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Abstract

The dynamic business environment is characterized by short-term and long-term uncertainties 
in the business processes, combined with a short-term focus on meeting customers’ and share-
holders’ requirements. Therefore, making correct decisions in a dynamic business environ-
ment is a major challenge for production plant engineers and managers all over the world. 
Such a situation necessitates the successful application of tools and methodologies to mini-
mize the total business risk and reduce uncertainties through assurance of world-class produc-
tion plant performance, which can ensure that the right level of production can be obtained in 
order to meet customer demands.  

To meet these challenges, many approaches such as reliability analysis techniques have 
proved an effective solution during both design and operation of a production plant, and have 
been implemented by production engineers and managers. The main focus of reliability is on 
the process of ensuring a reliable product and/or system as well as reducing system uncer-
tainty. However, these are not discussing the issues of production availability which are criti-
cal for meeting customer requirements and market demands and may increase risk and uncer-
tainties in decision-making. However, production assurance (PA) plays a significant role in 
supporting the decision-making process by production managers and engineers deal with the 
above mentioned challenges. The main focus of existing research on the area of PA is on the 
models and methodologies for data analysis and prediction of future system performance. Fur-
thermore, existing models and methodologies supporting PA analysis and management have 
been primarily developed for the planning phases, specifically for the petroleum sector, but 
have not yet been sufficiently developed for general use. In many cases, the engineers and 
managers may face many problems in the process of implementing the PA concept.  

The purpose of this research is to study, analyze and suggest a methodology for implementa-
tion of Production Assurance Programs (PAPs) in production plants and define some avail-
ability importance measures that can be applied to improve production assurance. To fulfil the 
stated purpose, an explorative literature study combined with a case study of a process plant 
has been performed. Various examples and data from the oil & gas industry are also used to 
support the thesis. 

In this study, firstly the concept of production assurance is discussed and Overall Production 
Assurance Effectiveness (OPAE) is suggested as a developed metric for measuring the per-
formance of a production plant which is considered internal effectiveness of production plant 
as well as external effectiveness as it considered customer requirement and demand.   

This thesis presents and discusses a methodology that facilitates implementation of PAPs in a 
production plant. Such a methodology would support production engineers and managers in 
reducing or eliminating uncertainties and risks in their day to day operation and maintenance 
decisions.

In this research study, some availability importance measures have been defined. Thereafter, a 
methodology is suggested to improve the production assurance effectiveness through im-
provement of reliability, maintainability, and availability performance of production plant. In 
the methodology, the concept of importance measures is used to prioritize the components or 
subsystems. This analysis of importance measures have helped to identify the critical and sen-
sitive subsystems or components that need more attention for improvement.  
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The research study shows that  in order to measure the performance of a production plant, the 
PA provides a more comprehensive measure of a production plant’s real performance com-
pared to system availability performance as the production assurance provides information 
about the production plant’s delivery capacity, production rate and ability to deliver according 
to design or customer demands. The study also indicates that availability importance measures 
can serve as a guideline for developing a strategy for improvement of production assurance.  

Keywords: Production Assurance, Improvement, Implementation, Reliability, Availability, 
Maintainability, Importance Measure. 
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Notation and Abbreviation 

A (t) Instant availability of system at time t
C  Budget for availability improvement  
CBM Condition based maintenance 
CM Corrective maintenance 
ECC Expected cost of corrective maintenance 
ECI  Expected cost of inspection 
ECP Expected cost of preventive maintenance 
FTM Fixed time maintenance 
MFTT Mean function test time 
MTBF Mean time between failures 
MTTR Mean time to repairs 
OEE Overall equipment effectiveness 
OPAE Overall production assurance effectiveness 
PA Production assurance 
PAP Production assurance program 
PM Preventive maintenance 
QE Quality effectiveness 
SSC Structure, system or component 
TBF Time between failures 
TBM Time based maintenance 
TTR Time to repair 

 Scale parameter 

iC   Cost needed to improve repair rate of the component i as i

i
AI   Availability importance measure of component i

iC   Cost of an inspection  
)(t  Failure rate function  

  Shape parameter 
i
A i

I ,  Availability importance measure of component i based on the failure rate 
i
A i

I ,  Availability importance measure of component i based on the repair rate 

iC  Cost needed to improve the failure rate of the component i as i

i
RI  Reliability importance measure of the component i

i

C  Variation of availability improvement cost with respect to failure rate of component i

i

C  Variation of availability improvement cost with respect to repair rate of component i
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Some Basic Definitions 

Availability: The ability of an item to be in a state to perform a required function under given 
conditions at a given instant of time or over a given time interval, assuming that the required 
external resources are provided (IEV 191-02-05). 

Error: An error is a discrepancy between a computed, observed or measured value or condi-
tion and the true, specified or theoretically correct value or condition. An error can be caused 
by a faulty item, e.g. a computing error made by faulty computer equipment (IEV 191-05-24). 

Failure: A fault is the state of an item characterized by inability to perform a required func-
tion, excluding the inability during preventive maintenance or other planned actions, or due to 
lack of external resources. A fault is often the result of a failure of the item itself, but may ex-
ist without prior failure (IEV 191-05-01). 

Fault: Failure is the termination of the ability of an item to perform a required function 
(IEV19-04-01).

Item: An item is any part, component, device, subsystem, functional unit, equipment or sys-
tem that can be individually considered. An item may consist of hardware, software or both, 
and may also in particular cases, include people (IEV191-01-01). 

Maintainability: Maintainability is the probability that a given active maintenance action for 
an item under given conditions of use can be carried out within a stated time interval, when 
the maintenance is performed under stated conditions and using stated procedures and re-
sources (IEV191-13-01). 

Maintenance: Maintenance is the combination of all technical and administrative actions, in-
cluding supervision, action intended to retain an item in, or restore it to, a state in which it can 
perform a required function (IEV 191-07-07)

Mean time between failures: The expectation of time between failures (IEV 191-12-08).

Mean time to repair: The expectation of the time to restoration (IEV 191-13-08).

Non-repairable item: An item which is not repaired after a failure (IEV 191-01-03). 

