vara-halduse kulude optimeerimine
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Abstract—Commonly, the risk is obtained for specific equip-
ment groups in the substations. Yet, there are many other
equipment groups, which can also have higher risk. This paper
presents the hybrid solution to calculate the maximum risk of
all the individual equipment on the substation primary side.
It combines the power flow with contingency analysis done in
PSSE and dedicated risk calculation logic developed in Python.
In PSSE, load curtailment values are obtained in accordance
with the contingency descriptions. These represent a part of the
equipment failure consequences. The main risk calculation logic
is in Python. It uses the power system data and contingency
analysis results to combine them with individual substation equip-
ment. It also includes inputs for failure probability, replacement
times, replacement costs, load curtailment cost, and substation
types. It is tested on the IEEE 39-bus power system. The results
indicated the different impact on the equipment risk based on
the changes in inputs. Based on that, it is possible to determine
the parameters sensitivity to individual equipment and adjust the
asset management decisions accordingly.

Index Terms—Asset management, Failure probability, Load
curtailment, Risk assessment, Substation reliability

I. INTRODUCTION

The aging of the substations creates many challenges for
power system owners. To avoid equipment failures with sig-
nificant consequences, the failure risk of substation equipment
needs to be calculated. Due to the variety of different equip-
ment in substations, the risk needs to be obtained for all of
them. Focusing on the bigger and more expensive equipment
can not avoid the failure of other equipment in the substations.
For that, a dedicated methodology is needed to calculate the
risk of all substation equipment on the primary side.

In the literature, the risk of failure is calculated for specific
equipment groups, such as power transformers and circuit
breakers. In [1], [2], methods to identify the equipment of
higher risk value based on an example of circuit breakers are
presented. A method to rank power transformers based on their
risk is proposed in [3]. Similarly, in [4] and [5], the inspection
rates are optimized for a specific equipment group.

The reliability of substations is evaluated based on the
perspective of the disconnection of the transmission lines. A
couple of approaches are described in [6], [7], where load
restrictions after the failures in substation connections were
considered as an important parameter. This is supported by
the methodology presented in [8], also including switching
equipment operations. From the same perspective, in [9]

and [10] are determined the important equipment in selected
groups in the power system.

The risk itself is used in asset management procedures.
A methodology for allocating the available funds for the
management of higher risk equipment is presented in [11].
The implementation of condition monitoring solutions applied
on circuit breakers for improving the condition awareness and
the substation reliability is analysed in [12], [13]. The risk
values are also a part of stochastic processes for maintenance
scheduling in an approach proposed in [14].

Despite the extensive coverage, there is a lack of risk
calculation methodology allowing to obtain the maximum risk
for all the equipment on the substation primary side. Also,
the risk in N-1 or N-2 contingencies from an equipment
perspective. Discarding these equipment and aspects can alter
the overall management decisions.

This paper presents the methodology for that purpose. It
is based on the hybrid solutions, combining the contingency
analysis in PSSE and the risk calculation of equipment in
Python. The risk calculation logic is developed to obtain the
maximum risk in N-1 and N-2 situations from equipment
perspective. It has multiple inputs, such as failure probability,
replacement times and cost, load curtailment cost, and substa-
tion type. As a result, the methodology allows to calculate the
maximum risk of equipment in accordance with all possible
failure combinations with other equipment and pinpoint their
importance in the power system. It also allows to detect the
combinations of equipment failures causing the higher risk. It
can be used for determining the risk of every equipment in
the substation and analyse its sensitivity to input parameters.

II. METHODOLOGY

A. Risk of Failure

Risk of failure (RoFi) is used in the power system to
indicate the equipment’s importance based on failure conse-
quences and probability. It consist of multiple components,
such as the cost of load curtailment (CoLC), the cost of
repair (CoR) and the probability of failure (PoF ). The CoLC
includes the value of lost load (V oLL) at time interval t
and mean time to repair equipment (MTTR). Commonly, the
failures in the power system cause N-1 (failure of equipment
i) and N-2 (combined failure event between equipment i and
j) contingencies. The (1) and (2) is used to compute the risk
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value in N-1 and N-2 contingencies, and the maximum risk is
obtained by (6). The acquirement of V OLL is expressed by
(7), where CoLi(t) the cost of load i, LFi(t) is a load factor
for load i, and LCi(t) is load i curtailment.

RoFi(N−1) = ((V OLLi(t) ·MTTRi) + CoRi)

· PoFi = (CoLCi + CoRi) · PoFi (1)

RoFij(N−2) = (CoLCij + CoRi + CoRj)

· PoFi · PoFj (2)

CoLCij =





MTTRi > MTTRj , use (4)
MTTRi = MTTRj , V OLLij(t) ·MTTRi

MTTRi < MTTRj , use (5)
(3)

V OLLij(t) ·MTTRj + V OLLi(t) · (MTTRi −MTTRj)
(4)

V OLLij(t) ·MTTRi + V OLLj(t) · (MTTRj −MTTRi)
(5)

RoFi = max(RoFi(N−1), RoFij(N−2)) (6)

V OLLi(t) =

n∑

i=1

CoLi(t) · LCi(t) · LFi(t) (7)

B. Load Curtailment

The consequences of the equipment failures (contingencies)
depend on the restrictions applied based on the limits in
the power system elements. Commonly, contingencies cause
voltage violations at the busbars and overload in the elements.
In the case of contingencies, the occurrence of the voltage
violations at busbars and overload in branches or power
transformers is checked. If these occur, then an option is to
reduce the load until the conditions are met. This means load
curtailment at a specific bus (LCi), which increases the cost
of failure and risk. It is also possible to use generation control,
power transformers tap changers and shunts for voltage and
overload control. If these options are allowed, then the LCi

value is smaller.
In contingency analysis, LCi values are based on either the

disconnection of the load or the corrective measures imple-
mented to maintain the voltage between limits or reduce the
overload. The corrective measures in the contingencies without
the disconnection of load, indicate the LCi needed to maintain
the power system’s operational state without violations. The
LCi needs to be calculated for each contingencies and linked
to individual equipment.

C. Concept of Risk Calculation Process of Individual Substa-
tion Equipment

The overall concept of the risk calculation procedure is
given in Fig. 1, and is divided into separate modules. Firstly,
the power system is modelled in the software used in power
system analysis, which in this case is PSSE. It allows to
obtain the LCi values by considering also the dynamics of
the power system. Next, the contingency analysis is done for

Power system is modeled in PSSE 

ACCC and Multi-ACCC analysis is run in PSSE  

ACCC and Multi-ACCC analysis results are loaded in Python  

Load curtailment values are linked to individual substation equipment 

Calculation of substation equipment maximum risk 

Fig. 1. Principle concept of the risk calculation of substation equipment

obtaining the LCi values based on individual contingencies. In
the second module, these values are processed in the statistical
or mathematical software, which in this case is Python. In that,
the dedicated logic is developed to link the LCi values with
individual substation equipment. It is part of the overall risk
calculation process using multiple inputs. At the end of the
process, the risk for individual equipment is calculated.

In PSSE, the LCi values are obtained based on the ACCC
(AC Contingency Analysis) and Multi-ACCC analysis. For
that, the contingency descriptions need to be generated. These
are based on the location of the equipment in the substation
and the power system. It determines, which branches or
substation bays are disconnected after the equipment failure.
In that, the reliability of the substation schematic has an
important factor.

D. Logic of Risk Calculation Process

The main logic of the risk calculation process is given in
Fig. 2. Firstly, the data files are loaded from the outputs of
PSSE and the power system description. These include the
results of the ACCC and Multi-ACCC analysis in .acc files and
the power system decription data in .raw file. Next, that data is
linked to specific power system busbars. In the developed con-
cept, busbars are considered fictive substations. Another task
of the logic process is to link the LCi to individual substation
equipment located at its bays. The dedicated matrices are used
for that purpose, containing the description of equipment for
each substation. Before the main risk calculation, additional
data related to equipment is included in the process. These in-
clude following parameters: V OLLi(t), CoR, MTTR,PoF ,
type the substation schematic, power transformer side of the
branch, and substation section numbers with connected bays.

Next, the substation schematic types are considered, and
the link between the LCi and the equipment is adjusted
accordingly. The LCi are combined with other parameter
values in the parts of the N-1 and N-2 calculations. In the N-2
calculations, the risk is obtained for all possible combinations
between two equipment failures. Based on the maximum risk
value in N-1 and N-2 contingencies, the maximum risk is
acquired for the equipment.

E. Linking Substation Equipment to Busbars

The main part of the risk calculation logic is the link
between individual substation equipment and power system



Load ACCC and Multi-
ACCC analysis results

from .acc files 

Generating matrices
containing load curtailment

values based on
contingency descriptions

Load equipment related
input data from .csv files
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replacement times and
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Output
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in .csv format
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transformers

Risk calculation
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Logic for combining
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types

Load power system data
from .raw file 

Generating matrices
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data  

Generating matrices
containing bays from
substations sections 

Fig. 2. Main logic of the hybrid risk calculation process

Power system schematic in PSSE  

Acquiring busbar numbers  

Acquiring substation node numbers  

Selecting substation schematic in Python 

Obtaining equipment location in substation bays 

Fig. 3. Principle logic to link power system data individual substation
equipment

busbars. In Fig. 3 is given the procedure of that process.
Similarly to load curtailment, the data is extracted from the
file describing the power system schematic. From that, the
busbar numbers and the substation node numbers are acquired.
These represent the fictional substations. The node numbers
are used to link the branches and other connections to specific
substation sections (bus). The principle of using node numbers
is expressed by Fig. 4. As the results, the equipment is linked
to the specific substation bay.

