
A COST OF QUALITY MODELLING FOR MAINTENANCE  
 

by 

Rodrigo Ernesto Peimbert-Garcia, M.S. 

 

A Dissertation 

In 

SYSTEMS AND ENGINEERING MANAGEMENT 

 

Submitted to the Graduate Faculty 

of Texas Tech University in 

Partial Fulfillment of 

the Requirements for 

the Degree of 

 

DOCTOR OF PHILOSOPHY 

 

Approved 

Mario G. Beruvides, Ph.D., P.E. (Chair) 

Jorge Limon-Robles, Ph.D. (Co-chair) 

Milton Smith, Ph.D., P.E. 

Alberto Hernandez-Luna, Ph.D. 

 

 

____________________________________ 

Dominick Joseph Casadonte Jr., Ph.D. 

Dean of the Graduate School 

December 2012 



 

 

 

 

 

 

 

 

 

 

 

Copyright 

2012 

Rodrigo E. Peimbert-Garcia



Texas Tech University, Rodrigo E. Peimbert-Garcia, December 2012 

 

 ii 

ACKNOWLEDGEMENTS 

 

I thank my parents, friends and mentors Carlos E. Peimbert and Diana García because I 

would not make it without their unconditional love and support. I thank you for all your 

support and for leading me through all my life; every time I reach a goal, we all succeed 

together. Thanks for all your invaluable teachings and all the time you have spent in 

educating and inspiring me to be a better person and keep moving forward through every 

challenge, and for making my life a very happy trip. You are just the best parents ever. I 

also thank my brother Carlos O. Peimbert, who has been a very nice and good older 

brother, for his support through all these years.  

 

I thank my advisor and friend Mario G. Beruvides for giving me the opportunity to come 

to Texas Tech and reach one of my personal goals, which was to obtain a degree in the 

U.S. Thanks for all your research teachings and for your support, trust and patience to let 

me mature through this learning process. 

 

I thank my advisor and friend Jorge Limon, who has been always very supportive in 

everything, for making my trip through the PhD a very enjoyable one. Thanks for all the 

trust you have on me and for all your teachings, but most of all, thanks for teaching me 

how someone can be brilliant and simple at the same time.  

 

I thank my friend Charles Winder, who I shared the PhD process with, for being such a 

great friend and for all your teachings and advices. Thanks for giving me that home 

environment every time I visit Lubbock, for encouraging me to pull this off, and most of 

all, thanks for teaching me that a great heart can make someone succeed in life. 

 

I thank my committee members, Milton Smith, Alberto Hernandez and Neale Smith for 

their teachings and advices, for taking to serve on my dissertation committee and 

enriching my research experience.  



Texas Tech University, Rodrigo E. Peimbert-Garcia, December 2012 

 

 iii 

I thank my friends Victor Tercero & Abril Martínez, who are great friends, for their 

words and advices and for all the great times we have shared. Thanks for your invaluable 

friendship. 
 

I thank my friends Ean Ng, Yee Ng, Javier Calvo & Himlona Palikhe, who helped me 

during the year I spent in Lubbock, for all their support and advices and for making my 

stay at Texas Tech much easier of what I had ever thought. 
 

I thank my friend Jose Ramirez, who I also shared this process with, for his help and for 

remembering all the things we had to do (requirements, deadlines, etc.) and sharing this 

information with me. You really made it easier for me and I’m very thankful. 

 

I thank my professors and friends William J. Conover, James Simonton & Jennifer Farris, 

who contributed to my education, for all their teachings in and out of the classroom. I 

really enjoyed every minute I spent learning from you.  
 

I thank my friends Mary Carmen Temblador & Eduardo Cordero who I did not spend 

much time with, but were people always willing to help me. Thanks for being there. 
 

I thank my friends Steve Peterson, Burchan Aydin, Leonidas Guadalupe, Siva 

Chaivichitmalakul & Chen-Chu Chiu who I shared good times with in the systems lab. 
 

I thank Terry Fuller, who awarded me with a scholarship during one year at Texas Tech, 

for his support and, in general, for helping, trusting and investing in young people who 

are willing to work hard to make their dreams come true.   

 

I thank the tutors from the Writing Center, who helped me to deliver a much better work, 

for their time and advices. You really contributed to bring a more professional work. 

 

I thank all the nice and beautiful people I met in Lubbock for all those great moments that 

enriched my life and that I will remember forever. 



Texas Tech University, Rodrigo E. Peimbert-Garcia, December 2012 

 

 iv 

TABLE OF CONTENTS 

 

ACKNOWLEDGEMENTS ................................................................................................ ii 

ABSTRACT ..................................................................................................................... viii 

LIST OF TABLES ............................................................................................................. ix 

LIST OF FIGURES ............................................................................................................ x 

1 INTRODUCTION ...................................................................................................... 1 

1.1 History and Background....................................................................................... 1 

1.2 Problem Statement ............................................................................................... 4 

1.3 Research Questions .............................................................................................. 4 

1.3.1 First Sub-Question ........................................................................................ 5 

1.3.2 Second Sub-Question .................................................................................... 5 

1.3.3 Third Sub-Question ....................................................................................... 5 

1.4 General Hypotheses.............................................................................................. 5 

1.5 Research Purpose ................................................................................................. 6 

1.6 Research Objective ............................................................................................... 6 

1.7 Delimitations ........................................................................................................ 7 

1.7.1 Limitations .................................................................................................... 7 

1.7.2 Assumptions .................................................................................................. 7 

1.8 Relevance of this Study ........................................................................................ 7 

1.8.1 Need for this Research .................................................................................. 8 

1.8.2 Benefits of this Research .............................................................................. 8 

1.9 Research Outputs and Outcomes.......................................................................... 8 

2 LITERATURE REVIEW ........................................................................................... 9 

2.1 Introduction .......................................................................................................... 9 

2.2 Maintenance ......................................................................................................... 9 

2.2.1 Maintenance Description .............................................................................. 9 

2.2.2 Research on Maintenance ........................................................................... 11 

2.2.3 Maintenance Philosophies .......................................................................... 14 



Texas Tech University, Rodrigo E. Peimbert-Garcia, December 2012 

 

 v 

2.2.4 Condition Monitoring Methods .................................................................. 15 

2.3 Total Productive Maintenance (TPM)................................................................ 15 

2.3.1 Description of TPM. ................................................................................... 15 

2.3.2 The Context of TPM. .................................................................................. 21 

2.3.3 Obstacles and success factors. .................................................................... 24 

2.3.4 Companies implementing TPM .................................................................. 27 

2.3.5 Overall Equipment Efficiency (OEE). ........................................................ 29 

2.3.6 The Economics of TPM .............................................................................. 31 

2.4 Reliability Centered Maintenance (RCM) ......................................................... 34 

2.4.1 Description of RCM. ................................................................................... 34 

2.4.2 The Bathtub Curve Fallacy. ........................................................................ 39 

2.4.3 NASA RCM Guide ..................................................................................... 40 

2.4.4 Frameworks and Models for RCM. ............................................................ 44 

2.4.5 Cases of RCM implementation ................................................................... 45 

2.4.6 The Economics of RCM. ............................................................................ 48 

2.5 Cost of Quality (COQ) ....................................................................................... 54 

2.5.1 Description of COQ. ................................................................................... 54 

2.5.2 COQ Categories .......................................................................................... 58 

2.5.3 Research on COQ ....................................................................................... 62 

2.5.4 Opportunity Costs ....................................................................................... 65 

2.5.5 COQ Analysis. ............................................................................................ 66 

2.5.6 Cost of Quality in Maintenance .................................................................. 69 

2.6 Summary of the Cost Models ............................................................................. 69 

2.7 Theoretical COQ Model for Maintenance ......................................................... 71 

3 RESEARCH METHODOLOGY ............................................................................. 73 

3.1 Introduction ........................................................................................................ 73 

3.2 TMCOQ Model .................................................................................................. 73 

3.2.1 Prevention Costs ......................................................................................... 73 

3.2.2 Appraisal Costs ........................................................................................... 75 



Texas Tech University, Rodrigo E. Peimbert-Garcia, December 2012 

 

 vi 

3.2.3 Failure Costs ............................................................................................... 76 

3.2.4 Opportunity Costs ....................................................................................... 77 

3.3 Research Design ................................................................................................. 79 

3.3.1 Type of Research ........................................................................................ 79 

3.3.2 Research Focus ........................................................................................... 79 

3.3.3 Research Environment ................................................................................ 79 

3.3.4 Research Hypotheses Restated ................................................................... 80 

3.4 Collection and Treatment of Data ...................................................................... 83 

3.4.1 Data Collection ........................................................................................... 84 

3.4.2 Treatment of Data ....................................................................................... 84 

3.5 Methodological Issues ........................................................................................ 84 

3.5.1 Reliability .................................................................................................... 85 

3.5.2 Validity ....................................................................................................... 85 

3.5.3 Replicability ................................................................................................ 86 

3.5.4 Bias ............................................................................................................. 87 

3.5.5 Representativeness ...................................................................................... 87 

3.6 Research Constraints .......................................................................................... 88 

4 ANALYSIS AND RESULTS ................................................................................... 89 

4.1 Introduction ........................................................................................................ 89 

4.2 Adjusted Economic Model ................................................................................. 89 

4.3 The Practical Case .............................................................................................. 91 

4.4 The Economic Model for the Practical Case ...................................................... 93 

4.5 Data Collection ................................................................................................... 95 

4.5.1 The PM System ........................................................................................... 95 

4.5.2 Other Information ....................................................................................... 96 

4.6 Data Analysis ..................................................................................................... 97 

4.6.1 Direct Costs: Preventive Maintenance and Inspection ............................... 97 

4.6.2 Direct Costs: Substitution / Replacement ................................................. 102 

4.6.3 Direct Costs: Corrective Maintenance ...................................................... 105 



Texas Tech University, Rodrigo E. Peimbert-Garcia, December 2012 

 

 vii 

4.6.4 Opportunity Costs ..................................................................................... 109 

4.6.5 Infant Mortality ......................................................................................... 113 

4.7 Research Results .............................................................................................. 121 

4.7.1 Result of Hypotheses 1A and 1B .............................................................. 124 

4.7.2 Result of Hypothesis 2A and 2B ............................................................... 126 

4.7.3 Result of Hypothesis 3 .............................................................................. 128 

4.8 Summary and Discussion ................................................................................. 129 

5 CONCLUSIONS AND RECOMMENDATIONS ................................................. 131 

5.1 Conclusions and implications .......................................................................... 131 

5.2 Recommendations ............................................................................................ 133 

5.3 Future Research ................................................................................................ 135 

REFERENCES ............................................................................................................... 138 

APPENDIX A ................................................................................................................. 159 

APPENDIX B ................................................................................................................. 165 

APPENDIX C ................................................................................................................. 171 

APPENDIX D ................................................................................................................. 178 

APPENDIX E ................................................................................................................. 183 

 

 

 



Texas Tech University, Rodrigo E. Peimbert-Garcia, December 2012 

 

 viii 

ABSTRACT 

 

In the last 50 years, capital investment in machinery and equipment has increased. 

This growing use of technology has led to more complex machinery and equipment. With 

the variety of physical assets, companies started depending heavily upon the wealth 

generated by them. Therefore, in order to keep assets working at optimal conditions and 

anticipate equipment failures, maintenance becomes a crucial issue.  

The maintenance function is commonly seen as an essential but disaster repairing 

function. In order to change this vision, this function must be presented in terms that 

management can understand. The Cost of Quality Model offers a mean to translate terms 

such as quality, time and efficiency into the economic language: money. This economic 

model has gathered importance in academia and industry, and its cost categories 

(prevention, appraisal, failure and opportunity) are widely recognized. 

An economic model TMCOQ for maintenance is proposed in this research. This 

model is built on two things: the PAF+L categories for Cost of Quality, and the key 

characteristics of Total Productive Maintenance (TPM) and Reliability Centered 

Maintenance (RCM), which are the two most representative strategies for maintenance.  

The TMCOQ model is used for the cost analysis for the current transformers in the 

northeast transmission division of Comision Federal de Electricidad (CFE), which 

belongs to the energy sector in Latin America and provides electricity and light to 

millions of customers. With the information obtained through the TMCOQ model, five 

hypotheses were tested with a confidence of 95%.  

The three conclusions at the end of this research are: first, the TMCOQ model 

captures a better picture of the real maintenance costs than other maintenance cost 

models found in the literature. Second, the opportunity costs of the maintenance function 

represent a strategic cost (at least 5%) with respect to both the total maintenance costs 

and the overall cost of the company. Third, the infant mortality costs also represent a 

strategic cost compared with the total maintenance costs found in this research. 
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CHAPTER I 

1 INTRODUCTION 

1.1 History and Background 

After the industrial revolution, humanity had to wait until the 20th century to 

witness a second revolution, World War II. With wartime came an increased demand for 

goods but a decreased supply of manpower, which led to increased mechanization and 

also, over the next several years, some tough competition among manufacturers. After 

World War II had ended, Japan was destroyed and subsequently looked for ways to 

regenerate itself. It then started to analyze what the U.S. was doing and replicated some 

of their methods to produce goods. By the 1970s, competition started growing, and this 

represented a boom time for competitors outside of the U.S. These foreign competitors 

took advantage of the opportunity to compete better with the U.S. companies by 

increasing quality, lowering prices and delivering products just in time to hinder these 

companies´ ability to recover and reinvest following the U.S. recession. 

Companies began to critically examine their processes, and sought for more 

profitable ways of doing business due to the stiff competition. In order to remain in the 

market and compete anywhere in the world, they realized they needed to set their sights 

on world class manufacturing standards and focus on: product price, quality and time 

delivery. At the same time, the revolution continued on other areas, such as technology 

development and innovations. Then, companies took advantage of these technologies to 

provide better services, particularly to speed up their processes and reduce their cycle 

times, reducing their delivery times.  

The growing use of this technology led to more complex machinery, equipment and 

physical assets. With the increase and variety of physical assets, companies started 

depending heavily upon the wealth generated by them. They also ran the risk associated 

with the operation of these assets. When the assets fail, services are interrupted, and 

sometimes even survival conditions are threatened as happened in incidents such as 

Chernobyl, Piper Alpha, Amoco Cadiz and Bhopal. Therefore, in order to keep assets 
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working at optimal conditions and anticipate equipment failures, maintenance becomes a 

crucial issue.  

The maintenance function has been commonly seen as an essential but disaster 

repairing function. However, depending on the industry or business sector, maintenance 

costs can represent from 15% up to 40% of the total costs of producing goods (Mobley, 

1990).  

Even when the maintenance function gained importance during the second half of 

the 20th century, its evolution can be traced back to the 1930s, and it is divided in three 

generations. The first generation covered the period before World War II, when 

systematic maintenance was not needed due to the low mechanization and cost. 

Maintenance in this generation is known as breakdown maintenance. In the second 

generation, maintenance management, led by preventive maintenance, took place since 

1950s. In those days, the increasing cost of capital made people aware of the importance 

of the companies´ fixed assets. Then, they started looking for ways to maximize the life 

of many assets. Through routine tasks simply based on time intervals, preventive 

maintenance emerged. The third generation evolved around mid-seventies when the 

concept of maintenance became productive maintenance. During this time, the change 

process acquired great momentum. New research and techniques came along with this 

momentum. The two most representative strategies originated in this generation were 

Total Productive Maintenance (TPM) proposed in Japan by Seiichi Nakajima, and 

Reliability Centered Maintenance (RCM) proposed in the U.S. by Stanley Nowlan and 

Howard F. Heap. These two strategies, as primary theories, still remain the latest 

achievements in maintenance. 

On one hand, TPM has its roots in a Toyota supplier of electrical parts: 

Nippondenso Co. This company started implementing productive maintenance in 1961. 

Eight years later, in a response to the fast progress in automated production, the firm 

achieved an important goal; they successfully implemented productive maintenance with 

the total participation of employees. TPM was formally developed in 1971 as a 

comprehensive maintenance system where the goal is to robust the process, making it 

free from disruptions (Nakajima, 1989). 
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On the other hand, RCM addresses two key issues: reliability and availability. It 

was originated in the Civil Aircraft Industry where it is better known as MSG-3 

(Maintenance Steering Group 3). In 1978, RCM was presented to the world by a report 

commissioned by the U.S. Department of Defense from United Airlines. This report 

described the development and application of RCM in the civil aviation industry. After 

that, in 1980’s many industry locations applied it around the world (Moubray, 1992). In 

1982, the United States Navy expanded the scope of RCM to overland equipment. For 

1990’s, NASA (National Aeronautics and Space Administration) has also focused in 

RCM as a maintenance strategy. 

TPM and RCM are powerful strategies but many cases have been reported where 

companies failed to implement either TPM or RCM. One reason often mentioned is the 

difficulty linking these initiatives to the economic benefits obtained from their 

implementation. As it is widely known, any efficiency improvement initiative will only 

make sense when it is tied to either a cost reduction or an economic benefit. One general 

model to measure the economics is the Cost of Quality Model (COQ) where every cost is 

categorized in prevention (P), appraisal (A) or failure (F) or opportunity cost (L). This 

economic model can be viewed as a management tool and can be traced since early 

1950’s when Joseph Juran first used this concept and years later, Feigenbaum defined the 

three first categories PAF. Since then, this measurement technique has gathered 

importance in academia and industry. The gurus of Quality such as Joseph Juran, Armand 

Feigenbaum, Philip Crosby, Genichi Taguchi and Edward W. Deming have addressed 

this concept, and extensive evidence of its successful implementation has been published. 

This research proposes an economic model based on the PAF+L categories for a 

mixed strategy using Total Productive Maintenance (TPM) and Reliability Centered 

Maintenance (RCM). Results from the empirical study will show the applicability of this 

model in the power generating industry in Latin America. 
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1.2 Problem Statement 

In the modern world, manufacturing companies must be immersed in a continuous 

improvement dynamic to remain competitive in the global market. In order to maintain 

profitability, companies must develop a solid business structure that is supported by 

reliable equipment. This basic foundation allows companies to focus on making their 

maintenance strategies and practices as effective and efficient as possible. 

The first and main shortcoming arising when continuous improvement initiatives 

such as TPM and RCM take place is the lack of management commitment. Lack of 

support by management is an indicator that the initiative will most likely fail. Research 

publications have been filled with substantial evidence of this situation, where 

companies, after hiring skilled people and investing in training, have to wait only to see 

the new program fail. 

Support for these changes can only be gained if companies understand the benefits 

of implementing these initiatives. For this reason, any improvement initiative must be 

presented in terms that management can understand. The Cost of Quality Model offers a 

mean to translate quality, time and efficiency improvements into savings and economic 

benefits. Applying this economic model to maintenance strategies will trigger 

management to focus on this practice. Management could look at it as an area for 

improvement to implement the newest techniques such as TPM and RCM. 

Another relevant issue when dealing with maintenance services is the infant 

mortality. Even when this early mortality has been widely explored in RCM, there is a 

scarce literature about the costs of these infant failures. An economic model should 

include these infant mortality costs.   

 

1.3 Research Questions 

It has been proven that lack of management support stems from the gap between 

improvement initiatives and their impact in economic terms. Improvements shall be 

translated into money in order for management to realize the value added by maintenance 

strategies. The main focus of this research is on the economics of the maintenance 
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function. Therefore, the question that this research addresses is this: What are the cost 

components that shall be considered in order to capture the economics of the maintenance 

function to assess the total cost of maintaining an asset in a company, due to either the 

maintenance activities or to the absence of them? 

 

1.3.1 First Sub-Question 

Is there a strategic difference between the total maintenance cost between an 

economic model and the models already proposed in the literature? 

 

1.3.2 Second Sub-Question 

Is the total maintenance opportunity cost group, with its different cost 

components, a strategic maintenance cost and a company’s strategic cost? 

 

1.3.3 Third Sub-Question 

Does the infant mortality cost represent a strategic cost with respect to the total 

maintenance costs captured by the model? 

 

A strategic cost is defined in this research as a cost of at least 5% of the annual 

expenses, which would be considered of a strategic importance for the company. 

 

1.4 General Hypotheses 

Working from the problem statement and research questions, the following 

hypotheses are defined: 

 

1. There is a strategic difference in the total maintenance costs between an economic 

model and a model already proposed in the literature. 
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2. The total maintenance opportunity costs represent a strategic cost of maintenance 

and a strategic cost in the company. 

3. Infant mortality costs represent a strategic cost with respect to the total 

maintenance costs. 

 

1.5 Research Purpose 

The main purpose of this research is to model the economics of the maintenance 

function in a company. From here, specific purposes are derived: 

 

1. To identify the different components affecting the economics of the maintenance 

function. 

2. To develop an economic model for maintenance which captures direct, 

opportunity and infant mortality costs incurred in preventive, inspection and 

corrective services. 

3. To quantify the opportunity costs in the maintenance function. 

4. To quantity the infant mortality costs incurred after disruptive services. 

 

1.6 Research Objective 

The general objective of this research is to propose a financial model to assess the 

total cost associated to the maintenance function in a company. For specific objectives, 

the model shall: 

 

1. Be simple to applied and include the most relevant costs associated to the 

maintenance function, either due to maintenance activities or the absence of them. 

2. Allow the quantification of opportunity costs in the maintenance function. 

3. Allow to identify the infant mortality costs associated to preventive, inspection 

and corrective maintenance services. 

4. Be applied in a real case for validation and complementation purposes. 
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1.7 Delimitations 

This research is bounded by the following assumptions and limitations: 

 

1.7.1 Limitations 

1) The focus of the model is on the total cost associated with the maintenance per 

equipment. 

2) The model will represent the cost components that are relevant in maintenance, 

and does not pretend to be applicable to all real cases. 

3) The applicability of the model will be validated through an empirical case study 

with access to historical data in a power transmission company. 

 

1.7.2 Assumptions 

1) The failure data, provided by the company in the practical case, is right and 

reflects the actual behavior of equipment. 

2) The probability distribution of the life time of equipment can be obtained from the 

available historical data. 

3) A time based maintenance strategy is useful for the practical case under analysis. 

 

1.8 Relevance of this Study 

This research project offers added value to academia and industry. It builds on 

current literature and fills a gap in the maintenance function as an improvement initiative, 

while at the same time, demonstrates the economic benefits of these initiatives. It also 

presents the application of COQ to maintenance and presents more evidence about the 

relevance of the opportunity costs. 
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1.8.1 Need for this Research 

Nowadays companies are immersed in a tight competition in the global market. 

They need to be involved in a process of change led by a continuous launch of 

improvement strategies. The problem arises when the costs as much as the benefits of an 

initiative are not well estimated. This is the case in maintenance where the preventive 

maintenance costs are frequently underestimated by ignoring important cost components 

such as opportunity costs and induced infant mortality costs. This can led to strategies 

that provoke negative financial results. Academia and industry are missing an important 

opportunity to understand how to implement maintenance improvement initiatives that 

will result in economic savings.  

 

1.8.2 Benefits of this Research 

This research makes a scientific contribution in two main areas: maintenance and 

quality through the cost of quality. The economic model for the maintenance will allow 

companies to decide the maintenance strategy that maximizes economic benefits. From 

the COQ standpoint, this research also offers evidence of its applicability in maintenance 

as well as providing an example where the opportunity costs are captured. 

 

1.9 Research Outputs and Outcomes 

Outputs and outcomes obtained from this research are: 

 

• A detailed classification of the different cost components in maintenance 

including some cost components usually ignored. 

• An economic model to estimate the total cost associated to the maintenance 

function of an asset. 

• An analysis of the opportunity and infant mortality costs in maintenance. 

• Analytical evidence of the application of the Cost of Quality in maintenance. 
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CHAPTER II 

2 LITERATURE REVIEW 

2.1 Introduction 

The literature review first presents the concept of maintenance, where different 

maintenance philosophies are described. The second part is related to Total Productive 

Maintenance. The concept is described, along with the Overall Equipment Efficiency 

(OEE) index, where the economics of TPM are fully addressed. The third part reviews 

Reliability Centered Maintenance (RCM). The strategy is presented in detail, and the 

related economics are thoroughly analyzed. The last part is related to Cost of Quality 

(COQ). The COQ concept along with the PAF model are also thoughtfully described, 

ending with a description of the research on cost of quality for maintenance. 

 

2.2 Maintenance 

2.2.1 Maintenance Description 

In almost every organization, the maintenance function has been seen as a 

necessary evil and a disaster repairing function (Wireman, 1990). According to Higgins 

(1988), maintenance is a science because its execution relies on most of the sciences. It is 

also an art that must be tailored to suit each company’s situation. It provides important 

support for capital-intensive industry by maintaining equipment working in safe 

conditions (Parida & Kumar, 2006). Typical goals for maintenance are identifying and 

implementing cost reductions and optimizing maintenance resources and equipment life 

(Wireman, 1990). Areas where the maintenance function is important are the service 

sector, software sector, medical sector, oil and chemical industry, railways, transport 

companies, airlines, steelworks, electricity generation and defense among others (Dekker, 

1996). Nevertheless, this function is usually perceived to have a poorer rate of return than 

any other major budget item (Ahuja & Khamba, 2008c). 
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Maintenance is a system that comprises three subsystems: maintenance 

management, maintenance operations and equipment management (Raouf & Ben-Daya, 

1995). The maintenance management concept emerged to deal with this function. It is 

defined as the management of every asset owned by a company in order to maximize the 

return on investment. Indicators commonly used are maintenance cost per unit produced, 

maintenance costs per total production, and maintenance costs per sales dollar (Wireman, 

1998). According to Van Rijn, the effectiveness of maintenance affects capacity, 

production volume, fixed costs, operating costs, and environmental and employee safety 

(Pintelon & Gelders, 1992). 

The maintenance function has been overlooked for a long time. It took many 

years for researchers and practitioners to identify how relevant the maintenance function 

has become. According to Wireman (1990), maintenance costs have risen between 10 and 

15% per year since 1979. Higgins (1988) states that maintenance accounts for 5 to 10% 

of total the operating costs. Mobley (1990) states that maintenance costs can represent 15 

to 40% of the cost of manufacturing, depending on the specific industry. For instance, in 

refineries, maintenance and operations are the largest departments; each one consists of 

about 30% of the total manpower (Dekker, 1996). Ollila & Malmipuro (1999) carried out 

a study in five Finnish industries, revealing that maintenance is one of the three most 

significant reasons why there are quality problems. Holmgren (2005) also found that 

maintenance related causes represent 30% of all rail and track related incidents in 

Sweden. In the United States, an average of 14.1% of the total time is used by 

maintenance organizations (Wireman, 1990). Furthermore, surveys of maintenance 

effectiveness show that one third of maintenance costs is wasted due to unnecessary or 

improperly carried out maintenance (Mobley, 1990). 

Wireman (1990) explains that the maintenance philosophy is defined by the 

service required and its resulting cost. The decision of how much maintenance is good 

enough is like answering the question of how safe is safe and how clean is clean. 

However, maintenance effectiveness depends largely on the accuracy and timeliness of 

the estimation. This estimation is defined as the predicting process of probable costs of 

any change in the equipment (Higgins, 1988). If equipment is not well maintained, it 
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leads to breakdowns, resulting in defective products. On the other hand, excessive 

maintenance results in unnecessary costs (Ben-Daya & Duffuaa, 1995). Evaluate 

maintenance actually increases the Cost of Quality and reduces opportunity value. 

Maintenance is not just about direct or visible costs. This function has a more 

crucial impact than what most people have realized. According to Higgins (1988), every 

plant should take into account the cost of poor maintenance practices as loss of output. 