Repairable item:  An item which is in fact repaired after a failure (IEV 191-01-02). 

Reliability: The probability that an item can perform a required function under given condi-
tions for a given time interval (IEV191-12-01 

Uncertainty: Uncertainty (degree of belief) is defined as difference between the amount of 
information required to perform a task and the amount of information already possessed. 
(Galbraith ,1973)
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1 Introduction and background 
Customers are interested in purchasing products as per specification, in the right quantity, and 
of the right quality at the specified time. To meet customer requirements, production processes 
must be able to manufacture and deliver the product as per specifications. Establishing a 
strong delivery capability enables production plants to meet market requirements, achieve cus-
tomer satisfaction, and build a positive reputation. They are thus able to achieve high levels of 
overall firm performance (Fawcett et al., 1997). Modern production systems are large, com-
plex, automated, and integrated. Failures occur more or less frequently in these complex and 
large systems. For a production plant, the consequences of failure include high maintenance 
cost, possible loss of production, and exposure to accidents. It can also lead to annoyance, in-
convenience and a lasting customer dissatisfaction that can play havoc with the responsible 
company’s marketplace position (Croarkin and Tobias, 2007).  Therefore, it is important for 
the plant engineers and managers to make decisions that can reduce or eliminate the probabil-
ity of failures or/and their consequences as well as uncertainties in production processes. 

However, making correct decisions in a dynamic business environment is a major challenge 
for production plant engineers and managers all over the world. The dynamic business envi-
ronment is characterized by short-term and long-term uncertainties in business processes, 
combined with a short-term focus on meeting customers’ and shareholders’ requirements. Ac-
cording to Ho (1989) and Mula et al. (2006), such uncertainties can be categorized into two 
types. One is environmental uncertainty, such as demand uncertainty and supply uncertainty. 
The other is system uncertainty, which is related to uncertainties within the production proc-
ess, e.g. operation yield uncertainty, production lead time uncertainty, quality uncertainty, 
failure of production system and changes on product structure.  

Such a situation necessitates the successful application of tools and methodologies to mini-
mize the total business risk and reduce uncertainties through assurance of world-class1 pro-
duction plant performance, which can ensure that the right level of production can be obtained 
in order to meet customer demands. 

To meet the above-mentioned challenges, many approaches such as reliability and risk analy-
sis have proved to be effective solutions during both design and operation of a production 
plant, and have been implemented by production engineers and managers. There are papers 
covering reliability programs for different industries, but not specifically addressing produc-
tion and production availability, e.g. Guthrie et al. (1990), Klinger et al. (1992), Knowles et al. 
(1995), Lentz (1995), Ke and Hwang (1997), Pecht et al. (2002), and Hagen (2006). There are 
also some related standards, e.g. NASA-STD-8729.1 (1998), IEEE 933-1999, IAEA-
TECDOC-1264 (2001), IEC 60300-3-10 (2001), IEEE 1332-1998, and IEC 60706-2 (2006). 
For example, the IAEA-TECDOC-1264 (2001) is the Reliability Assurance Program (RAP) 
guidebook for advanced light water reactors. This guidebook demonstrates how the designers 
and operators of future commercial nuclear plants can exploit the risk, reliability and availabil-
ity engineering methodologies and tools developed over the past two decades to augment ex-
isting design and operational nuclear plant decision-making capabilities. The main focus of 
these publications is on the process of ensuring a reliable product and production plant as well 

1 Being World Class means having the systems, products and processes to enable a company to compete successfully both 
nationally and internationally, to have the capability to defend core markets and the skills to capture new ones. 
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as reducing system uncertainties. However, these publications are not discussing the issues of 
production availability critical for meeting customer requirements. Hence, risk and uncertain-
ties in decision-making may increase since environmental uncertainties are not considered.  

To deal with these challenges, the concept of Production Assurance (PA) is introduced by the 
Norwegian oil and gas industry, which plays a significant role in supporting the decision-
making process for managers and engineers dealing with the challenges of meeting various 
customer requirements as well as production control needs. Therefore, there has recently been 
a high degree of interest in use of the production assurance concept. Production assurance 
(also referred to as regularity) is a term used to describe how capable a system is to meet de-
mand for deliveries or performance (Norsok Z-016, 1998). Production assurance may be quan-
tified by various measures like production availability, throughput capacity, deliverability, or 
demand availability. The PA concept includes several other concepts, such as reliability, 
maintainability, availability, and maintenance support performance. Some of these concepts, 
and their relationships, are illustrated in Figure 1. In the following section, different concepts, 
of production assurance are briefly reviewed and discussed. 

Availability (Item) Availability
(System)

Reliability
Design
Tolerances
Design margins
Quality control
Operating
Conditions
etc.

Maintainability
Organization
Resources
Tools
Spares
Accessibility
Modularization
etc.

Production
Availability Deliverability

Consequence of 
item failure

Configuration
Utilities
etc.

Consequence for 
production

Capacity
Demand
etc.

Compensation

Storage
Substitution
etc.

Uptime Downtime

Figure 1. Relationship between production assurance terms (Norsok Z-016, 1998). 

Reliability performance 
The formal definition of reliability according to IEV (191-02-06) is “the ability of an item to 
perform a required function under given conditions for a given time interval”. A keyword is “a 
required function”. This means that it is possible to consider a number of “reliabilities” for a 
certain item, taking into account one required function at a time. Of special interest are the 
safety functions or barriers related to the item under study. Another important word combina-
tion used is “under given conditions”. It is essential to identify various foreseeable conditions 
and operating modes, as well as item (system, equipment, component, etc.) use and misuse in 
the requirements specification phase of system design.   

Optimal production assurance requires a standardized integrated reliability approach. This is 
relevant for all life cycle phases and relates to management of the production assurance proc-
ess and demonstrates that the production performance and reliability requirements are adhered 
to (ISO/CD20815, 2005). Reliability analysis helps in identifying the critical and sensitive 
items which have a major effect on system failure. Therefore, a focus on reliability is critical 
for the improvement of production plant performance and ensuring that production plant is 
available as per production schedules and therefore production assurance goals and objectives 
can be achieved (see Blischke and Murthy, 2000).
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During the design phase the aim of system, component or equipment reliability is to prevent 
the occurrence of failures as far as possible and also to reduce the effects of the failures which 
cannot be eliminated. In the operational phase reliability of a system can be improved through 
modification of the system as well as operation and maintenance programs. Proper equipment 
maintenance and operation can assist in ensuring that the designed reliability performance is 
achieved and some failures are avoided as well as the cost reduced.  