Fig. 4. Principle of using substation node numbers 3....6 to identify the bays
(connections) to substation sections 1 and 2

Fig. 5. Schematic of a substation with single-breaker single-disconnector con-
figuration (type 1). Indices E1. . . E4 are substation bays and E5 is connection
between substation section 1 (indicated by B1) and section 2 (indicated by
B2). Other indices are C (CB) – circuit breaker, D (DC) – disconnector, VT
– voltage transformer, CT – current transformer, CA – cable, ES – earthing
switch, SA – surge arrester, PT – power transformer, IS – insulator chain.

Fig. 6. Schematic of a substation with double-bus single-breaker configuration
(type 2)

F. Implementation of Substation Schematic Type

The individual equipment is linked to power system
branches, generation units, loads, or other connections based
on the substation node numbers and substation type. The
implemented schematic types are: 1- single circuit breaker and
single disconnector with branch (also known as H-schematic),
2 - single circuit breaker and double disconnector with branch,
3 - double circuit breaker and double disconnector with branch.
These schematics are given in Fig. 5, 6 and 7. In Fig. 6 and
7, the E1. . . E4 includes the same equipment as in Fig. 5. It is
assumed, that E1 is connected to node 3 in. 4, E2 to node 4,
E3 to node 5 and E4 to node 6.

G. Risk Calculation Based on Substations Types

The values of the LCi are linked to the equipment by the
following principles. If the equipment is in E1. . . E4, then its
failure causes the disconnection of a single branch. If the
equipment is directly connected to busbars (sections B1 and
B2), then its failure can cause either the disconnection of all
branches (bays) connected to that busbar or its specific section



Fig. 7. Schematic of a substation with double-bus double-breaker configura-
tion (type 3)

or disconnect only the specific section. This is related to the
substation schematic used and can include equipment VT(B),
ES(B), SA(B), CB and DC. The third case is related to the
equipment in E5.

In N-1 contingencies, that principle is implemented in
accordance with a single substation schematic. In N-2 contin-
gencies, different combinations between substation schematics
are considered. This procedure is described in 8. For that, the
location of both equipment with failure (indicated by i and j)
is obtained. If equipment i or j are not in E1. . . E4, then the
combinations considering substation type are analyzed. It is
initially checked, are equipment i and j in the same substation.
If not, then the next conditions in the sequence are followed.
This means also, that equipment i and equipment j are in
different substations.

Therefore, the cases are considered: inclusion of the equip-
ment i and j in E1. . . E4, the type of the schematic of
substations, if the equipment i and j are not in E1. . . E4,
inclusion of the equipment i and j in E5, and inclusion of
the equipment i and j at the same substation.

III. CASE STUDY

The IEEE 39-bus power system, given in Fig.9, is used to
test the proposed methodology. For that, the initial parameters
are changed individually to evaluate their impact on the risk.
In addition, to analyse the difference of the change based on
individual equipment. In the initial case, the PoFi for all of
the equipment is set to 0.1 for sensitivity analysis. The all
substation types are set to 3. For testing the risk calculation
process, four cases are used. These cases are: 1 - initial, 2 -
PoFi is set from 0.1 to 0.2, 3 - MTTRi is set from 8 hours
to 10 hours, 4 - substation type is set from 3 to 1 (schematic
in Fig. 7 is changed to schematic in Fig. 5).

IV. RESULTS

The results in Figs. 10 and 11 show the impact of input
parameters based on the load curtailment values for couple of
equipment in the power system. These are VT1 (branch 8 at
busbar 7) and VT2 (branch 21 at busbar 19) in Fig. 10, and
DC1 and DC2 (branch 20 at busbar 4) in Fig. 11.

In Fig. 10 is given the risk (RoFi) for the equipment VT1
and VT2. These values are based on the risk in N-1 contin-
gency and its maximum value in N-1 and N-2 contingencies. It

Combinations considering
substations types are

discarded

Calculating equipment risk
considering its location

and substation type

 Is equipment i
in E1...E4?

 Is equipment j
in E1...E4?

 Is equipment i
and j in the same

substation?

Analyzing schematic-wise
location of equipment i and

j in same substation

Analyzing schematic-wise
location of equipment i and
j in different substations

Analyzing schematic-wise
location of equipment i and

j in substations

Equipment risk

Vector containing
substation types

No

No

No

Yes

Yes

Yes

Fig. 8. Process of linking the load curtailment to equipment location in
different substation schematics

Fig. 9. Schematic of the IEEE 39-bus power system used in the risk
calculations

can be seen, that increasing the PoFi to 0.2 (case 2) increases
the risk as well (compared to case 1). The increase in MTTRi

also increases the risk (case 3 compared to case 1). Although,
the change in case 3 is smaller than in case 2. Therefore,
the increase of MTTRi by 2 hours has less impact on risk
compared to the change in PoFi from 0.1 to 0.2.

It can also be noticed that the risk of VT1 is lower in N-
1 contingencies than its maximum value. It means that the
maximum risk is obtained in N-2 contingencies. In the case
of VT2, the maximum risk is based on N-2 contingencies. The
change in the substation type does not have an impact on risk,
mainly due to the location in a branch (E1 in Fig. 5).

In Fig. 11 is given the risk for equipment DC1 and DC2.



Fig. 10. Risk of substation equipment (VT1 and VT2) based on cases: 1
- initial, 2 - PoFi is increased to 0.2, 3 - MTTR is increased to 10, 4 -
substation type is changed to 1

Fig. 11. Risk of substation equipment (DC1 and DC2) based cases: 1 - initial,
2 - PoFi is increased to 0.2, 3 - MTTR is increased to 10, 4 - substation
type is changed to 1

It can be noticed the similar pattern in case 2, where the risk
increased due to the increase in the PoFi. The increase in
the MTTRi has an impact on DC2 maximum risk. Although,
compared to case 2, that impact is smaller. In case 4, the
RoFi of DC1 in N-1 increases from near 0 to 70 compared
to case 1. Although, the maximum risk is the same. The
RoFi of DC2 is absent in case 4, because of the usage of a
simpler substation schematic without two disconnectors with
connection (the schematic in Fig. 7 is changed to Fig. 5).

In accordance with the results, the change in risk after the
change of PoFi or MTTRi is different based on equipment
location and its type. A similar pattern is with the risk in
N-1 contingency and the maximum risk based on N-1 and
all the failure combinations in N-2 contingencies. It allows to
determine with higher accuracy the equipment importance, the
cause of the higher risk, and options to reduce the risk.

V. CONCLUSION

The methodology to obtain the maximum risk of substation
equipment is proposed in this paper. It allows to calculate
the risk for all the equipment on the substation’s primary

side. It implements the hybrid concept, combining contingency
analysis in dedicated power system software and the risk
calculation logic developed in computational software. The
methodology uses dedicated processes to link individual sub-
station equipment to power system data and load curtailment
values. It also allows to adjust the input parameters and change
substation schematics to assess the sensitivity of input values
to risk. The methodology is tested on an IEEE 39-bus power
system. The methodology can be useful tool for power system
owners for calculating the risk of all substation equipment and
evaluating management decisions accordingly.
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Abstract—This paper presents a methodology to determine
the cost-efficient sequence of substation equipment inspections.
It is mainly intended for cases when having limited or absent
data about equipment condition. The methodology is based on
the usage of known condition data to estimate the condition of
equipment with unknown data. It is estimated by fitting the
likelihood function to the distribution of known Health Index
values of equipment. The estimation values are implemented as
an input to determine the cost-efficient sequence of equipment
inspections. As a result, the process allows to decrease the
uncertainty in condition data, avoid costly failures, and reduce
total inspection cost. The methodology is tested on the IEEE 39-
bus power system. The obtained results indicated the reduction
of inspection cost by 80 % in the example case and avoiding
failures with higher cost. The process can assist in risk reduction
when having equipment with unknown or limited condition data.

Index Terms—Asset management, Failure probability, Non-
parametric estimation, Risk assessment, Substation reliability

I. INTRODUCTION

Access to electricity is important for industries, the func-
tionality of services, and regular consumers. Therefore, it
is crucial to avoid extensive shortages of electricity caused
by the failures of equipment in the power system. For that,
maintaining the good condition of substation equipment is
a crucial task for the power system owners. To determine
the equipment needing higher attention, awareness about their
condition is needed. This can be a complicated task if the
data for the majority of equipment is absent. In addition,
insufficient data makes asset management less cost-efficient.

In the literature, the relationship between substation equip-
ment condition, expressed by Health Index (HI), and subse-
quent risk is analysed from multiple perspectives. The overall
importance of using HI values and the options to increase
their accuracy is discussed in [1]. Implementing health diag-
nostics is a common method to acquire the HI for all of
the equipment. This approach to obtain the HI for power
transformers is presented in [2]. Condition assessment of the
equipment is also considered as the main factor for obtaining
accurate HI in methods presented in [3] and [4].