Looking only at those direct costs cannot show the entire impact of maintenance 

(Alsyouf, 2006). The cost of lost production might be from 2 to 15 times the cost of 

repair (Wireman, 1990). For this reason, a maintenance accounting system is needed to 

provide specific information about how and where maintenance money should be spent 

(Higgins, 1988).  

 

2.2.2 Research on Maintenance 

According to Oke (2005), maintenance can be seen as a profit-making sub-

system. The necessity then, of maximizing the organization’s profit, results in the 

measurement of the maintenance function (Kutucuoglu, Hamali, Irani, & Sharp, 2001). In 

addition, we cannot improve what we cannot measure, and we cannot measure what we 

cannot define, but even when the measure is obtained, there still exists a gap linking the 

maintenance objectives to the overall corporate strategy (Riis, Luxhøj, & Thorsteinsson, 

1997). For this reason, the entire system should be addressed: the maintenance 

organization, a training program, maintenance planning and scheduling, preventive 

maintenance, maintenance inventory and purchasing, maintenance reporting, and 

maintenance automation (Wireman, 1990). 

If maintenance costs exceed 5% of the asset value per year, the company might be 

in financial difficulties (Eti, Ogaji, & Probert, 2006). One alternative is automation and 

more sophisticated tools to lower direct labor costs, but they often increase maintenance 

needs. A company’s 10-15% downtime is even more than just a lost capacity; it is also a 

lost opportunity (Hora, 1987). There are also different hidden costs when having that 
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amount of downtime such as the cost of interest for capital tied up in inventory and the 

real carrying cost of the item per year (Wireman, 1990). 

The economic importance of the maintenance function has been widely explored, 

such as the mining, transport and utilities businesses in Australia (Murthy, Atrens, & 

Eccleston, 2002). For instance, Alsyouf (2006) describes a case at Stora Enso Hylte AB 

in Sweden, where stoppages accounted for economic losses of around $12.6 million 

dollars. American Grocery Products Inc. declares downtime costs and maintenance 

expenses of $3.6 million per year. After a two-year program, this company cut 

expenditures by 30-35% of the total maintenance costs (Hora, 1987). In Nigerian 

industries, about one-third of the maintenance expenditures is wasted due to ineffective 

utilization of maintenance resources. Particularly in the chemical industry, maintenance 

costs derived in a lost opportunity cost over $2,000,000 (Eti, et al., 2006). 

In order to find and optimum maintenance strategy, many different quantitative 

techniques can be applied, such as deterministic analysis, Markov decision theory, 

renewal theory, queueing, simulation, inventory models, reliability theory, PERT, game 

theory and decision theory (Pintelon & Gelders, 1992). The problem is that, in many 

models, maintenance is viewed just as a limiting constraint where the problem is how to 

meet a production master schedule (Ben-Daya & Duffuaa, 1995). However, Smith & 

Knezevic (1996), focusing in the maintenance function, define a mathematical model to 

describe the relationship between capital-investment equipment and the system 

supportability. Oke (2005) proposes a mathematical model to measure the profitability of 

the maintenance system, while Garg & Deshmukh (2006) reviewed and analyzed 142 

papers in areas related to optimization models and techniques. They found optimization 

models using the following methods: Bayesian methods, mixed integer linear 

programming, multiple criteria decision making, Fuzzy linguistic Gailbraith, MAIC, 

Markovian probabilistic models, analytic hierarchy process, Petri nets and organization 

modeling. They also found the following maintenance techniques that companies are 

implementing: preventive maintenance, condition-based maintenance, total productive 

maintenance, computerized maintenance management system, reliability centered 

maintenance, predictive maintenance, outsourcing, experience centered maintenance and 
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risk based maintenance. In spite of this, TPM remains as the most common technique 

after preventive maintenance. 

Many frameworks have also been developed to address the maintenance function. 

One of the first authors was Gits (1992), who presented a framework for designing 

maintenance concepts. Later on, Ben-Daya & Duffuaa (1995) proposed a framework to 

model the interaction between maintenance and quality, while Raouf & Ben-Daya (1995) 

defined a framework for total maintenance management. Riis, et al. (1997) describe a 

holistic framework for designing maintenance programs, while Jonsson (1997) presents a 

framework for describing and analyzing maintenance management. For the 21st Century, 

authors focus more on performance and the effectiveness of the maintenance strategies. 

Examples of this are, Kutucuoglu, et al. (2001), who define a framework for managing 

maintenance performance, and Pintelon, Pinjala, & Vereecke (2006), who propose a 

framework to evaluate the effectiveness of a given maintenance strategy through Hayes 

and Wheelwright’s four-stage framework. Alsyouf (2006) also develops a strategic 

maintenance performance measurement system using a balance scorecard framework. In 

addition, Holmgren (2005) presents a framework to classify and analyze the different 

losses related to maintenance. 

Research about improving the maintenance function has been extensive but, 

practice does not reflect these efforts. Dekker (1996) describes the following six reasons 

why there is still a gap between theory and practice: 

 

1. Maintenance models are difficult to understand and interpret. 

2. Many papers have been written for math purposes only. 

3. Companies are not interested in publication. 

4. Maintenance comprises a multitude of different aspects. 

5. Optimization is not always necessary. 

6. Optimization models often focus on the wrong type of maintenance. 
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2.2.3 Maintenance Philosophies 

Maintenance strategies have evolved through time. Even when the solution is not 

always just increasing planned preventive maintenance, most strategies are based on 

failure anticipation. However, some companies are still using old strategies such as 

corrective maintenance. Nowadays, the following maintenance philosophies are being 

implemented: 

Reactive maintenance:  It is commonly described as the fire-fighting approach. It 

is also known as failure-based maintenance or breakdown maintenance. Here, the 

technicians work only on equipment that is malfunctioning (Gits, 1992; Swanson, 2001; 

Wireman, 1990). It still is one of the most common techniques in some countries. 

Sweden is one of the examples (Jonsson, 1997).  

Minor lube programs: It is a strategy whereby equipment is not overhauled yet 

until it breaks down, except that, with the lube program, it will take longer for failures to 

appear. It aims to avoid breakdowns through minor repairs to restore equipment to proper 

condition (Swanson, 2001; Wireman, 1990). 

Preventive maintenance: It is often referred to as use-based maintenance. This 

maintenance relies on the estimated probability that equipment will fail in a specific 

interval. It includes a lubrication program as well as routine inspections and adjustments. 

This maintenance allows correcting many potential problems before they occur, and part 

of the downtime can be eliminated when scheduled maintenance uncovers a problem. It 

satisfies the needs of about 22% of the maintenance organizations. Some of the reasons 

for this maintenance strategy are increased automation, JIT manufacturing, reduction of 

equipment redundancies, minimizing energy consumption, and produce higher quality 

product. However, the cost of preventive maintenance is always higher than the expense 

of predictive maintenance (Brook, 1998; Swanson, 2001; Wireman, 1990). 

Predictive Maintenance. It is often referred to as condition-based maintenance. 

Diagnostic equipment is used for measuring the equipment’s physical condition, such as 

temperature, noise, lubrication, vibration, and corrosion. With this strategy, maintenance 

is performed when is needed. Equipment is monitored continually because forecasting 

failures is possible through the analysis of the condition. It allows a cost reduction due to 
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reparation of equipment is performed at times when do not interfere with production 

schedules. The condition monitoring function is based on the assumption that equipment 

operates in a steady state for long periods, but eventually begins to wear out (Brook, 

1998; Swanson, 2001; Wireman, 1990).  

 

2.2.4 Condition Monitoring Methods 

As it was mentioned in the last part, in predictive maintenance programs, the 

failure mode can be identified before failures appear. This maintenance strategy gathers 

importance when overestimating the fault rate causes a loss of equipment’s life, 

triggering an increase in the number of stoppages (Al-Najjar, 1996). 

According to Mobley (1990), there are five nondestructive techniques normally 

used for predictive tasks: vibration monitoring, process parameter monitoring, 

thermography, tribology and visual inspection. Vibration monitoring can be performed 

through methods such as broadband trending, narrowband trending and signature 

analysis. Thermography is another monitoring technique that can be performed with 

infrared thermometers, line scanners and infrared imaging. Tribology deals with surfaces 

in relative motions such as lubricating oil analysis such as contamination, fuel dilution, 

solids content, fuel soot, oxidation, nitration, total acid number (TAN), total base number, 

particle count and spectrographic analysis. Other examples of tribology are wear particle 

analysis and ferrography. Finally, there are visual inspection and ultrasonic monitoring. 

Based on a survey in 1988 to 500 plants, the implementation of these techniques reduced 

more than 50% of the costs associated to the maintenance operation (Mobley, 1990). 

 

2.3 Total Productive Maintenance (TPM) 

2.3.1 Description of TPM. 

Total Productive Maintenance was developed in 1971 by Seiichi Nakajima. The 

concept behind is that only operations are automated; maintenance still depends heavily 

on human input. Furthermore, different components depend on equipment, such as 
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productivity, cost, inventory, safety and health, production output, and quality (Nakajima, 

1988). TPM is not just a maintenance program, it is the next step in the evolution of good 

maintenance practices (Kumar-Shetty & Rodrigues, 2010). It reflects a shift in the old 

paradigm by improving the efficiency of the total organization, not just its manufacturing 

facilities. TPM describes a synergistic relationship between production and maintenance 

but, it is carried out by every employee through small group activities. It is a people 

oriented strategy that starts by fully exploiting the human intellectual capabilities (Ahuja 

& Khamba, 2008a). Therefore, it is not an end in itself. It is only a means for reaching the 

company´s goals (Tajiri & Gotoh, 1992). 

According to Levitt (2005), TPM is the maintenance’s answer to the 

empowerment and quality programs on the production floor. Its philosophy is “If it ain´t 

broke, fix it anyway” because the overall goal is preventing unexpected failures that can 

disrupt the production schedule (Kumar-Shetty & Rodrigues, 2010). Ahuja & Kumar 

(2009) define TPM as “a structured equipment-centric continuous improvement process 

that strives to optimize production effectiveness by identifying and eliminating 

equipment and production efficiency losses.” TPM is a partnership to improve quality, 

reduce waste, increase equipment availability and improve the state of maintenance in the 

company. Maggard, Bailey & Moss (1989) share a simplified definition of TPM: it is a 

conscientious, systematic, data based approach that helps to transfer different skills. It 

can also be defined as a proactive and cost-effective approach to equipment maintenance. 

The argument is that investing in maintenance is not an expense but an investment in 

improved performance (Brah, 2007). Another definition of TPM is a maintenance 

philosophy that proactively brings a fundamental departure from corrective maintenance 

(Ahmed, Hassan, & Taha, 2004). Freck (2000) states a broader definition: TPM is not 

just a project; it is a way of doing business. As Nakajima stated “TPM is not a 

maintenance specific policy; it is a culture, a philosophy and a new attitude toward 

maintenance” (Nakajima, 1989). A complete definition of TPM should include the 

following five elements (Nakajima, 1988): 

 

1. TPM aims to maximize equipment effectiveness 
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2. TPM establishes a system of PM for the equipment’s life span. 

3. TPM is implemented in various departments. 

4. TPM involves every employee, from top management to workers and operators. 

5. TPM promotes PM through motivation and autonomous small group activities. 

 

According to Nakajima (1988), TPM sets its sights on robust processes free from 

disruption. This strategy aims to improve labor productivity and reduce maintenance 

costs (Dogra, Sharma, Sachdeva, & Dureja, 2011). It uncovers the hidden capacity of 

unreliable and ineffective equipment. The dual goal is zero breakdowns and zero defects, 

increasing equipment effectiveness and letting equipment operate to its full potential 

(Nakajima, 1989). The primary objectives are to extend equipment life and keep 

equipment in optimal condition in order to cope with emergencies assuring safety 

(Suzuki, 1992). TPM improves competitiveness providing enhanced equipment 

availability and utilization (Ahuja & Khamba, 2008b). The ultimate benefits of TPM are 

enhanced productivity and profitability (Ahuja & Khamba, 2008), and it is accomplished 

through one or more of the following concepts (Maggard, et al., 1989): 

 

- Operators doing routine maintenance. 

- Operators assisting mechanics when equipment is down. 

- Mechanics assisting operators with shutdowns and start-ups. 

- Transfer of tasks not requiring craft workers. 

- Team approach to computerized calibration. 

- Transfer of tasks between operating groups. 

- Multiskilling of craft workers. 

 

Nakajima (1988) has defined three important features of TPM: activities to 

maximize equipment, autonomous maintenance by operators and company-led small 

group activities. Sekine & Arai (1998) also describe three basic foundations of TPM: 

everyday maintenance, periodic maintenance and instant maintenance. Meanwhile, Leflar 

(2001) provides the following six basic principles of TPM: 



Texas Tech University, Rodrigo E. Peimbert-Garcia, December 2012 

 

 18 

1. Minor defects in equipment are the root cause of most cases and must be 

completely eliminated. 

2. Properly maintenance routines can prevent almost every occasional equipment 

failure. 

3. Multidisciplinary teams are able to advance equipment performance easier than 

efforts made by any single department working alone. 

4. Continuous learning is at the heart of continuous improvement. 

5. Equipment with effective preventive maintenance interventions produces more 

than machines that are repaired when they break down. 

6. An effective preventive maintenance plan requires less technician time than the 

time required for repairing poorly maintained equipment. 

 

Five pillars underpinning TPM are defined by McKellen (2005): overall 

equipment efficiency, autonomous maintenance, kaizen, training, and preventive 

maintenance. However, the remaining valid theory about the pillars of TPM is 

Nakajima´s. According to him, the TPM philosophy stands over the following eight 

pillars: autonomous maintenance, equipment and process improvement, planned 

maintenance, quality maintenance, initial flow control, TPM in office, education and 

training, and safety, health and environment. Figure 1 shows these pillars. 

Nakajima (1988) also proposes 12 steps to achieve a successfully TPM 

implementation. These steps are shown in Table 1. Naguib (1993) also develops a TPM 

Roadmap based on five phases: awareness, organization, planning, implementation, and 

assessment. Regardless of this roadmap, Nakajima´s is universally known as the roadmap 

for TPM. 

Particularly in step eight, Nakajima (1988) provides the following detailed seven-

step autonomous maintenance procedure: 

 

1. Initial cleaning. 

2. Address sources of contamination. 

3. Establish cleaning, inspecting and lubricating standards. 
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4. General inspection. 

5. Autonomous inspection. 

6. Orderliness and tidiness. 

7. Fully autonomous maintenance. 
 

 

Figure 1. The eight pillars of TPM (Nakajima, 1988). 
 

Stage Step 

1. Preparation 

1. Announce top management 
2. Launch education and campaign to introduce TPM 
3. Create organizations to promote TPM 
4. Establish basic TPM policies and goals 
5. Formula master plan for TPM development 

2. Preliminary 
Implementation 6. Hold TPM kick-off 

3. TPM implementation 

7. Improve the effectiveness of each piece of equipment 
8. Develop an autonomous maintenance program 
9. Develop a scheduled maintenance program 
10. Conduct training to improve operations and 
maintenance skills 
11. Develop early equipment management program 

4. Stabilization 12. Perfect TPM implementation and raise TPM levels 
Table 1. The 12 steps to implement TPM (Nakajima, 1988). 
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The autonomous maintenance concept comes from the findings that 40% of the 

traditional maintenance mechanic work could be done by the operator with minimal 

training (Maggard & Rhyne, 1992). 

Through the 12 steps, TPM aims to achieve overall equipment efficiency, 

impacting on productivity, quality, cost, delivery, safety, environment, and morale. 

Thereby, TPM works to eliminate six big losses that are obstacles to equipment 

effectiveness. Figure 2 presents these losses (Nakajima, 1988). 

In order to counteract these losses and achieve zero breakdowns, the basic 

strategy should expose hidden defects and deliberately interrupt the operation before 

breakdowns occur, remedying the equipment defects (Tajiri & Gotoh, 1992). 

Countermeasures suggested by these authors are:  

 

- Establishing the basic equipment conditions (cleaning, lubrication and tightening). 

- Adhering to the usage conditions of equipment. 

- Restoring deteriorated parts. 

- Correcting design weakness. 

- Enhancing operating and maintenance skills. 

 

 

Figure 2. The six big losses (Nakajima, 1988). 
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TPM points the same targets of productive maintenance but, it pursues them 

under a different vision (Ferrari, Pareschi, Regattieri, & Persona, 2002). As seen, TPM is 

very much about expanding capacity, without investment in new equipment or people 

(Ahuja & Khamba, 2008c). Nevertheless, TPM does not produce results overnight. There 

are costs incurred to return equipment to its best operating condition (Ravishankar, 

Burczak, & De Vore, 1992), and it will take between three to five years to achieve prize-

winning results (Nakajima, 1988). 

 

2.3.2 The Context of TPM. 

The maintenance function is commonly viewed as an uncontrollable black box in 

the operation, and treated as a necessary evil (Ahuja & Khamba, 2008a). In many 

companies is viewed as an operating expense to be minimized, and not as investment 

(Patterson, Fredendall, Kennedy, & McGee, 1996). Also when an operator goes to the 

floor to fix the machine, he is not doing maintenance but repair (Witt, 2006). However, as 

Ireland & Dale (2001) state, “you need dissatisfaction with the way things are to initiate 

the need for change, and excellence in asset management requires mastering the 

maintenance basic functions of planning and scheduling (Roup, 1999). 

The busier a company is, the more it needs TPM. According to Leflar (2001), if 

corrective maintenance is more than 40% of the maintenance activities, the company is 

not in the maintenance business; it is in the machine repair business. TPM aims to take 

the company to the maintenance business. TPM is not as much technology and tools as it 

is mindsets, paradigms, habits, knowledge, skills and beliefs. It is to productivity as 

flexibility is to competitiveness (SME, 1995). The perspective is the worst shape 

equipment will ever be is on the day it arrives at the factory (Hall, 1997). This is because 

preventive maintenance is health management for machines (JIPM, 1996). The idea is 

predicting the inevitable and preventing the exceptional (SME, 1995). 

Some equipment deteriorations are natural but, in most cases, bad habits lead to 

an accelerated deterioration (JIPM, 1996). No matter how well plants are equipped, it is 

operators who affect the performance (Yamashina, 1995). Furthermore, most minor 



Texas Tech University, Rodrigo E. Peimbert-Garcia, December 2012 

 

 22 

defects are detectable by human senses. Yet the principal cause of breakdowns is human 

neglect (JIPM, 1996). This is critical because equipment downtime can paralyze a lean 

manufacturing operation. Thereby, TPM can be the centerpiece of a lean initiative, and 

not just a small part (Produtivity-Press, 2005). The leaner a plant becomes, the more 

pressure is on the maintenance function (Katzel, 1997). 

As Yamashina (2000) explains, a good brain such as TQM also needs strong 

muscles like TPM. A perfect machine is needed to produce a perfect product but, even 

the best machines can go downhill quickly if they are not properly maintained (Edward & 

Hartmann, 1992). However, TPM cannot be implemented for free. Initial costs will be 

needed but, they eventually look small when results from machines running effectively 

are obtained (Chaneski, 2002). The company only makes money when equipment is 

running. 

Equipment maintenance is an indispensable function in manufacturing but, it has 

to be done correctly (Ahmed, Hassan, & Taha, 2005). When using time-based 

maintenance techniques, possibilities are that the company is either over servicing 

(costly) or under servicing (risky) the equipment (Chaneski, 2002). Companies must 

balance the need to reduce lost production costs due to failures in the equipment with 

preventive maintenance costs (Gosavi, Murray, Tirumalasetty, & Shewade, 2011). At the 

same time, organizations need to ensure no disruption due to equipment breakdown 

stoppages and failures (Lazim & Ramayah, 2010). 

Production losses tackled by TPM include equipment losses, manpower losses, 

and material losses (Ahuja & Khamba, 2007). TPM can also unlock the hidden factory 

and bring about 25 to 30% of capacity into the production process (Edward & Hartmann, 

1992). Examples of hidden costs are shown in Figure 3 below. 
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Figure 3. Hidden costs in maintenance (Blanchard, 1997). 

 

Some of the hidden causes of failure are contamination, wear, loosening, leaks, 

corrosion, deformation, flaws, cracks, vibration, backlash or improper temperature 

(Leflar, 2001). These causes may be hidden due to one of the following physical reasons: 

equipment is contaminated, critical areas of equipment are not visible, an excessive safety 

cover is installed, or equipment is designed without careful consideration (Tajiri & 

Gotoh, 1992). These hidden causes generate problems such as low level of OEE, lack of 

understanding, appealing to corrective maintenance, and long response time to work 

order request (Ahmed, et al., 2004). 

Researchers and practitioners have developed a variety of frameworks for TPM 

(Coetzee, 1999; Cua, McKone, & Schroeder, 2001; Labib, 1999; McKone, Schroeder, & 

Cua, 1999; Park & Han, 2001; Prickett, 1999). In the same way, different TPM models 

have been proposed. For example, Gosavi (2006) develops a formal theory for risk-

sensitive preventive maintenance plans, based on the Markowitz criterion embedded in a 

stochastic model. This author presents two different mathematical models. The first 

model is based on renewal theory while the second is based on Markov decision 

processes. Gosavi, et al., (2011) present a modification to both models in order to 

optimize the maintenance function in terms of costs and budget. Wang & Lee (2001) 

present a random effect non-linear regression model called the Time Constant Model to 
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predict the learning rate in TPM. Wang (2006) develops a prediction model by the 

multiple regression method, collecting data from 53 factories that won the TPM award 

during 1996-1999. Besides all these models, Thun (2006) presents a system dynamics 

model for the implementation of TPM. Nevertheless, no model focuses in failure patterns 

based on condition monitoring. 

Researchers have also made efforts to link TPM to other strategies such as the 

quality function deployment, six sigma, FMEA, queuing theory, ecology oriented 

management, QS9000, total quality control, and just in time (Ahmed & Mohiuddin, 2005; 

Bonal et al., 1996; Esmaeilian, MegatAhmad, Ismail, Sulaiman, & Hamedi, 2008; Muthu, 

Devadasan, Mendonca, & Sundararaj, 2001; Pramod, Devadasan, Muthu, Jagathyraj, & 

Dhakshina-Moorthy, 2006; Seow & Jiying, 2006; Thomas, Barton, & Byard, 2008, 

McKone, et al., 1999; Miyake & Enwaka, 1999). Special attention has been paid to the 

relationship between TPM and Total Quality Management (TQM) (Cua, et al., 2001; 

Kedar, Lakhe, Deshpande, Washimkar, & Wakhare, 2008; Seth & Tripathi, 2005; 

Tripathi, 2005; Yamashina, 2000). The conclusion is that TPM can work with TQM to 

obtain successful results. 

  

2.3.3 Obstacles and success factors. 

TPM has been introduced in different industries such as oil refining, foods, gas, 

petrochemicals, steel, ceramics, cement, general chemicals, glass, papermaking, metals, 

rubber, pharmaceuticals, tires and printing (Suzuki, 1992). Unfortunately, this 

maintenance strategy is used incorrectly in many companies. Indeed, some of them are 

taking significant steps backward (Windle, 1993). Shirose (1995) explains that every 

workplace has three big problems: waste, strain and inconsistency. These problems are 

translated to, using or doing something unnecessary, trying to do a job with less than 

what is needed, and absence of standards respectively.  

There are many obstacles in TPM. Ahuja &  Khamba (2008b) highlight the 

difficulties faced by Indian manufacturing organizations. More than 50 obstacles are 

classified into seven categories: organizational, cultural, behavioral, technological, 
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operational, financial and departmental obstacles. Kodali, Mishra, & Anand (2009) also 

classify in a previous work, more than 50 shortcomings into 10 categories: inherent to 

TPM, knowledge about TPM, training, finance, equipment, role of data, human 

resources, management, participation and others. Furthermore, Bamber, Sharp, & Hides 

(1999) develop a generic model pointing out the factors affecting the successful 

implementation of TPM. However, the most common pitfalls are lack of management 

support, cultural change resistance, insufficient workforce training, and a missing link 

between TPM activities and cost reduction (Cooke, 2000; Pascal, 2010; Patterson, 

Kennedy, & Fredendall, 1995; Rodrigues & Hatakeyama, 2006; Wireman, 1998; 

Yamashina, 2000). 

Jostes & Helms (1994) state that management commitment for TPM comes in the 

form of operators’ time and investment in bringing equipment into condition. Obstacles 

then, become success factors when a company accomplishes them. As Lixia & Bo (2011) 

explain, absolute faith and commitment of maintenance technicians and operators are the 

basis of a successful TPM. Ahuja & Khamba (2008b) summarize the key enablers and 

success factors into the following six categories shown in Figure 4: 
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Figure 4. Key enablers and success factors for TPM (Ahuja & Khamba, 2008b).
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2.3.4 Companies implementing TPM 

Nowadays, TPM is being implemented in companies around the world, from the 

United States, Canada and South America, to Europe, Africa, Middle East and Asia 

(Edward & Hartmann, 1992). There is evidence in the literature about TPM efforts in 

countries such as Singapore, Hong Kong, Malaysian manufacturing companies, Iranian 

industries, India, and South Africa (Ahuja & Kumar, 2009; Brah, 2007; Lazim & 

Ramayah, 2010; Moradi, Abdollahzadeh, & Vakili, 2011; Sun, Yam, & Wai-Keung, 

2003; Van der Wal & Lynn, 2002). This maintenance strategy has been used in european 

places like the GM’s automobile assembly plant in Eisenach, Germany (Hamrick, 1994), 

and the Royal Mail in UK (Noon, Jenkins, & Lucio, 2000). Some companies in Asia and 

Europe that have won the PM prize are Korea Tokyo Silicon in the Republic of Korea, 

Volvo in Belgium, Ford Motor Company in Charleville, MBK Industrie in France, NEC 

Semiconductors in United Kingdom and Turk Pirelli Lastikleri in Turkey (Robinson & 

Ginder, 1995).  

According to McKone, et al. (1999), the location where the plant is, provides a 

partial explanation about how TPM is implemented. He analyzes companies in three 

countries: Japan, U.S. and Italy. Carannante, Haigh, & Morris (1996) also present a 

comparative study of TPM in the foundry industries of the UK and Japan. He found that 

the UK foundry industry still has a considerable distance to make up on its counterpart in 

Japan. Probably, Japan and United States are the countries heading the list of countries 

implementing TPM. In Japan, 171 companies won the PM Prize by applying TPM 

programs effectively between 1971 and 1989 (Gotoh, 1991). Examples of Japanese 

companies that have joined in the journey are Ajinomoto’s Kawasaki factory, Aisin 

Group, Toyoda Machine Works, Tokyo Chuzosho and Sekisui Chemical’s Shiga Ritto 

Plant among others (Suzuki, 1992). Nachi-Fujikoshi also adopted and promoted TPM 

since early 80’s. According to Fujikoshi (1990), the OEE increased from 66% in 

December 1981 up to 86.5% in August 1985. Other results were: reduction of 30% in the 

maintenance division labor-hours and cuts of energy costs by 15%.  
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 On the other hand, many companies in U.S. have come up with positive results 

related to TPM. Examples of these companies are E.I. Du Pont, Texas Instruments, 

Kodak, Motorola, IN Land-Rover Transmissions, Harley-Davidson, AT&T, Magnavox 

Electronic Systems in Ft. Wayne, Indiana, The Chesterfield Trim Plant of Ford Motor 

Co, IBM in Austin, Tennessee Eastman Company and Steelcase Inc.‘s Western Division 

in California, which reduced unscheduled maintenance 80% and overall maintenance 

costs 30% in the first year (Bohoris, Vamvalis, Trace, & Ignatiadou, 1995; Hall, 1997; 

Hannan & Keyport, 1991; Koelsch, 1993; Maggard, et al., 1989; Robinson & Ginder, 

1995; Sanderson, Shelton, & Mulligan, 1993; SME, 1995). Literature is very extensive 

(Naguib, 1993; Naguib & Chen, 1994; Patterson, et al., 1996; Ravishankar, et al., 1992).  