Maintainability performance  
Maintainability is formally defined as: “the ability of an item under given conditions of use, to 
be retained in, or restored to, a state in which it can perform a required function, when mainte-
nance is performed under given conditions and using stated procedures and resources” (IEV
191-02-07). Often systems are designed, built, and tested in an environment with a comfort-
able temperature and good lighting. However, in real life, maintenance is often performed in a 
harsh and remote environment, with bad weather conditions, large geographical distances, and 
lack of infrastructure (Gao and Markeset, 2007a; Larsen and Markeset, 2007). For this reason, 
the actual operating situation needs to be taken into account when designing for maintainabil-
ity. Otherwise, unwanted phenomena, like No Fault Found (NFF) events can occur due to low 
testability (Söderholm, 2007).  The objective of the maintainability input is to minimize the 
maintenance time and labor hours considering design characteristics such as accessibility, 
standardization, interchangeability, standardization of tools, etc. In order to increase maintain-
ability, in some manner the downtime must be reduced through, for example, spare parts and 
supporting inventories optimization, availability of test equipment, maintenance personnel 
training, etc. There exist guidelines for taking maintainability into account, e.g. IEC 60300-3-
10 (2001), IEC 60706-2 (2006), and IEC 60706-3 (2006), which support in the analysis of 
maintainability-related risks. 

Maintenance support performance 
Maintenance support performance is defined as: “the ability of a maintenance organization, 
under given condition, to provide upon demand the resources required to maintain an item, 
under a given maintenance policy” (IEV 191-02-08). Defining and developing maintenance 
procedures, procurement of maintenance tools and facilities, logistics and administration, 
documentation, and development and training programs for maintenance personnel are some 
of the essential features of a maintenance support system. Furthermore, for complex, ad-
vanced, and integrated production systems, external support is often needed, for example from 
the original equipment manufacturer, which can provide expert assistance, field service, spare 
parts and tools, and training of operation and maintenance personnel. Thus it can be seen that 
maintenance support performance is part of the wider concept of “product support”, which 
includes support to the product as well as support to the client (Markeset, 2003; Kumar, 2005; 
Ghodrati and Kumar, 2005; Candell and Söderholm, 2006). The performance of the mainte-
nance organization may be assessed using organizational performance measurement systems 
(Liyanage, 2003), although delivery performance of external support services should be meas-
ured using performance measurement systems focusing on service delivery (Kumar, 2005; 
Markeset et al., 2007). Here, one link between the technical system and the support system is 
the Built-in-Test (BIT) system and its integration with the various echelons of the mainte-
nance support systems (Söderholm, 2005). 
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Availability performance 
Together, the reliability performance, the maintainability performance, and the maintenance 
support performance define the availability performance in detail. The formal definition of 
availability performance is: “the ability of an item to be in a state to perform a required func-
tion under given conditions at a given instant of time or over a given time interval, assuming 
that the required external resources are provided” (IEV 191-02-05). Various measures of 
availability performance are defined in the literature, such as instantaneous availability, as-
ymptotic availability, asymptotic mean availability, and mean availability; see e.g. Sandler 
(1963), Barlow and Proschan (1965), Gnedenko et al. (1969), Barlow and Proschan (1975), 
and IEV (2006). All these measures are based on the function X(t), which denotes the status of 
a system at time t. For example, the instant (or point) availability at time t is defined 
by . This is the probability that the system is operational at time t. Since it is 
very difficult to obtain an explicit expression for A(t), other measures of availability have been 
proposed. The most frequently used availability measure is the steady-state availability or lim-
iting availability, which is defined as the mean of the instantaneous availability under steady-
state conditions over a given time interval (IEV, 2005-10-08) expressed by . This 

quantity is the probability that the system will be available after running for a long time and is 
a significant performance measure for a system. Often steady-state availability is also defined, 
depending on whether waiting time or preventive maintenance times are included in or ex-
cluded from the calculation. Therefore, depending on the definitions of uptime and downtime, 
there are three different forms of steady-state availability: inherent availability, achieved 
availability, and operational availability (Blanchard and Fabrycky, 1998; Blanchard et al., 
1995).

1)()( tXPtA

)(tALimA
t

Deliverability performance 
Deliverability is defined as the “ratio of deliveries to planned deliveries over a specified pe-
riod of time, when the effect of compensating elements such as substitution from other pro-
ducers and downstream buffer storage is included” (Norsok Z-016). It is possible to consider 
not only the production system, but also buffer or any other back-up systems in case that the 
production system is down. Therefore, production assurance may preferably be measured by 
the deliverability performance. Delivery capability has a strong positive influence on produc-
tion plant performance. Two functions, “operations” and “logistics”, play a central role in 
building a strong delivery capability. These two functions typically represent 90% or more of 
the total order cycle time for most companies. Therefore, efforts to achieve truly superior de-
livery performance should target both functional areas (Fawcet et al., 1997).

In operation phase of a production plant, an effective maintenance program is important to 
assure reliability and availability performance. This, in turn, will help achieving high level of 
production assurance. For discussion and modeling of the roll of efficient maintenance in the 
enhancement of the company’ internal effectiveness, it is referred to Al-Najjar (2007). How-
ever, to make correct decisions in maintenance, one should consider not only technical aspects 
but also cost information to ensure achievement of objectives in long run (Campbell and Jar-
dine, 2001). Therefore, a cost-benefit analysis is required to make final decision about mainte-
nance program (see e.g. Al-Najjar, 1999; Al-Najjar and Alsyouf 2003; Blischke and Murthy, 
2003; and Jardine and Tsang, 2006).
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1.1 Problem statement
PA concepts  have been used for many years in the oil and gas industries and in the literature 
some aspects of such concepts have been discussed; see e.g. Aven (1987), Hokstad (1988), 
Kawauchi and Rausand (1998), Signoret (1998), Rausand (2002), Hjorteland and Aven 
(2003), Zio et al. (2006) and Gao and Markeset (2007b).The standards available, are Norsok 
Z-016 (1998) and ISO/CD 20815 (2005) 2, which are key documents for the PA concepts. 
These standards are petroleum oriented; they include mainly reliability and maintenance 
analysis of components, systems, and operations associated with exploration drilling, exploita-
tion, processing, and transport of petroleum resources.  