The quality of data and its relation to uncertainty of HI
is discussed in [5], and the impact of data uncertainty to HI
is analysed in [6]. An methodology for obtaining the failure
probability from the HI with selected degrees of uncertainty is
proposed in [7], and implemented on circuit breakers. Overall,

estimating the condition of the equipment allows to reduce
uncertainty.

More complex estimation of the HI and risk based on
the condition of equipment is given in [8], and with the
implementation of stochastic processes in [9]. Fuzzy logic-
based uncertainty is also incorporated in [10] and [11] for risk
estimation. A method for obtaining the HI values through
the equipment condition estimation with uncertainty factor
is presented in [12] by combining statistical approaches. A
similar estimation of the risk in a longer time period based
on predictable patterns is used in [13]. The time parameter is
also implemented in [14] to estimate the change in equipment
condition and HI . Their main objective is to reduce the cost
of potential failures.

Overall, the existing methodologies concentrate on specific
equipment groups and relay on the available statistics. In the
case of less analysed equipment, such as instrument trans-
formers, disconnectors, and insulators, they lack the necessary
functionality to obtain their risk. Especially if having limited
or absent statistical data about the equipment condition. In
addition, the procedures describing the cost-efficient sequence
of equipment inspection in the presence of limited data.

This paper addresses these aspects. Its essence is to use
known HIi values to estimate the unknown HIi values. Based
on the estimation, the number of equipment with potentially
higher HIi values is obtained. By implementing the proposed
process, the cost-efficient sequence of equipment inspections
to detect the equipment with a higher HIi is determined. The
process focuses on equipment with a higher cost of failure,
allowing to avoid it and also reducing the overall inspection
cost. The proposed methodology is tested on an IEEE 39-bus
power system with all primary side equipment implemented
in a dedicated logic developed in Python. The methodology is
intended to be used on equipment with limited or absent data.

II. METHODOLOGY

A. Risk of Failure

Risk of failure (RoFi) is used in the power system to indi-
cate the equipment importance based on failure consequences
and probability. It consist of multiple components, such as the
cost of load curtailment (CoLC), the cost of repair (CoR) and
probability of failure (PoF ). The CoLC includes the value of
lost load (V oLL) at time interval t and mean time to repair
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equipment (MTTR). Commonly, the failures in the power
system causes N-1 (failure of equipment i) and N-2 (combined
failure event between equipment i and j) contingencies. The
(1) and (2) can be used to compute the risk value in N-1 and
N-2 contingencies, and the maximum risk is obtained by (6).
The cost of failure (CoF ) combines the CoLC and the CoR.

RoFi(N−1) = ((V OLLi(t) ·MTTRi) + CoRi)

· PoFi = (CoLCi + CoRi) · PoFi (1)

RoFij(N−2) = (CoLCij + CoRi + CoRj)

· PoFi · PoFj (2)

CoLCij =





MTTRi > MTTRj , use (4)
MTTRi = MTTRj , V OLLij(t) ·MTTRi

MTTRi < MTTRj , use (5)
(3)

V OLLij(t) ·MTTRj + V OLLi(t) · (MTTRi −MTTRj)
(4)

V OLLij(t) ·MTTRi + V OLLj(t) · (MTTRj −MTTRi)
(5)

RoFi = max(RoFi(N−1), RoFij(N−2)) (6)

B. Health Index Based Equipment Condition Indexing

The equipment HIi can be obtained by grading its specific
components or parameters within preset limits. Commonly
used HIi values are between 1 and 5. The HIi value 1 means
that the equipment is in a good condition, and HIi value
5 indicates the need for equipment (partial) replacement. An
option of determining the overall HIi based on the condition
of individual equipment components (HIi(c1...cn) is described
by (7).

HIi = max(HIi(c1), HIi(c2), ....,HIi(cn)) (7)

It is also necessary to implement the HIi value in the risk
calculation process by converting the HIi into PoFi. This
allows to use it in optimization processes and for analysing
the uncertainty impact in the case of stochastic or absent data.

C. Usage of Known Data for Estimation of Unknown Data

The estimation of HIi or PoFi based on unknown data
requires having samples of known data. Latter is obtained
from known HIi values. For that, the group S with analysed
equipment i needs to be chosen. Next, the group S is divided
into group K including the equipment i with available data,
and group M without available data (8).

S = K +M (8)

The known HIi from K are distributed based on their values.
Next, that distribution is fitted to probability functions, such
as exponential, beta, weibull, and normal. The goodness-of-
fit of the chosen distributions is evaluated to determine the
function with the best fit. For evaluating the fit of probabilistic
characteristics, the sum of squared error (SSE) is used.

In accordance with the characteristic with the best fit, the
HIi values for the group M are estimated. For that, the Monte
Carlo method is used to generate random values based on
chosen distribution function. The generated values are linked
to each HIi value. The obtained distribution represents the
estimated HIi values for group M . From these, the PoFi for
the equipment is calculated by using the (9), where vi is the
randomly generated value based on the distribution functions.

PoFi =
vi

max(vi)
(9)

Based on the estimated PoFi, the risk of equipment in M is
calculated. For the PoFi and the RoFi values, the confidence
interval is also obtained. In asset management procedures,
the maximum value is used to lower the change of under-
estimation. Compared to the uncertainty of the equipment
RoFi without the data of their conditions, the estimation
process decreases that uncertainty level. Without the risk
estimation, the confidence interval of RoFi could not be
determined. Therefore, these equipment are incomparable with
the equipment having known risk values.

D. Implementation of Estimated Data in Asset Management

The estimated HIi and PoFi (subsequently RoFi) are used
for determining the amount of specific HIi values in the group
M . These are HIi value 4 (HIi = 4), meaning the need for
maintenance to avoid further condition deterioration, and the
HIi value 5 (HIi = 5), meaning extensive condition dete-
rioration, and expected failure. Another use of the estimated
values is to evaluate the importance of the equipment in M
at the same base value as the equipment in K. Obtained data
are combined for asset management.

The objective of asset management is to decrease the failure
probability in the case of higher risk equipment. For that,
the PoFi, RoFi, and HIi need to be linked to individual
equipment. In the case of K, due to the knowledge of the exact
equipment with specific HIi value, it is possible to directly
focus on that equipment and arrange maintenance or schedule
replacement. It is also known the potential consequences of
the equipment failure. Therefore, the asset management can
be addressed based on individual equipment. In the case of
M , due to the estimation of HIi for the whole group, it is not
directly known the equipment, which has that specific higher
HIi value. Therefore, addressing that equipment is difficult.

An option is to assess the condition of each equipment in
M , but this can be time-consuming and with a higher cost. On
the opposite, the HIi value 4 can lead to HIi value 5 without
on-time maintenance, which subsequently causes equipment
failure. From an asset management perspective, both options
are not preferred. Therefore, additional parameters are neces-
sary to use to locate the potential equipment, whose failures
could have higher consequences.

For that, the significance of the additional parameters indi-
cating their combined weight (Wi) is implemented. The Wi

(10) is a vector representing individual weight parameters wi.



In this case, the w1 is a cost related parameter and the w2 is
a risk related parameter.

Wi = f(w1, w2) (10)

According to the Wi and its parameter w1, the HIi is linked
based on their related tasks and consequences to specific cost
components, indicated in (11) and (12).

(HIi = 4) −→ (HIi = 5), if i ∈ M (11)

(HIi = 5) = CoFi, if i ∈ M (12)

The cost function CoPa for the group M is determined by
(13). It represents the cost of not reacting to the individual
equipment p with HIi values 4 and 5 in the case of M .

CoPa(HIi = 4 −→ 5, 5) =

p∑

i=1

CoFi, if i ∈ M (13)

Another factor to be considered is the cost of reacting the
opposite way to higher HIi values. In the case of M , it
means using the condition inspections to determine the exact
equipment, which can have the HIi values 4 and 5. For that,
the condition and HIi of each equipment m in M need to be
assessed. This task is expressed by the cost function CoPb in
(14), where CoIi is the cost of equipment inspection.

CoPb(HIi = 4, 5) =
m∑

i=1

CoIi, if i ∈ M (14)

Due to the different options of reacting to higher HIi values
and their related cost functions, the equilibrium in (15) need
to be evaluated. It is expressed by cost function in (16).

CoPa(HIi = 4, 5) = CoPb(HIi = 4, 5) (15)
m∑

i=1

CoIi =

p∑

i=1

CoFi, if i ∈ M (16)

In accordance with the objective of the asset management, the
overall CoIi and the CoFi need to be minimised to meet the
condition in (16) if the equipment is in M . Other ways, the
cost-efficiency of asset management decreases. Based on the
cost functions CoPa, CoPb, the weight vector Wi and the
condition in (16), the minimisation function (17) is obtained.

F (CoPa, CoPb,Wi) = min(

m∑

i=1

CoIi,

p∑

i=1

CoFi), if i ∈ M

(17)
In this case, it is reasonable to make an assumption, that
failures of equipment in group M does not occur at the same
time-frame. This simplifies the obtainment of CoFi, which
equals the CoFi in N-1 contingencies (18).

p∑

i=1

CoFi −→ CoFij(N−1), if i ∈ M (18)

The minimisation function (17) is used in the process to deter-
mine the sequence of condition inspections of the equipment
in the group M . This allows to avoid potential failures with
higher cost and optimise the overall asset management cost.