Patterson, et al. (1996) analyze TPM in Asten, Inc., where lead time was reduced from 

67.8 days to less than 10; the amount of breakdowns was 158 per month in 1990, and 

they accounted for 4,043 man-hours. In 1995, 95 breakdowns per month were reached, 

which were responsible for less than 342 man-hours. 

Another country where research about maintenance is gaining importance during 

the last years is India. For example, Ahuja & S. Khamba (2008) surveyed 80 Indian 

organizations implementing TPM from different levels. In another study, Ahuja & Kumar 

(2009) found that Tata Steel Tubes Strategic Business (SBU) in India reaped significant 

benefits as a result of strategic TPM. The company obtained a 79% improvement in 

productivity, 59% improvement in OEE, 63% reduction in equipment breakdowns and 

failures, 140 times enhancement in operating profits, 80% reduction in minor accidents, 

34% reduction of work in process inventory, and 43% reduction in variable costs between 

others. 

It is clear that, TPM has been implemented in several companies from different 

sectors. This maintenance strategy has even been used in sectors such as food industry, 

medical sector, healthcare-dental and diesel power generating (Chompu-inwai, Tipgunta, 

& Sunawan, 2008; Kumar-Shetty & Rodrigues, 2010; Medhat, Samy, Wahed, & 

Mohamed, 2008; Tsarouhas, 2007). Nevertheless, this does not imply that every company 

has translated bottom line benefits in terms of savings or economic benefits. While many 
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companies have reached economical results, some of them have accomplished only soft 

or intangible benefits. Some others have seen a little economic impact but far away from 

what was expected. 

 

2.3.5 Overall Equipment Efficiency (OEE). 

The Overall Equipment Efficiency, commonly called OEE, is the index to 

measure the efficiency of equipment. According to the JIPM (1996), the OEE is an 

indicator of equipment health. However, OEE is only a measure of internal efficiency 

(Jonsson & Lesshammar, 1999). Pascal (2010) explains that the OEE gives a simple but 

severe overview, taking into account all the parameters that decrease machine yield. It 

can be used as a benchmark since it has introduced new levels of performance 

measurement (Dal, Tugwell, & Greatbanks, 2000). According to Hansen (2002), if the 

OEE is utilized as an aggressive business strategy, productivity in the factory will evolve 

faster. “When the OEE is used effectively, its power is awesome” (Robinson & Ginder, 

1995). 

Nakajima (1988) explains that, what is often referred as the rate of equipment 

effectiveness is only the operating rate or availability. This is only one part of the overall 

index. The OEE is calculated based on three components: availability, performance 

efficiency and rate of quality products: 

 

timeLoading
Downtimetime LoadingtyAvailabili −

=                                   (1) 

 

Time Operation
Time Cycle lTheoretica*Amount ProcessedEfficiencyePerformanc =           (2) 

 

Amount Processed
Amount DefectAmount ProcessedProductsQuality  of Rate −

=               (3) 

 



Texas Tech University, Rodrigo E. Peimbert-Garcia, December 2012 

 

 30 

Quality  of Rate* Efficiency ePerformanc*tyAvailabiliOEE =                 (4) 

 

According to Nakajima (1988), ideal conditions for availability, performance 

efficiency and rate of quality are 90, 95, and 99% products respectively. This way, the 

OEE would be 85%. Hansen (2002) defines three levels when a company has not reached 

an OEE of at least 85%: 

 

- <65%    Unacceptable, get help now. 

- 65-75% Passable, only if quarterly trends are improving. 

- 75-85% Very good. However, do not stand still. 

 

Research efforts focusing in the OEE are also evident in the literature. Ljungberg 

(1998) exemplifies a case where the OEE is measured. Dal et al. (2000) present a 

practical analysis of the potential benefits of developing OEE. Raouf (1994) proposes the 

use of the Production Equipment Effectiveness (PEE) based on a pondered OEE 

calculation. Huang et al. (2002) also define an approach based on the OEE for modeling 

the performance of the system. It develops the Overall throughput effectiveness (OTE). 

However, little research has translated the OEE into economic terms. Yet the OEE is a 

measurement tool that monitors inefficiencies, it is not known if 1% quality inefficiency 

is more expensive than 1% unavailability inefficiency (Juric, Sanchez, & Goti, 2006). 

When using the OEE to measure the progress achieved, a major question has to be 

addressed, and it is whether that progress is cost-effective (Al-Najjar, 1996). 

Furthermore, although the OEE varies from 0 to 1, does it have the same financial 

consideration for two different machines? (Bonal, et al., 1996). As any other productivity 

measurement tool, OEE does nothing to improve productivity. However, it lets us know 

if the money was well spent (Ravishankar, et al., 1992). 
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2.3.6 The Economics of TPM 

As Kodali, et al. (2009) state: “Produce bottom-line results is what separates the 

best from the rest”. The ability of the company to link the benefits of TPM with the 

economics is the difference among a successful implementation or failing in the process. 

Results of TPM aim to contribute to maintenance work efficiency and maintenance cost 

(Kwon & Lee, 2004). Like other programs, TPM comes with a price tag, but long-term 

payoffs will overwhelm costs (SME, 1995). Dai Nippon, a large Japanese printing 

company, obtained a ROI of 262% meanwhile Tennessee Eastman obtained a ROI of 

over 500% (Edward & Hartmann, 1992). At the beginning, Tennessee Eastman estimates 

a six-month payback on its investment in TPM. After that, benefits attributed to TPM 

were approximately $8 million annually (Maggard & Rhyne, 1992). Dogra et al. (2011) 

found in a rolling mill that TPM led to a saving of Rs100 per metric ton of production. 

Patterson et al. (1995) made a study where they found driving cost of not using TPM was 

$109,640. At the same time, Sharp, Irani, Wyant, & Firth (1997) describe a case in 

Thomas Bolton Limited where savings in excess of ₤200,000 were realized with 

opportunity costs in excess of ₤1,000,000. Meanwhile, Ireland & Dale (2001) found in an 

UK plant that the cost of TPM was estimated in ₤400,000 with benefits over ₤2m. With 

this initiative, production volume increased by 40% and overtime costs were reduced by 

40%. An Italian factory started with an investment of $41,900 and obtained an annual 

recovery of $47,800 with a pay-back period of 11 months (Ferrari, et al., 2002).  Timken 

Company´s Gaffney Bearing Plant recorded a drop in lubricant cost from $12,000 USD 

to about $5,000 a month. The estimated cost savings are from $100,000 to $140,000 per 

year in one department alone (SME, 1995). 

Yet many successful cases have been published, literature about how to calculate 

the real economic benefits when implementing TPM is very scarce. For instance, 

Konopka & Trybula (1996) state that two are the cost methodologies for this: cost of 

ownership and Activity Based Costing. Groote (1995) explains that efficiency must be 

defined in relative values and ratios linking maintenance costs should be used. While he 

describes different ratios, two are directly related to this discussion: ratio of direct cost of 
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maintenance to added value of production, and the ratio of cumulative costs of 

maintenance of producing a unit since start-up to the number of operating hours since 

start-up. He also explains that the direct cost of maintenance comprises the cost of 

manpower, cost of materials, cost of subcontracted work, and overheads. 

Juric, et al. (2006) explore with more detail the cost from inefficiencies related to 

equipment shutdown, defining the following relationships: 

 

misubshutdown CCCC ++=                                                (5) 

 

( )ombb CCtC +=                                                      (6) 

 

( )omsusu CCtC +=                                                     (7) 

 

( )ommimi CCtC +=                                                     (8) 

 

where Cb is the breakdown cost, Csu represents the setup/adjustment cost and Cmi the 

minor stop cost; Cm represents the equipment cost, and Co the operator cost. Meanwhile tb 

represents the breakdown time loss, tsu is the setup or adjustment time loss and tmi 

represents the idling and minor stop loss.  

The cost from inefficiencies related to reduce equipment production speed is: 

 

( )omslsl CCtC +=                                                     (9) 

 

where tsl is the inefficiency time related to the equipment shutdown. And finally the cost 

from quality losses related to inefficiencies is: 

 

qeqiq CCC +=                                                      (10) 
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where Cq is the cost of non-quality, Cqi is the internal cost and Cqe is the external cost. 

This last relationship is directly related to the COQ model, which will be addressed in 

section 2.4. 

Fredendall, Patterson, Kennedy, & Griffin (1997) empirically show that it is 

possible to reduce equipment breakdowns without increasing the total cost of 

maintenance. They present two alternative views of the maintenance costs. Figures 5 and 

6 show these views. 

 

 

Figure 5. Classical view: identifying the optimal level (Fredendall, et. al., 1997). 

 

These curves are very similar to what is found in the Cost of Quality literature. 

Nevertheless, the author does not dig deeper into this concept. However, as Hansen 

(2002) explains, maintenance is about reliability and reliability terms mean Cost of 

Quality. According to him, COQ applies to each equipment failure. It is intended to 

include costs of equipment damage and repair, all associated product waste, capacity loss, 

direct and indirect labor costs, a portion of inventory carrying costs, a portion of staffing 

for reactive situations, and lost sales or customers for long delays. 
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Figure 6. New view: set the sight on zero losses (Fredendall, et. al., 1997). 

 

2.4 Reliability Centered Maintenance (RCM) 

2.4.1 Description of RCM. 

RCM is known as MSG-3 in the aviation industry, and is the process used to 

develop maintenance programs for every major aircraft (Moubray, 1992). Some of 

countries applying RCM around the world are U.S., U.K., Japan, France, Norway and 

Canada (Cheng & Jia, 2005). RCM focuses on optimizing the preventive and predictive 

maintenance to increase equipment efficiency, while minimizing maintenance costs 

(Wireman, 1998). It develops an effective strategy, combining reliability, availability, 

quality, safety, and environmental integrity (Hansen, 2002). Before entering into RCM, 

organizations need good maintenance prevention plans, good basic inspections, and good 

predictive maintenance (Idhammar, 2002). If a good maintenance program already exists, 

the RCM analysis will result in the elimination of inefficient PM tasks (Rausand, 1998). 

Nowlan and Heap (1978) define reliability as the probability that an item will 

survive, without failures, to a specified operating age under specified conditions. 

(foreword by Nabhan, 2010). Maintenance is every task to ensure that a physical asset 
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continues fulfilling its intended function. Reliability Centered Maintenance then, is 

defined as the process to determine the maintenance requirements of physical assets 

within the operating context. In other words, RCM is a process to determine what must 

be done to ensure that, physical assets will continue fulfilling their intended functions  

(Moubray, 1992). According to NASA (2008), RCM is engineered maintenance; it 

provides a technical, engineering, and economic basis for all the work performed by the 

organization. It also involves vision as much as technology. This maintenance strategy 

strives to develop the optimal mix of, an intuitive and a rigorous statistical approach, to 

decide how to maintain the equipment (Chalifoux & Baird, 1999). According to Rausand 

(1998), the main message is cost reduction, while improving production regularity, and 

safety and environmental protection. 

Time Centered Maintenance leads to unnecessary and frequently equipment 

service outages (Morais, Rolim, Coser, & Zurn, 2006). Over maintenance also reduces 

the system reliability because it could induced or introduce failures (Deshpande & 

Modak, 2002). For this reason, RCM is based on condition based maintenance. Most 

failures give a warning that they are about to occur either for random causes or wear.  

The wear out is the point where there is a rapid increase in the conditional probability of 

failure. The aim of RCM then, is failure prevention, and is more related to avoiding or 

reducing consequences of failure than to preventing failures themselves (Moubray, 1992). 

RCM does not only recognize how important failure consequences are in 

maintenance decision-making, it also classifies these consequences into the following 

four groups (Moubray, 1992): 

 

1. Hidden failure consequences: Hidden failures expose the company to other 

failures with serious and catastrophic consequences. 

2. Safety and environmental consequences: Safety consequences are hurting or 

killing someone. Environmental consequences are involved when the failure 

breaches any corporate, regional or national environmental standard. 
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3. Operational consequences: When the failure affects production. The 

consequences cost money. 

4. Non-operational consequences: Evident failures that involve only the direct cost 

of repair. 

 

Moubray (1992) also states that every item in the equipment usually has more 

than one several function. They can be divided into four categories: primary functions, 

secondary functions, protective devices, and superfluous functions. For this reason, the 

RCM process entails asking the following questions: 

 

1. What are the functions, and performance standards of the asset in its present 

operating context? 

2. In what ways will it fail to fulfill its functions? 

3. What causes each functional failure? 

4. What happen when a failure occurs? 

5. In what way does each failure matter? 

6. What can be done for preventing each failure? 

7. What should be done if an adequate preventive task cannot be found? 

 

Smith (1992) also describes RCM in wide terms. He presents a series of tools that 

constitute elements of predictive maintenance technology: lubricant analysis, vibration, 

pulse, spike energy measurement, acoustic leak detection, thermal imaging, fiber-optic 

inspection, trace element sensing, ultrasonic movement, sensing, debris analysis, creep 

monitoring, dynamic radiography measurement, stress/strain/torque measurement, 

hyperbaric moisture detection, dye penetrant measurement, non-intrusive flow 

measurement, and microprocessors with expert system software. According to this 

author, the RCM methodology is described in four features: 

 

1. Preserve functions 
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2. Identify failure modes that can spoil the functions 

3. Prioritize function need 

4. Select only applicable and effective PM tasks. 
 

Nowadays, RCM is used by an increasing number of electrical power utilities and 

industries (Bertling, 2005). This is because energy utilities are typically asset-intensive, 

so maintenance activities are a potential area for productivity improvement (Wilmeth & 

Usrey, 2000). However, in order to ensure profitable RCM applications, Bowler & 

Leonard (1994) explain that a financial evaluation must serve as a prelude to the 

implementation. After this implementation, the objective becomes the justification of the 

expenditure. RCM was designed to balance costs and benefits to obtain the best cost-

effective maintenance program (Rausand, 1998). 

Smith (1992) and other authors have proposed a set of steps to implement RCM in 

an organization. Table 2 shows the prevailing approaches: 
 

Smith (1993) Rausand (1998) U.S. Army (1999) 

1. System selection and 
information collection 

1. Study preparation 1. Define the major systems and 
components 2. System selection and definition 

2. System boundary definition 
3. Functional fialure analysis (FFA) 2. For each system, define all 

functions of that system 3. System description and 
functional block diagram 4. Critical item selection 3. For each of those functions, 

define the possible functiona 
failures that could occur 

4. System functions and 
functional failures 

5. Data collection and analysis 
6. FMEA 

5. Failure mode and effects 
analysis (FMEA) 

7. Selection of maintenance 
actions 

4. For each functional failure, 
define all possible failure modes 

6. Logic decision tree analysis 
(LTA) 

8. Determination of maintenance 
intervals 

5. For each failure mode, state 
whether it is due to improper 
operation, improper 
maintenance, or both. 

7. Task selection 9. Preventive maintenance 
comparison analysis 

 
 

10. Treatment of non-critical 
items  

  
 

11. Implementation 
 

 

12. In-service data collection and 
updating 

 Table 2. Steps for RCM implementation. 
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In order to define a good cost-effective strategy, RCM is based in a logic tree for 

decision-making, which is shown in Figure 7. This part of the RCM process asks whether 

each failure has significant consequences. If it does not, the usual default decision is no 

preventive maintenance. If it does, the next step is to ask what preventive tasks should be 

done. For instance, if a cost-effective condition monitoring is available, then a predictive 

maintenance program is indicated. If condition monitoring is not available, a time-based 

maintenance task is recommended. If a preventive maintenance task is not applicable, the 

company has to decide if the failure can be tolerated. When a failure cannot be tolerated, 

a system design change is requested. If a non-evident failure can be tolerated, a periodic 

failure finding task is specified. The last option is when a failure is evident and can be 

tolerated, then the item is run to failure and a corrective maintenance task is performed.  
 

 

Figure 7. Logic Decision Tree for RCM (NASA, 2008). 
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Here, the canon Law for run to failure is applicable: a run to failure component is 

designated because it is understood to have no safety, commitment, operational or 

economic consequence as the result of a failure. Here, there will not be a proactive, 

preventive maintenance strategy to prevent failure (Bloom, 2006). 

 

2.4.2 The Bathtub Curve Fallacy. 

For years, companies have believed in the fixed interval view of failures. The 

assumption is that most items operate in a reliably manner for a period and then wear out. 

This is true for certain equipment but, in general, equipment does not follow this pattern 

(Moubray, 1992). Conditional probability of failures fall intro six basic types, as shown 

in Figure 8. 

Pattern A is the known bathtub curve. It begins with a high incidence of failure or 

infant mortality, followed by a constant or gradually increasing failure rate, finishing in a 

wear out zone. Pattern B presents a constant or little increasing failure probability, 

finishing in a wear out zone. Meanwhile, Pattern C shows a slowly increasing the 

probability of failure with no identifiable wear out age. Pattern D shows a low failure 

probability at the beginning when, the item is new and then, a rapid increase to a constant 

level, while Pattern E shows a constant probability of failure at every age. Finally, Pattern 

F starts with high infant mortality that drops eventually to a constant or little increasing 

failure probability (Moubray, 1992). 

Studies done on civil aircraft showed that only 4% of the items follow pattern A, 

2% follow pattern B,  5% follow pattern C, 7% pattern D, 14%  pattern E and no less than 

68% follow pattern F. These findings contradict the general belief of the connection 

between reliability and operating age. Age limits do little or nothing to improve the 

reliability of complex items. Figure 8 also shows the results of studies in Bromberg and 

the U.S. Navy (Moubray, 1992). In Bromberg, pattern F predominated with 66% of the 

total failures, meanwhile pattern E accounted for the 42% of the total failures in the U.S. 

Navy. 
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Figure 8. The six different failure curves (NASA, 2008). 

 

2.4.3 NASA RCM Guide 

In 1996, the United Space Alliance was formed as a joint venture between the 

Lockheed Martin Corporation and Boeing Company, to process the NASA Space Shuttle 
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Vehicle. Since the NASA Guide for Facilities and Collateral Equipment was first 

implemented in 1996, uses and capabilities of RCM techniques have increased. Two 

years later, the RCM Orbiter Pilot Project was initially proposed in 1998 (Hauge, 

Stevens, Loomis, & Ghose, 2000). 

This guide presents the failure distribution of thirty identical 6309 deep groove 

ball bearings that were installed on bearing life test machines and ran to failure, using 

standard test procedures. Figure 9 shows the results. The wide variation in bearing life 

rejects the idea of using any time-based maintenance strategy. It will be very expensive in 

terms of opportunity costs (NASA, 2008). 

A new RCM program typically increases the maintenance costs but, this increase 

is relatively short, two to three years. Maintenance costs decrease when failures are 

prevented, and preventive maintenance interventions are replaced by condition 

monitoring. Figure 10 shows the cost trend. 

Condition monitoring activities such as predictive test and inspection, forecast 

failures in a timely way. Repair then, is performed exactly before the component fails. 

 

 

Figure 9. Failure distribution of 30 deep groove ball bearings (NASA, 2008). 
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Figure 10. The maintenance cost with condition monitoring (NASA, 2008). 

 

Figure 11 shows the detection and the onset of degradation from the initial detection, to 

alert status, and finally to remove because failure is imminent (NASA, 2008). 
 

 

Figure 11. Degradation detection through the operation time (NASA, 2008) 
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Figure 11 shows a non-linear progress of the useful life of a component. When the 

alert limit is exceeded, the monitoring time interval has to be reduced. Every time, this 

interval needs to be reduced so the component can be removed when this limit is 

exceeded, and the red zone is reached (NASA, 2008). 

With all this analysis, the NASA guide defines RCM as the optimum mix of 

reactive, time-based, condition-based and proactive maintenance practices. These 

strategies are integrated, taking advantage of their strengths, maximizing equipment 

reliability, and minimizing life-cycle costs. The NASA guide also proposes two different 

RCM approaches: the common rigorous approach, and the intuitive approach. 

Rigorous RCM Approach: It is the method first proposed, and produces the most 

complete documentation but, is rarely needed for most facilities and collateral equipment. 

This approach should be limited to the following three situations: 

 

1. The failure consequences can result in catastrophic risk terms of environment, 

safety, health, or a complete economic failure of the business. 

2. The reliability and the associated maintenance cost are unacceptable after 

implementing a streamlined type FMEA. 

3. The equipment is new, and there is no sufficient corporate maintenance and 

operational knowledge on its function and failures.  

 

Intuitive RCM Approach: It uses the same principles as the rigorous approach, 

recognizing that not all failure modes will be analyzed. It identifies and implements 

obvious, condition-based maintenance tasks with minimal analysis, and should be applied 

in two situations: 

 

1. The function of the system or equipment is well understood. 

2. Functional failures of the equipment will not result in loss of life, catastrophic 

impact on the environment, or economic failure of the business. 
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2.4.4 Frameworks and Models for RCM. 

Literature on RCM is vast. Different approaches, frameworks and models have 

been developed, showing its application, and aiming to solve the timing for maintenance 

interventions. For instance, Niu & Pecht (2009) present a condition-based maintenance 

framework that utilizes RCM. Penrose (2005) describes the use of RCM approach to 

motor management, while Chan, Liu, & Choe (2005) develop a tool for maintenance of 

power circuit breakers based on RCM. Hauge & Mercier (2003) propose a RCM Maturity 

Level Roadmap to assess an organization’s RCM maturity. Later, Morais, et al. (2006) 

suggest an RCM model for capacitor voltage transformers, meanwhile Lee, Shin, Lee, & 

Kim (2007) present RCM based train control maintenance system. In addition, there have 

been efforts to relate RCM with tools and strategies such as QFD, AHP, TQM, and Six 

Sigma (Al-Mishari & Suliman, 2008; Kianfar & Kianfar, 2010; Smith, Hinchcliffe, 

Wojtisek, & Voehl, 1991; Tian, 2010). There have been also suggestions around RCM 

such as Reliability and Risk Centered Maintenance (RRCM), Reliability Centred Asset 

Management (RCAM), and RCMII (Besnard, Fischer, & Bertling, 2010; Fararooy, 1998; 

Selvik & Aven, 2011). 

The most common analytical approaches for Reliability Centered Maintenance 

are Bayesian models, Markov chains, and Markovian processes. Basille, Aupied, & 

Sanchis (1995) illustrate the use of RCM in HV substations in France, through a 

probabilistic approach and Bayesian models. Johnston (2002b) applies RCM with 

Plausible Reasoning Theory and Bayesian Belief Networks. Three years after, De-

Siqueira (2005) presents a stochastic model of equipment failures using Markovian 

Processes, while Moon et al. (2006) define a modified Markov model for maintenance. 

One of the elements of interest, when dealing with reliability in maintenance, is 

uncertainty. Other approaches dealing with uncertain-ties are statistics, stochastic Petri 

Nets, fuzzy logic and fuzzy sets among others (Balzer, 2005; D'Addio, Savio, & Firpo, 

1997; Eisinger & Rakowsky, 2001; Kong & Meng, 2011; Rakowsky & Gocht, 2008; 

Siqueira, 2004; Wessels, 2003; Yu & Zhao, 2005).  
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Figure 12. Cost behavior in maintenance (Siqueira, 2005). 

 

Another approach proposed in different articles is the Case-Based Reasoning 

(CBR) with RCM. Cheng & Jia (2005) develop an intelligent RCM analysis system 

(IRCMAS) based on CBR and Rule-Based Reasoning (RBR). Cheng, Jia, Gao, Wu, & 

Wang (2008) also present a framework for intelligent RCM using CBR. Two years later 

Cheng, Jia, Wang, & Bai (2010) describe another framework using CBR and RCM. 

 

2.4.5 Cases of RCM implementation 

Literature has reported a lot of research on RCM. At the same time, there is also a 

vast evidence of its application in the field. Cases around the world have been well 

documented and reported. For instance, in the Scandinavian countries, Backlund & 
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Akersten (2003) present a case where RCM was introduced in a Swedish hydropower 

company. Also in Sweden, Bertling, Allan, & Eriksson (2005) present a 10-step RCAM 

analysis applied in power distribution systems, while Fotuhi-Firuzabad, Afshar, 

Farrokhzad, & Jaeseok (2009) illustrate the creation of RCM input data in the same kind 

of systems. Meanwhile, Yli-Salomaki (2005) shows the application of RCM in a Finnish 

transmission System called Fingrid, where the preventive maintenance cost reduction was 

estimated to be about 20%. 

 Also in Europe, RCM has been applied countries such as France, UK and 

Germany among others. Basille, et al. (1995) illustrate the use of RCM in high voltage 

substations in France, while Richet, Cotaina, Gabriel, & O'Reilly (1995) present an 

application in 15 foundries located in Ireland, Spain, Belgium and France. Around the 

same time, Adjaye (1994) presents an adaptation of RCM by the British Gas E&P. Also 

in UK, Renforth, White, & Nelson (1999) present an analysis in overhead lines. Years 

later, Jamsek & Bakic (2006) illustrate a RCM implementation in a transmission utility in 

Slovenia, and Ozdemir & Kuldasli (2010) show the application of RCM in the Turkish 

National Power Transmission System. One sector that has been well explored with RCM 

is the rail and train transportation. Carretero et al. (2003) show the application of RCM in 

a rail project including commuter lines in Spain, Germany and Netherlands. Wang, 

Zhang, Ma, & Wen (2009) also present an application to high-speed trains after 

Rezvanizaniani, Valibeigloo, Asghari, Barabady, & Kumar (2008) illustrated the 

application of RCM in rolling stock of the Raja Passenger Train Corporation in Iran. 

Other countries where RCM has been applied are U.S., Canada, Brazil and South 

Africa. De-Siqueira (2005) reports a case where RCM was applied to more than 90 high-

voltage stations from Brazil. Fore & Mudavanhu (2011) illustrate the application in a 

chipping and sawing mill in South Africa. Perhaps the sector that has witnessed most of 

the applications of RCM is the power generating, transmission and overhead distribution 

systems. Hamman (1995) presents an application of two pilot projects in the transmission 

operating and maintenance division of Eskom. Hardwick (1999) also describes an 

application at Florida Power Corporation before Rajotte & Jolicoeur (2000), who present 
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an application in TransEnergie’s Hydro-Quebec transmission system. In the same time, 

Wilmeth & Usrey (2000) describe the results of a pilot implementation at Xcel Energy in 

the United States, where the return on the initial investment was estimated around 640% 

in the first year. One year after, Pierpoint (2001) presents the efforts of Pepco in 

realigning the substation maintenance program. 

The list of areas where RCM has been applied includes coal-based power plant 

auxiliaries, electrical switchgears, gas turbines in thermoelectric power plants, wind-

turbine models, etc. (Bergman, 1999; Fischer, Besnard, & Bertling, 2012; Goodfellow, 

2000; Guevara & Souza, 2008; Srikrishna, Yadava, & Rao, 1996). Goodfellow (2000) 

illustrates the application of RCM to overhead distribution systems, and Schlabbach & 

Berka (2001) apply RCM for a 30 kW power system in a rural area. After this, Zdrallek 

(2004) presents an application in High-voltage distribution networks, meanwhile Kim & 

Nakhai (2008) describe RCM applied to electric power equipment after Holladay, 

Dallman, & Grigg (2006), who illustrate an application on voltage regulators in 

distribution substations at an electric utility. 