However, PA concepts have not yet been sufficiently developed for general use. The main fo-
cus of the existing researches on the area of PA is on the models and methodologies for data 
analysis and prediction of future system performance. Therefore, in order to extend the con-
cept of PA from the petroleum sector to other areas of application in the process industries, the 
concept of PA needs further explanation and clarification e.g. the content of the PA concept, 
the usefulness of PA concept, and difference between PA concept and other similar concepts 
such as Overall Equipment Effectiveness (OEE), which is used in various industries, etc.

Furthermore, there is need for a more detailed methodology to implement the PA concept in 
other production industries where production availability issues are critical for long term sur-
vival of the business; it provides support to production engineers and managers in removing 
uncertainty in their day to day operation and maintenance decisions. Hence, a generic Produc-
tion Assurance Program (PAP) must be developed and implemented to achieve a high level of 
delivery assurance. As per the existing literature and standards (see e.g. Aven 1987; Norsok, 
1998; Rausand, 2002; and Hjorteland et al., 2007), it is a challenge to implement such a pro-
gram in a practical setting. In many cases, engineers and managers may face many problems 
in the process of implementing the PA concept. Therefore, managers and decision-makers 
need guidance and support in the implementation of PAP such as what are the main imple-
mentations tasks which can be included in a PAP, what are the relevant decision-making crite-
ria, what should be included in the procedure of converting the overall PAP goals to more 
specific requirements, how the concept of importance measures is useful, and how the per-
formance criteria can be defined, etc. 

Moreover, when the PA of a production plant is low, efforts are needed to improve it. Hence, 
the question of how to meet PAP goals for a production plant arises when the estimated per-
formance is inadequate. This then becomes a resource allocation problem at the compo-
nents/subsystems level. Therefore, it is essential to use methodologies and tools for production 
assurance allocation amongst various components/subsystems of a production plant with the 
minimum efforts and cost. As a result, many studies have been performed to improve and op-
timize the performance (availability performance) of a system through different approaches; 
see e.g. Murty and Naikan (1995), Owens et al. (2006), and Chiang and Chen (2006). Some 
optimization methodologies to redundancy allocation problems are applied by Castro and 
Cavalca (2002). The genetic algorithm (Holland, 1975) is a search methodology, which is 

2 The Norsok Z-016 is the basis for the development of an international ISO standard namely ISO/CD20815, 
which is drafted and distributed for review and comments.
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analogous to biological evolution and reproduction that has been selected by Painton and 
Campbell (1995), Castro and Cavalca (2003), and Elegbede and Adjallah, (2003) to solve 
availability allocation problems and other reliability optimization problems.  

In most the above mentioned cases, the problem of availability allocation and optimization can 
be defined as a multi-objective optimization problem, which aims to maximize system avail-
ability and minimize system cost. In these studies, specifically in genetic algorithm, complex 
mathematical expressions for modelling are used. It should be noted that the production assur-
ance allocation problems are mainly dealt with considering the criticality of reliability and 
maintainability characteristics as well as the maintenance support performance of a production 
plant at lower system level. Therefore, it is useful to consider the concept of importance 
measures for improving the existing production plant performance characteristics. Component 
importance analysis is a key part of the system performance quantification process. It enables 
the weakest areas of a system to be identified, and indicates modifications which will improve 
the system reliability and maintainability (Beeson and Andrews, 2003). Several component 
importance measures have been developed in the reliability area, e.g. Aven (1986), Boland 
and El-Neweihi (1995), Andrews and Beeson (2003), Zio and Podofillini (2003), Cassady et 
al. (2004); after Birnbaum (1969) first introduced the mathematical concept of the importance 
measures. Hence, the availability importance measures of items should be defined and used 
during the design or evaluation of production plants to determine which item have the greatest 
importance for the production plant’s performance. However, there are some issues to be re-
solved during the development of a production assurance improvement or optimization proc-
ess in design and operation phases, such as where it is best to attempt improvements in the 
production plant performance, and how to affect improvements in production plant perform-
ance when the areas which required attention have been identified.

1.1.1 Relevance of the research 
Correct decision-making is very challenging as it requires a great deal of knowledge and ex-
perience in dealing with issues related to performance, capacity, security, operations manage-
ment, etc. Therefore, this research is important and related to industry, because addressing 
above-mentioned problems will help to improve knowledge of the production assurance, as 
well as to provide recommendations for implementation of PAP and improvement of produc-
tion assurance. It supports decision-making process in design and operation phase. If imple-
mented correctly, it will facilitate correct decision making as it will increase our knowledge 
about the production plant and associated processes.

1.2 Research purpose and objectives 
The purpose of this research is to study, analyze and suggest a methodology for implementa-
tion of Production Assurance Programs (PAPs) in production plants and define some avail-
ability importance measures that can be applied to improve production assurance.  

More specifically the objectives of this research are to: 

Describe and discuss the concept of Production Assurance.
Define a typical Production Assurance Program and its elements. 
Suggest a methodology for implementation of PAPs in production plants.
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Discuss and present a methodology for improvement of PA using availability impor-
tance measures.  

1.3 Research questions  
Based on the discussion in the previous section and research problem, the following research 
questions are posed on the basis of the research problem: 

RQ1 What is the basic concept related to Production Assurance Programs (PAPs)? 
RQ2 What is the procedure of implementation of Production Assurance Programs (PAPs) 

in production plants? 
RQ3 How can one improve production assurance using the concept of importance meas-

ures?  