E. Process of Choosing the Equipment for Condition Inspec-
tions

In accordance with the estimated knowledge of having HIi
values 4 and 5 in the group M , the cost-efficient sequence of
the equipment condition inspection needs to be determined.
This is decided based on the weight of additional parameters
in W of the equipment in group M and the minimisation
function. By the principle of the process, the highest CoFi

is avoided by inspecting the equipment condition and imple-
menting necessary measures, such as condition maintenance or
replacement. Therefore, in each iteration (actual inspections),
the potentially highest CoFi is reduced in a sequence. This is
done until the highest CoFi is lower than the

∑m
i=1 CoIi for

remaining equipment in the group M .
Initially, it is necessary to summarize the equipment p in M

with estimated HIi values 4 and 5, indicated by
∑p

i=1(HII =
4, 5). Next, the process in the following is used. The process
consists of a sequence of tasks and conditions, described as:

• Step 1 - Selecting the equipment with highest CoFi in
N-1 contingencies.

• Step 2 - Inspecting the condition of the selected equip-
ment and removing its CoFi from iterations.

• Step 3 - If obtained HIi is rated as 4 or 5, then the∑p
i=1(HIi = 4, 5) is reduced by 1.

• Step 4 - the
∑m

i=1 CoIi is reduced by the CoIi.
• Step 5 - checking the condition in (16) to meet the

minimization objective (17).
• Step 6 - if the potential CoFi in N-1 contingencies is

higher than the
∑m

i=1 CoIi and if the
∑p

i=1(HIi = 4, 5)
is above 1, then the next iteration starts.

• Similarly, in Step 1, the equipment with the highest CoFi

in N-1 contingencies is chosen and in Step 2, its condition
is inspected.

• The iteration ends with Steps 3, 4 and 5.
• If the conditions in Steps 5 and 6 are not met, then the

process stops.
The end of the process means that the overall cost of

condition inspection of the remaining equipment in the group
M , to detect the equipment with HIi values 4 and 5, costs
more than the potential equipment failure CoFi.

The proposed methodology allows to step from the total
uncertainty about the condition of these equipment to the
decreased uncertainty due to estimated conditions. Secondly,
the equipment failures can be avoided by inspecting them in
sequence based on the described process above. Thirdly, this
allows to reduce the total inspection and asset management
costs. Lastly, the awareness about equipment conditions in
group M increases due to the inspections.

III. CASE STUDY

The IEEE 39-bus power system, given in Fig.1, is modeled
in PSSE for contingency analysis. This allows to obtain the
amount of load curtailment after equipment failures. From that,
the CoFi is obtained. The risk calculations are implemented
in Python as a dedicated logic process. In that, the CoFi



Fig. 1. Schematic of the IEEE 39-bus power system used in the risk
calculations. Power system data is available in [15].

is linked to individual equipment, and its risk is calculated.
Each substation equipment on the primary side existing in real
power systems is included in the risk calculation logic.

The chosen equipment group is instrument transformers,
which forms group S. It is assumed, that in each substation
bay, a current and voltage transformer is located. In addition,
voltage transformers are also in substation section busbars.
Therefore, the overall size of group S is 320. The assumed
size of group K is 32 and the size of group M is 288. The
objective is to estimate the unknown HIi values in M based
on the HIi in K. Next, the fictive condition inspections, such
as measuring partial discharges, dielectric losses and moisture
in electrical insulation, magnetization characteristic, saturation
behavior, transformation ratio and its accuracy, polarity, load,
winding resistance, and withstand voltage, is used to detect
the equipment in M with HIi values 4 and 5. The efficiency
of proposed process is compared to the cost of inspecting
equipment’s condition without predetermined sequence. Three
cases are considered. The CoIi compared to the CoRi is 5%
in Case A, 2.5% in Case B, and 0.5% in Case C. The CoRi

is assumed to be 20 kC.

IV. RESULTS

The results of the proposed methodology are presented in
the following. Firstly, the HIi values of the equipment in
group K with the known data are used to obtain the best
fit distribution function, represented in Fig. 2. Next, the dis-
tribution with the lowest SSE is chosen, and the PoFi mean
value of the equipment in the group M is obtained. The Monte
Carlo simulation is used based on the characteristic parameters
of the distribution function with the best fit. Subsequently, the
risk (RoFi) for these equipment is calculated. In addition, the
HIi values for the equipment in M are estimated.

In the Table I is given the PoFi mean value and con-
fidence intervals for 95 % in accordance to Z-distribution
and bootstrap methods. It can be noticed, that the lower and
upper limits are relatively near to mean value of the PoFi.

In the Fig. 3 is given the risk values (RoFi) for the whole
group S based on the estimation. It can be noticed, that the
risk of the majority of equipment is around 250. This is
due to having similar maximum failure consequences in N-2
situations. Certain equipment in group have risk values above
500 indicating higher importance and potentially higher CoFi.

Fig. 2. Proportional distribution of known HI values of equipment group K
and fitted likelihood functions

Fig. 3. Risk values of the equipment in group S after condition estimation

In the Table II is given the estimated number of HIi
values for the group M . It can be noticed, that the total∑p

i=1(HIi = 4, 5) value is 35. Therefore, from the 288
instrument transformers in the group M , potentially 12 could
have failure in the upcoming time-frame. In the longer time-
frame, 23 additional equipment could have failure. Based on
that knowledge of the potential equipment with higher HIi
values in the group M , the cost of their failures needs to
be minimised. The risk values in Fig. 3 can be used for
that purpose representing the maximum risk in the case of
N-1 and N-2 contingencies. Due to the assumption that the
failures do not occur at the same time-frame, the CoFi in N-1
contingencies are used instead. Overall, they follow the same
pattern as the risk value.

In Fig. 4 is given the result of using the proposed process,
where the difference between the

∑m
i=1 CoIi and the highest

CoFi for each iteration (number of equipment inspected) is



TABLE I
SUM OF SQUARED ERROR (SSE) VALUES BASED FITTING DISTRIBUTION

FUNCTIONS TO HIi VALUES IN K

Mean CI(Z-value) CI(Bootstrap)
PoFi 0,285 [0,268 0, 302] [0,260 0,304]

TABLE II
THE NUMBER OF ESTIMATED HIi VALUES FOR THE EQUIPMENT IN M

HI = 1 HI = 2 HI = 3 HI = 4 HI = 5
Total 117 81 55 23 12

presented. It can be noticed, that initially the equipment with
the highest CoFi is chosen. In the following iterations, the
maximum equipment CoFi decreases. At iteration 44 (number
of inspections done), the remaining

∑m
i=1 CoIi is higher than

the potentially avoided CoFi at that iteration. It indicates the
inefficiency to inspect remaining equipment (244 in this case)
from a cost perspective. Therefore, the initial total CoIi is
reduced from 288 kC (inspecting randomly all equipment) to
44 kC, and the data about the condition of equipment with
higher CoFi is obtained. The difference between Cases A,
B, and C is noticed after iteration 44. In Case C, inspecting
remaining 244 equipment do not increase the cost difference
significantly.

If assuming the occurrence of multiple failures within the
relatively narrow time-frame, then the overall CoFi can be
considerably higher, increasing the difference to the total CoIi.
Subsequently, it is reasonable to inspect the condition of all
equipment in M from a cost perspective. Nevertheless, if
the time-frame is relatively wide, such as 10 years, then the
proposed process can be preferred.

V. CONCLUSION

This paper presents a process to determine the cost-efficient
inspection sequence of equipment without exact condition
data. It is based on the usage of known HIi values to estimate
the unknown HIi values. If the estimated HIi includes higher
values, the process allows for direct condition inspections to
the equipment with a higher failure cost. This decreases the
needed inspection cost, which are other ways used to inspect
all of the equipment. The process reduces the uncertainty in
equipment data, allows to avoid failures with higher cost,
and increases the proportion of known HIi data. The results
indicated the reduction of needed inspection cost by 80 % with
a decrease in potential failures with higher costs. The proposed
process is mainly intended for equipment with limited data.
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Abstract—This paper presents a methodology for the cost-
efficient improvement of the power system’s reliability. The
proposed process combines two risk reduction methods: im-
proving the condition awareness of equipment and reducing
the replacement time of equipment. The process assesses risk
reduction efficiency based on the achievable decrease in risk and
its related cost. At each iteration a part of the limited funds
is allocated to the most cost efficient risk reduction method.
The methodology can be implemented on all the equipment of
substation primary side. The results of a case study are presented
to illustrate the proposed methodology. They indicate, that in
each iteration the process decreases the risk using the most cost-
efficient way. In addition, with certain equipment groups the
higher cost-efficiency is achieved by arranging a spare equipment
in substation cluster. The methodology can assist network owners
and system operators in determining the cost-efficient method to
improve the reliability of the power system within the limited
funds.