A steel melting shop, a paint-spraying robot, a paper mill, a ferrochrome 

processing plant, a distribution underground system and a naval ship system are other 

examples where RCM has been applied (Deshpande & Modak, 2002; Fore & Msipha, 

2010; Li, Yao, Huang, & Zhang, 2011; Pintelon, Nagarur, & Van Puyvelde, 1999; Reder 

& Flaten, 2000; Robinson, 2010). Even the medical and the housing sectors have used 

RCM. According to Sandrick (2004), hospitals are also turning to RCM. Waier (2002) 

describes the experiences of Dartmouth Medical School in Hanover N.H., Central Health 

in Lynchburg, Va., St. Louis University Hospital and John Muir Medical Center, Walnut 

Creek, Calif. On the other hand, El-Haram & Horner (2002) evaluate the application of 

RCM in 18 houses from Dundee City Council housing stock. More examples of the 

application of RCM are McDonnell Douglas DC-8 Airplane, Puget Sound Power & Light 

Company, Bonneville Power Administration, BC Hydro and Power Authority and TXU 

(Brauer & Brauer, 1987; Wilmeth & Usrey, 2000). 
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2.4.6 The Economics of RCM. 

Maintenance is an economic problem in which reliability is just a factor, and 

RCM strikes no economic balance when considering redundant items. It just assumes that 

no loss of production will occur if there is a full standby (Sherwin, 1999). Nevertheless, 

the core point is that benefits, which should generate tangible flow savings, will exceed 

any investment in redundant systems. There are three critical techniques to evaluate 

RCM: cash flow techniques, net present value (NPV), and internal rate of return (IRR). If 

a benefit cannot be calculated, it must be estimated instead excluding it because is 

intangible (Bowler & Leonard, 1994). If a benefit is intangible, it should not be excluded 

from the scope during the evaluation; it should only be omitted when its financial impact 

is insignificant (Bowler, Primrose, & Leonard, 1995). 

According to Johnston (2002a), two metrics for RCM are of particular interest: 

total maintenance cost, and the proportion of reactive maintenance to total maintenance. 

Bowler, et al. (1995) state that two cost categories should be recognized: initial costs and 

ongoing costs. Initial costs are management awareness training, RCM project team 

inception and computer system acquisition. Meanwhile, ongoing costs are maintenance 

personnel cost, operations personnel costs and additional maintenance costs following the 

RCM analysis. 

Cases of companies yielding important savings through RCM have been reported 

in the literature. A paper mill in Georgia contracted a thermography company whereupon 

the mill saved $68,964 per inspection, accounting for 92% of savings using infrared 

windows. The ROI was achieved within the second inspection cycle and, by the fifth 

cycle the ROI was over $280,000 USD (Robinson, 2010). Fore & Msipha (2010) present 

a case where the expenditure on maintenance of a ferrochrome processing plant was 

$10,152,022 on December 2006. Just for January 2007, this expenditure decreased, down 

to $6,184,525. Meanwhile Kong & Meng (2011) give an example in a petrochemical 

enterprise, where the maintenance cost would save $42,849,000 annually. 

 Research and field cases of RCM have shown the importance that this 

maintenance strategy has gathered. Nevertheless, very few authors have focused in the 
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real economics of RCM, not just describing savings but, modeling costs and digging 

deeper to look at the derived savings. Some of the first authors focusing in this area are 

D´Addio, Savio and Firpo. In 1997, these authors propose a model for the maintenance 

overall cost CFM, which is applied in the Italian High-Speed Railway System (D'Addio, et 

al., 1997).
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The nomenclature is presented in Table 3. The same authors presented in 1998 a 

RCM approach, using Stochastic Petri Nets. Here, they defined the cost of operations & 

support as follows (D'Addio, Firpo, & Savio, 1998): 
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OPOPOP TcC *=
                                                    

 (19) 

INSPINSPINSP cNC *=                                                  (20) 

 

LOSSLOSSLOSS TcC *=                                                  (21) 

 

D’Addio, Savio, Firpo 1997  D’Addio, Firpo & Savio 1998 
CCM= Corrective Maintenance Cost CO&S= Operations & Support Cost 

CHT= Hard Time Maintenance Cost COP= Normal Operation Cost 

COC= On Condition Maintenance Cost CCM= Corrective Maintenance Cost 

COP= Maintenance related Operational Cost CPM= Preventive Maintenance Cost 

CcoCM= Call out Cost (Corrective Maintenance) CINSP= Inspection Cost 

CcoHT= Call out Cost (Hard Time Maintenance) CLOSS= System Loss Cost 

CcoOC= Call out Cost (On Condition Maintenance) CcoCM= Call out cost for CM 

cp= Maintenance personnel cost rate CcoPM= Call out cost for PM 

cOP= Maintenance related Operational cost rate Csp= Spare cost 

csp,m= Spare m unit cost cp= Maintenance personnel cost rate 

NCM= No. of Corrective Maintenance actions cLOSS= Production Loss cost rate 

NHT= No. of Hard Time Maintenance actions cOP= Normal Operation cost rate 

NOC= No. of On Condition Maintenance actions cINSP= Single Inspection cost 

Nsp,m= Number of spares m utilized NCM= No. of CM actions 

n= No. of different types of spares utilized NPM= No. of PM actions 

MTTR= Mean Time To Repair NINSP= No. of Inspection actions 

TOC= On condition Maintenance duration j= No. of single system components 

PHT= Hard Time probability during operation MTTR= Mean Time To Repair 

POC= On Condition probability during operation TOP= Operating time 

  PLOSS= System loss time 

Table 3. Nomenclature (D’Addio, et. al., 1997). 

 

Wessels (2003) proposes a cost-optimized scheduled maintenance interval. 

According to this author, the cost function is a constraint required to characterize the 

interval. It takes into account direct costs, indirect costs, lost opportunity and unrealized 
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marginal revenue. He defines the lost opportunity as marginal revenue lost by the 

inability to operate the system due to a failure of the lowest replaceable unit LRU. 

However, his economical formulation falls short: 

 

ppppcpcpmp CFCFC +=                                                (22) 

 

where the Cmp is the predicted maintenance cost and is a function of the predicted number 

of corrective maintenance actions per thousand hours Fcp, the predicted mean cost of 

corrective maintenance actions Ccp, the predicted number of predictive maintenance 

actions per thousand hours Fpp, and the predicted mean cost of the predictive maintenance 

actions Cpp. 

Two years after, Chan, et al. (2005) develop a tool for maintenance of power 

circuit breakers, where they model the total outage cost as: 
 

erOT CCCC ++=                                                   (23) 
 

where Co is the customer outage cost, Cr is the repair and replacement cost and Ce is the 

customer expectation cost. These costs are calculated as follows: 

 

OUThiO TCCC *+=                                                   (24) 
 

lpr CCC +=                                                       (25) 
 

where Ci is the expected initial shutdown cost, Ch is the expected customer outage cost 

per hour, Cp is the hardware cost and Cl is the labor cost. 

In the same year, Bertling, et al. (2005) present an analysis where he basically 

explains the cost of preventive maintenance as the product of, the time that preventive 

maintenance was executed, multiply by the general cost of this activity. In the same way, 

for corrective maintenance, they multiply times by cost of each intervention. They also 

include the cost of interruption, which is obtained by multiplying the times there were 
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interruptions by the cost of each interruption. A year after Itakura et al. (2006) suggest 

that planned downtime cost should be defined as the sum of opportunity cost: 

 

( ) ( ) ( ){ }∑ += txMtnCosttxOppCosttxPDC pl ,,,                            (26) 

 

where x is the vector of equipment in a plant, t is plant downtime, OppCost is the 

opportunity cost and MtnCostpl is the cost of planned maintenance. In the same way, the 

unplanned downtime defined as: 

 

( ) ( ) ( ) ( ){ } LosstxRcvOprtxMtnCosttxOppCosttxUDC upl +++= ∑ ,,,,          (27) 

 

where MtnCostupl is the cost of unplanned maintenance, RcvOpr is the cost of the 

recovery operation of the failure process, and Loss is the material and/or product loss. If 

ExUDC>PDCsum, maintenance is done too little and if ExUDC<PDCsum, maintenance 

is done too often. 

In the same year, Moon, et al. (2006) explain that the total cost, when modeling 

one equipment, is the sum of the state, transitional and maintenance costs: 
 

MCTrCSCTCe ++=                                                (28) 

Where 

∑= iii rPSC´                                                       (29) 

 

∑∑= ijij rfTrC                                                    (30) 

 

 Cost eMaintenancMC =
 
                                           (31) 

 

SC’ is the state cost obtained by multiplying the time studying at each state by cost units 

per time. TrC is the transitional cost obtained from the frequency going from state i to j, 

multiplied by cost units. Finally, MC is the maintenance cost. 
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Three years after, Long, Shenoi, & Jiang (2009) developed an optimal maintenan-

ce strategy to minimize maintenance costs, as well as the total lifetime operating cost 

(TLOC). According to these authors, the cost of failures and maintenance TLOCFM is: 

 

( ) ( )[ ]11 1** −− −+= iuipiFMi tMFOPSCtMFOPSCTLOC                       (32) 

 

where MFOPS(ti-1) refers to the initial value of MFOPS(t) for the ith cycle, and Cpi is the 

sum of the cost of scheduled preventive maintenance, the cost of the process, and the cost 

of lost production and efficiency, while the system is withdrawn for preventive 

maintenance. Cpi can be defined as: 

 

( )[ ]MMTCCCCC PPLMMOpi +++= 1                                    (33) 

 

where CMO refers to the average materials cost per preventive maintenance without 

replacing that item. The cost of the replaced parts or materials is represented by CM1. CL 

refers to maintenance and repair labor cost per unit time, and CPP refers to process cost 

per unit time during scheduled preventive maintenance. MMT is the mean maintenance 

time. 

On the other hand, Cu refers to the cost of failures and maintenance derived from 

corrective maintenance on the system: 

 

( )[ ]MRTCCCC PBLRu ++=                                           (34) 

 

where CR is the average materials cost per repair, MRT refers to the mean repair time, and 

CPB is the cost of the process per unit time following a breakdown. 

Besnard, et al. (2010) propose a different approach to model the life cycle cost 

(LCC) as: 
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where CInv is the initial investment for the maintenance strategy, CPM, CCM and CPL are 

the costs for corrective maintenance, preventive maintenance costs and production losses 

respectively, and CSer is the cost for service during the year i. N is the expected lifetime of 

the system and r is the interest rate. 

 

2.5 Cost of Quality (COQ) 

2.5.1 Description of COQ. 

Benefits from investing in quality are often seen as problematic since high returns 

are usually associated with high risk (Plunkett & Dale, 1988). This is the reason why 

industrial managers tend to be afraid of spending a lot of money on achieving quality 

(Bajpai & Willey, 1993). While perfection is a goal in the long term, it does not imply the 

best economical goal in the short term (Juran, Godfrey, Hoogstoel, & Schilling, 1999). 

The basic quality problem is to strike the right balance between the cost of quality and the 

value of quality (Juran, 1951). However, according to Giakatis, Enkawa, & Washitani 

(2001), it would be better for a company to make a distinction between, quality costs and 

quality losses before trying to reduce quality losses. Either as a quality cost or quality 

loss, the shipping door of a company wastes the equivalent of 5% to 25% of what it 

produces (Kennedy, 1949). 

In order to improve quality, there is a need for a new approach in terms of money 

(Juran, Gryna, & Bingham, 1974). In any situation, spending money on quality programs 

without estimating the expected benefits will lead to investments with little or no impact 

on the bottom line (Schiffauerova & Thomson, 2006a). Even more, spending money this 

way is like shooting in the dark (Tatikonda & Tatikonda, 1996). 

Cost of Quality serves as a mean to evaluate investments in quality in terms such 

as cost improvement or profit enhancement. It is the foundation for the economics of 

quality-systems (Feigenbaum, 1983). Cost of Quality could be defined as the difference 

between actual operating costs, and operating costs if there were no failures and no 

mistakes (Lenane, 1986). According to Dale & Plunkett (1995), the BS4778 defines 
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quality cost as the expenditure associated with a product or service, incurred by a 

producer, the user, and the community. The standard also defines a quality-related cost as 

the expenditure due to defect prevention and appraisal activities, and the losses due to 

internal and external failures. The British Standard BSI (1990) also defines quality 

related cost as the cost to assure quality, and the loss incurred when quality is not 

achieved. Juran, et al. (1999) state that cost of quality means the cost of poor quality, 

such as cost of inefficient processes, cost of nonconformities, and cost of lost 

opportunities for sales revenue. It is not quality that is costly; however, it is the absence 

of it that entails cost. It is possible to achieve a cost reduction by improving quality 

(Albright & Roth, 1994). COQ can be used as a method to shift the incurred costs into 

efforts for preventing waste (Ostrenga, 1991). 

Quality costs may range from 5 to 25% of an organization’s annual sales turnover. 

Many of these costs are excess operation costs due to an inability to get things right the 

first time (Dale & Plunkett, 1995). Measuring these costs requires both technical 

knowledge and accounting know-how (Tatikonda & Tatikonda, 1996). COQ 

encompasses the entire system, from top management, research and development (R&D), 

to production, engineering, material handling, training and purchasing (Chiu & 

Beruvides, 2001). COQ is one of the best means to quantify the quality level; it enables 

justifying projects, calculating the rate of return or return on investment (ROI), acquiring 

top management attention, and getting direction for improvement efforts (Apfelberg, 

1996). The return of quality (ROQ) can be also calculated. Any improvement on COQ 

will also result in a leaner organization (Kumar & Brittain, 1995). However, COQ 

programs do not improve the quality by themselves; they only provide input and 

feedback to quality systems (Sower, Quarles, & Broussard, 2007). Even when this 

programs can be far away from being perfect, they are extremely useful (Johnson, 1995). 

According to Sandoval-Chavez & Beruvides (1998b), the following six primary 

theories about COQ have been proposed: Juran’s unavoidable and avoidable groups, 

Lesser’s PAF categories, Feigenbaum’s description of COQ, Juran’s quality tradeoff 

model, Kume’s business management of COQ and Juran’s revised model. Juran (1951) 
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proposes the first definition of what he called standard or unavoidable costs. These costs 

include material, depreciation and maintenance, the direct labor associated, and the 

related overhead. The counterpart is the avoidable costs, which Juran defines as “the gold 

in the mine” and triggers three deciding points: 

1. Whether quality improvement is a major problem. 

2. How big a program of improvement is? 

3. Where are the best points to attack? 

 

Crosby (1979) divides the these quality costs into conformance and 

nonconformance costs, where the cost of conformance is the price for preventing poor 

quality, and the cost of non-conformance is the cost of poor quality caused by failures in 

the product or service. Schiffauerova & Thomson (2006a) summarize in Table 4 the 

generic COQ models and cost categories. According to  Juran, et al. (1999), objectives of 

measuring the cost of quality are: 

 

1. Quantify the size of the problem in language that will impact on upper 

management. 

2. Identify major opportunities to reduce the cost of poor quality throughout every 

activity in the organization. 

3. Provide a mean for measuring the result of quality improvements activities 

instituted to achieve the opportunities identified. 

 

Plunkett & Dale (1993) define three wide groups of contributions when 

measuring the COQ. First, they can be used to promote quality as a business parameter. 

Second, they give rise to performance measures. Third, they provide means for 

controlling quality costs. The COQ then, is a good blessing when is used as a tool to 

focus attention on quality management but, used as an accounting measurement, it 

becomes a useless pain (Crosby, 1979). 
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Generic 
model Cost/activity categories Examples of publications describing, analyzing or 

developing the model 

P-A-F models 

   prevention 
+ appraisal 
+ failure 

Feigenbaum, 1956; Purgslove and Dale, 1995; Merino, 
1988; Chang et al., 1996; Sorquist, 1997b; Plunkett and 
Dale, 1988b; Tatikonda and Tatikonda, 1996; Bottorff, 
1997; Israeli and Fisher, 1991; Gupta and Campbell, 
1995; Burgess, 1994; Dawes, 1989; Sumanth and Arora, 
1992; Morse, 1983, etc. 

Crosby´s 
model 

   conformance 
+ non-conformance Suminsky, 1994; Denton and Kowalski, 1988 

Opportunity 
or intangible 
cost models 

   prevention 
+ appraisal 
+ failure 
+ opportunity 

Sandoval-Chavez and Beruvides, 1998; Modarres and 
Ansari, 1987 

   conformance 
+ non-conformance 
+ opportunity 

Carr, 1992; Malchi and McGurk, 2001 

   tangibles 
+ intangibles Juran et al., 1975 

P-A-F 
(failure costs includes 
opportunity cost) 

Heagy, 1991 

Process cost 
models 

   conformance 
+ non-conformance 

Ross, 1977; Marsh, 1989; Goulden and Rawlins, 1995; 
Crossfield and Dale, 1990 

ABC models    value-added 
+ non-value-added 

Cooper, 1988; Cooper and Kaplan, 1988; Tsai, 1998; 
Jorgenson and Enkerlin, 1992; Dawes and Siff, 1993; 
Hester, 1993 

Table 4. Generic COQ models and cost categories (Schiffauerova & Thomson, 2006a). 
 

COQ will remain a performance measure without focus as long as it is not 

positioned as a mean to support the reduction of non-value added costs (Ostrenga, 1991). 

According to Lenane (1986), the problem is that quality is used tactically rather than 

strategically, and a failure in the integration of a defect prevention philosophy will result 

in a clash of philosophies. In addition, companies must be careful because the classic 

COQ system fails to reveal the cost of non-quality and the hidden production capacity. 

As Kume (1985) states, quality cost systems always deal with visible costs and an 

organization only guided by visible costs may be mismanaged.  



Texas Tech University, Rodrigo E. Peimbert-Garcia, December 2012 

 

 58 

2.5.2 COQ Categories 

The cost of quality takes into account many different costs. Different approaches 

have been made to group these costs. The British Standard BSI (1992) follows Crosby´s 

categories: the cost of conformance and the cost of nonconformance. First, costs of 

conformance are the intrinsic costs of offering products or services according to declared 

standards. These costs do nothing to indicate an efficient or a necessary process. On the 

other hand, costs of nonconformance are costs of waste such as time, material and 

capacity associated with unsatisfactory goods and services. 

Following the same criteria, the principal quality-cost areas are also broken down 

in cost of control and cost of failure of control. In turn, the costs of control are measured 

in two segments: prevention costs and appraisal costs, while costs of failure of control are 

divided in internal failure costs and external failure costs (Feigenbaum, 1983): 

Prevention costs. These costs keep failure and appraisal costs to a minimum. The 

objective is to keep defects and nonconformities from occurring (Feigenbaum, 1983; 

Juran, et al., 1974). As Bain (1989) states, prevention costs represent the investment to do 

things right the first time. Any cost of an action taken to prevent or reduce the risk of 

nonconformity is considered a prevention cost (BSI, 1990). Examples of these costs are 

training, quality planning, new-products review, process control, quality data acquisition, 

quality reporting and improvement projects, design reviews, product qualification, 

engineering quality orientation, drawing checking, specification review, quality 

orientation, zero defects program, acceptance planning, preventive maintenance, 

verification of design, supplier assurance, acquisition analysis, setting up, and 

maintaining a documented quality system among others. (BSI, 1990; Crosby, 1979; 

Foster, 1996; Juran, et al., 1974). 

Prevention activities can reduce appraisal and nonconformance costs (Shepherd, 

2000). As the old phrase states, “an ounce of prevention is worth a pound of cure”.  Only 

prevention costs provide a return on investment as a reduction of the overall COQ 

(Ostrenga, 1991). At the same time, prevention programs are the most difficult to 

implement because, vision and innovation are required plus a break from the status quo 
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(Gupta & Campbell, 1995). In the worst case, if a quality problem cannot be prevented, 

the next best thing is early detection (Superville & Gupta, 2001). 

Appraisal costs. These are costs incurred to discover the condition of the product. 

They represent the efforts to ensure compliance with customer requirements. They 

include the cost for maintaining quality levels, and evaluating the achievement of the 

quality requirements (Bain, 1989; BSI, 1990; Feigenbaum, 1983; Juran, et al., 1974). 

Examples of appraisal costs are incoming material inspection, inspection and test, 

materials and services consumed in inspection, maintaining accuracy of test equipment, 

evaluation of stocks, outside endorsements, quality audits, supplier surveillance, packing 

inspection, product acceptance, status measurement, laboratory acceptance testing, field 

performance testing, and record storage (BSI, 1990; Crosby, 1979; Feigenbaum, 1983; 

Juran, et al., 1974). 

Internal failure costs. These are costs that would disappear if no defects exist, and 

include costs of unsatisfactory quality. They basically represent things that go wrong in 

the process (Bain, 1989; Feigenbaum, 1983; Juran, et al., 1974). Scrap, spoilage, 

reworked material, rework, retest, downtime, yield losses, consumer affairs, redesign, 

corrective actions, replacement, troubleshooting or defect/failure analysis, fault and 

subcontractor, modification permits and concessions, corrective maintenance and 

disposal of all scrap are examples of internal failure costs (BSI, 1990; Crosby, 1979; 

Feigenbaum, 1983; Foster, 1996; Juran, et al., 1974).  

External failure costs. These costs also would disappear if there were no defects. 

They are costs due to defects found after shipped to the customer (Juran, et al., 1974). 

Examples of these costs are product-performance failures, customer complaints, returned 

material, warranty charges and allowances, concessions, recall costs, and product 

liability. The highest percentage of the quality money is usually spent on this category 

and on internal failures, which together represent the lowest payback category (BSI, 

1990; Feigenbaum, 1983; Gupta & Campbell, 1995; Juran, et al., 1974).  

According to Feigenbaum (1983), internal and external failure costs may account 

for 65 to 70%, while appraisal costs might range in 20 to 25%, and prevention costs do 
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not exceed 5 to 10%. Dale & Plunkett (1995) state that the total COQ may account for 4 

to 14% of the company’s turnover. 

After the PAF was first proposed, Juran, Seder, & Gryna (1962) proposed the 

tradeoff contrasting prevention plus appraisal costs, and failure costs. The graph on the 

left side of Figure 13 presents this tradeoff. An increase in prevention costs will reduce 

the amount of product defects and nonconformities. A reduction on defects implies a 

reduction in failure costs. This defect reduction has a positive effect on appraisal costs. 

Moreover, when an upgrading of quality-control equipment and practices take place, an 

additional reduction in appraisal costs results (Feigenbaum, 1983). The model then, 

implies a quality acceptable level due to the tradeoff between prevention and appraisal 

costs, and failure costs (Porter & Rayner, 1992). 

 

 

Figure 13. Traditional and revised Juran´s models. 

 

Years after the first model was proposed, some authors started a controversy, 

challenging the concepts supporting the model. The main point was that Juran’s model 

shapes the perception that an optimal level of quality must be somewhere below 

perfection. From the failure standpoint, the model is right, assuming that failure costs 

decrease when the quality level is increased but, from both the prevention and appraisal 
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perspectives, this COQ model assumes a producer with poor quality performance 

(Freiesleben, 2004). 

 As a respond to these critics, Juran proposed a revised model in 1993, where the 

total Cost of Quality is minimized when the quality level reaches 100%. The revised 

model shows perfection as the most desirable objective. According to Freiesleben (2004), 

the new COQ model first presented by Kondo in 1989, and reflects Deming’s viewpoint 

about not needing a COQ model to determine an optimal level of quality. 

Chen & Tang (1992) support the goal of finding the right balance. According to 

them, greater investment in prevention and appraisal activities will lower the resultant 

costs. Meanwhile, more preventive expenditures result in less appraisal costs. As the 

company’s quality system matures, failure costs and total COQ decrease (Sower, et al., 

2007). The dynamic of COQ when the quality system matures can be seen in Figure 14. 

 

 

Figure 14. Cost per unit of good product over time. 
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The PAF model is the only recognized standard for quality costs and allows the 

inclusion of lost opportunities (Porter & Rayner, 1992). Among the advantages of this 

model are its universal acceptance and the fact that, it provides keyword criteria to decide 

whether costs are quality related (Plunkett & Dale, 1988).  

As was stated before, the model allows the inclusion of other costs. For instance, 

Modarress & Ansari (1987) point that the cost of inefficient utilization of resources and 

its subsequent losses are not included in the PAF model, and the fifth dimension of the 

model should be the cost of quality design, while the sixth the cost of inefficient 

utilization of resources. Giakatis, et al. (2001) support this by explaining that important 

hidden costs are manufacturing loss and design loss. 
 

2.5.3 Research on COQ 

Research on COQ is abundant in the literature. Different approaches and 

frameworks have been developed (Czuchry, Yasin, & Little, 1999; Malmi, Järvinen, & 

Lillrank, 2004; Quinn & Bhatty, 1984; Yasin, Czuchry, Dorsch, & Small, 1999). Elsen & 

Followell (1993) propose a process cost model that supports the never ending TQM 

axiom. In the same year, Nandakumar, Datar, & Akella (1993) developed a stochastic 

dynamic programming model for measuring the COQ, using a nonlinear function. A 

M/G/1 queue is defined, incorporating time and the costs of time. Later, Wasserman & 

Lindland (1996) present a dynamic cost model. They also state that a correct conceptual 

COQ model does not really exist. Jeffrey (2003) presents an expanded quality cost model 

using Harrington’s model, and a year after, Weheba & Elshennawy (2004) propose a 

mathematical model. Another mathematical model is developed by Kim & Nakhai 

(2008). This model tries to explain the dynamic behavior of COQ. Another year after, 

Kiani, Shirouyehzad, Bafti, & Fouladgar (2009) propose a model to analyze the influence 

of COQ. In page 64, Figure 15 shows the general view of this model. 

Many cases around the world have shown evidence about the use of COQ. 

Companies in countries such as India, Australia, Scotland and U.S. have witnessed the 

implementation of a COQ system (Desai, 2008; Oliver & Qu, 1999; V.P. & 
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Sankaranarayanan, 2008; Whitehall, 1993). Sectors where COQ has been applied vary 

from pulp and paper mills, textile industries and water utilities, to software, universities, 

technical institutes and government (Akhade & Jaju, 2009; Banasik, 2009; Carr & 

Ponemon, 1994; Krishnan, Agus, & Husain, 2000; Mukhopadhyay, 2004; Radziwill, 

2006; Rodin, 2009; Schiffauerova & Thomson, 2006b). Quinn & Bhatty (1984) present a 

case at Manufacturers Trust Company (MHT) where, the COQ methodology was applied, 

whereupon they reached a 37% reduction in the total cost of quality. Two years later, 

Schrader (1986) explains how FMC Corporation has utilized COQ, shifting costs from 

failure correction to prevention and appraisal. At the same time, Modarress & Ansari 

(1987) worked listing the major problems and some recommendations. Here, they 

presented a case at Stacoswitch Company where quality costs were reduced by 34%. 

During the 90’s, Suminski Jr (1994) presents two cases in an equipment manufacturer at 

New England, and a Midwestern U.S. smoke detector manufacturer. After all these cases, 

an interesting case is presented by Halevy & Naveh (2000). They presented shocking 

results of a survey of COQ in Israel, where they were able to measure the COQ at a 

National level in sectors such as building, health services, the banking system, and the 

public sector. They found that major contributors to losses, due poor quality, were wastes 

of human resources, lack of preparedness for market, repair and scrap. The total COQ 

was estimated in about $15-16 billion of waste per year.  

Other general examples are ITT, the Federal Reserve Bank of Philadelphia, North 

American Philips Consumer Electronics Co., Motorola, Westinghouse, MBNA America, 

Formosa plastics, Ford motor company and Tennant company (Gupta & Campbell, 1995; 

Shank & Govindarajan, 1994). Perhaps the most known case of successful is Xerox. 