1.4 Scope and limitation  
The study is based on data from the mining and oil & gas industries.  

The concept of availability importance measure is applied in a case study from mining 
industry.

The implementation of PAP is only based on some example from the Norwegian oil & 
gas industry.

The suggested methodology for availability allocation through availability importance 
measures is verified by a numerical example. 
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2 Research approach and methodology 

The aim of this chapter is to present and discuss the applied research approach and method-
ologies used in this research. Most generally research is defined as a process through which 
questions are asked and answered systematically (Dane, 1990). To do research, it is essential 
to choose a clear methodology which provides a framework for integration of the different 
technical, commercial, and managerial aspects of study (Cooper and Schindler, 2003). Ac-
cording to Neuman (2003) a study may want to explore a new topic (exploratory research), 
describe a phenomenon (descriptive research), or explain why something occurs (explanatory 
research). Studies may have multiple purposes, but one purpose is usually dominant. There-
fore, to fulfill the purpose of this research an exploratory approach is intended to generate new 
knowledge and understanding about the production assurance concept and production assur-
ance program. The knowledge gained from this research is intended to be used for suggesting 
a methodology for implementation of PAP. A motive for the descriptive part is the need to 
describe how PA can be improved and how to be able to manage the PA improvement efforts. 

2.1 Research approach 
The research approach may be performed according to induction, deduction, or abduction (see 
Neuman, 2003). The research process in this thesis started as a deductive approach, with a lit-
erature study in order to gain a deeper understanding of the PA concept and the need for fur-
ther investigation of PA. An inductive research approach was thereafter used to generate new 
ideas about the measuring of the criticality of each component, followed by collection of em-
pirical data from a crushing plant at the Jajarm Bauxite mine of Iran and arriving at conclu-
sions. Hence, the research has iteratively changed between theory and empirical study. There-
fore, the applied research approach of this thesis can be described as an abduction research 
approach.

The research approach can also be divided into qualitative or quantitative (see Neuman, 2003). 
The research approach in this thesis is both qualitative and quantitative. The qualitative ap-
proach aims at proposing a methodology for implementation of a PAP in production plants. It 
also aims at describing different elements of a PAP and relationship between different con-
cepts in the PA concept. The quantitative approach is chosen to present a methodology for 
calculation of performance of a production plant. The quantitative approach is also considered 
as an alternative in order to find out the importance measure of items that shows their critical-
ity from availability point of view, which is useful for improvement of PA.  

2.2 Research strategy 
Yin (2003) describes five different research strategies to apply when collecting and analyzing 
empirical evidence. There conditions are deigned to apply in order to decide upon which strat-
egy to use: the type of research question, the extent of control the researcher has of behav-
ioural events and the degree of focus on contemporary events, as opposed to historical events 
(see Yin, 2003, p. 5). 

The first and second research questions of this study include “what”. The questions are mainly 
of an explorative nature and are intended to develop relevant hypotheses and propositions for 
further inquiry. For this reason the “what” in this research question does not mean “how 
many” or “how much” which would favor survey or archival strategy (see Yin, 2003, p. 6). 
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According to Yin (2003) it is possible to use an exploratory study based on any research strat-
egy to answer this kind of explorative research question. Since the second and third research 
questions in this study indicate a case study, which is supported by a literature study as an ap-
propriate research study, it may also be beneficial to apply this strategy in order to answer the 
first research question. The third research question of this study includes “how” which is 
likely to favor the use of case studies, experiment and history. In this research it is not possible 
to control behavioral events and the focus is on contemporary events, which exclude experi-
ment and history. Therefore, the case study has been chosen as the main research strategy in 
this research study. To answer the research questions, oil and gas industry, and crushing plants 
of a mine are selected as case studies. In the first and second research questions, the starting 
point is the offshore oil and gas industry, but the methodology and discussion is to a large ex-
tent general and could also be applied in other industries. A number of issues related to each 
element of PAP have also been discussed, using examples from the offshore oil and gas indus-
try as illustrations in papers I and II. The case studies were supported by a literature study, in 
order to gain knowledge about the research area.

2.3 Data collection and analysis 
The data used in the case studies were collected over a period of one year for three crushing 
plants at the Jajarm bauxite mine in Iran using daily reports and maintenance reports. The type 
of data is secondary, because it is the raw data that had already been collected by someone 
else for some general information purpose (Blaikie, 2003). Tables are designed in order to sort 
and arrange the data in a chronological order for using statistical analysis. In this research 
study Time Between Failures (TBF) and Time To Repair (TTR) data of crushing plants and 
their subsystems are arranged in chronological order for using statistical analysis to determine 
if there is any trend in the failure and repair data. The basic methodology used in this study as 
a framework for the analysis of the failure data and repair data is presented step-by-step in 
Figure 2.

The first step in analyzing such data is to identify failure with significant consequence. For 
this purpose it is appropriate to use the Pareto principle of the “significant few and the insig-
nificant many”. 

The next step after collection, sorting and classification of the data was validation of the inde-
pendently and identically distributed (iid) assumption of the data of each subsystem or com-
ponent. The reason for this is that the analysis of reliability and availability data usually is 
based on the assumption that TBF and TTR data are independent and identically distributed 
(iid) in the time domain. Therefore, before starting, it is critical to conduct a formal verifica-
tion analysis of the assumption that the failures/repairs are independent and identically distrib-
uted (iid). Otherwise completely wrong conclusions can be drawn (Ascher and Feingold, 
1984; Kumar and Klefsjö, 1992). If the assumption that the data are iid is not valid, then clas-
sical statistical techniques for reliability analysis may not be appropriate. Therefore a non-
stationary model such as non-homogenous poison process (NHPP) must be fitted (Ascher and 
Feingold, 1984; Kumar and Klefsjö, 1992). A functional form, which has been most com-
monly applied to repairable systems, is the NHPP model based on the power law process 
(Rigdon and Basu, 2000).