Index Terms—Asset management, Cost-efficient management,
Risk assessment, Risk reduction, Substation reliability

I. INTRODUCTION

The main task of the system operators is to maintain
the proper functioning of the power system and improve its
reliability in a cost-efficient manner. The available funds for
that mainly depend on the capital expenditures (CAPEX)
planned for upcoming period. Commonly, it is a limited value
determining also the limit for the reliability improvement. The
system’s reliability is based on its equipment’s risk of failure.
Therefore, an option to increase the reliability is reducing the
risk as much as possible within available funds. Thus, these
funds need to be directed towards assets, which risk can be
reduced with higher cost-efficiency. For that, it is necessary to
calculate the achievable risk reduction for each equipment and
its cost. Latter depends on the risk reduction measures used.

In [1], [2], methods to identify the equipment of higher risk
value based on an example of circuit breakers is presented.
A method to rank power transformers based on their risk is
proposed in [3]. The reliability of substations is evaluated
in [4], [5]. In there, the load restrictions after the failures
in substation connections were considered as an important
parameter. This is supported by the methodology presented
in [6], also including switching equipment operations.

Asset management approaches in a power system are anal-
ysed in [7], [8]. It is stated, that improving the condition

awareness of equipment allows to increase the system’s relia-
bility by decreasing their failure probability. A condition-based
asset management methodology for maintaining the function-
ality of power system’s equipment is given in [9]. Similar
methodologies are proposed in [10], [11] for reliability focused
maintenance and its scheduling based on equipment risk. In
there, the asset management procedures is directed towards
higher risk assets for achieving the increase in reliability.

A methodology for allocating the available funds for the
management of higher risk equipment is presented in [12].
The implementation of condition monitoring solutions for im-
proving the condition awareness and the substations reliability
is analysed in [13], [14]. The methodologies are applied on
circuit breakers as chosen equipment group. The condition
monitoring solutions are also a part of stochastic processes
for maintenance scheduling in an approach proposed in [15].

There are various aspects presented in the existing literature,
however, some distinctive gaps can be distinguished. Firstly,
the description of risk reduction process from cost-efficiency
perspective by considering the cost of condition assessment.
Secondly, the analysis of risk reduction cost-efficiency from
the perspective of arranging a spare equipment in a substation
cluster.

This paper addresses these gaps and proposes a methodol-
ogy for the cost-efficient improvement of the power system’s
reliability. The objective is to divide the available funds in a
cost-efficient manner for risk reduction. It is achieved by either
using condition monitoring solutions or inspections to decrease
the failure probability of equipment, or arranging a spare
equipment in substations. For that, two risk reduction methods
are combined in a process. As a result, the limited funds are
directed towards equipment or equipment group with highest
cost-efficiency of risk reduction. This allows to improve the
power system’s reliability with higher cost-efficiency of asset
management.

II. METHODOLOGY

A. Value of Risk

The criticality of the substation equipment in power system
is indicated by the risk of failure (RoFi). The risk consist
of multiple components, such as the cost of load curtailment
(CoLC), the cost of replacement (CoR) and probability of
failure (PoF ). The CoLC includes the value of lost load



(V oLL) at time interval t and mean time of equipment repair
(MTTR). Commonly, the failures in the power system causes
N-1 (failure of equipment i) and N-2 (combined failure event
between equipment i and j) contingencies. The (1) and (2)
can be used to compute the risk value in N-1 and N-2
contingencies, and the maximum risk is obtained by (6).

RoFi(N−1) = ((V OLLi(t) ·MTTRi) + CoRi)

· PoFi = (CoLCi + CoRi) · PoFi (1)

RoFij(N−2) = (CoLCij + CoRi + CoRj)

· PoFi · PoFj (2)

CoLCij =





MTTRi > MTTRj , use (4)
MTTRi = MTTRj , V OLLij(t) ·MTTRi

MTTRi < MTTRj , use (5)
(3)

V OLLij(t) ·MTTRj + V OLLi(t) · (MTTRi −MTTRj)
(4)

V OLLij(t) ·MTTRi + V OLLj(t) · (MTTRj −MTTRi)
(5)

RoFi = max(RoFi(N−1), RoFij(N−2)) (6)

B. Cost-Efficiency of Risk Reduction

The increase in power system’s reliability can be achieved
by decreasing the risk of substation equipment. Commonly,
the funds needed are taken from the CAPEX planned for
the time period T , described as (CAPEXlim(T )). Thus, the
CAPEX used in risk reduction in time period T should be
within the limit of (CAPEXlim(T )) as expressed by (7).

CAPEX(T ) < CAPEXlim(T ) (7)

The objective is to achieve maximum risk reduction efficiency
within available CAPEX(T ). The extent of risk reduction
is described by the difference of risk value (∆RoFi) before
the reduction RoFi(Bef) and after the reduction RoFi(Aft),
expressed by (8).

max(∆RoFi) = max(RoFi(Bef) −RoFi(Aft)) (8)

For the risk reduction, specific methods should be used. The
risk reduction methods considered in this paper are:

• Method A - reducing the failure probability (PoF ) of
substation equipment;

• Method B - reducing the replacement time (MTTR) of
substation equipment.

In method A, the risk of equipment is reduced by using
condition-based asset management. It means, that the condi-
tion of equipment is monitored in real-time or relatively fre-
quently. As a result, the occurred defects in equipment leading
to failure are detected earlier. Therefore, their probability of
failure (PoF ), and subsequently, the risk is decreased. For that,
measurement solutions or condition inspections can be used.
The cost perspective of condition monitoring is represented
by the cost of condition-based management (CoCBM ). The
CAPEX related CoCBM includes the cost of measurement

solutions (CoMS) and the cost of condition inspections
(CoI), expressed by (9).

CoCBM = CoMS + CoI (9)

The method A is implemented individually for each selected
equipment. Thus, the risk reduction is equipment-specific. It
also means, that the CoCBMi related to it can be different.
Nevertheless, the total cost of the risk reduction should meet
the condition in the (10). If the CoCBM for each equipment
is the same, then the potential number of equipment (ND)
included in condition-based method (CBM ) depends on the
(11).

n∑

i=1

CoCBMi(T ) < (CAPEXlim(T )) (10)

ND =
(CAPEXlim(T ))

CoCBMi
(11)

The cost of risk reduction (CoRR) based on method A for
individual equipment equals to the CoCBMi. For the group
of similar equipment, it is expressed by (12).

CoRR(A) = ND · CoCBMi (12)

In method B, the risk of equipment is reduced by reducing
their replacement time (MTTR) after the occurred failure.
Subsequently, this decreases the cost of load curtailment
(CoLC) and therefore the risk. The MTTR consist of:

• Stage 1 - Determining the location and the type of failed
equipment;

• Stage 2 - Preparation time of maintenance team;
• Stage 3 - Getting the spare equipment;
• Stage 4 - Bringing the spare equipment to substation,

where the failed equipment is located;
• Stage 5 - Replacing the failed equipment.
An option is to beforehand arrange a spare equipment in the

substation, which can be used to replace the failed equipment.
This makes it possible to discard stage 3 and 4 from the
replacement process. Thus, there is no need to bring the
replacement equipment to the substation allowing to reduce
the MTTR. However, the maintenance team still needs to get
to the failed equipment. Therefore, the reduction of MTTR
depends on the distance between the location of maintenance
team, spare equipment and destination substation. In method
B, the cost related to CAPEX is the cost of replacement
(CoR) required to acquire a spare equipment.

The method B can be implemented on all similar equipment
in the same or nearby substation. It means, that the spare
equipment for a equipment group k (equipment with the same
purpose and functionality) is located at the chosen substation.
After the failure of equipment, it is replaced with a spare
equipment. Then, the next spare equipment is brought to the
substation. Thus, it is possible to reduce the risk of all similar
equipment in the same or a cluster of multiple substations.
The maximum number of spare equipment (NS) to locate in
substations depends on (13).

NS =
(CAPEXlim(T ))

CoRi
(13)



The main advantage of the method B compared to method A
is the possibility to reduce the risk of all similar equipment
in the multiple substations. The disadvantage is the missing
data about the condition of equipment possible to obtain by
using method A. Also, occurred defects can be detected only
during inspections. Therefore, the method B is considered as
partially preventive method. The method B could be preferred,
if the equipment has lower CoR and the suitable (low cost)
measurement solutions or frequent inspections are absent. The
cost of risk reduction based on method B for a equipment
group k equals CoR. The total cost of the method B is
obtained by (14).

CoRR(B) = NS · CoRi (14)

In both methods, the achievable ∆RoFi after the risk reduction
is evaluated from the cost (CoRR) perspective. It is expressed
by the efficiency of the risk reduction (EoRR) and is obtained
for method A by (15) and for method B by (16).

EoRR(A)i =
∆RoFi

CoRR(A)i
(15)

EoRR(B)k =

k∑
i=1

∆RoFi

CoRR(B)k
(16)

The difference between the EoRR of method A and B for
multiple similar equipment (in group k) is assessed by (17).
The cost-efficiency of method A increases, if the CoCBMi

or the NS decreases. To prefer method B, the CoCBMi or
the NS should increase. The total change of ∆RoFi has also
significant impact on methods efficiency.

ND∑
i=1

∆RoFi(A)

ND · CoCBMi
=

k∑
i=1

∆RoFi(B)

NS · CoRi
(17)

C. Process of Cost-Efficient Risk Reduction

The risk reduction methods A and B are used in a iterative
process for reducing the risk cost-efficiently. The main process
is shown in Fig. 1. Initially, the group C is formed with chosen
equipment i included in risk reduction. The group C can be
also used for excluding specific equipment i or equipment
groups from risk reduction process.