According to Carr (1995), this company is the most successful user of COQ, linking 

quality-related costs to overall performance. The philosophy is that appropriateness is 

more important than precision. In 4 years, Xerox saved more than $200 million applying 

COQ principles to its U.S. sales and marketing group (Carr, 1995). Different literature 

reviews have been presented (Kumar, Shah, & Fitzroy, 1998; Shank & Govindarajan, 

1994; Sumanth & Arora, 1992; Vaxevanidis & Petropoulos, 2008). 
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Figure 15. Elements influencing the COQ (Kiani, et. al., 2009).
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2.5.4 Opportunity Costs 

A cost element that many researchers usually list without comment is the lost 

opportunity costs. These are costs having a direct impact on performance. Sometimes, 

they are considered as a special category in the external failure costs (Dale & Plunkett, 

1995). According to Dale & Plunkett (1995), the chartered institute of management 

accountants (CIMA) defines opportunity costs as the value of the benefits sacrificed in 

favor of an alternative course of action. 

When opportunity losses are embody into the traditional PAF model, the COQ 

results in a more important strategy for the company (Campanella, 1999). Indeed, the use 

of opportunity costs for COQ programs has already provided sound results 

(Schiffauerova & Thomson, 2006a). The first time this type of costs were mentioned was 

by Lesser (1954), mentioning that it is difficult to identify hidden costs such as extra 

costs due to poor quality planning, lost business due to a poor quality reputation among 

customers and inherent product design weakness. Modarress & Ansari (1987) also point 

in this direction defining two mode dimensions for the PAF model: cost of quality design 

and inefficient utilization of resources. However, it was until Sandoval-Chavez & 

Beruvides (1998a) published their work that there was evidence of the inclusion of 

opportunity costs in a real case. These authors proposed a PAF+L model were L 

represents losses due to down and/or idle time, poor service, broken units at the time of 

delivering, broken units inside and lack of raw materials. Before this, the general belief 

was that opportunity costs had been only a small fraction of the COQ of an organization. 

The results of this study found that opportunity costs accounted for 83% of the total 

revenue lost and around 56% of the total profit not earned. These results contradicted the 

belief that PAF costs accounted for the largest amount of COQ of an organization. The 

conclusion is that opportunity costs may be more relevant than it was initially realized 

and, if this is the case, opportunity costs might change the composition of the COQ in an 

organization (Beruvides & Sandoval-Chávez, 1997).  
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Examples of these hidden costs are lost capacity spent on producing defectives, 

downgrading, loss of custom and goodwill, unplanned substitution of material, loss of 

capacity, sales opportunities, revenue and profit, delay and down time due to defective 

products, extra cost due to poor quality planning, costs of redesign of products, cost of 

changing processes, scrap and errors not reported, costs of downtime of equipment and 

systems, extra process costs due to excessive product variability, loss of productivity, 

additional labor hours, extra inventory, increased engineering time, increased 

management time and so on (Carson, 1993; Chiu & Beruvides, 2001; Dale & Plunkett, 

1995; Juran, et al., 1999). 

 

2.5.5 COQ Analysis. 

Digging deeper in the cost function, three authors breakdown its components in 

detail. First, Chiadamrong (2003) develops an empirical model with the traditional PAF 

expenses and hidden opportunity quality loss costs. He defines six different invisible 

quality costs: material cost Cmat, machine cost Cm/c, labor cost Clabour, set-up cost Csetup, 

failure repairing cost Crp and ordering, receiving and delivery costs Crd. 

 

( )units defective to due cost extracost mat indirect  cost mat directCmat ++= ..    (36) 

cost resold scrap−
 

 

parts normal for cost operating machineC cm =/                           (37) 

reworks for cost operating machine+  
 

units normal operating from incurring cost labour directClabour =             (38) 

units rework operating from incurring cost labour direct+
 

fringescost labour indirect ++  
 

 parts reworkby  caused cost upsetparts normalby  caused cost upsetCsetup −+−=  (39) 
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parts normal to due cost repairing failureCrp =                          
 (40) 

units defective to due cost rep. failure+  

 

parts normal for costsdelivery  and receiving ordering,Crd =
              

 (41) 

parts treplacemen for costsdelivery  and receiving ordering,+  

 

He also defines two visible costs; preventive maintenance cost Cpm and product 

sampling, inspection and testing cost Cap. 
 

time unit per cost emaintenanc preventiveC pm =                           (42) 

time emaintenanc preventive total*
 

 

cost inspection group subsamplescost samplingCap −+=                   (43) 

cost inspection 100%+  
 

Finally, three opportunity costs are also included: idle cost Cidle, waiting cost Cproc 

or Cbatch, and lost opportunity cost Cefo. An opportunity cost is defined as a potential 

profit that is sacrificed when the choice requires giving up an alternative course of action. 

They do not represent actual money but still represent economic benefits foregone as a 

result of pursuing another alternative. 

 

equipment the of time idle totaltime unit per costy opportunit idleCidle *=       (44) 

 

 time unit per costy opportunit waitingC proc =                             (45) 

parts rework of time  waitingprocess total parts normal time  waitingprocess total −*  

 

timeunit per costy opportunit waitingCbatch =                             (46) 

 produced parts time  waitingbatch total*
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customer the to  soldunits defective of numberCefo =                       
 (47) 

part defective a by selling customer a ingdissatisfy of cost*  

 

The other two authors worked together around 8 years after Chiadamrong. Omar 

& Murugan (2011) modified and extended Chiadamrong’ model using type I and type II 

errors. They proposed the following relationships: 

 

( ) ( ) ( ) ( ) ( ) ( )frhmlbcmmatPIQC CECECECECECE ++++= //                   
 (48) 

 

where E(Cmat) is the expected material cost, E(Cm/c) is the expected machine cost, E(Clb) 

is the expected labor cost, E(Cm/h) is the expected handling cost and E(Cfr) is the expected 

repair cost. The expected opportunity cost is: 

 

( ) ( ) ( ) ( ) ( ) ( )efcwcinvidlesetupOC CECECECECECE ++++=                     (49) 

 

where E(Csetup) is the expected setup cost, E(Cidle) is the expected idle cost, E(Cinv) is the 

expected inventory cost, E(Cwc) is the expected waiting cost and E(Cefc) is the expected 

external failure cost. The expected visible quality cost is: 

 

( ) ( ) ( ) ( )FailureAppraisalPreventionVQC CECECECE ++=                            (50) 

 

where E(CPrevention) is the expected prevention cost, E(CAppraisal) is the expected appraisal 

cost and E(CFailure) is the expected failure cost. Finally, the total cost of quality can be 

represented as: 

 

( ) ( ) ( ) ( )VQCOCPIQCCOQ CECECECE ++=                                  (51) 
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2.5.6 Cost of Quality in Maintenance 

In contrast to the vast literature about maintenance and the COQ, little efforts 

have been made in relating these two concepts. Literature about COQ in maintenance is 

very scarce. Harrington (1981) mentions that some of the things that can improve 

productivity are capital equipment investment, automation-robotics and doing the job 

right the first time and that one of the incurred quality costs is the backup equipment 

maintained so it is ready when equipment fails. Whitehall (1993) states that capital 

equipment poses a special problem and large expenditures can distort the quality costs. At 

the same time, Carson (1993) explains that some of the data sources to measure the 

quality costs are maintenance expenditure, downtime records and yield. After this, Hui, 

Leung, & Linn (2001) develop a time-dynamic economic model for single-pass turning. 

They presented in detail the maintenance costs, but they never mention the PAF model or 

any COQ model in the paper. They define maintenance costs such as machine operating 

costs, quality costs, tool replacement costs and tool regrinding costs. The last work found 

relating cost of quality and maintenance is an online free document. Here, Weinstein, 

Vokurka, & Graman investigate how to integrate the COQ concept and cost of 

maintenance for a maintenance policy. According to them, the cost of maintenance 

analysis should include categories for preventive, inspection, and emergency 

maintenance. The authors present four examples in a steel mill of how maintenance is 

related to quality costs. Nevertheless, the study falls short, and a cost analysis or a real 

case is not presented. 
 

2.6 Summary of the Cost Models 

There have been some authors addressing maintenance initiatives. Some attempts 

have been made in order to model the economics of these initiatives, but a link through a 

formal economic model or a management tool, such as the Cost of Quality, is still 

missing. Even when articles include part of the quality costs groups or components 

associated with maintenance, the COQ tool has not been tested in maintenance related 

activities. Table 4 summarizes the models found in the open literature: 
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Cost group Cost component 
D'Addio 

et al., 
1997 

D'Addio 
et al., 
1998 

Chan et 
al., 2005 

Moon, 
2006 

Chiadamrong, 
2003 

Omar & 
Murugan, 

2011 

Juric, et 
al., 2006 

Bertling 
et al., 
2005 

Itakura, 
2006 

Wessels, 
2003 

Prevention M M M M A A   A A A 

Preventive 
maintenance 

Call out X X     

            
Maintenance personnel rate X X X X 

Spare units and materials X X X X 
Process per unit time       X 

Appraisal M A     A A         

Inspection 
Call out X 

                  
Maintenance personnel rate X 

Failure M M M M M M M A A A 

Corrective 
maintenance 

Call out X X           

      

Maintenance personnel rate X X X X X X   
Spare units and materials X X X X X X   

Process per unit time       X       
Shutdown  / Breakdown     X       X 

Customer outage     X         
Ordering and delivery of parts         X     

Handling           X   
Setup/adjustment         X   X 

Minor stop             X 
Equipment         X X X 
Operator             X 

Quality losses             X 
Reduced equipment speed             X 

Opportunity   M M   M M     A   

Opportunity 

Production loss rate 

  

X   

  

    

        

Customer expectation   X     
Set-up       X 

Idle     X X 
Inventory       X 
Waiting      X X 

External failure       X 
Lost opportunity     X   

Note:  M : represents the categories which the authors measured. These are followed by X marks in the cost components that were measured. 
                           A : represents the categories which the authors just addressed from a general perspective without any measurement of cost components 

Table 5. Summary of the Cost Models.
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As shown in Table 4, 10 publications were found for modeling the economics of 

maintenance either in TPM, RCM or COQ. While the first columns list the four 

publications that measure the prevention costs, only D´Addio et al., (1997) measure the 

appraisal costs. The category often measured in detail is the failure costs. Only four 

authors measure some cost components of opportunity costs. The last columns present 

three publications which only address prevention and failure cost categories from a 

general perspective, and it is only Itakura (2006) who also address the opportunity costs. 

Out of the seven authors that measure the cost components, D’Addio et al. (1997) 

are the only authors that implicitly recognize the PAF model in the cost structure. 

However, their model misses the opportunity cost category. D’Addio et al. (1998) 

incorporate an opportunity cost component which is the production loss rate, but they 

only mention the appraisal costs without measuring them. Chang et al., (2005) as well as 

Moon (2006) measure the prevention and failure costs, but never address the appraisal 

group. Juric et al., (2006) focus on a detail measurement of the failure cost components, 

but without including any other cost category. Finally, Chiadamrong (2003) and Omar & 

Murugan (2011) propose a deeper analysis in the opportunity cost components, including 

also the failure cost category, but they neglect to include the prevention and appraisal 

cost categories.  

From this Table, it is concluded that a COQ model for maintenance, which 

measures every cost category: prevention, appraisal, failure and opportunity, does not 

exist. This gap in the literature then, offers an area for a scientific contribution. The 

following section then, presents the general COQ model proposed in this research. This 

model will be tested against the two most complete economic models found in the 

literature, which are the model presented by D’Addio et al., (1997) and the one presented 

by Chiadamrong (2003). 

 

2.7 Theoretical COQ Model for Maintenance 

After analyzing the existing maintenance cost models in TPM, RCM and COQ, the 

theoretical COQ model for maintenance, proposed by this research, is presented. This 



Texas Tech University, Rodrigo E. Peimbert-Garcia, December 2012 

 

 72 

economic model will be called the Total Maintenance Cost of Quality (TMCOQ) model. 

It is directly set on the cost structure of the PAF model, which is presented as follows: 

 

∑ ∑ ∑
= = =

++=
N

i

M

j

O

k
FailureAppraisalPreventionTMCOQ CCCC

1 1 1                                       
 (52) 

 

This model also takes into account the opportunity costs. In maintenance, it is 

found that each cost category includes direct costs, but it has also an opportunity cost 

associated to it. This changes the PAF+L structure proposed by Sandoval-Chavez & 

Beruvides (1998a). Each category then is compounded by a first group of direct costs and 

a second one of opportunity costs proposed by . There is also a third cost component, 

which is a failure commonly called the “infant mortality” in RCM. Even when it 

represents a failure cost, it has to be linked to the right cost category. In other words, it is 

a failure cost associated to the preventive maintenance, the disruptive inspection or the 

corrective maintenance. The cost structure for each cycle is compounded as follows:  

 
P

mortality  Infant
P

yOpportunit
P
DirectPrevention CCCC ++=                                      (53) 

 
A

mortality  Infant
A

yOpportunit
A
DirectAppraisal CCCC ++=                                      (54) 

 
F

mortality  Infant
F

y Opportunit
F
DirectFailure CCCC ++=                                       (55) 

 

where each CDirect represents a direct cost for each cost category, each COpportunity 

represents the opportunity cost associated, and each CInfant mortality represents the infant 

mortality cost. This will be described in detail in Chapter III. 
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CHAPTER III 

3 RESEARCH METHODOLOGY 

3.1 Introduction 

In this chapter, the TMCOQ model is presented, and the methodology is described 

in four sections: research design, collection and treatment of data, methodological issues 

and research constraints.  First, the research design discusses the research type. Here, the 

research hypotheses are also restated. The second section is presented in three sub-

sections: data collection, data analysis and treatment of data. After this, the third section 

analyzes the following methodological issues: reliability, validity, replicability, bias and 

representativeness. After this, the fourth and final section is presented, research 

constraints.  

 

3.2 TMCOQ Model 

In this section, the TMCOQ model is described in detail through the three main 

cost categories: prevention, appraisal and failure costs. 

 

3.2.1 Prevention Costs 

In maintenance, prevention costs derive from planned services and schedule tasks. 

Here there are two different types of interventions: planned major services and planned 

minor services. Minor services are activities executed to eliminate the failure precursors 

such as cleaning, lubricating, alignment, adjustment among others. They are usually short 

time, non-disruptive interventions. Meanwhile, planned major services are executed to 

restore the equipment’s condition such as substitution or replacement of wear out 

components. The cost structure then is represented by the sum of both: 

 

21 PPPrevention CCC +=                                                        (56) 
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where CPrevention represents the total prevention cost per year, CP1 represents the cost of 

planned major services and CP2 the cost of planned minor services. From here, the cost 

structure of each planned service is compounded by direct costs, opportunity costs and 

infant mortality costs. 

The direct costs associated to any prevention service are the material cost and the 

maintenance labor cost. Material costs include the cost of spare parts and supplies used in 

each major or minor service. Meanwhile, the maintenance labor cost is the corresponding 

fraction of the salary paid to the maintenance technician during the service. 

The opportunity costs associated to major or minor preventive maintenance 

interventions are three: the wasted operator labor cost, the wasted equipment cost and the 

profit not earned. First, the wasted operator labor cost is the fraction of the salary paid to 

every idle operator during the major or minor service takes place. Second, the wasted 

equipment cost is the corresponding depreciation or rent of the idle equipment during the 

service period. Third, the profit not earned represents the lost profits due to the sales of 

units not produced during the period that the maintenance service takes place. 

The infant mortality cost is the cost incurred by induced failures. An induced 

failure is presented sometime after the maintenance service was done, and it is associated 

to this service. Since it is a failure cost, it will have the same structure cost that any other 

failure cost, which will be codified as Cif for now. This type of failures does occur quite 

often but not always. For this reason, and for general purposes, this cost has to be 

multiplied by a probability of inducing a failure. The cost structure for the prevention 

category is as follows: 

 

( ) PiPiifPiifPiiPpnewewoliPmlPiPi NCoCPtrrrtrCmC •













+•+•+++•+=

    
CostsMortality Infant Costsy Opportunit

2

CostsDirect 

1  
        (57) 

 

where CPi represents the cost of either the planned major services per year, or the planned 

minor services per year and NPi is the total number of planned major or planned minor 

services. Meanwhile the direct cost is compounded by CmPi that represents the material 
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cost incurred and the maintenance labor rate rml multiplied by tP1i which represents the 

time required by the technician perform the planned service. The opportunity cost group 

is compounded by rwol which is the wasted operator labor rate, rwe that represents the 

wasted equipment rate (depreciation or rent), and the profit not earned rate rpne. These 

three rates are multiplied by the downtime tP2i. The difference between tP1i and tP2i could 

be the time required by equipment to slow down because most of the times both will 

include the time required for the maintenance service to be performed and the set up time. 

For the last part, there is CifPi which represents the average incurred failure cost and has 

the structure presented in the failure costs sub-section, and it is multiplied by PifPi that 

represents the occurrence probability of induced failures. There is also a last component 

defined as other costs CoPi. 

 

3.2.2 Appraisal Costs 

Several types of failures happen through a process that starts with a failure 

precursor (dirt, humidity, misalignment, insufficient lubrication, etc.), goes through a 

condition deterioration stage and finishes with a failure. In these cases, inspection 

activities can be scheduled to detect when the deterioration starts, predict the time to 

failure and schedule condition based major services instead of time based major services. 

This allows a cost reduction while increases equipment availability. Other inspection 

activities are designed to identify failure precursors and trigger minor condition based 

services. Appraisal costs are derived from these inspection activities. In spite of they 

usually are non-disruptive (executed when the machine is running), the cost structure is 

maintained similar to the prevention one in order to capture all possible cases, but 

excluding the material cost. It also includes direct costs, opportunity costs and induced 

failure costs. 

 

( ) AAifAifAApnewewolAmlA NCoCPtrrrtrC •













+•+•+++•=

  
CostsMortality Infant Costsy Opportunit

2

CostsDirect 

1                  (58) 
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where CA represents the total appraisal cost per year while NA is the total number of 

inspection interventions per year. Each r represents rates similar but not the same as the 

ones described in the prevention costs section: maintenance labor cost, wasted operator 

labor rate, wasted equipment rate (depreciation/rent), and profit not earned rate. 

Meanwhile, tA1 and tA2 represents the period needed for each inspection activity and the 

equipment downtime respectively. CifA is again the average incurred failure cost, and it is 

multiplied by PifA that represents the occurrence probability of induced failures. The last 

component CoA represents the other costs category. 

For this category, there is a special case, which is the condition monitoring. This 

task presents a simplified cost structure because it is not disruptive, then opportunity 

costs and induced failure costs will most likely disappear. This type of inspection implies 

then, a direct cost due to the maintenance labor rate, multiplied just by the period the 

inspection lasted. For this particular case, the other variables in the general model will be 

zero and the total appraisal cost is captured.  

 

3.2.3 Failure Costs 

The last category captures the failure costs. This is usually the most expensive 

category because the time needed for a corrective service is often larger than the period 

for a preventive service or an inspection activity. Here the period required includes the 

time during the equipment is waiting to be treated, the time during the service takes 

place, and the time needed by equipment to recovery. Nevertheless, the cost structure is 

also very similar to the prevention one, where the cost of defective units is added. 

 

( ) FFifFifFFpnewewolcdduFmlFF NCoCPtrrrCCtrCmC •













+•+•+++++•+=

    
CostsMortality Infant Costsy Opportunit

2

CostsDirect 

1  

 

where CF represents the total failure cost per year and NF is the total number of failure or 

corrective services per year. The direct cost group includes CmF which represents the 
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material cost incurred and the maintenance labor rate rml multiplied by the time required 

by the technician to fix the equipment tF1. For the opportunity cost group, Cdu and Ccd are 

included with the known rates, and represent, respectively, the cost incurred by defective 

units produced when equipment just breaks down, and the collateral damage cost, which 

is the incurred cost when the shutdown/breakdown affects other equipment or 

components. With respect to tF2, it is the total downtime and includes four periods: the 

time when equipment breaks down, the idle time when the machine is waiting to be 

treated, the time required for the service to be performed and finally the recovery time, 

which is the time required by equipment to recover. Here there is also the infant mortality 

structure PifF*CifF and other costs CoF. In addition, Cif for prevention, appraisal and 

failure costs has the same structure of the entire CF.  

Failure costs are divided in internal and external costs. In this research, the 

difference between these two groups is that internal failure costs are paid by the company 

and can be quantified, while external failure costs are, most of the times, not paid by the 

company; they are hard to quantify and can be huge, such as the loss for society. In this 

study, the loss for society and any external failure cost are not included and only internal 

failure costs are taken into account. 

Table 6 below presents a summary of the overall cost structure of this PAF model. 

Blank cells appear when the cost component is not associated to the cost category. For 

example, material cost is not incurred when an inspection takes place and a collateral 

damage cost is incurred only when equipment breaks and damages other equipment. This 

last cost has not been reflected in the literature, but previous experience as in the process 

under study reveals that it is common that a transformer exploits when it breaks and 

damages other equipment around it. This is the reason for including it in this model.  

 

3.2.4 Opportunity Costs 

It was stated before that opportunity costs are included in the other cost 

categories; each opportunity cost in maintenance is linked to a preventive maintenance, to 

a disruptive inspection, or to a corrective maintenance. However, if we only defined a 
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general model for this cost category, this will be the sum of the opportunity costs linked 

to the categories of prevention, appraisal and failure costs:  

 

 
( ) ( ) ( ) ( )+••+++••++= 222121 PPpnewewolPPpnewewolOpp NtrrrNtrrrC

                  
(60) 

( ) ( ) ( )[ ] FcdduFpnewewolAApnewewol NCCtrrrNtrrr •++•+++••++ 22  

 

For planned major services, planned minor services and inspections, the cost 

structure is very similar, where there are the three known rates multiply by the average 

time multiply by the total number services per year. For costs linked to the failure 

category, the cost of defective units and collateral damage are also included. Table 6 

summarizes all the components mentioned: 

 

Maintenance Cost Structure 
Category 

Prevention Appraisal Failure 

Cost group Component Unit 
Planned 

major 
service 

Planned 
minor 
service 

Inspection Repair 

Direct costs 
Material cost $ CmP1 CmP2   CmF 

Maintenance labor rate  $/hr. rml rml rml rml 

Opportunity 
costs 

Defective unit cost $       Cdu 

Collateral damage cost $       Ccd 

Wasted operation labor rate $/hr. rwol rwol rwol rwol 

Wasted equipment rate $/hr. rwe rwe rwe rwe 

Profit not earned rate $/hr. rpne rpne rpne rpne 

Time 
Mant. technician time Hr. tP11 tP12 tA1 tF1 

Equipment downtime Hr. tP21 tP22 tA2 tF2 

Infant 
mortality 

Infant failure probability   PifP1 PifP2 PifA PifF 

Infant failure cost $ CifP1 CifP2 CifA CifF 

Other costs $ CoP1 CoP2 CoA CoF 
Total Cost per service   CP1 CP2 CA CF 

No. services Car. NP1 NP2 NA NF 
         Note: Blank spaces mean that the cost component is not included in the cost category. 

Table 6. Maintenance cost structure. 
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3.3 Research Design 

The research design is the section where the plan for the research is described. This 

section addresses the research type, the research focus and the hypotheses to be tested. 

 

3.3.1 Type of Research 

This research is classified according to the criteria defined by Beruvides, 

Omachonu, & Sumanth (2001). This research is quantitative since numerical data are 

employed and examined. Since a practical case is analyzed to confirm the hypotheses, the 

research is also classified as confirmatory because the deductive reasoning process is 

employed. Therefore, this research is classified as quantitative-deductive-confirmatory 

study. 

 

3.3.2 Research Focus 

The focus of this research is to investigate the economics of the maintenance 

function of a relevant asset through a PAF model for Cost of Quality. Particularly, the 

following issues are addressed: 

 

1. Identify the cost components of the maintenance function. 

2. Quantify the opportunity costs for the maintenance function. 

3. Find out any difference between the costs captured by the proposed model and the 

costs captured through models already published in the literature. 

4. Quantify the infant mortality costs in maintenance. 

 

3.3.3 Research Environment 

The TMCOQ model proposed in this research will be validated analyzing 

historical data of maintenance in a company in Mexico. This organization is identified as 

Comision Federal de Electricidad (CFE), which belongs to the energy sector, providing 

electricity and light to millions of customers. CFE is one of the biggest providers of 
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energy in Latin America. As it was stated, energy utilities and power-generating 

companies represent a potential area for an economic analysis due to their asset-intensive 

orientation. For this reason, analyzing the maintenance function becomes relevant in this 

sector. The research will focus on the transmission area of CFE, in which relevant 

equipment is replicated several times throughout the network, and the failure of a 

component has a strong impact on service delivery. 

 

3.3.4 Research Hypotheses Restated 

This research contains four different hypotheses to be tested. These hypotheses 

are directly focused on the TMCOQ model proposed for maintenance and its results. 

While the research sub-questions will be answered with a general approach, the related 

hypotheses will be tested only for the case of the company under analysis. Table 7 

summarizes these hypotheses and presents the statistical test that will be used in each 

case. 

A common practice for budgeting is categorizing a cost as strategic when it 

accounts for 5% or more of the annual expenses. From here, the 5% is also taken to 

define a strategic difference or strategic importance. 

 

 

Hypothesis 1: 

The formulation of the economic model by D’Addio et al., (1997) can be 

analyzed through the PAF categories of COQ. On the other hand, Chiadamrong (2003) 

defines an economic model that includes the opportunity costs. One of the interests of 

this research is to contrast the TMCOQ model against both, a complete PAF model for 

maintenance and an economic model that includes the opportunity costs, in order to 

define if the difference between the models is strategic. Hypothesis 1 is divided in two 

sub-hypotheses: 
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Hypothesis 1A: 

 H0: The difference between the total maintenance costs captured by the proposed 

TMCOQ model and the total cost captured by D´Addio et al.´s maintenance model is not 

greater than 5%. 

 H1: The difference between the total maintenance costs captured by the proposed 

TMCOQ model and the total cost captured by D´Addio et al.´s maintenance model is 

greater than 5%. 

 

 

Hypothesis 1B: 

 H0: The difference between the total maintenance costs captured by the proposed 

TMCOQ model and the total cost captured by Chiadamrong´s maintenance model is not 

greater than 5%. 

 H1: The difference between the total maintenance costs captured by the proposed 

TMCOQ model and the total cost captured by Chiadamrong´s maintenance model is 

greater than 5%. 

 

 

Hypothesis 2: 

According to Sandoval-Chavez & Beruvides (1998a), a cost is strategic when 

accounts for more than 5% of the total costs. These authors demonstrated that the 

opportunity costs represent a strategic cost in a continuous production process. This 

analysis in the maintenance function is of interest for this research. The opportunity costs 

will be analyzed against the total cost of the company and the total cost of maintenance. 

Hypothesis 2 is divided in two sub-hypotheses, which are 2A and 2B: 

 

 

Hypothesis 2A: 

 H0: The total opportunity costs do not account for more than 5% of the total cost 

of maintenance. 
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 H1: The total opportunity costs account for more than 5% of the total cost of 

maintenance. 

 

 

Hypothesis 2B: 

 H0: The total opportunity costs do not account for more than 5% of the total cost 

of the company. 

 H1: The total opportunity costs account for more than 5% of the total cost of the 

company. 

 

 

Hypothesis 3: 

A cost component seldom used is the infant mortality cost. The contribution of 

this cost component should be analyzed in order to know if it is significant or not. 

Therefore, this research contrasts the infant mortality costs, captured by the TMCOQ 

model, against the total maintenance costs.  Hypothesis 3 is stated as: 

 

 H0: Infant mortality costs do not account for more than 5% the total maintenance 

costs captured by the TMCOQ? 