10



Figure 2. Reliability analysis process of a repairable system (Adapted from Asher and Feingold, 1984) 

In this research, the trend free data are further analyzed to determine the accurate characteris-
tic of failure and repair time distributions of crushing plant subsystems for estimating the reli-
ability. Different types of statistical distributions were examined and their parameters were 
estimated by using ReliaSoft’s Weibull++ 6 software. The Kolmogorov–Smirnov test is used 
for the validation of the best fit distribution as described in Francois and Noyes (2003). In this 
study, the power law process model is used for reliability modeling of the data with trends. 
After finding the reliability and availability characteristics, the concept of importance measure 
is used in order to find the criticality of each subsystem.  

Some quantitative data have also been collected from the Offshore Reliability Data Handbook 
(OREDA, 2002) and have been used in Paper I and II. 

2.4 Reliability and validity of research 
It is generally agreed that "good" measures must be reliable and valid. Reliability of a research 
means dependability or consistency. It suggests that the same results can be repeatedly ob-
tained under identical or very similar conditions (Neumann, 2003). It means that the imple-
mentation of a study, such as data collection procedures, can be conducted by somebody else 
with the same result. With high reliability, it is possible for another researcher to achieve the 
same results on the condition that the same methodology is used. One condition for high reli-
ability is that the methodology used for data collection is clearly described (Yin, 2003).
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In order to affect the reliability positively, the applied data collection and classification meth-
odology is established based on standard recommended and described in chapter 3. The em-
pirical data are used for dependability analysis of a production plant as a case study, which is 
described in Papers III, IV and V which has affected the reliability of the research positively. 
Furthermore, different examples from the oil and gas industry and some quantitative data from 
the offshore reliability data handbook (OREDA, 2002) have also been used and discussed in 
Papers I and II in order to guide other researchers, which strengthens the reliability.

Validity is concerned with whether or not the item actually elicits the intended information. 
Validity suggests fruitfulness and refers to the match between a construct, or the way a re-
searcher conceptualizes the idea in a conceptual definition, and a measure. It refers to how 
well an idea about reality fits with the actual reality (Neuman, 2003). In this research, analysis 
of availability importance measures for a crushing plant case study is performed and the re-
sults are presented. Furthermore, availability allocation through importance measures is illus-
trated by a numerical example. About availability importance measures, findings of the study 
are relevant and logically correct. However, in order to generalize, the theory must be tested 
through replications of the findings in a second or even third case study (Yin, 2003). Further-
more, the suggested methodology for implementation of PAP is described by using some ex-
amples from the oil & gas industry. A more extensive case study could have provided useful 
information and feedback concerning the strengths, weaknesses and usefulness of the method-
ology. However, such a cases study has not been possible to perform within the time frame of 
this thesis.  
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3 Summary of appended papers 

The aim of this chapter is to present the summary of six appended papers. Five of the six ap-
pended papers are submitted or published in international journals and paper VI is published 
in the proceedings of the Swedish production symposium. Each paper makes its own contribu-
tion towards the research questions and reports the finding of the case studies. The relation 
between the papers and the research questions is illustrated in Table 1. 

Table 1. The relations between the six appended papers and the research questions. 

Paper RQ1 RQ 2 RQ 3 
I +
II + +
III +
IV + +
V + +
VI +

Paper I reflects the theoretical foundation of the performed research and is under review in an 
international journal. The other papers focus on different aspects of Paper I. Paper II is based 
on a literature study supported by some examples from oil and gas industries, but the method-
ology and discussion is to a large extent general and could also be applied in other industries. 
Paper II reflects that a function or a design element can be identified as critical based on its 
importance. Therefore, it is very important to find the criticality of each component or subsys-
tem for implementation of PAP. The focus of Paper III is on this aspect of Paper II which is 
published in the international Journal of Quality and Reliability Management. Papers IV and 
V are based on findings of the crushing plants case studies. Paper IV shows how to select a 
suitable maintenance strategy for the execution of PAP and improving the performance of 
production plants. This paper is published in the International Journal of Performability Engi-
neering. Paper V, which is published in the Journal of Reliability Engineering and System 
Safety, presents a methodology for performance analysis of a production plant, which is an 
important element of PAP. Finally, Paper VI presents a methodology for improvement of PA 
and uses the concept discussed in other papers.

Paper I review and discuss existing knowledge of PA concepts to provide an overview of 
various issues involved in PAP and also explores the definition of a typical PAP and different 
elements of such programs. The main focus of the literature on PA is on the model and meth-
odology for performance analysis of a system. However, this paper is more inclined towards 
the principle behind these models and methodologies. In this regard, several things  need to be 
understood more precisely, e.g. what the concept of PA includes, how it can be useful, and 
how it differs from similar concepts such as Overall Equipment Effectiveness (OEE), which is 
used in various industries, and what the main elements of a PAP include. The main contribu-
tion of this paper is to discuss and clarify these issues. Furthermore, it presents Overall Pro-
duction Assurance Effectiveness (OPAE) as a developed metric for measuring the effective-
ness of a production system.   

Paper II proposes and discusses a methodology for implementation of a PAP in production 
plants. Paper I shows that it is a challenge to implement and apply a PAP in a practical setting. 
Therefore, managers and decision-makers need guidance on some aspects, such as what are 
the main implementations tasks which can be included in a PAP, what are the relevant deci-
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sion-making criteria, what should be included in the procedure of converting the overall PAP 
goals to more specific requirements, how the concept of importance measures is useful, and 
how the performance criteria can be defined. The purpose of this paper is to provide such 
guidance. This is achieved by presenting and discussing a methodology for implementation of 
a PAP in a production plant during the design and operation phases. The methodology identi-
fies the primary tasks and decisions criteria within a PAP and presents the activities and tools 
that are required to perform these tasks. The starting point is the offshore oil and gas industry, 
but the methodology and discussion is to a large extent general, and could also be applied in 
other industries. 

In Paper III, the purpose is to define availability importance measures in order to calculate 
the criticality of each component or subsystem from the availability point of view and also to 
demonstrate the application of such importance measures for achieving optimal resource allo-
cation to arrive at the best possible availability. The availability importance measures of a 
component are defined as a partial derivative of the system availability with respect to the 
component availability, failure rate, and repair rate. Paper VI indicates that the production as-
surance can be improved by increasing availability of a production plant. Therefore, this paper 
presents a methodology for availability allocation through importance measures (which sup-
ports Paper VI) and this is demonstrated by the use of a numerical example. Moreover, in or-
der to demonstrate the application of availability importance measures the crushing plant case 
study is used to determine the criticality of different subsystems. 