In each iteration c, the equipment with the highest
EoRR(A)i is chosen. Next, the equipment group k of that
equipment i is obtained, and the EoRR(B)k is calculated.
If the EoRR(A)i is higher than EoRR(B)k, then the PoFi

of that equipment is decreased (measurement solutions are
added). Other ways, the MTTRi of the equipment in the
group k is reduced (spare equipment is arranged). After the
iteration, the individual equipment i or the equipment group k
is removed from the C. Next, the following iteration begins.

In each iteration, the CoRR(A)i and CoRR(B)k is com-
pared to the available funds r(CAPEX). Latter decreases
after the exclusion of CoRR(A)i or CoRR(B)k in iteration
from the (CAPEXlim(T )). In addition, if the CoRR(A)i
or CoRR(B)k is higher than r(CAPEX) in each iteration,

Start

 c = 1 

 Is last i ?

Stop

Yes

Form group C with
equipment i

 Select highest EoRRi  

Select equipment 
group k based on i

Calculate EoRR(A)i  

Calculate EoRR(B)k  

Is EoRR(A)i
> EoRR(B)k ?

Yes

No

No

Decrease PoFi   

Remove group k from C

Remove equipment i
from group k and C 

c = c + 1

Reduce MTTRi in 
group k

Fig. 1. Main process of risk reduction based on EoRR obtained by method
A and B

then either method A or B is skipped. The process stops, if
the CoRR of both method is higher than r(CAPEX). This
means that all the available funds for risk reduction have been
used.

III. CASE STUDY

In the case study a power system with three substations,
shown in Fig. 2, is used. The TS denotes the transmission
system side of a substation, while the DS denotes the dis-
tribution system side. The generation units are connected to
substation S1. Substations S2 and S3 have a combined load
of 30 MW. The power transformers are rated 50 MVA (S1),
16 MVA (S2) and 25 MVA (S3).

Fig. 2. Principle schematic of a transmission system used in the case study

The substations use the topology illustrated by Fig. 3. All
primary side equipment of a substation are included. E1...E5
are sets of series connected equipment. B1 and B2 are sets
of equipment, which include busbar and equipment directly



linked to the busbar. The schematic connections E1 and E2
are connected to TS and connections E3 and E4 to DS.

Fig. 3. Schematic of a power system substation with sectionalized bus
configuration used in the case study (Equipment in schematic: IS – insulator,
CA – cable or over-head line, SA – surge arrester, VT – voltage transformer,
CT – current transformer, ES – earthing switch, Ci – circuit breaker i,
Di – disconnector i, Bi – busbar i, PT – power transformer. Ei indicates
connections)

Table I shows the occurred load curtailment caused by the
disconnection of substation connections. The MTTR values
for PT is assumed to be 24 hours and 8 hours for other
equipment. The disconnection period of substation sections
by disconnectors after a failure is 2 hours.

TABLE I
POTENTIAL CURTAILMENT OF LOADS

Disconnected Overloaded Load curtailment,
element element MW

L1 L2 7.25
L2 L1 8.7

PT(E3) (S2) PT(E4) (S2) 9.75
PT(E4) (S2) PT(E3) (S2) 9.75
L1 + (PT(E3 L2 + (PT(E3
or E4) (S2)) or E4) (S2)) 9.75
L2 + (PT(E3 L1 + (PT(E3
or E4) (S2)) or E4) (S2)) 10.2

S1 or (S2 and S3) 60
S2 and S3 30

S3 and (PT(E3 or E4) (S2)) 39.75

The assumed CoR is: C - 30 kC, D - 10 kC, B - 5 kC, VT
- 20 kC, CT - 20 kC, CA - 10 kC, ES - 2 kC, SA - 1 kC, IS -
1 kC, PT - (16 MVA) 200 kC, (25 MVA) 300 kC, (50 MVA)
500 kC. The CoCBM is taken as 0.25% from the CoR. The
PoF values of equipment is generated randomly by uniform
distribution between 0.1 and 0.5 (assuming older equipment)
for simulating the differences in devices conditions. 1000
simulations were run. In method A, the failure probability
of equipment (PoFi) is reduced to 0.01 after implementing
CBM . In method B, the MTTRi is reduced by 3 hours. It

is assumed, that the reduction of MTTRi affects equipment
in all substations S1, S2 and S3 as a whole cluster. The
(CAPEXlim(T )) is set to 100 kC. In the case study two
cases are analysed. In Case 1, the proposed risk reduction
process combining method A and B is used. In Case 2, the
risk is reduced by the common method - applying condition-
based asset management according to the highest ∆RoFi in
each iteration. All equipment groups seen in Fig. 3, besides B
and PT, are included in simulation.

IV. RESULTS

The efficiency of risk reduction (EoRR) based on the
Case 1 (indicated by black) and Case 2 (indicated by red)
is presented in Fig. 4. It can be noticed, that the proposed
risk reduction process (Case 1) has higher EoRR values than
in Case 2. Especially, during the initial 10 iterations. The
variability of EoRR from its mean value in Case B is also
bigger. That indicates the inefficiency of risk reduction from
cost perspective.

It also indicates that decreasing risk by only considering
it change results in inefficient cost distribution. If the cost
of risk reduction is not included (Case 2), then the higher
decrease in risk could be achieved by a higher cost. This leads
into situations where only some of equipment are included in
risk reduction within limited funds. Therefore, the cost of risk
reduction is not optimised. If using the proposed method (Case
1), where the cost is included, it is possible to achieve higher
efficiency of risk reduction within the same funds. Also, it is
possible to reduce the risk of more equipment.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Iteration

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

E
ffi

ci
en

cy
 o

f r
is

k 
re

du
ct

io
n 

(E
oR

R
)

Fig. 4. The efficiency of risk reduction (EoRR) based on the Case 1
(indicated by black) and Case 2 (indicated by red)

The cost of risk reduction (CoRR) based on the Case 1
(indicated by black) and Case 2 (indicated by red) is shown
in Fig. 5. It can be noticed, that the proposed risk reduction
process (Case 1) has lower CoRR values than in Case 2.
This trend is visible throughout iterations. In addition, the
variability of CoRR is also larger in Case 2 indicating the
lower EoRR by choosing the equipment by ∆RoFi.
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Fig. 5. The cumulative cost of risk reduction (CoRRi) based on the Case 1
(indicated by black) and Case 2 (indicated by red)

It can also be noticed that the spread of cumulative cost
of risk reduction in iterations 1 to 4 is relatively small. This
is caused by the reason that decreasing the risk of some
equipment are cost-efficient with a higher range of PoFi

values. It is mainly related to the difference between the
CoCBMi, the CoRi, the ND and the NS . Therefore, it is
possible to achieve higher risk reduction cost-efficiency, if
arranging spare equipment for a group of similar equipment
instead of decreasing the risk in one equipment within the
same funds.

Efficiency of risk reduction (EoRR), when method B is
chosen instead of method A is presented in Fig. 6. The
EoRR(A) is indicated in black and the EoRR(B) is in-
dicated in magenta. It can be seen, that the EoRR(B)
values are higher than EoRR(A) values with most of the
equipment groups (D, VT, CA, ES, SA). Thus, arranging a
spare equipment for these equipment groups (using method
B) can yield higher risk reduction cost-efficiency (EoRR)
than using condition measurement solutions (method A). The
highest EoRR values are with equipment group ES and SA,
though. The reason for that lays on the number of equipment
in the substation schematic in Fig. 3. Another aspect is also
the CoCBM and CoR of equipment SA and ES. As a result,
the cost-efficiency of their risk reduction (EoRR) is higher
than other equipment or equipment groups. Thus, for these
equipment it is reasonable to arrange a spare one instead of
using condition monitoring or inspections.

The results in Fig. 4, Fig. 5, and Fig. 6 are dependent on
the inputs used in a specific case study. Thus, the imple-
mentation of the proposed process in other cases can yield
different outcomes. Overall, the proposed process allows to
achieve higher risk reduction cost-efficiency compared to using
available funds only based on the highest ∆RoFi. It can also
be used for evaluating the arrangement of spare equipment at a
substation instead of using condition-based asset management
from the perspective of risk reduction cost-efficiency.
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Fig. 6. The efficiency of risk reduction (EoRR), when method B is chosen
instead of method A, for each equipment group used. The EoRR(A) is
indicated by black and the EoRR(B) is indicated by magenta

V. CONCLUSIONS

This paper proposes a methodology for cost-efficient im-
provement of power system’s reliability. It uses iterative pro-
cess combining two risk reduction methods, i.e., the risk of
equipment is reduced by using condition-based asset manage-
ment or the risk of equipment group is reduced by arranging
the spare equipment in substation for a cluster of substations.
In the process, most cost-efficient approach is chosen. Pre-
sented case study indicates that the process decreases the risk
of equipment or equipment groups by choosing the highest
cost-efficiency value in each iteration. It is also shown that
it is more cost-efficient with certain equipment groups to
decrease the risk by arranging the spare equipment in sub-
station cluster instead of condition-based asset management.
The methodology can be an add-on tool for network owners or
system operators to improve the cost-efficiency of their asset
management.
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Abstract—In this paper, the methodology to forecast the cost
of substation asset management over longer time periods is pro-
posed. The methodology allows for the simulation of the cost of
different management methods based on their cost components.
Thus, it can be implemented for a preliminary analysis of the
cost related outcomes of management tasks and decisions and
in the transition to risk-based management. Firstly, it assists in
determining the impact of equipment prioritization on the total
management cost. Secondly, for obtaining the optimal number
of prioritized equipment. The case study is used to illustrate
the methodology. The results indicated that a process kept the
cost of the risk-based method below the time- or condition-
based method. In according with results, prioritizing all of the
equipment in the initial time period has lower cost compared to
the cost of the time-based method in the later period.