 H1: Infant mortality costs account for more than 5% of the total maintenance costs 

captured by the TMCOQ model? 

 

For every hypothesis, the assumptions for the parametric test will be verified. If 

the assumptions are accomplished, then the parametric test is performed, otherwise the 

equivalent non-parametric test is used. Every hypothesis is performed over the historical 

data obtained from the database. 
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#   Hypothesis statement Statistical 
hypothesis 

Parametric 
Test 

Non-Parametric 
Test 

1 

A 

H0:  The difference between the total maintenance 
costs captured by the proposed TMCOQ model and 
the total cost captured by D'Addio  et al.'s model is 
not greater than 5% 

H0: µ = 0.95 
H0: m = 0.95 

One-sample t-
Test 

Wilcoxon Signed 
Rank Test H1:  The difference between the total maintenance 

costs captured by the proposed TMCOQ model and 
the total cost captured by D'Addio  et al.'s model is 
greater than 5% 

H1: µ < 0.95 
H1: m < 0.95 

B 

H0:  The difference between the total maintenance 
costs captured by the proposed TMCOQ model and 
the total cost captured by Chiadamrong's model is 
not greater than 5% 

H0: µ = 0.95 
H0: m = 0.95 

One-sample t-
Test 

Wilcoxon Signed 
Rank Test H1:  The difference between the total maintenance 

costs captured by the proposed TMCOQ model and 
the total cost captured by Chiadamrong's model is 
greater than 5% 

H1: µ < 0.95 
H1: m < 0.95 

2 

A 

H0: The total opportunity costs do not account for 
more than 5% of the total Cost of Maintenance 

H0: µ = 0.05 
H0: m = 0.05 

One-sample t-
Test 

Wilcoxon Signed 
Rank Test 

H1: The total opportunity costs account for more than 
5% of the total Cost of Maintenance 

H1: µ > 0.05 
H1: m > 0.05 

B 

H0: The total opportunity costs do not account for 
more than 5% of the total Cost of the Company 

H0: µ = 0.05 
H0: m = 0.05 

One-sample t-
Test 

Wilcoxon Signed 
Rank Test 

H1: The total opportunity costs account for more than 
5% of the total Cost of the Company 

H1: µ > 0.05 
H1: m > 0.05 

3 

H0:  Infant mortality costs do not represent more 
than 5% of the total maintenance cost captured by 
the TMCOQ 

H0: µ = 0.05 
H0: m = 0.05 

One-sample t-
Test 

Wilcoxon Signed 
Rank Test 

H0:  Infant mortality costs represent more than 5% of 
the total maintenance cost captured by the TMCOQ 

H1: µ > 0.05 
H1: m > 0.05 

 

 

Table 7. Hypotheses for this research. 

   

3.4 Collection and Treatment of Data 

In this section, the methods for collecting, treating and analyzing the data are 

depicted. 
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3.4.1 Data Collection 

Data about failures, repairing and fixing equipment, maintenance activities and 

the cost of these activities are needed. Comision Federal de Electricidad (CFE) has a 

complete maintenance-related database including elements such as failures, times, 

maintenance activities and costs among others. The data collection will be performed by 

means of reviewing historic data from this database. Data has been collected since 2002, 

which provides approximately 10 years of data to analyze. The data analysis will 

concentrate on all the elements associated to the maintenance of a relevant asset.  

So far, it is not known whether CFE has introduced new maintenance strategies 

during these 10 years or if there has been any significant change in the way the 

maintenance function is executed. 
 

3.4.2 Treatment of Data 

Once data are taken from the company´s database, it will be thoughtfully reviewed 

for accuracy and completeness. Spreadsheets will be filled with the information gathered 

from the database. Incomplete and inconsistent data will be eliminated from the study in 

order to rely only on consistent data. 

For the analysis, Microsoft Excel will be used and the statistical software Minitab 

might be employed to perform parametric tests and analyses. A relevant issue here is the 

treatment of outliers. By definition, this issue is easily overcome using a non-parametric 

test instead a parametric one. Furthermore, for this research, the parametric test proposed 

is a one-proportion test which does not present considerable issues related to outliers. 

However, if a problem is presented, the similar non-parametric test will be performed. 

At the end, the interpretation of the results will be performed in the context of Cost 

of Quality for maintenance. The results will be confirmed by the experts of the CFE. 
 

3.5 Methodological Issues 

This section is centered in the methodology-related issues and is presented in five 

sub-sections: reliability, validity, replicability, bias and representativeness.  
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3.5.1 Reliability 

Reliability is the consistency in the measurement instrument. It is related to the 

accuracy of such instrument in yielding a result when things under measurement have not 

changed (Leedy & Ormrod, 2005). It is assumed that the company’s database has been 

under control and data represent the reality during the period. Accessing the information 

and handling data are first-hand activities where the researcher has control over the 

process. With respect to the statistics, Minitab has proven itself to be an effective 

statistical tool. 

When making conclusions derived from the statistical results, two errors are 

always present: error type I or α, and error type II or β. Error type I is normally defined 

by the researcher and, in this case, it will not exceed 5%. On the other hand, the error 

type II is the opposite. This error is related to the power of the test. The power of a test is 

directly related to the sample size analyzed. A large enough sample size will increase the 

power of the test and consequently the error II will decrease. 

 

3.5.2 Validity 

Validity is concerned with the effectiveness of the measurement instrument. 

According to Leedy & Ormrod (2005), it is the extent to which instruments measure what 

they are supposed to measure. Validity together with reliability reflects the degree to 

which an error might occur during the measurement. There are four different forms 

validity can take (Leedy & Ormrod, 2005). First, face validity means the instrument looks 

like it measures a certain characteristic.  Maintenance data such as failures and costs are 

measured. The sample comes from 7.5 years of registering data from the real world. 

Then, face validity is taken into account. Second, content validity deals with the 

representativeness of the sample measured. It is incorporated when the maintenance 

failures and costs are integrated as the intended factors to measure. Third, criterion 

validity is the extent to which results obtained from an assessment instrument are related 

to another measurement. The data are analyzed using statistical software called Minitab. 

Finally, construct validity becomes relevant when measures cannot be directly taken or 
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observed and must be inferred. The data set is complete, and only certain costs will be 

inferred based on additional information obtained through personnel in CFE. 

Finally, internal and external validity are also taken into account. Leedy & 

Ormrod (2005) define internal validity as the extent to which the data that this research 

yields allow drawing accurate conclusions. Since inputs affecting the results are only the 

independent variables of the analysis and the conclusions are built on the statistical 

results from Minitab, internal validity is reached. On the other hand, the external validity 

means the results can be generalized to other contexts. The sample size is large enough to 

generalize conclusions in maintenance within power generating companies. 

The model along with the results will also be validated with the experts of the 

company, who already have decades planning, supervising and executing the 

maintenance of the system. 

 

3.5.3 Replicability 

According to Leedy & Ormrod (2005), the research should be repeatable. This 

replicability is related to the precision in the measurement. According to these authors, 

any other capable researcher will be able to repeat this process under the same conditions, 

including design, data collection, analysis and building conclusions in the same way that 

is presented in this research.  

From this research, two elements can be replicated. First, the maintenance model 

is generalized and can be used by different companies, which should have records about 

failures and maintenance interventions. Second, the analysis for the particular case can 

also be replicated since every cost component along with the methodology has been 

detailed in this research. In order to replicate the results, there will be an agreement 

between two parties, the researcher and the company experts, about the process and final 

outcome of this research. 
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3.5.4 Bias 

Bias can attack the integrity of the real facts, and it is inevitable in research. 

Leedy & Ormrod (2005) define bias as any influence or condition that can distort the 

data. The proposed maintenance cost model will be verified with the experts of CFE in 

order to eliminate any possible bias. Furthermore, there should be an agreement between 

the researcher and the experts about the final results; this implies a consistency between 

the company´s experts and its records. If there is any disagreement, this issue will be 

discussed with the committee members. There are different ways that bias can interfere in 

the analysis. In the first place, bias by non-representative samples means some 

information may be excluded because the access was limited to certain equipment, area, 

zone or city. Another bias comes when interpreting and making inferences about the real 

facts. The researcher may overstate his/her findings generalizing them from a small 

sample to the overall population. Third, bias due to the researcher’s personality can also 

appear. Subjectivity, preference, intention and personal traits may affect the process, 

from the time the data was collected to the time when conclusions were drawn. The asset 

will be chosen based on its high impact on the service quality of the company. For this 

asset, the sample size is large enough to perform a professional analysis and draw solid 

conclusions. 

 

3.5.5 Representativeness 

Representativeness deals with the generalizability of research. The study should be 

bounded so the level of the generalization is clear. In general, conclusions of theoretical 

research are more generalizable that those from a case study because the case intrinsically 

encloses particular circumstances.  

In this research, the proposed economic model for maintenance is generalizable as 

well as the hypotheses to any maintenance case. Different from the model and 

hypotheses, the conclusions and results are only applicable for this case and the process 

should be repeated with the data of any other possible case. Then, it is not possible to 
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generalize the results for the maintenance function of every power generating company or 

even any other company in the world. 

 

3.6 Research Constraints 

As any research, this study is narrow down by different and uncontrollable 

constraints. The intent of this research is providing empirical evidence of the COQ model 

applied to the maintenance function. Some of the constraints are: 

 

1. The study relies on the accuracy and integrity of the company’s database. 

2. Knowledge about other factors affecting costs through the years is very scarce. 

3. Condition monitoring information may not be adequately managed  
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CHAPTER IV 

4 ANALYSIS AND RESULTS 

4.1 Introduction 

Chapter 4 first presents the adjusted economic model before describing the 

practical case and the equipment under study. After this, the economic model for the 

practical case is explained, followed by the data collection process along with the 

estimations made to perform the analysis. This section is followed by the data analysis 

for the direct preventive/inspection, substitution and corrective costs, the opportunity 

ones, and the infant mortality. The next section presents the hypotheses test results while 

the last section presents the discussion of results. 

 

4.2 Adjusted Economic Model 

The proposed economic model was presented in section 3.2. During the analysis of 

the applied case, it was found that the computation of the opportunity costs with this 

model involves subjective issues that may affect the results. For instance, the equipment’s 

depreciation rate depends on the financial criteria that the company has previously chosen 

(straight line, accelerated method, etc.). Another example is the operator labor rate which 

will depend on the decision of considering only direct costs or including also the 

corresponding indirect costs. In order to avoid ambiguities during the calculation process, 

the economic model was adjusted in the opportunity cost section now called opportunity 

value because it includes opportunity costs and opportunity benefits. The new structure 

conceptually includes the same cost components. Equation 61 shows this new structure 

for the opportunity value: 

 

incurred Costary Extraordin  CostOrdinary   Saved Revenue Lost  Value Opp +−=. (61) 

 

In order to understand the transition between the cost structure presented in 

section 3.2 and equation 61, equations 62 through 65 are presented: 
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 CostOrdinary   Revenue  Profit −=                                             (62) 

from where, 
 

 
  CostOrdinary   Profit Revenue +=

                                                  
 (63)  

 

but, 
 

Costs Other  onDepreciati s'Eq  Cost Labor Op   MatRaw  CostOrdinary +++= ...  (64) 

 

then 
 

    Costs Other  onDepreciati sEq.'  Cost Labor Op.   Mat.Raw  Profit  Revenue ++++= (65) 

 

When there is a shut down due to a maintenance intervention, and there is no 

other way to either produce goods or supply the service, the corresponding sale will be 

lost and consequently the revenue will be lost. However, some ordinary costs may be 

saved, such as the raw material and other costs. Therefore, the opportunity value shown 

equation 61 will be calculated using equation 65 and subtracting the saved ordinary costs 

mentioned just before:  

 

++++=  onDepreciati sEq.'  Cost Labor Op.   Mat.Raw  Profit  Valuey Opportunit
       

 (66) 

( ) Costary Extraordin Costs Other   Mat.RawCosts Other ++−
 

 

which leads to: 
 

Costary Extraordin   onDepreciati sEq.'  Cost Labor Op.  Profit Value Opp +++=.  (67) 

 

  Equation 67 finally presents the cost structure for the opportunity value presented 

through equation 57 to 60 plus an extraordinary cost component which can be penalties, 

warranties, etc. The resulting cost structures for the preventive, appraisal and corrective 

categories are shown in equations 68, 69 and 70 respectively. 
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where the direct cost and the infant mortality structures remain the same for the three 

cases. In equation 70, the cost of defect units and the cost of collateral damages also stay 

the same. Meanwhile the opportunity value rates are changed by three components in the 

three equations; rLR represents the lost revenue rate, rsoc is the saved ordinary cost rate 

and rec represents the extraordinary cost rate. Ordinary costs are presented in equation 64 

and extraordinary costs can be penalties, warranties, etc. These opportunity rates are 

multiplied by the downtime tj2. There is a distinction between tj1 and tj2; the first one 

represents the time while the technician is performing the service while tj2 represents the 

total time that either the machine is not producing any goods or the service is not 

supplied. 
 

4.3 The Practical Case 

Comision Federal de Electricidad (CFE) provides electricity and light to an entire 

country. It has many different types of equipment to fulfill its energy supply and 

distribution functions. The research was narrowed down to the northeast transmission 

division. In an interview with the technical experts of this division, it was defined that the 

analysis would be performed over the current transformers, which are used to measure 

electric currents and monitor the operation of the power grid. The northeast division 
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contains around 1,945 current transformers with ages varying from less than five up to 

more than 30 years old. The maintenance guides developed by CFE suggest that these 

transformers should undergo maintenance every four years. Table 8 shows the 11 

different activities defined in the company´s maintenance guide for this equipment. These 

activities include minor services along with inspection and testing, from where nine 

activities were scheduled to take place every four years, while the membrane replacement 

should take place every 10 years and the live isolation cleaning every 6 months. This last 

activity is the only one that does not require the transformer to be out of service, which 

means that the electricity transmission services are not interrupted. 

There are three main characteristics of this maintenance procedure. First, inspection 

and testing activities along with minor service interventions are performed at the same 

time, which means that there is no distinction between preventive and appraisal activities 

and the costs associated with these groups may not be split or separated. Second, there 

are no on-condition inspections which can be translated to the fact that every appraisal 

activity is a disruptive one. Third, there are no overhauls or major maintenance activities 

planned for current transformers. The only two types of preventive services are minor 

maintenance/inspection services and substitution/replacement services. 
 

No. Activity Maint. Service Time 
(Hours) 

Periodicity 
(years) 

1 Equipment disconnection and connection Inspection and testing 0.5 4 
2 Preparation of testing equipment Inspection and testing 0.25 4 
3 Isolation cleaning Inspection and testing 0.75 4 
4 Power factor testing Inspection and testing 0.5 4 
5 Isolation resistance testing Inspection and testing 0.25 4 
6 Membrane checking Minor service 0.5 4 
7 Membrane replacement Minor service 1 10 

8 
Inspection and tighten of connections for 
relation change Minor service 0.5 4 

9 Antipollution application / replacement Minor service 6 4 

10 
Inspection and cleaning of secondary 
connections box Minor service 0.25 4 

11 Live isolation cleaning Minor service 0.25 0.5 

Table 8. Maintenance Procedure for Current Transformers 
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4.4 The Economic Model for the Practical Case 

For the case of CFE, only two equations are needed since the prevention and 

appraisal categories are combined while no overhauls exist. Equation 71 expresses 

equations 68 and 69 together: 
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where CPA represents the total prevention/appraisal cost per year and NPA is the total 

number of preventive/appraisal services. Meanwhile the direct cost is compounded by 

CmPA that represents the material cost incurred, and the maintenance labor rate rml 

multiplied by tPA1 which represents the time required by the technician to perform the 

service. In this part, CFE has developed a system based on maintenance credits which 

helps to assign the number of hours (and people) needed to perform each 

preventive/appraisal activity. Furthermore, it also developed what is called the cost of the 

man-hour, which is the cost of each maintenance credit and is represented by rml. 

Following the cost structure, there is the group of opportunity value which was described 

above. The distinction between tPA1 and tPA2 can be explained with an example: Suppose 

the preventive maintenance service is planned for 12 hours but the maintenance crew 

works 8 hours per day. Then the maintenance crew will work 8 hours the first day and 4 

more hours the second day, while the transformer was out service during 24 hours the 

first day plus 4 hours on the second day for a total of 28 hours. For the last part in the cost 

model, there is the average infant mortality cost CifPA and it is multiplied by PifPA that 

represents the probability of triggering induce failures. There is also a component defined 

as other costs CoPA. Equation 72 shows the cost of corrective services for the practical 

case. It also includes the cost of collateral damages, whihc is represented just by Ccd: 
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Once the economic model is defined, there are the following three scenarios of 

opportunity value for CFE: generation change, route change and lost sale. The generation 

change occurs when the company has to produce the energy by more expensive means. 

There are four different types of plants for this: hydroelectric, carbon, gas and fuel oil 

plants; hydroelectric ones are the cheapest and fuel oil ones are the most expensive. Since 

the network was entangled a few years ago, performing a maintenance service does not 

necessarily trigger a change in the generation source because the same generation plants 

can still supply energy to the same places through other routes. This leads to the second 

case: route change. When a transformer and the corresponding non-radial line are out of 

service, the energy is supplied by re-routing. This implies that the energy has to go 

through a longer route with more nodes. The assumption is that the longer the route, the 

more expensive the energy becomes and more losses are incurred. However, according to 

the experts of CFE, this marginal change in the cost is relatively small and can be 

ignored. This leaves the third scenario of lost sales for accounting opportunity value. A 

lost sale occurs when the maintenance service must be performed over what is called 

radial lines, which are lines that are not entangled and sometimes should supply energy 

directly to the distribution division, which is the last division before all customers. When 

this happens, the supply service is shut down, customers do not receive energy and the 

company starts losing its revenue. Equation 72 showed how to capture this opportunity 

cost. The assumption, based on the experts of CFE, is that the complete revenue is lost 

when the shutdown affects a radial line and there are no saved ordinary costs. 

Nevertheless, this might not be true because when the electricity transmission service is 

restored after a shutdown, the energy consumption by customers can increase, bringing a 

more expensive rate. This may suggest that the demand would be elastic but, as a matter 

of fact, the demand here is considered inelastic because, despite the cost rate, the power 

and light service is a primary one and customers will pay for the service at almost any 

rate (basic, intermediate or peak) after the shutdown. Since no saved ordinary costs are 

included, the opportunity value will be stated as opportunity costs for the practical case. 

 

 



Texas Tech University, Rodrigo E. Peimbert-Garcia, December 2012 

 

 95 

4.5 Data Collection 

The information related to the current transformers was accessed through different 

visits to CFE. Most of the data was obtained from the PM system which is a database that 

contains the information about maintenance services during the last 7.5 years. More 

information was obtained from sources such as failure reports, maintenance records of 

certain transformers, the maintenance procedure and information collected during 

interviews with the officials of CFE.  

 

4.5.1 The PM System 

The PM is an internal network database planned to keep all the information related 

to the maintenance function of CFE. The search was narrowed down to maintenance 

information and working orders for current transformers from January 2005 until June 

2012 in the five locations that which belong to northeast transmission division. Figure 16 

shows the main menu of the PM. 1,199 working orders were found, and the number of 

each order was captured for a follow up. After this, each working order was accessed one 

by one. Figure 17 shows the main screen when a working order is opened. Ten 

characteristics were captured for each order: number, code, location, date, equipment’s 

number, activity, maintenance credits and technicians, duration, cost and the area which 

can be substations or protections. 

 

 

Figure 16. The PM main view 
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Figure 17. A working order found in the company records 

 

The code indicates what service took place: TAPR for scheduled/preventive 

maintenance, TAMP for a substitution service and either TANP or TACR for corrective 

maintenance. Most of the working orders did not contain the equipment number. 

 

4.5.2 Other Information 

Most, but not all the information required for this research comes from the PM 

files. For example, the records contain working orders with a cost of “general services” 

but it does not include the maintenance labor cost, which is calculated based on the 

number of maintenance credits assigned to the task, and the cost of these hour-man 

credits. Moreover, the PM file does not provide any information to calculate the 

opportunity costs: percentage of radial lines, working orders for radial lines, the lost 

power during a shutdown or the cost of this power. In addition, there are 20 working 

orders of corrective services created for current transformers that were not register in the 

PM files, and half of them do not even have a physical report, which means there is no 

record on them. 
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CFE provided the failure reports of 10 of the working orders mentioned above. 

With these reports, it was possible to obtain an estimated cost per service and the date of 

each incident. At this point, it was found that there is no distinction between the direct 

cost and the cost of collateral damages. Other information includes the records of other 

current transformers that enabled tracking the time between services and consequently 

the infant mortality calculations. The last information was defined through talks and 

interviews with the experts and officials of CFE, such as the cost per maintenance credit, 

the percentages of radial lines, the power of these lines and the cost of this power as well 

as the utilization rate of the same radial lines.  
 

4.6 Data Analysis 

This section presents the exploratory analysis of the information found in the PM. 

The first part presents the information related to direct costs, and is divided in three sub-

sections: preventive maintenance/inspection, substitution and corrective maintenance. 

The second part shows the analysis of the opportunity costs, and the third presents the 

analysis and inferences made to calculate the infant mortality costs or costs due to 

induced failures. 

 

4.6.1 Direct Costs: Preventive Maintenance and Inspection 

In first place, the preventive/inspection case is analyzed. Nine hundred nine-six 

working orders were captured and analyzed. From these orders, three types of data are of 

interest: the direct cost, the duration of each service and the maintenance credits required. 

All orders contained the cost information, while one order missed the maintenance credits 

information, and two orders did not include the duration of the maintenance service. In 

order to include these orders with missing data, the average of each data set was 

estimated and registered as the service time and the credits of those working orders. 

Before estimating the average values, the data was used for the exploratory 

analysis. Using Minitab, three graphical summary plots for the three variables were 

obtained. Figure 18 shows the summary plot of the service time for planned maintenance 
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services (TAPR). Graphical summaries for cost and maintenance credits can be found in 

the Appendix A. 
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Figure 18. Graphical summary for the service time TAPR 

 

The Anderson-Darling test for normality was performed along with the graphical 

summary. The results (shown in the upper right hand corner of each Figure) demonstrate 

that none of the three variables passed the normality test. The next step was to find what 

probability distribution describes the data behavior of each case. Using Minitab again, the 

distribution identification test was performed and no distribution function was found for 

any of the three variables under study. Figure 19 and 20 show the goodness of fit test of 

the following eight probability distributions for the service time TAPR: normal 

distribution, the Box-Cox transformation, two and three-parameter lognormal 

distribution, exponential distribution of one and two parameters, and the Weibull 

distribution of two and three parameters. The remaining graphs for the service time and 

the two other variables are shown in the Appendix A. 
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Figure 19. First group of goodness of fit tests for service time of TAPR 

 

The p-value of the eight goodness of fit tests is presented in the right side of 

Figures 19 and 21. Since the sample size is big enough, the 95% of confidence is used for 

these tests. All p-values are less than 0.05 which is the decision criteria used in this part. 

One of the concerns about the fit test is the appearance of outliers. Figure 20 shows the 

boxplot for the time, cost and credits of the preventive and inspection services TAPR: 

 

 

Figure 20. Boxplot of service time, cost and maintenance credits of TAPR 
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Figure 21. Second group of goodness of fit tests for service time of TAPR 

 

It was found that the way working orders are registered presents room for 

mistakes during the data capturing process. For this reason the final step in the 

exploratory analysis of the preventive/inspection part was to delete the very extreme 

outliers in an effort to isolate possible inconsistencies in the data set and proceed with the 

search for a probability distribution for each variable. Figure 22 shows the frequency for 

the service time, cost and the maintenance credits without the three-five biggest outliers.  

 

 

Figure 22. Histograms for service time, cost and maintenance credits of TAPR 
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Since no probability distribution was found, the median becomes the best 

estimator of each data set. The problem arises when the difference in median and mean is 

substantial and estimations and inferences made using the median will result in 

significantly different and potentially misleading results. Since the focus of this research 

is the comparison between cost categories and cost groups, the analysis can be performed 

with annual data, which implies that the problem of not finding any probability 

distribution for the data sets will not distort the objective results.  

Table 9 presents the summary of the 969 working orders, which come from a 7.5 

year period; from January 2005 to June 2012. Every cost is expressed in American 

Dollars (USD) and it has been multiplied by a non-public factor to protect the 

confidentiality of CFE’s numbers. The data were also normalized with an inflation rate of 

4% per year. The base period is 2012 and all the data from other years were translated to 

their equivalent value in this year. 

The total maintenance credits registered in the 7.5 year period were 9,197. The 

service time, maintenance credits and the PM cost, which represent the cost of spare parts 

and other costs incurred, were also obtained from the working orders. Meanwhile the cost 

per credit was defined, with assistance of the experts, to be around $133.87 USD. It 

includes costs such as maintenance labor, benefits, supplies, overhead, etc. but not spare 

parts nor extraordinary costs. The sixth column of Table 9 contains the products of the 

maintenance credits of column five multiplied by $133.87. After this, the total cost is the 

sum of the maintenance labor cost in column six plus the PM cost in column seven. The 

annual direct cost for preventive maintenance and inspection was estimated in $319,038 

USD. 

 

Information Years Services Service 
time (Hr.) 

Maint. credits  
(Man-Hr.) 

Maint. Labor 
Cost ($) 

PM Cost 
($) 

Total Cost 
($) 

Total Data 7.5 969 13,062 9,197 1,268,014 1,124,773 2,392,787 

Average per year 1 129.2 1,742 1,226 169,068 149,970 319,038 

Average per service -  1 13.48 9.49 1,308 1,160 2,469 

Table 9. Summary of preventive maintenance and inspection information 
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4.6.2 Direct Costs: Substitution / Replacement 

The substitution is the process where a current transformer is put out of service and 

a new one is placed in that position. This task is more expensive than any preventive 

intervention and many corrective ones since the cost of a new transformer may vary from 

$3,300 up to more than $10,000 USD. Furthermore, sometimes the model of the 

transformer replaced is very old and the same model is not found any more. The new 

transformer then requires a different infrastructure, connections, etc. This implies an 

additional cost to modernize the location.  

For this type of service, 78 working orders were found in the PM files. In the same 

way that the orders for preventive services, these working orders contain information 

related to the cost, the duration and maintenance credits. Seventy-four out of the 78 

working orders contained all the information, while the other four did not include the 

information related the service time and maintenance credits. The procedure was the 

same; use the average of each data set as the value for those four working orders. 

Figure 23 shows the boxplot of the service time, cost and maintenance credits of 

the substitution services TAMP. As it can be seen, there are very few outliers for the 

variables service time and maintenance credits. However, it not the same case for the 

cost. 

 

 

Figure 23. Boxplot of service time, cost and maintenance credits of TAMP 

 

Following a similar structure that the previous section, Figure 24 shows the 

graphical summary and the distribution of the data related to the service time obtained 
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from working orders for substitution services (TAMP). The graphical summary for the 

cost and maintenance credits of this type of service can be found in Appendix B. 
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Figure 24. Graphical summary for the service time TAMP 

 

The Anderson-Darling test shows a p-value < 0.05 which indicates that the data 

set does not follow a normal distribution. The distributions of costs and maintenance 

credits do not follow the normal distribution either. For these data sets, the distribution 

identification test was also performed; with a 95% confidence, no distribution function 

was found excerpt the exponential one for the maintenance credits. This implies that 

almost every p-value was less than 0.05. Figure 25 shows the goodness of fit test of eight 

probability distributions for the service time TAMP. There are three more graphs for the 

service time that can be found in the Appendix B along with the graphs of costs and 

maintenance credits. 
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Figure 25. First group of goodness of fit tests for service time of TAMP 

 

It is believed that there should be some inconsistencies when the working orders 

are captured in the PM files. For example, there are orders accounting for less than $230 

USD each, while a substitution implies installing a new transformer whose cost always 

exceeds the $230 USD. Based on this evidence, the idea of having inconsistencies also in 

very costly orders is not discarded. For this reason, the extreme outliers found in Figure 

23 are deleted. After deleting these outliers, the goodness of fit test was performed again 

for each of the three variables. The distribution of each data set can be seen in Figure 26. 