Paper IV introduces a decision diagram for maintenance scheduling of a mining system based 
on reliability and availability analysis with the aim of improving equipment performance and 
ensuring that equipment is available for production as per PAP schedules. Thereafter, a case 
study from Jajarm Bauxite Mine in Iran is presented to illustrate the applicability of the main-
tenance scheduling model. The result of the case study indicates that the focus on reliability 
and availability of critical subsystems is important for the improvement of equipment per-
formance and ensuring that equipment is available for production as per PAP schedules. 

Paper V shows that it is important to select a suitable method for data collection as well as 
reliability and availability analysis of a production plant. The result of performance analysis is 
a base for decision-making in the implementation of a PAP in a production plant, as men-
tioned in Paper II. Therefore, the paper describes a methodology for reliability and availability
analysis of mining equipment in the operation phase. It also presents a case study from Jajarm 
Bauxite Mine in Iran to illustrate the applicability of the methodology. The paper also demon-
strates how to check the iid assumption for TBF and TTR data set of a crushing plant as well 
as best-fit distribution. 

In Paper VI, the aim is to present and discuss a methodology for improvement of production 
assurance performance. The proposed methodology consists of four steps. These steps are: i) 
data collection and information management; ii) modeling and data analysis; iii) generate im-
provement alternatives; and iv) evaluation of the alternatives and decision making. The paper 
indicates that the PA improvement program is useful to optimize the design and operation of 
the production process. In order to improve PA , the manager and engineers should always 
look for improvement alternatives, to meet the goals and criteria, and then evaluate their per-
formances and, depending on the result of evaluation, the best alternative may be accepted.   
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4 Discussion of the results  
This chapter discuses and presents the findings of the present research. The areas of discussion 
will be centred on the stated research objectives. 

4.1 Production assurance concept 

The first objective of this thesis is to describe and discuss the concept of PA.  In Paper I it is 
presented that for a production plant, the concept of system availability does not provide in-
formation about the production plant’s delivery capacity, production rate and ability to deliver 
according to design or customer demands.  For example, let us assume that the system avail-
ability is 90% for a specific period, but the system capacity and the production rate may be 
less than desired. This could, for example, be caused by process bottlenecks, reduced effi-
ciency due to aging, reduced effectiveness due to use of old technology, or ineffective process 
organization. As a result, the production availability performance goals may not be achieved. 
This means that the concept of system availability alone is not a good performance measure. 
Hence, in order to measure a production plant’s performance a model is needed, which takes 
into account the capacity performance and system availability performance as well as the cus-
tomer and market demand. Therefore, Paper I concluded that the PA provides a more compre-
hensive measure of a production plant’s real performance compared to system availability per-
formance as it provides information about the production plant’s delivery capacity, production 
rate and ability to deliver according to design or customer demands. PA helps the decision-
maker to estimate whether the plant is able to meet the customer requirements or not. A com-
bination of capacity performance and dependability concepts can be used to describe PA as 
illustrated in Figure 3 with respect to demand(see Paper I).  

Figure. 3. An illustration of the production assurance performance concept. 

The production assurance for period of (t1, t2) can be expressed as:

eperformanccapacityDemand
eperformanccapacityectedMean

tyavailabilioperatinalDemand
tyavailabililoperationaperdictedMeanPA exp

The concept of PA integrates the OEE measure with organizational capabilities as in TPM. 
However, PA considers market requirement and customer demand. In other words, the OEE, a 
measure of internal effectiveness indicates how effectively a production plant is being used 
compared to the designed capacity (OEE = 100%) (Koch, 2003), but PA shows how a produc-
tion plant meets customer demand, which is not considered in the OEE measure. A similar 
approach for measuring the total maintenance effectiveness of an organization is suggested by 
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Parida and Kumar (2007) which is measured by multiplication of internal and external effec-
tiveness 

Overall Production assurance Effectiveness (OPAE) is suggested as an improved metric for 
measuring the performance of a production plant, which can be defined as (see Paper I): 

QEPAOPAE

where PA. is the production assurance and QE is the Quality Effectiveness (see Paper I for 
definition) . In order to meet customer demand one may define an OEE (demand OEE) based 
on customer requirement for a production plant, which can be used for calculation of PA as 
follows: 

OEEDemand
OEEpredictedMeanOPAE

Overall process effectiveness (OPE), a modified version of OEE, is defined as a measure of 
process effectiveness revealing the contribution of the basic process elements in the process 
total effectiveness (see Al-Najjar, 1996). However, OPAE is considered customer require-
ments and market demand. It should be noted that the value of OEE in a production plant is 
less than 1(Koch, 2003), but the value of PA can be more than 1, which means that it expects 
to produce more than planned or demand production.   

A simple numerical example is used in Paper I in order to describe the calculation of a differ-
ent definition of production assurance performance as well as OPAE. It should be noted that 
the probability Distribution of OPAE can be used as a quantitative measure of OPAE. It shows 
a probability distribution of the possible different OPAE levels for an individual equipment 
and production plant.

4.2 Production assurance programs 
The second objective of the research is to define a typical PAP and its elements. This objec-
tive is closely linked to the first objective. The main aim of PAPs is to ensure that the right 
level of PA is obtained. Because a formal definition of a PAP does not yet exist; Paper I pro-
vided one as follows: 

A PAP can be defined as a formal management system, which assures the collection of impor-
tant information about plant performance throughout each phase of the plant’s life cycle, and 
which directs the use of this information in the implementation of analytical and management 
processes which are specifically designed to meet two specific objectives: 

Confirm that the plant is expected to attain, or continues to attain, each of its perform-
ance goals such as production availability, deliverability, technical integrity, and reli-
ability to reduce the total business risks and to meet customer demands and achieve 
profit goals. 