Index Terms—Asset management, Management cost-efficiency,
Risk-based management, Risk reduction, Substation reliability

I. INTRODUCTION

The asset management of substations is important for main-
taining the power system’s reliability, avoiding failures result-
ing in great consequences, and dealing with aging equipment.
Both of these factors increase the cost of asset management.
To achieve higher cost-efficiency, management focus should
be directed towards equipment with higher priority. Equipment
priority is determined based on their risk. It also determines
their order for condition assessment and importance in the
power system. A crucial part of that process is the evaluation
of the equipment prioritization impact on the cost of asset
management and determining the optimal number of priori-
tized equipment. Thus, a methodology for evaluating the cost
of asset management over longer time periods is necessary.

In the existing research, the priority of equipment and its
relation to the cost of asset management is analysed from
different perspectives. From the focus of prioritization, the
methodology for obtaining the rank of equipment in accor-
dance to their risk of failure is presented in [1], [2]. Similarly,
the importance of power systems’ equipment is acquired in de-
creasing order based on the proposed approach in [3]. Methods
for obtaining the higher risk equipment in the group of circuit
breakers are given in [4], [5] and for power transformers in [6].
Thus, acquiring the priority level of equipment is essential for
efficient asset management decisions. Although, according to
[7], incorrect statistics can have an impact on the calculation
of device reliability, overall risk, and asset management cost.

From the focus of prioritization relation to asset manage-
ment, different management approaches in a power system
are analysed in [8], [9]. In accordance with these, improving
the condition awareness of equipment allows to increase the
system’s reliability. In addition, it is decreasing the equipment
failure probability and subsequently the potential cost of
failure. This is supported by [10], where the condition-based
management is considered to provide a needed overview about
the equipment’s health. The methodologies for maintenance
scheduling based on the risk of equipment are given in [11],
[12]. These assist in directing the aim of asset management
towards the equipment of higher importance in the power sys-
tem. The methodology for optimal inspection and maintenance
is proposed in [13]. It also allows to include the uncertainty
factor caused by the equipment condition monitoring. The
allocation of asset management funds to equipment with
higher risk is described in [14].

Still, some distinctive aspects remain uncovered in the exist-
ing research. Firstly, it is necessary to develop a methodology
for assessing the cost-efficiency of using a risk-based manage-
ment method over a longer time period within various levels of
equipment prioritization. Secondly, it should allow to analyse
the relationship between the potential cost of failure and the
number of prioritized equipment. Thirdly, it is necessary to
describe the asset management cost evaluation process, when
equipment failure probability is unknown.

In this paper, an asset management cost evaluation method-
ology is proposed. It allows the comparison of the costs of
different management methods over a longer period of time.
The methodology is based on the cost components of asset
management methods and their relation to management tasks
and decisions. This can also be useful for determining the
achievable cost-efficiency in the presence of uncertainty in
condition data. In addition, it assists in obtaining the optimal
number of prioritized equipment in the risk-based method and
determining the impact of prioritization on the overall cost of
asset management.

II. METHODOLOGY

A. Cost-efficiency and Cost Components of Asset Manage-
ment

In order to increase the cost-efficiency of substation asset
management, it is necessary to decrease the related CAPEX



(Capital expenses) and OPEX (Operational expenses) over
time period T . This is expressed by (1).

min(CAPEX(T ), OPEX(T )) (1)

It is assumed, that increasing CAPEX(T ) should decrease
OPEX(T ). Thus, the cost used to increase the reliability
of the power system should lower the cost related to equip-
ment failures. The difference between the CAPEX(T ) and
OPEX(T ) depends on the number of equipment included
in condition-based management (CBM ), time-based man-
agement (TBM ) and do nothing (run to failure) manage-
ment (DNM ). An option to achieve asset management cost-
efficiency is to use risk-based management (RBM ). It com-
bines CBM , TBM and DNM , which are used on equipment
based on their priority (risk) in the power system. For that,
though, it is necessary to determine the optimal number of
prioritized equipment. In addition, to the CAPEX(T ) and
OPEX(T ).

The CAPEX(T ) includes specific cost components of
asset management. Their values are based on the planned asset
management tasks. Therefore, the cost of asset management
tasks related to CAPEX(T ) are cost of planned equip-
ment condition inspection (CoI) and measurement solutions
(CoMS). Similarly, the OPEX(T ) also includes specific cost
components of asset management. Their values are based on
the occurred asset management outcomes. Subsequently, the
cost of asset management outcomes related to OPEX(T )
are the cost of equipment maintenance’s (CoMA), equipment
repair (CoR), and the load curtailment (CoLC).

The overall cost of management method (CoMM(T ))
of equipment i depends on the cost of management task
(activity) (CoMT (T )) and the cost of management outcome
(CoMO(T )). The CoMM(T )i can be described by (2).
The management cost CoMM(T ) of an equipment group is
expressed by (3).

CoMM(T )i =
n∑

i=1

CoMT (T )i +
n∑

i=1

CoMO(T )i (2)

CoMM(T ) =
n∑

i=1

CoMM(T )i (3)

B. Evaluating Asset Management Cost Over a Longer Time
Period

As described by (1), the objective is to decrease the
CoMM(T ). For that, it is necessary to compare the cost of
TBM , CBM , and RBM over T . In order to evaluate the cost
of asset management (CoMM(T )), it is necessary to obtain
the number and the cost of occurred failures of equipment
and load curtailments, maintenance activities of equipment,
condition inspections used, measurement solutions added to
equipment, and measurement solutions replaced or repaired.

The values of planned cost components (mainly related to
CAPEX(T )) are commonly known. Thus, their impact on
overall CoMM(T ) can be calculated relatively accurately.
As an opposite, the values of cost components related to

OPEX(T ) are more complex to predict. It is caused by the
fact, that OPEX(T ) depends on the condition degradation
of equipment. Due to the condition degradation of equipment
caused by aging, heavy transmission loads, insufficient main-
tenance, infrequent condition inspections, and environmental
factors, their probability of failure increases. Without inter-
ference, this eventually leads to failures and possible load
curtailments.

In order to increase the cost-efficiency of asset management
and the reliability of power systems, the RBM can be the
potential approach. The main aim is to decrease the CoR
and avoid CoLC by monitoring the condition of higher risk
equipment, and decrease the CoI by eliminating unneeded in-
spections. Although the cost of measurement sensors (CoMS)
and the number of equipment included in CBM should also
be kept lower for decreasing the overall CoMM . Thus, the
cost of risk-based method (CoRBM ) depends on the number
of equipment included in CBM , TBM , and DNM .

Each of these asset management methods includes specific
cost components and can be expressed by (4)...(6). The cost
of TBM (CoTBM ) can include all potential CoFi values.
The cost of CBM (CoCBM ) includes CoMS allowing to
discard CoFi. The CoRBM is based on the cost components
of prioritized equipment k and the cost components of lower
priority equipment n.

CoTBM =
n∑

i=1

(CoIi + CoMAi + CoRi + CoLCi) (4)

CoCBM =

k∑

i=1

(CoMSi + CoMAi), k = n (5)

CoRBM =

k∑

i=1

(CoMSi + CoMAi)+

n∑

i=1

(CoIi + CoMAi + CoRi + CoLCi) (6)

In the case of insufficient or inaccurate statistics, the predic-
tion of OPEX(T ) is complicated. Subsequently, the number
of prioritized equipment k included in RBM can be difficult
to estimate. An option is to use a simplified approach to
evaluate the potential cost of asset management (CoMM(T ))

Fig. 1. Principle of proposed method for evaluating the cost of asset
management



over a longer period of time to determine the cost related limits
of asset management approaches.

The proposed method is illustrated in Fig. 1. It is assumed
that in the time period T , the CoMM can be expressed by
their mean value. In the case of not knowing the accurate
failure probability, this principle allows to assess the cost of
different management methods based on their cost compo-
nents. In the next time periods T + 1 and T + 2, the mean
value of CoMM is expected to increase due to the potential
degradation of equipment condition.

It is also assumed that in time period T , certain number of
failures could occur. If the failure probability of equipment
within the group C is relatively similar, then the CoF is
the main component determining their priority. In the case of
lower failure probability, only a few failures could occur in the
group C. In addition, it is not known, which equipment i from
the group C could have failure. Therefore, the CoTBM(T )
can be expressed by (7). It uses the mean value of all CoFi

values in the group C. The CoFi combines CoRi and CoLCi.
The parameter z is used for the threshold value, simulating the
increase in failure probability and its rate. In the initial time
period, its value can be 1.