The analysis did not detect any distribution for any of the three cases, except the 

exponential distribution for the maintenance credits. 

Despite of any inconsistency, this is the available data and the concerns of this 

study are the cost model, and the opportunity and infant mortality costs that are linked to 

the direct costs. Table 10 presents the summary of the 78 working orders of substitution. 

The period is also 7.5 years and every cost is expressed in American Dollars (USD) 

multiplied by the same factor that the preventive/inspection numbers. 
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Figure 26. Histograms for service time, cost and maintenance credits of TAMP 

 

Information Years Services Service 
time (Hr.) 

Maint. credits  
(Man-Hr.) 

Maint. Labor 
Cost ($) 

PM Cost 
($) 

Total Cost 
($) 

Total Data 7.5 78 3,788 4,030 555,554 1,784,691 2,340,246 

Average per year 1 10.4 505 537 74,074 237,959 312,033 

Average per service  - 1 48.56 51.66 7,122 22,880 30,003 

Table 10. Summary of the substitution information 

 

The total maintenance credits registered in the 7.5 year period were 4,030. The 

service time, maintenance credits and the PM costs were obtained from the sum of the 

working orders. The cost per credit is also $133.87 USD. The sixth column of Table 10 

contains the products of the maintenance credits of column five multiplied by this cost of 

the maintenance credit. Finally the total cost is the sum of the maintenance labor cost in 

column six plus the PM cost in column seven. The annual direct cost for 

substitution/replacement activities was estimated in $312,033. 

 

4.6.3 Direct Costs: Corrective Maintenance 

A corrective maintenance takes place when a transformer fails, which can lead to 

an explosion. When there is an explosion, the total cost can be even bigger than the 

substitution due to the collateral damages. This may involve the cost of one or more 

transformers as well as other important equipment that was affected. Here 132 complete 

working orders were found in the PM and 20 more were included through the failure 
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reports, which indicate the approximate cost, date, location etc. but not the service time 

nor the maintenance credits.  

Figure 27 shows the distribution of the service time for the corrective maintenance 

orders, while the graphical summary for cost and maintenance credits can be found in 

Appendix C. 
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Figure 27. Graphical summary for the service time TANP/TACR 

 

The result of the normality test was the rejection of the null hypothesis. The 

Anderson-Darling test shows a p-value < 0.05 for every graphical summary. Since none 

of the variables follow a normal distribution or any other distribution, the goodness of fit 

test was performed for each of the three variables and 15 different probability 

distributions. Figure 28 illustrates the fit test of four distributions for the service time. 

The other 11 test along with the tests for the cost and maintenance credits can be found in 

Appendix C. 
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Figure 28. First group of goodness of fit tests for service time of TANP-TACR 
 

Extreme outliers were found and can be seen in Figure 29. The fact of not 

separating the costs of collateral damages from the direct costs can contribute to the 

appearance of the outliers. Based on this fact, the extreme outliers were dropped from the 

data sets and the respective histograms were obtained. Figure 30 shows these histograms 

without the extreme outliers. 
 

 

Figure 29. Boxplot of service time, cost and maintenance credits of TANP-TACR 
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The fit test for each variable was performed again but no probability distribution 

was detected. This can happen because the cost of collateral damages is mixed with the 

direct costs and there is no distinction between them. Since these costs cannot be split, 

they will be accounted as direct ones. 

 

 

Figure 30. Histogram for service time, cost and maintenance credits of TANP-TACR 

 

Table 11 presents the summary of the 152 working orders of corrective 

maintenance TANP-TACR that took place during the 7.5 year period under analysis. 

 

Information Years Services Service 
time (Hr.) 

Maint. credits  
(Man-Hr.) 

Maint. Labor 
Cost ($) 

PM Cost 
($) 

Total Cost 
($) 

Total Data 7.5 152 4,266 3,766 519,210 1,663,548 2,182,758 

Average per year 1 20.3 569 502 69,228 221,806 291,034 

Average per service - 1 28.06 24 3,415.85 10,944 14,360 

Table 11. Summary of the corrective maintenance information 

 

The total maintenance credits registered were 3,766. The cost per credit remains 

the same $133.87 USD. The sixth column of Table 11 contains the products of the 

maintenance credits in column five multiplied by the cost of the maintenance credit. The 

total cost is the sum of the maintenance labor cost in column six plus the maintenance 

cost in column seven. The annual direct cost for corrective maintenance activities was 

estimated in $291,034 USD. 
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4.6.4 Opportunity Costs 

After obtaining the direct costs, the opportunity costs should be estimated. The 

experts of CFE played a key role in this section since some of the information is not 

documented, and some estimators are required to perform the analysis. As it was 

mentioned above, only the radial lines require the energy supply to be shut down, 

generating a lost in the revenue for the company. From here, the first task is to find the 

percentage of current transformers which maintenance entails a shut down in the service. 

CFE provided the information presented in Table 12. 

 

Item Amount of 
feeders Radial Transformers / 

location 
Total 

transformers % 

Line electrical feeders 
400 & 230 

160 N 6 960 0.58 
40 Y 3 120 

0.42 
Direct electrical feeders 192 Y 3 576 

   
TOTAL 1656 

 
Table 12. Information of radial lines for the opportunity costs 

 

 There are at least three transformers related to each electrical feeder. For the lines 

of 230 and 400 kv, 80% of the network has six transformers per electrical feeder since the 

grid has been entangled to avoid disruptions. The northeast division has a total of 1,945 

current transformers; however, based on the experts’ opinion, the analysis should be 

performed over the 1,656 transformers that are related to electrical feeders and lines.  

 For the line feeders, around 20% still work with old technology and a 

maintenance service on its transformers triggers a shutdown, which means that the 120 

transformers are taken into account for radial lines. Following with the experts’ 

information, any maintenance service over the transformers of the direct electrical feeders 

also provokes a shutdown. This part accounts for 576 transformers in radial lines. Then 

696 out of the 1,656 transformers will be used for estimating the opportunity costs; these 

represent 42% of the total transformers. 

  Now the lost power of the radial lines is required. Since most of the cases (576 

out of the 696) belong to the lines of 115 kv, 80 Mw. are used for the calculation. This 80 
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Mw. is the power capacity for the current transformers in the 115 kv lines. Nevertheless, 

these lines are not always used to their maximum capacity. According to the information 

provided by the company, a 60% of utilization is commonly used for engineering 

practices. This utilization index will be included in the analysis. 

 There are two more data that should be included for the estimation of the 

opportunity costs: the equipment’s idle time which is the time that the transformer is out 

of service and consequently the corresponding line, and the cost per Megawatt-hour 

(Mw-hr.). With respect to the service time, it will be assumed to follow the same pattern 

found in the direct costs. This means that the service time for analyzing opportunity costs 

due to preventive maintenance will be 13.48 hours, the time for opportunity costs linked 

to substitution/replacement orders will be 48.57 hours, and 28.07 hours for the 

opportunity costs related to corrective maintenance. With respect to the cost per Mw-hr, 

CFE provided the information presented in Table 13: 

 

Year 2012 Demands in $/MWh 
Nodes (cities) Basic Intermediate Peak 

CAM. $79.04 $114 $121 
COA. 65 99 106 
MON. 68 103 111 
BRA. 66 100 108 
GUE. 68 102 111 
CHA. 67 100 110 
ANA. 71 103 113 

Table 13. Cost of the Megawatt-hour per node 

 

 There are seven nodes located in the northeast division, and there are three 

different rates for each node: basic demand rate, intermediate demand rate and peak 

demand rate. The demand rate changes depending on the day time; some places will have 

a lot of consumers at certain point and the company has to provide the energy for 

everyone. This will change the rate to the peak one. On the other hand, where there are 

not many consumers at certain time, they will be charged with the basic rate. This rate 

changes during the day for every node.  
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A measure of central tendency for this data set is needed to estimate the 

opportunity costs. There are two different scenarios. For the first one, the fact that any 

preventive intervention and substitution was planned is important. This planning process 

enables the company to schedule the maintenance service when the demand is low and 

the Megawatts are charged at the basic demand rate. For the second one, the issue is that 

failures can appear any time during the day, which means that the corrective interventions 

can be required when the demand rate is basic, intermediate or peak. Then the average 

basic demand rate is required for preventive maintenance and the average of the total 

demand rates is required for the corrective maintenance. In order to use the average as a 

measure of central tendency, each data set should fit a normal distribution. Figures 31 and 

32 show the graphical summary of each set and the Anderson-Darling test for normality. 
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Figure 31. Graphical summary for the basic demand rate 



Texas Tech University, Rodrigo E. Peimbert-Garcia, December 2012 

 

 112 

$120.00$110.00$100.00$90.00$80.00$70.00

Median

Mean

$110.00$100.00$90.00$80.00

1st Q uartile 69.784
Median 102.059
3rd Q uartile 110.483
Maximum 120.640

85.814 103.274

76.527 108.422

14.673 27.696

A -Squared 1.47
P-V alue < 0.005

Mean 94.544
StDev 19.179
V ariance 367.826
Skewness -0.56616
Kurtosis -1.37903
N 21

Minimum 65.243

A nderson-Darling Normality  Test

95% C onfidence Interv al for Mean

95% C onfidence Interv al for Median

95% C onfidence Interv al for StDev
95% Confidence Intervals

Summary for Cost of Total Demand

 

Figure 32. Graphical summary for the total demand rate 
 

The Anderson-Darling test for normality shows a p-value <0.05, which implies 

that none of the data sets follow a normal distribution. For these cases, however, the 

mean and the median are not statistically different. Then using the median of $67.8 and 

$102.06 for the preventive and corrective maintenance groups respectively was good 

enough for estimating the opportunity costs. Once all the information was gathered, the 

estimation of the opportunity costs was made. Table 14 presents this process: 
 

Group Activity 

No. 
events 

per 
year  

Opportunity Cost 
% 

Opp. 
Cost 

% 
Ut. 

MWH 
Affected 

Eq. idle 
time per 

event (Hr.) 

Cost $ 
per  

MW-Hr. 

Opp. Cost 
$ per 
event 

Annual 
Total Opp. 

Cost $ 

Preventive 
Maint. / 

Inspection 

Minor 
Service & 

Inspection 
129.2 0.42 0.6 80 13.48 67.81 18,427 2,380,805 

Substitution 10.4 0.42 0.6 80 48.57 67.81 66,396 690,515 

Corrective 
Maint. 

Failure 
Repair 20.3 0.42 0.6 80 28.07 102.06 57,754 1,172,408 

Table 14. Estimation of the opportunity costs 
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Table 14 summarizes the opportunity cost calculations. The opportunity cost per 

event, which was calculated in column nine, is the result of multiplying columns four 

through eight. For the annual opportunity costs, the cost per event is multiplied by the 

average number of events per year which are presented in column three. The total 

opportunity cost per year, derived from minor maintenance/inspection services, is 

estimated to be $2,380,805 USD and the opportunity cost related to 

substitution/replacement activities $690,515. On the other hand, the corrective 

maintenance activities generate an annual opportunity cost of $1,172,408 that added to 

the opportunity costs mentioned before account for a total of $4,243,728 USD. 

So far this annual estimation of $4,243,728 USD of opportunity costs can be 

compared against the annual direct costs, which account for $922,561 USD. These two 

amounts account for a total of $5,166,289 USD, from where the opportunity costs may 

represent more than 80%. However, there is a third cost component missing: the infant 

mortality costs.  

 

4.6.5 Infant Mortality 

The last part of the cost estimation in this research is the infant mortality costs. For 

this process, the first step is to find the infant mortality period, which has not been 

previously defined. This period is the amount of days, after a maintenance intervention, 

where, if another maintenance intervention takes place, it can be considered as an infant 

mortality. As it was explained in the literature review, sometimes a maintenance service 

will trigger another one for different reasons such as the technician did not re-connect 

something, or the equipment was affected by the service, etc. In order to find this infant 

mortality period, tracking different working orders for the same equipment was required. 

Many working orders include the number of the equipment served, fixed or replaced; 

however, most of them did not include it. Only 106 transformers were found to receive at 

least two maintenance services in the 7.5 year period. From these 106 units, 278 data 

were obtained, where each data represents an interval between two maintenance services 

performed in the same equipment. This means that some equipment only received two 
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maintenance services in the 7.5 year period while other could receive three, four or more 

services in the same period. Data vary from 2 days between services up to 1,887, which 

represents more than four years. Figure 33 shows the distribution of these data points: 
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Figure 33. Graphical summary of the time between services 

 

There are equipment that only receive a maintenance service every four years (as 

defined in the maintenance guides) while other equipment might receive only two 

services but the time between these services was a month, year or two years. For 

example, there is non-stable equipment that might require four services within two years, 

and there should be equipment that received a second service triggered by the first one. 

As it can be observed in Figure 33, there are two intervals that stand out. The first 

and largest occurs in the third bar with an interval of 150 and 250 days. Meanwhile the 

second happens in the bar around 1,550 which interval covers from 1,450 to 1,550 days. 

These visible data sets include schedule services based on the maintenance guides. As it 
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was presented in Table 8, the live isolation cleaning is scheduled every six months, which 

is around 180 days, and the other tasks are planned every four years, which is about 1,461 

days. Out of the 278 data points found, 40 working orders were placed for live isolation 

cleaning and 19 more were placed after 1,461 days. Since these 59 orders represent 

planned maintenance according to the maintenance procedure, they are deleted from the 

data set, which leaves 219 data points for the analysis. 

Once the sample is homogenous in terms of time between non-scheduled services, 

the infant mortality period must be found. If the data set contained infant mortality data 

and non-infant mortality data, it would be reasonable to have two different distributions 

in these 219 data points. The first step would be to graph the data without the scheduled 

services at 6 months and 4 years. The graphical summary in Figure 34 shows the 

distribution of the data. The Anderson-Darling test shows that the data do not follow a 

normal distribution.  
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Figure 34. Graphical summary of the time between non-scheduled services 
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The goodness of fit test was performed using the 15 distributions that have been 

used before. The graphs in Appendix D show that the data do not fit any of the 

distributions. After this, a cluster analysis was performed, which is a multivariate analysis 

that identifies groups of data from a data set. There are different linkage methods for this 

analysis where, according to the literature, the single and average methods are the most 

common ones. The average method was selected for this research. In turn a measure of 

distance should be also selected. After different tries, it was found that all methods 

offered by Minitab bring the same results. The Euclidean method was chosen for this 

analysis. Figure 35 shows the dendrogram of the first cluster analysis. A dendrogram is 

basically a tree diagram that shows the identified groups. 

 

21
5

21
4

21
3

21
2

21
1

21
0

20
9

20
8

20
7

20
6

20
5

20
4

20
3

20
2

20
1

20
0

19
9

19
8

19
7

19
6

19
5

19
4

19
3

19
2

19
1

19
0

18
9

18
8

18
7

18
6

18
5

18
4

18
3

18
2

18
1

18
0

17
9

17
8

17
7

17
6

17
5

17
4

17
3

17
2

17
1

17
0

16
9

16
8

16
7

16
6

16
5

16
4

16
3

16
2

16
1

16
0

15
9

15
8

15
7

15
6

15
5

15
4

15
3

15
2

15
1

15
0

14
9

14
8

14
7

14
6

14
5

14
4

14
3

14
2

14
1

14
0

13
9

13
8

13
7

13
6

13
5

13
4

13
3

13
2

13
1

13
0

12
9

12
8

12
7

12
6

12
5

12
4

12
3

12
2

12
1

12
0

11
9

11
8

11
7

11
6

11
5

11
4

11
3

11
2

11
1

11
0

10
9

10
8

10
7

10
6

10
5

10
4

10
3

10
2

10
1

10
0999897969594939291908988878685848382818079787776757473727170696867666564636261605958575655545352515049484746454443424140393837363534333231302928272625242322212019181716151413121110987654321

779.30

519.53

259.77

0.00

Observations

D
is

ta
nc

e

Dendrogram
Average Linkage, Euclidean Distance

 

Figure 35. Dendrogram of the time between non-scheduled services 

 

The first group identified was from 2 to 215 days; the second covers from 243 up to 

887 days, and the third group contain the data from 927 up to 1187, which is the last data 
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point. Since the second and third group include data greater than one year, 365 days, the 

focus will be on the first group, which suggests an infant mortality period of 8 months 

(240 days). This period may be quite long for infant mortality purposes. However, it will 

be analyzed. 

Once the data set is split in two data sets, one less than 8 months and the other 

greater than 8 months, both sets are analyzed independently. The next table summarizes 

the results of these analyses, whose graphical summaries and goodness of fit tests can be 

found also in Appendix D. 

 

Set Distribution P-value E[X] 
Inf. Mort. < 8 months Exponential  0.056 Mean 

Data > 8 months None < 0.05 N/A 

Table 15. Summary of the analyses for the data less and greater than 8 months 

 

The set with data less than 8 months follows an exponential distribution with a p-

value=0.056, while the other set does not follow any known probability distribution. The 

purpose of the cluster analysis in this research is to isolate the two combined distributions 

that are involved in the main data set, and not just split the data by subgrouping the set. 

Furthermore, 8 months does not seem to be a reasonable period for an infant mortality. 

For this reason, a second cluster analysis is performed for this first subgroup; the data less 

than 8 months. Figure 36 shows the dendrogram of this analysis where two main groups 

were identified. The first group includes data from 2 up to 100 days, while the second 

group covers the data from 113 up to 225 days. 

Based on Figure 36, three and a half months was the shortest period found and 

isolated through the cluster analysis. Once this period for infant mortality was redefined, 

the two distributions should be found; one for the data set less than 3.5 months and the 

second one for the data set after 3.5 months, including up to 1,887 days. Figures 37 and 

38 show the found distributions: 
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Figure 36. Dendrogram of the time less than 8 months 
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Figure 37. Graphical summary for the Infant Mortality period 
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According to the Anderson-Darling test, the infant mortality set (less than 3.5 

months) follows a normal distribution with a 95% confidence. Meanwhile, the second set 

follows a Weibull distribution with the following parameters: shape 1.4195, scale 

599.3322 and threshold 103.3527, which is almost the 105 days that represent the 3.5 

months. 

With the infant mortality period defined, the entire data set was used again to 

obtain the probability of generating a service due to an infant mortality for each case: 

preventive maintenance and inspection, substitution/replacement and corrective 

maintenance. Out of the 278 data points or working orders analyzed, 229 were generated 

after a preventive intervention. In other words, the last service in the corresponding 

transformer before the 229 orders mentioned was a preventive one. From this, only 24 

orders were found in a period less than 3.5 months, which means that 10% of the 

preventive services induced an infant mortality. In the same way, 18 out of the 278 orders 

belong to maintenance interventions after a substitution/replacement took place, and 8 out 

of these 18 services were triggered in less than 3.5 months after a substitution. The infant 

mortality probability then for substitution is about 33%. Finally, 11 out of the 31 working 

orders generated after a corrective maintenance were found in the first 3.5 months, which 

represent a 35%. In other words, 35% of the corrective maintenance induces failures in 

the following 3.5 months. 

With the probability of inducing infant failures, the costs due to these failures can 

be estimated. For instance, 969 were the total working orders generated for preventive 

services, and each order has a probability 0.1 to induce an infant failure, which can be 

another preventive service, substitution or a corrective service. However, based on the 

economic model defined in this research, the cost of the infant failure is attributable to the 

cost group of the service that took place before it. For this reason, it is concluded that the 

total direct preventive cost of $319,008 USD, which was presented in Table 9, includes 

the 100% preventive costs plus the 10% related to the infant failures. If this amount wants 

to be separated to account the direct costs and the infant costs independently, it should be 

divided by 1.1, which results in the direct cost of $290,008 USD due to non-infant 

mortalities, and the difference is the corresponding infant failure cost. In the same way, 
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this is made for the substitution costs with a probability of 0.33 of induce infant failures, 

and for the corrective maintenance with a probability of 0.35 of generating infant 

mortality. 
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Figure 38. Goodness of fit test for a 3-parameter Weibull 

 

 The same procedure is followed to estimate the corresponding part of the 

opportunity costs that are attributable to the infant mortality services. For instance, for the 

corrective maintenance costs, Table 14 indicates a cost of $1,172,408 USD, which should 

be divided by 1.35 to split the opportunity costs related to the non-infant mortality 

corrective services and the opportunity costs related to the infant failures derived from 

these corrective services. Table 16 presents this analysis. 

The third column of Table 16 contains the total maintenance events per year. 

Meanwhile the fifth column only contains the corresponding infant mortality events. The 

sixth column presents the direct costs of the maintenance interventions for infant 
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mortality services, while column seventh contains the corresponding opportunity costs. 

The total infant mortality costs account for $873,727 USD. 

 

Induced Failures 

Group Activity Events 
per year 

Proba-
bility 

IM 
Events 

IM 
Direct 
Cost $ 

IM Opp. 
Cost $ 

Total IM 
Cost $ 

Preventive 
Maint. / 

Inspection 

Minor Service 
& Inspection 129.2 0.1 11.7 29,001 216,437 245,438 

Substitution 10.4 0.33 2.6 77,421 171,331 248,752 

Corrective 
Maint. 

Failure Repair 20.3 0.35 5.3 75,580 303,958 379,538 

TOTAL 159.9   19.6     873,727 

Table 16. Summary of infant mortality costs 

 

4.7 Research Results 

Table 17 presents the cost components calculated to exemplify the use of the 

economic model proposed in this research. 

 

Cost group Component Sym. Preventive Maint. / 
Inspection Services 

Substitution / 
Replacement 

Corrective 
Maint. Services 

Direct costs 
Material cost Cm 936.33 15,435.99 7,221.33 

Maint. labor rate  rml 137.87 137.87 137.87 

Opportunity 
costs 

Lost Revenue rate rLR 1,242.73 1,027.83 1,524.07 

Saved Ordinary rate rsoc 0 0 0 

Extraordinary cost rate rec 0 0 0 

Time 
Mant. technician time t1 9.49 51.66 24.78 

Equipment downtime t2 13.48 48.57 28.07 

Infant 
mortality 

Infant Mort. Probability Pif 0.10 0.33 0.35 

Infant failure cost Cif 18,996.71 72,480.06 53,418.39 

Total Cost per service   20,896 96,398 72,115 

No. services N 129.2 10.4 20.3 

TOTAL 2,699,813 1,002,544 1,463,931 

Table 17. Summary of cost components 
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Table 17 contains the cost components found through the practical case in CFE, 

and the calculations of the total cost for the preventive maintenance/inspection case, the 

substitution-replacement case and the corrective maintenance case were performed as 

follows: 

 

( ) ( ) ( )[ ] 2.129071.996,1810.048.1373.242,149.987.13733.9361 •+•+•+•+= IMOppDirPAC
 

 

( ) ( ) ( )[ ] 4.10006.480,7233.057.4802783,166.5187.13799.435,15/ •+•+•+•+= IMOppDirRSC
 

 

( ) ( ) ( )[ ] 3.20039.418,5335.007.28524,1078.2487.1373.221,7 •+•+•++•+= IMOppDirFC  

 

The final results of this research are summarized in Table 18. The total 

maintenance cost is obtained by summing the total direct cost of column three plus the 

total opportunity cost of column four. With respect to column five, it contains the infant 

mortality costs, which are compounded by a direct cost and an opportunity cost. For the 

last row, this last column can be seen as integrated by $182,002 of direct costs, which are 

already included in column three, and by $691,725 of opportunity costs that already 

included in column four.  

 

Group Activity Annual Total 
Direct Cost $ 

Annual Total 
Opp. Cost $ Total IM Cost $ 

Preventive 
Maint. / 

Inspection 

Minor 
Service & 
Inspection 

319,008 2,380,805 245,438 

Substitution 312,030 690,515 248,752 
Corrective 

Maint. 
Failure 
Repair 291,523 1,172,408 379,538 

TOTAL 922,561 4,243,728 873,727 

Table 18. Summary of annual costs for hypothesis tests 

 

Table 18 presents the total annual costs of the maintenance function in CFE. 

However, in order to test the hypotheses, it is required to estimate the average 



Texas Tech University, Rodrigo E. Peimbert-Garcia, December 2012 

 

 123 

opportunity costs and the average infant mortality costs for every working order. Here, 

only the 1,173 working orders with the complete information were included. Once this 

estimation is made following the procedure explained in sections 4.6.4 and 4.6.5, the total 

cost per order was calculated. With this, the data for the hypotheses were prepared as 

follows: 

 

1. Hypothesis 1A. The proportion of costs captured by D’Addio et al.’s model 

with respect to the TMCOQ model was calculated for each of the 1,173 orders.  

2. Hypothesis 1B. The proportion of costs captured by Chiadamrong’s model with 

respect to the TMCOQ model was also calculated for each order. 

3. Hypothesis 2A. The proportion of opportunity costs with respect to the total 

maintenance costs was calculated for each order. 

4. Hypothesis 2B. The proportion of opportunity costs with respect to the total 

cost of the company was calculated for each order. 

5. Hypothesis 3. The proportion of infant mortality costs with respect to the total 

maintenance costs was calculated for each order. 

 

The one-sample t-test was proposed for the five hypotheses. This test is valid when 

the assumptions are accomplished. If not, the Wilcoxon Signed Rank test was performed. 

What is being statistically tested is whether the mean/median of the proportion is equal, 

less or greater than the target value (0.05 or 0.95). Hereby the first step was to analyze if 

the assumptions for the parametric test were accomplished. The first assumption for the 

one-sample t-test is that the data set must follow a normal distribution. Here then, the 

graphical summary for each data set is obtained. Figure 39 shows the graphical summary 

for the first data set, which represents the proportion of the maintenance costs captured 

by D’Addio’s model with respect to maintenance costs captured by the TMCOQ model. 

Summaries for the other four hypotheses are shown in Appendix E. As the Anderson-

Darling test shows in every graph, none of the data sets follow a normal distribution. For 

this reason, the Wilcoxon Signed Rank Test for the median was chosen. This test does 

not require any condition about the distribution nor the parameters of the population. 
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Figure 39. Summary of the cost proportion captured by D’Addio et al.’s model 

 

4.7.1 Result of Hypotheses 1A and 1B 

The first two hypotheses 1A and 1B were set to compare the total maintenance 

costs captured by the model presented in this research against the costs captured by other 

economic models found in the literature. 

The null hypothesis for case 1A states that the difference between the total 

maintenance costs captured by the proposed TMCOQ model and the total cost captured 

by D´Addio et al.´s maintenance model is not greater than 5%. Meanwhile the alternative 

hypothesis states that the difference between the total maintenance costs captured by the 

proposed TMCOQ model and the total cost captured by D´Addio et al.´s maintenance 

model is greater than 5%. 

In order to test if this difference is greater than 5%, two approaches can take place: 

testing m=0.05 v.s. m>0.05 if each data point was calculated as x=(P1-P2)/P1, which is 

similar to testing it with the second approach m=0.95 v.s. m<0.95 if each data point was 

calculated as x=P2/P1. The second case iss presented in Table 6; for this reason, m=0.95 
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v.s. m<0.95 was tested. Since the calculation of each cost component is hard due to the 

way the information was registered in the PM, D’Addio et al.’s model will be assumed to 

capture all the costs of the prevention, appraisal and failure categories found in the PM 

files. D’Addio et al.’s model only captures the direct costs, which were taken into 

account in the TMCOQ model, while it ignores the opportunity values. From this, the 

median of the cost proportion p is estimated at 0.1079. With a confidence of 95%, the 

results obtained with Minitab are: 

 

Wilcoxon Signed Rank Test: TMCOQ v.s. DAddio  
 
Test of median = 0.9500 versus median < 0.9500 
 
                            N 
                          for   Wilcoxon         Estimated 
                      N  Test  Statistic      P     Median 
TMCOQ v.s. D’Addio 1173  1173        0.0  0.000     0.1079 
 

Based on the p-value=0.000, the null hypothesis is rejected with a 95% confidence. 

The median of the cost proportion captured by D’Addio’s model is less than 0.95. In 

other words, the difference between the costs captured by the TMCOQ model and 

D’Addio et al.’s is greater than 5% and represents a strategic difference. Indeed, 

D’Addio’s model captures less than half of the total maintenance costs captured by the 

TMCOQ model. 

The null hypothesis for case 1B states that the difference between the total 

maintenance costs captured by the proposed TMCOQ model and the total cost captured 

by Chiadamrong´s maintenance model is not greater than 5%. On the other hand, the 

alternative hypothesis states that the difference between the total maintenance costs 

captured by the proposed TMCOQ model and the total cost captured by Chiadamrong´s 

maintenance model is greater than 5%. 

This hypothesis also presents the same issue of calculating every cost component. 

Chiadamrong’s model captures only costs of corrective maintenance and its opportunity 

costs. It does not include the opportunity costs generated by preventive activities or 

inspection tasks since it does not even estimate the direct costs for these categories. It was 
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assumed that this model captured all the corrective maintenance costs and the related 

opportunity ones that were found in this research. However, the data of this hypothesis 

presents a particular characteristic, which is that Chiadamrong’s model captures a 

proportion of zero preventive and substitution costs, while it captures a proportion of one 

for the corrective maintenance costs. Then the estimated median of the proportion can be 

only zero or one, depending on the amount of orders generated for each category. The 

result of the Wilcoxon test is presented as follows: 

 

Wilcoxon Signed Rank Test: TMCOQ v.s. Chiadamrong  
 
Test of median = 0.9500 versus median < 0.9500 
 
                                 N 
                               for   Wilcoxon          
Estimated 
                           N  Test  Statistic      P      
Median 
TMCOQ v.s. Chiadamrong  1173  1173     8778.0  0.000       
0.000 
 

The decision criteria, based on the p-value=0.000, is to reject the null hypothesis 

with a 95% confidence. The statistical conclusion is that the median of the cost 

proportion captured by Chiadamrong’s model is less than 0.95 with respect to the 

TMCOQ model. In other words, the difference between the costs captured by the 

TMCOQ model and Chiadamrong’s is greater than 5% and represents a strategic 

difference. Chiadamrong’s model seems to capture also less than half of the total 

maintenance costs captured by the TMCOQ model. 

 

4.7.2 Result of Hypothesis 2A and 2B 

Hypotheses 2A and 2B were defined to analyze the importance of capturing the 

opportunity costs in maintenance. These opportunity costs are compared against two 

different costs: the total cost of the maintenance function and the total cost of the overall 

company. For case 2A the null hypothesis states that total opportunity costs do not 
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account for more than 5% of the total cost of maintenance, while the alternative 

hypothesis states that total opportunity costs account for more than 5% of the total cost of 

maintenance. 

Here H0 is stated statistically as m=0.05 and H1 as m>0.05. The median of the cost 

proportion p is estimated in 0.8921. The corresponding test is obtained as follows: 

 

Wilcoxon Signed Rank Test: % Opportunity Cost  
 
Test of median = 0.05000 versus median > 0.05000 
 
                              N 
                            for   Wilcoxon         
Estimated 
                        N  Test  Statistic      P     
Median 
% Opportunity Costs  1173  1173   688551.0  0.000     
0.8921 
 

The decision criteria is based on the p-value=0.000, which leads to the rejection of 

the null hypothesis with a 95% confidence. This result implies that opportunity costs 

account for more than 5% of the total maintenance costs. Indeed, based on the confidence 

intervals (see Appendix E), opportunity costs might account up to 80% of the total cost of 

the maintenance function. As can be seen, this result was consistent with hypothesis 1A, 

where D’Addio et al.’s model captured only the direct PAF costs and the difference 

between the models was the amount of opportunity costs captured. 

In turn the null hypothesis for case 2B states that total opportunity costs do not 

account for more than 5% of the total cost of the company. Meanwhile the alternative 

hypothesis states that total opportunity costs account for more than 5% of the total cost of 

the company. For this hypothesis, the experts share one last data which is the total cost of 

the company per year. According these experts, this total cost is around $48,000,000 

USD. This number was already multiplied by the factor used to encode all costs. Then the 

total cost for testing this hypothesis would be $48,000,000 plus the opportunity costs 

found for the current transformers $4,243,728 for a total of $52,243,728 USD. This 

average cost per year is then multiplied by 7.5 and divided by the 1,173 working orders, 
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which represent the sample size. The purpose of this is to compare the opportunity costs 

of each order against the corresponding cost of the company, if it were equally distributed 

over the total number of orders. Observe that the test is performed without taking into 

account other opportunity costs besides the ones derived from the maintenance of the 

current transformers. The median of the cost proportion p is estimated in 0.0705. The 

corresponding test is performed as follows: 

 

Wilcoxon Signed Rank Test: % Opportunity Costs / CFE  
 
Test of median = 0.05000 versus median > 0.05000 
 
                                  N 
                                for   Wilcoxon         
Estimated 
                            N  Test  Statistic      P     
Median 
% Opp. Costs / $ of CFE  1173  1173   442870.0  0.000    
0.07050 
 

With a p-value=0.000, the null hypothesis is also rejected with a 95% confidence. 

This result implies that opportunity costs of just the current transformers, accounts for 

more than 5% of the total cost of the company, which makes these opportunity costs 

strategic and should not be overlooked. 

 

4.7.3 Result of Hypothesis 3 

Hypothesis 3 was developed to analyze if the infant mortality costs in maintenance 

were relevant and to capture their magnitude. These infant mortality costs are contrasted 

against the total maintenance costs. The null hypothesis states that infant mortality costs 

do not account for more than 5% the total maintenance costs captured by the TMCOQ, 

while the alternative hypothesis states that these infant mortality costs account for more 

than 5% of the total maintenance costs captured by the TMCOQ model. 

H0 is stated statistically as m=0.05 and H1 as m>0.05. The median of the cost 

proportion p is estimated in 0.0909. The Wilcoxon Signed Rank test is presented below: 
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Wilcoxon Signed Rank Test: % Infant Mortality Costs  
 
Test of median = 0.05000 versus median > 0.05000 
 
                                  N 
                         for   Wilcoxon         
Estimated 
                      N  Test  Statistic      P     
Median 
%Infant Mortality Costs  1173  1173   688551.0  0.000    
0.09090 
 

 

With a p-value=0.000, the null hypothesis is rejected with a 95% confidence. This 

result implies that the infant mortality costs account for more than 5% of the total 

maintenance costs. In other words, the infant mortality costs represent a strategic cost that 

should not be overlooked either.  
 

4.8 Summary and Discussion 

In this chapter, an adjustment for the economic model, which was proposed in 

section 3.2, was presented. Equations 68, 69 and 70 present the cost structure for each 

cost category: prevention, appraisal and failure.  It was shown, through equations 61-67, 

that the change in the section of opportunity value captures the same results as before but 

in a straightforward and less ambiguous way. 

The practical case brought information about the northeast transmission division of 

CFE. This division contains and manages 1,656 current transformers and the company’s 

maintenance guide suggests a preventive maintenance/inspection service for these 

transformers every four years. However, only 1,199 working orders for maintenance 

services were found and analyzed through a period of 7.5 years. These orders are created 

for three different services: preventive/inspection maintenance services, substitution or 

replacement activities and corrective maintenance interventions. 

After capturing all costs from the PM files and calculating others, such as 

maintenance credit costs, failure report costs, etc., the direct costs were estimated: the 

average preventive/inspection direct costs were estimated in $319,038 per year. 
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Meanwhile the substitution/replacement direct costs were calculated in $312,033 USD 

per year and the corrective maintenance direct costs in $291,034 per year. All these costs 

sum an annual total direct cost of $922,561. 

The second part corresponded to the estimation of the opportunity costs, which 

accounted for a total of $4,243,728 USD per year: $2,380,805 of preventive/inspections 

maintenance services, $690,515 of substitution/replacement activities and $1,172,408 of 

corrective maintenance interventions. 

The third part corresponds to the infant mortality costs, which period covers up to 

3.5 months after the previous service. These costs were calculated for the three activities 

(prevention, substitution and failure) in two groups: infant mortality direct costs and the 

corresponding opportunity costs due to these infant mortality services. The sum of these 

two groups account up to $245,438 USD per year for preventive/inspection services, 

$248,752 for substitution/replacement activities and $379,538 for corrective maintenance 

interventions. The overall infant mortality costs were $873,727 USD per year, from 

where $182,002 represents direct costs and $691,725 opportunity costs. 

Once all data were gathered, the hypotheses testing took place. The null hypothesis 

for each of the five cases was rejected with a 95% confidence. Table 19 shows a 

summary of these results: 
 

#   Statement of Results Statistical 
result 

Wilcoxon 
Statistic 

Estimated 
Median P 

1 

A 
The difference between the total maintenance costs 
captured by the proposed TMCOQ model and the total 
cost captured by D'Addio  et al.'s model is greater than 5% 

H1:  
m < 0.95 0 0.1079 0.000 

B 
The difference between the total maintenance costs 
captured by the proposed TMCOQ model and the total 
cost captured by Chiadamrong's model is greater than 5% 

H1:  
m < 0.95 8,778 0.0000 0.000 

2 
A The total opportunity costs account for more than 5% of 

the total Cost of Maintenance 
H1:  

m > 0.05 688,551 0.8921 0.000 

B The total opportunity costs account for more than 5% of 
the total Cost of the Company 

H1:  
m > 0.05 442,870 0.0705 0.000 

3 Infant mortality costs represent more than 5% of the total 
maintenance cost captured by the TMCOQ 

H1:  
m > 0.05 688,551 0.0909 0.000 

Table 19. Summary of results of this research 
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CHAPTER V 

5 CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions and implications 

This research started with the main goal of modeling and quantifying the 

economics of the maintenance function. From this goal, specific purposes and objectives 

were defined: 

 

1. To identify the cost components affecting the economics of the maintenance 

function. 

2. To propose an economic model that satisfies the following two aspects: it is 

simple to apply, and captures the relevant costs related to the maintenance 

function. 

3. To validate the economic model through its application in a real case.  

4. To estimate and analyze the opportunity costs involved in the maintenance 

function. 

5. To quantify and analyze the infant mortality costs of the maintenance function. 

 

The economic model proposed for the maintenance function is described in section 

3.2 and 4.3. While the economic model in both cases fulfill the requirement of capturing 

the relevant costs, only the one in section 4.3 meets the expectations in terms of easiness. 

This model is developed through the incorporation of the cost components that affect the 

economics of the maintenance function. The components identified are: the material cost 

or cost of spare parts, and the maintenance labor cost as the direct costs; the opportunity 

costs resulting from the lost revenue along with the saved ordinary costs (raw material, 

energy, etc.) and extraordinary costs (penalties, warranties, etc.); the average cost of the 

infant mortality cases; and a last component named other costs, which was included to 

capture any other cost that may appear in specific cases. For the corrective maintenance 

case, the opportunity costs of defective units and collateral damages were also found and 

included. 
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With the cost structure described by the components above, equations 68 through 

70 were validated with the case of the current transformers of CFE, where the direct costs 

were captured and the opportunity costs were estimated as well as the costs due to infant 

mortality services. The calculation of all these costs was followed by the statistical testing 

and either the acceptance or rejection of each of the five hypotheses stated in Chapter I. 

The five hypotheses defined in this research were tested and the null hypothesis for 

every case was rejected with a 95% confidence. In the first case, the two sub-hypotheses 

1A and 1B lead to the comparison of the proposed TMCOQ model against two economic 

models found in the literature: D’Addio et al.’s and Chiadamrong’s. The conclusion 

derived from these comparisons was that the difference between the proposed TMCOQ 

model and two other models found in the literature is more than 5%, which means that 

the difference between the amount of costs captured is strategic. These results imply that 

the proposed TMCOQ model captures a more precise measurement of the costs related to 

the maintenance function. 

Once the economic model was validated with the comparisons of hypotheses 1A 

and 1B, the research focus was on the opportunity costs captured by the model and their 

relevance. Sandoval-Chavez & Beruvides (1998a) already demonstrated the importance 

of measuring the opportunity costs in a continuous-flow production process. Now this 

research focused also in measuring the opportunity costs in the maintenance-related 

functions for the case of hypothesis 2A, and identifying the relevance of these costs 

compared with the overall cost of the company for the case of hypothesis 2B. Results 

show that the opportunity costs are not just strategic within the maintenance function but 

in the overall company. Even more, the TMCOQ model captured the opportunity costs of 

just one kind of asset and it was found that they accounted for at least 5% of the overall 

cost of the company. In other words, the opportunity costs derived from the maintenance 

of the current transformers represent a strategic cost and should not be overlooked. 

The third and last case focuses on the infant mortality costs. Different from the 

opportunity costs, these infant mortality ones had not been measured before and no 

evidence was found about their implications or relevance in terms of economic impact. 

The result obtained from testing hypothesis 3 led to the conclusion that the direct plus the 
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opportunity costs derived from maintenance services for infant mortality failures account 

for more than 5% of the total maintenance costs, which means that they represent a 

strategic cost that should not be overlooked when collecting the maintenance costs. 

With these results, it is clear that the proposed TMCOQ model captures relevant 

information such as the strategic opportunity costs and the strategic infant mortality costs. 

This model is useful for highly equipment-oriented companies that heavily depend on 

these equipment and physical assets. For cases where a company only has one piece 

equipment but it represents an important one, and the company’s performance depends 

on this particular asset, the model can bring relevant information that could be 

incorporated into the decision-making process. 

 

5.2 Recommendations 

From the results found in the practical case, different recommendations are derived 

in order to use the model and calculate the total maintenance costs. First, it is 

recommended for any company to develop an information system with a reasonably easy 

search process that would enable the exploitation of the information. For instance, the 

case of this research presented a cumbersome process during the tracking of the 

information required. 

A second recommendation is the standardization of the registration process for the 

data related to the maintenance function of any company. If reliable information is 

required, a standard capturing process is needed. This process is and will always be 

affected by different variables, such as location, area, task, education level, profile, 

personality, etc. Then a clear and standard process should be implemented if consistency 

in the data is desired. For instance, it was clearly found in the database of CFE that there 

are differences in the way people capture the information of the working orders. These 

differences are found not just between the five different locations but within cities of the 

same locations. These discrepancies affect the efforts of taking advantage of the database.  

Third, the process of capturing the maintenance information and the estimation of 

opportunity costs in a daily basis should be formalized. Sometimes the information 
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related to maintenance services is not even registered. The experience through this 

research showed that some of the corrective services were not captured in the database 

and only half of them had a failure report in the files. This implies that sometimes when 

failures occur, their working orders are not updated in the PM and when an analysis of 

the information wants to be performed, it will be missing important information. On the 

other hand, the process of estimating the opportunity costs was already demonstrated in 

this research. Based on this, any company should include the estimation of these costs as 

a part of the total cost maintenance system due to the fact that, as shown in Table 23, 

these costs can represent more than 80% of the total maintenance cost and more than 5% 

of the total cost of the company.  

Fourth, a continuous improvement system for the maintenance function should be 

developed in order to personalize the scheduling process depending on the needs of the 

company, its equipment and the environmental conditions affecting the individual 

performance. The special case of CFE shows that the maintenance schedule is based on 

the guides developed by the experts 10 years ago. These guides suggest a planned but 

disruptive maintenance service every four years for each current transformer. The issue 

here is that, since 2002 up to 2012, many things have changed, and one of them is the fact 

that the network has been entangled, which brings another reality for scheduling the 

maintenance services. Even more, another problem arises when the transformers are 

exposed to different conditions such as humidity, heat, contamination, rain, dry or cold 

weather among others. All these circumstances represent environmental variables that 

affect and change the particular situation of each equipment or the situation of each city 

or location. Then, the scheduling procedure should not be a standard one for all 

equipment.  

One last recommendation will be to exploit the concept of on-condition inspection 

to optimize the maintenance interventions and consequently the maintenance costs. 
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5.3 Future Research 

This research fills a gap in the literature focused on the maintenance function. With 

the results presented through this research, it is expected that the maintenance function 

will not be underestimated by ignoring its costs, particularly the opportunity and the 

infant mortality ones. This research made scientific contributions in maintenance and 

quality through the cost of quality. The TMCOQ model allows companies to capture the 

maintenance costs and consequently decide the maintenance strategy that maximizes the 

economic benefits. For quality, this research offers evidence of how to apply the cost of 

quality concept in maintenance. 

One of the first opportunities that this research enables is its replication for other 

important assets, whereas can be applied in the same company or others. For the 

particular case of CFE, it might be relevant for the northeast transmission division to 

replicate the analysis in other assets, since the opportunity costs quantified for just the 

current transformers represented a strategic cost. Even more, this study can be replicated 

for the current transformers in the other different transmission divisions of CFE. If the 

opportunity and infant mortality costs are estimated for the entire transmission network, 

the maintenance guides could be re-defined and improved in order to either maximize the 

benefits or minimize the costs related to the maintenance function. 

A second opportunity for future research is the analysis of the external failure costs 

or externalities, which were not included in this study. Once a maintenance service 

triggers an interruption in the electricity transmission service, there is a loss for society; 

businesses start losing sales, some service companies stop supplying their respective 

services and some manufacturing companies cannot produce any goods during the 

shutdown, which can be translated to economic losses. A future analysis to quantify these 

economic losses can be performed. 

Another opportunity for further research is the reliability of the current 

transformers of the northeast transmission division. So far the maintenance costs were 

captured, but they just show the economics of this function in CFE and do nothing to 

assist in the decision-making process. If more information about the life of the 

transformers is gathered, a reliability analysis could be performed. The objective would 
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be to analyze two things: the relationship between the equipment’s life and the costs, and 

the relationship between investing in preventive/inspection maintenance and reducing 

corrective maintenance. With this, the model will contribute to the decision-making 

process by finding the maintenance strategy that minimizes the total costs or maximizes 

the economic benefits for the company. For this particular analysis, two things should be 

investigated: first, this research was developed analyzing the time between services of 

only 106 current transformers. This implies that the information updated in the database 

is about current transformers that underwent maintenance but there is no information 

about the transformers that are still working and have not received any maintenance 

service. As it was explained, only 1,199 working orders were found while the northeast 

transmission division manages 1,656 transformers. It is clear that there are many 

transformers that have not received any maintenance service and still work. The 

information related to these transformers is crucial for the reliability analysis. It might be 

found that the transformers, which do not receive the maintenance service, are more 

reliable than the transformers that do receive the service. 

A fourth opportunity is the infant mortality costs. The literature about quantifying 

these costs is very scarce regardless they can account for 14.8 to 19% of the total 

maintenance costs. Then more research focusing in these infant mortality costs is needed. 

The analysis presented in this research can be replicated for example, in any 

manufacturing environment highly based on machinery and equipment. It is strongly 

recommended to focus the analysis in a process where the maintenance plays an 

important role; this may facilitate the support by the company and might imply a greater 

transcendence. This type of study can also derive a consecutive study to address the 

infant mortality problem in order to minimize the costs of the infant failures. For this, a 

company should start registering and capturing the causes of each infant failure. Once 

this registration process is implemented, a root cause analysis should take place, where 

quality tools and statistics can be used. Once the root cause is defined, a solution such as 

a poka-yoke should be found or any other system or method that prevents the failure of 

happening.    
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A fifth opportunity for research is the concept of condition monitoring or on-

condition inspection, which is described in the literature review. This inspection becomes 

an important issue when the disruptive inspections come with opportunity costs that 

affect the economics of the company. For future analysis of the on-condition inspection 

for maintenance, two approaches can be taken: first, from a practical standpoint, when the 

non-disruptive inspection process is easy, cheap and safe, the scenario will be to register 

and analyze the maintenance costs after implementing on-condition inspection and then 

compare them against the maintenance costs before the condition monitoring (with 

disruptive inspection). The second approach comes from a theoretical standpoint when 

the on-condition inspection cannot take place because it is hard, expensive and just not 

safe enough to take place as often as it should. For this case, the scenario will be to 

analyze the behavior of a particular wear out process through statistical control process, 

control charts and/or time series in order to predict both the future state of the wear out 

process and the time when the component or equipment should be replaced or should 

undergo maintenance. This objective would be reached by defining the control limits for 

the wear out process with what is called a non-zero slope behavior. 
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Figure A-1. Graphical summary for the Cost of TAPR 
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Figure A-2. Graphical summary for maintenance credits of TAPR 
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Figure A-3. Third group of goodness of fit tests for service time of TAPR 
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Figure A-4. Fourth group of goodness of fit tests for service time of TAPR 
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Figure A-5. First group of goodness of fit tests for cost of TAPR 
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Figure A-6. Second group of goodness of fit tests for cost of TAPR 
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Figure A-7. Third group of goodness of fit tests for cost TAPR 
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Figure A-8. Fourth group of goodness of fit tests for cost TAPR 
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Figure A-9. First group of goodness of fit tests for maintenance credits TAPR 
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Figure A-10. Second group of goodness of fit tests for maintenance credits TAPR 
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Figure A-11. Third group of goodness of fit tests for maintenance credits TAPR 
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Figure A-12. Fourth group of goodness of fit tests for maintenance credits TAPR 
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APPENDIX B 

 

600000048000003600000240000012000000

Median

Mean

6000005000004000003000002000001000000

1st Q uartile 5585
Median 12576
3rd Q uartile 37763
Maximum 6038746

43381 643038

10637 19411

1148913 1578882

A -Squared 26.08
P-V alue < 0.005

Mean 343210
StDev 1329822
V ariance 1.76843E+12
Skewness 4.1258
Kurtosis 15.4867
N 78

Minimum 1289

A nderson-Darling Normality  Test

95% C onfidence Interv al for Mean

95% C onfidence Interv al for Median

95% C onfidence Interv al for StDev
95% Confidence Intervals

Summary for Cost $ TAMP

 
Figure B-1. Graphical summary of cost TAMP 
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Figure B-2. Graphical summary of maintenance credits TAMP 



Texas Tech University, Rodrigo E. Peimbert-Garcia, December 2012 

 

 166 

3000-300-600

99.9

90

50

10

1

0.1

T ime T A MP

P
e

rc
e

n
t

3002001000

99.9

99

90

50

10

0.1

T ime T A MP

P
e

rc
e

n
t

10001001010.1

99.9
99

90

50

10

1

0.1

T ime T A MP

P
e

rc
e

n
t

1000100101

99.9
99
90

50

10

1

0.1

T ime T A MP - T hreshold

P
e

rc
e

n
t

Gamma
A D = 1.618 
P-V alue < 0.005

3-Parameter Gamma
A D = 1.748 
P-V alue = *

Goodness of F it Test

Smallest Extreme V alue
A D = 10.033 
P-V alue < 0.010

Largest Extreme V alue
A D = 1.642 
P-V alue < 0.010

Probability Plot for Service Time TAMP
Smallest Extreme V alue - 95% C I Largest Extreme V alue - 95% C I

Gamma - 95% C I 3-Parameter Gamma - 95% C I

 
Figure B-3. Third group of goodness of fit tests for service time TAMP 
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Figure B-4. Fourth group of goodness of fit tests for service time TAMP 
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Figure B-5. First group of goodness of fit tests for cost TAMP 
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Figure B-6. Second group of goodness of fit tests for cost TAMP 
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Figure B-7. Third group of goodness of fit tests for cost TAMP 
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Figure B-8. Fourth group of goodness of fit tests for cost TAMP 
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Figure B-9. First group of goodness of fit tests for maintenance credits TAMP 
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Figure B-10. Second group of goodness of fit tests for maintenance credits TAMP 
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Figure B-11. Third group of goodness of fit tests for maintenance credits TAMP 
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Figure B-12. Fourth group of goodness of fit tests for maintenance credits TAMP 
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APPENDIX C 
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Figure C-1. Graphical summary for cost TANP/TACR 
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Figure C-2. Graphical summary for maintenance credits TANP/TACR 
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Figure C-3. Second group of goodness of fit tests for service time TANP/TACR 
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Figure C-4. Third group of goodness of fit tests for service time TANP/TACR 
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Figure C-5. Fourth groups of goodness of fit tests for service time TANP/TACR 
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Figure C-6. First group of goodness of fit tests for cost TANP/TACR 
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Figure C-7. Second group of goodness of fit tests for cost TANP/TACR 
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Figure C-8. Third group of goodness of fit tests for costs TANP/TACR 
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Figure C-9. Fourth group of goodness of fit tests for costs TANP/TACR 
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Figure C-10. First group of goodness of fit tests for maintenance credits TANP/TACR 
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Figure C-11. Second group of goodness of fit tests for maintenance credits TANP/TACR 
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Figure C-12. Third group of goodness of fit tests for maintenance credits TANP/TACR 
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Figure C-13. Fourth group of goodness of fit tests for maintenance credits TANP/TACR 
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Figure D-1. First group of goodness of fit tests for time between non-planned services 
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Figure D-2. Second group of goodness of fit tests for time between non-planned services 
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Figure D-3. Third group of goodness of fit tests for time between non-planned services 
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Figure D-4. Fourth group of goodness of fit tests for time between non-planned services 
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Figure D-5. Graphical summary of the time between services <8 months 
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Figure D-6. Goodness of fit tests for the time between services <8 months 
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Figure D-7. First group of goodness of fit tests for time between services >8 months 
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Figure D-8. Second group of goodness of fit tests for time between services >8 months 
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Figure D-9. Third group of goodness of fit tests for time between services >8 months 

 

200010000-1000

99.9

99

90

50

10

1

0.1

Services > 8  months

P
e

rc
e

n
t

100001000100

99.9

99

90

50

10

1

0.1

Services > 8  months

P
e

rc
e

n
t

100001000100

99.9

99

90

50

10

1

0.1

Services > 8  months - T hreshold

P
e

rc
e

n
t

420-2

99.9

99

90

50

10

1

0.1

Services > 8  months

P
e

rc
e

n
t

3-Parameter Loglogistic
A D = 1.895 
P-V alue = *

Johnson Transformation
A D = 0.516 
P-V alue = 0.188

Goodness of F it Test

Logistic
A D = 3.291 
P-V alue < 0.005

Loglogistic
A D = 1.756 
P-V alue < 0.005

A fter Johnson transformation

Probability Plot for Services > 8 months
Logistic - 95% C I Loglogistic - 95% C I

3-Parameter Loglogistic - 95% C I Normal - 95% C I

 
Figure D-10. Fourth group of goodness of fit tests for time between services >8 months 
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Figure E-1. Summary of the difference between the TMCOQ model and Chiadamrong’s 
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Figure E-2. Summary of the proportion of opp. costs with respect to the total maint. costs 
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Figure E-3. Summary of the proportion of opp. costs with respect to the total cost of CFE 
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Figure E-4. Summary of the proportion of infant mortality costs with respect to the total 

maintenance costs 
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