CoTBM(T ) =
n∑

i=1

(CoIi + CoMAi) +

n∑
i=1

CoFi

n
· z (7)

In accordance with (7), the CoRBM(T ) can be expressed
by (8). The k represents the equipment, which has been pri-
oritized, the m represents the equipment, which has not been
prioritized, and the n represents all the equipment in the group
C. After the prioritization, the equipment is removed from m
and included in k. Thus, the respective cost components of
prioritized equipment i are changed. Meaning that CoIi and
CoRi is replaced by CoMSi.

CoRBM(T ) =
k∑

i=1

(CoMSi + CoMAi)+

m∑

i=1

(CoIi + CoMAi) +

n∑
i=1

CoFi

n
· z−

−

n∑
i=1

CoFi

n
·(1−

n∑
i=1

CoFi

n
· 1

CoFImCoFc=1
− CoFImCoFc

)

(8)

In (8), the CoF is included separately for all of the equipment
in k and m, indicated by n. This is due to the usage of the
mean value of all CoFi values in group C. The threshold z is
used to describe the increased probability caused by equipment
degradation. For simulating the impact of prioritization on
the CoRBM(T ), the mean value of CoF is multiplied by
the ratio between the mean value of CoF and the difference
between the maximum CoFi and the CoFi of equipment
prioritized (included in k). Because of the iterative process of
prioritization, the equipment is added in k after each iteration

c. Therefore, at the end of iteration the potential CoF value
is decreased. This allows to avoid failure consequences and
increase overall reliability as well. The prioritized equipment i
is determined based on the highest value of imCoFi expressed
by (9). After the prioritization, the imCoFi and CoFi values
used in iteration c is removed from the selection in decreasing
order.

ImCoFi =
CoFi
n∑

i=1

CoFi

· n (9)

C. Process of Forecasting the Cost of Asset Management

The cost forecast of asset management is based on an
iterative process that includes multiple stages. In the initial
stage, the CoTBM(T ) and CoCBM(T ) are acquired. In the
second stage, the number of prioritized equipment k in RBM
is obtained. It is assumed that the cost of RBM (CoRBM )
should be lower than the cost of TBM and CBM , over
a time period T . For that, it is necessary to compare the
CoTBM(T ) and CoCBM(T ). If the CoCBM(T ) is lower
than CoTBM(T ), then the k can be equal to n. Subsequently,
it is more cost-efficient to include all of the equipment in
group C in CBM . If the CoCBM(T ) is higher than the
CoTBM(T ), the value of k needs to be smaller.

The iterative process is shown in Figure 2. In methodology,
the value of k is increased by 1 in each iteration c. During
iteration c, the CoTBM(T ) is compared to CoRBM(T ). If
the CoRBM(T ) is lower than CoTBM(T ), then the next
iteration begins. The iterative process stops, if the CoRBM
is higher than CoTBM . The previous iteration determines the
value of k. The process also stops, if all of the equipment in
the group C is added in k (included in CBM ).

Start

Select highest imCoFi

Stop

Select equipment 
group C

c = c + 1

 Is CoRBM(T)
< CoTBM(T)

Yes

No

Calculate imCoFi

c = 1

Include equipment i in k

Re-calculate CoRBM(T)

Remove equipment i
from group C

Fig. 2. Iterative process for evaluating the cost of asset management

In order to simulate the degradation of equipment during
sequential time periods (from T to Tn) and its impact on the
cost of asset management (CoMM ), the threshold value z in
(7) and (8) can be increased. The threshold z in the initial
time period T is set to 1. In the next time period T + 1, the



z value is increased. A similar pattern is used in T + 2 until
Tn. As a result, it is possible to evaluate the change in the
cost of asset management over a longer time period.

For each following time period, separate iterative process
need to be used. Its principles are the same as in the initial
time period T . The equipment already included in k during
previous time periods are skipped in the iterative process.

III. CASE STUDY

The proposed methodology is demonstrated based on a
case study. The power system with three substations used
in the case study is shown in Figure 3. The TS denotes
the transmission system side of a substation, while the DS
denotes the distribution system side. The generation units are
connected to substation A1. Substations A2 and A3 have a
combined load of 30 MW. The power transformers are rated
50 MVA (A1), 16 MVA (A2), and 25 MVA (A3).

Fig. 3. Principle schematic of a transmission system used in a case study

Three cases are analysed within the case study. These are
Case A - power system lines and transformers could overload
after the failures in substations; Case B - similar to Case A,
but with 3 times higher (CoLC); and Case C - similar to Case
A, but with 3 times lower (CoLC). The MTTR values for
power transformers are assumed to be 24 hours and 8 hours
for other equipment. The disconnection period of substation
connections by disconnectors after a failure is 2 hours. The
equipment included in the group C is circuit breakers. Three
time periods (T , T +1 and T +2) are used for simulating the
cost of asset management methods (CoMM ). In the initial
time period T , the threshold z is set to 1. It is increased to
1.25 in T + 1 and to 1.5 in T + 2.

IV. RESULTS

The results are presented in Fig. 4... Fig. 8. Time period
T includes x-axis values 1...10, T + 1 values 11...20, and
T+2 values 21...30. In each time period, the threshold value z,
which is multiplied by the mean of the total CoFi, is increased
for simulating the increased failure probability. In addition,
in each time period, inspection of equipment condition is
assumed to take place. This increases also the CoTBM . In
time period T + 2, the replacement of measurement solutions
increases the CoCBM .

In Case A, depicted in Fig. 4, the CoCBM is higher than
the CoTBM . Therefore, including all of the equipment in
the group C at the initial time period T in CBM increases

the total CoMM . On the other hand, the prioritization of
equipment based on higher CoFi allows to keep the CoRBM
lower than the CoTBM . From the 15 equipment in the group
C, in T is prioritized 2, in T + 1 6 and in T + 2 3.
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Fig. 4. Cumulative cost of management method (CoMM in Case A: black
- TBM ; red - CBM ; magenta - RBM

In Fig. 5 is depicted the (CoF based on Case A. Its
values are shown in the case of using TBM and RBM .
The difference between the CoTBM and CoCBM is also
given. It can be seen, that the CoF in the case of RBM does
not have steep increase compared to TBM . In addition, the
methodology allows to maintain the total CoF in the case
of RBM around similar levels by iteratively prioritizing the
equipment with higher CoF . This means including them in
CBM . This aspect also causes the increase in the difference
between the CoF in the case of TBM and RBM .
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Fig. 5. Cost of failure (CoF in Case A: black - RBM ; red - TBM ; magenta
- difference between TBM and RBM

It can be seen in Fig. 5 that the CoTBM in T + 2
exceeds the CoCBM in T + 1. Thus, without replacing the
measurement solutions in T +2, the CoTBM becomes lower
than the CoCBM . This means that at the end of T +1 all of
equipment can be included in CBM . Therefore, in the longer
time period, initially including all of the equipment in group
C in CBM can be justified. Also, this potentially allows to
avoid all failures. There is a difference between the number
of prioritized equipment based on the methodology and their



total value in CBM after T + 1. This is caused by the usage
of mean CoF with increased z.

In Case B, the (CoLC) is 3 times higher than in Case A. The
results of Case B are given in Fig. 6. It can be seen, that the
CoCBM is noticeable lower than the CoTBM . Therefore, it
is cost-efficient to include all of the equipment in group C to
CBM in the initial time period T .
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Fig. 6. Cumulative cost of management method (CoMM in Case B: black
- TBM ; red - CBM ; magenta - RBM

In Case C, the (CoLC) is 3 times lower than in Case A.
The results of Case C are given in Fig. 7 and Fig. 8. The
similar pattern as with Case A can be observed. Nevertheless,
there are some differences. Firstly, the overall CoTBM is
lower than the CoCBM , when compared to Case A. Secondly,
the calculated CoRBM is above the CoTBM in the initial
time period T . Therefore, it is not cost-efficient to prioritize
any of equipment by adding measurement solutions to them
(including in CBM ). In the following time periods, the
prioritization is used, though. Thirdly, the CoTBM stays
below the CoCBM in the time period T + 2. Thus, the
preventive inclusion of all the equipment in group C to CBM
could not be cost-efficient within that time-frame.
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Fig. 7. Cumulative cost of management method (CoMM in Case C: black
- TBM ; red - CBM ; magenta - RBM

The results in Fig. 8 are also similar to Case A. It can be
noticed in the initial time period T , that the total CoF in the
case of TBM is the same as in the case of RBM . Thus,

none of the equipment was prioritized in that time-frame, and
therefore the overall CoF did not change.
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Fig. 8. Cost of failure (CoF in Case C: black - RBM ; red - TBM ; magenta
- difference between TBM and RBM

V. CONCLUSION

In this paper, the methodology for evaluating the cost
of asset management methods over a longer time period is
proposed. It allows to increase the cost-efficiency of asset
management and assists in the transition to the risk-based
approach. Based on that, it is possible to analyse the impact
of the equipment prioritization in the risk-based method. The
methodology is also suitable in the case of not knowing the
accurate failure probability values. The result indicated that the
methodology keeps the cost of a risk-based approach lower
than a time-based one, reducing overall failure cost. It is
also observed that including all of the equipment initially in
the condition-based method could be more cost-efficient than
using the time-based method over a longer period of time. The
methodology can be used as a preliminary tool for assessing
the cost related factors of asset management.
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