Facilitate identification of opportunities and cost-effective ways to implement and exe-
cute improvement actions needed to enhance production availability performance, re-
duce risks and uncertainties, and improve profits, efficiency, effectiveness, and produc-
tivity. 
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A PAP is influenced by the policies of the organization, the product being developed, and or-
ganizationally-unique practices. These policies cause the PAP to vary from organization to 
organization and from product to product. However, there are some common features and a 
typical PAP can be expected to have four broad functional elements i) goals, performance cri-
teria, and requirements; ii) management program and implementation procedures; iii) analyti-
cal tools and investigative methodologies; and v) information management system ( see Paper 
I).

4.3 Implementation of PAP 
The third objective of the research is to suggest a methodology for implementation of PAP in 
production plants which can act as a guideline. This objective can be fulfilled by the research 
presented in Paper II. It describes and discusses a methodology that facilitates the implementa-
tion of PAPs in a production plant. The basic feature of the methodology is illustrated by the 
flowchart in Figure. 1 of Paper II. The methodology is based on three main tasks and some 
decision criteria.  In order to demonstrate the methodology, different examples from the oil 
and gas industry are used. However, the methodology and discussion is to a large extent gen-
eral and could also be applied in other industries. 

In the methodology, the starting point is the definition of production plant goals, performance 
criteria, and requirements. The task of transforming overall PAP goals to specific PAP re-
quirements is complicated. When it comes to cost, effect on safety, and other concerns, it is 
almost impossible to know what the proper requirements should be without knowing what 
such requirements imply and mean. For further discussion, it is referred to Aven et al. (2006). 
Establishing PAP requirements can be subdivided into: i) identifying the production plant 
functions; and ii) translating PAP goals into PAP requirements for each function. It is dis-
cussed that the focus should be on the functions of design elements instead of the design ele-
ments themselves. This is because a particular design element can perform several functions 
and the consequences of the failure of one function are likely to be quite different from the 
consequences of the failure of another function. The primary focus should be on establishing 
PAP requirements for each function that is important for achieving the production plant goals 
and then on translating these requirements to the systems designed to accomplish these func-
tions.

When the PAP requirements are established, a primary design is developed to meet these re-
quirements. This design is then evaluated to see if the PAP requirements for the production 
plant functions are being met and to identify critical functions and design elements. If the re-
sults indicate that the PAP requirements for the production plant functions are not reached, 
then the manager must decide whether the PAP requirements are attainable. If so, the existing 
design should be revised to fulfil the PAP requirements, and the revised design should be re-
evaluated to check if it meets the PAP requirements. This process needs to be repeated until 
the evaluation demonstrates that the requirements can be met. If the result of evaluation shows 
that the PAP requirements are not attainable, they should be revised. If these requirements can 
not be revised in a satisfactory way, then the project goals should be either revised or can-
celled.

Once the design is completed, it should be put in operation by following the operation plan, 
which is prepared in the design phase. Thereafter, the production plant should be monitored 
and evaluated. If the results show that the requirements are not being met, but they are attain-
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able, the technical system or operational maintenance and support procedures should be modi-
fied and re-evaluated. This process needs to be repeated until the PAP requirements are met. 
In all steps, the PAP status should be monitored in order to predict possible PAP achievement 
in both design and operation phases. Periodic reports should be prepared including relevant 
PAP information. It should be assured that the PAP information is adequate for decision-
making and the information is provided in a cost-effective and timely manner. 

4.4 Improvement of production assurance using importance measures 
The forth objective of this thesis is to describe how to improve the PA of a production plant. 
In Paper VI, different steps for the improvement of PA are presented and discussed. The basis 
feature of the proposed framework for PA improvement is illustrated in Figure 2 of Paper VI. 
In order to improve PA, different improvement alternatives should be created, to meet the 
goals and criteria, and then their performances should be evaluated.  Depending on the result 
of evaluation, the best alternative can be accepted. 

PA is the product of capacity performance and equipment availability performance of a pro-
duction plant. Therefore, there are two ways to improve the PA: i) increasing the system avail-
ability performance; and/or ii) improving the capacity performance of a production plant.  

Therefore, some availability importance measures are defined in Paper III which show the 
criticality of each component/subsystem from availability point of view. To illustrate the con-
cept of importance measures, a case study of a crushing plant in Jajarm Bauxite mine of Iran is 
presented. With the assistance of availability importance measures, the components that merit 
additional research and development to improve their availabilities can be identified; there-
fore, the greatest gain is achieved in the system availability. Those components with high im-
portance could prove to be candidates for further improvements.   

The availability improvement process can be implemented in three steps. In step one, an or-
dered list of candidates for availability improvement can be identified, using the availability 
importance measure, but this measure does not provide more information about those candi-
dates.  Therefore, in step two the availability importance measure based on failure rate and 
repair rate of each component must be calculated.  Comparison of these two importance meas-
ures can show which of the two factors, the failure rate or the repair rate of each component, 
has more influence on the availability of the whole system. In other words, this comparison 
will show whether the availability improvement should be based on reducing the failure rate 
or increasing the repair rate of critical components or subsystems. In step III, in order to find 
the final strategy for the availability improvement process the cost trade-off is essential (see 
Paper III). In the case study presented in Paper IV, the results of reliability analysis are used to 
find a suitable and cost-effective maintenance strategy to keep reliability of critical subsys-
tems at the desired level and increase production assurance. The method for calculating sys-
tem performance characteristics such as reliability characteristics is described in more detail in 
Paper V.
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5 Conclusions and research contributions 

This chapter presents the main conclusions and the contribution of this research study.

5.1 Conclusions 
From the discussion related to the objectives and research questions presented in this thesis, 
numbers of conclusions have been made.  

In order to measure the performance of a production plant the PA provides a more com-
prehensive measure of a production plant’s real performance compared to system avail-
ability performance. It provides information about the production plant’s deliverability ca-
pacity, production rate and ability to deliver according to design or customer demands. 
The PA helps decision-makers to estimate whether the plant is able to meet the customer 
requirements or not. 

The concept of PA integrates the OEE measure with organizational capabilities as in TPM, 
but it is broader and applicable to a wide range of manufacturing and production processes 
as it also considers market requirements and customer demand. In other words, the PA 
shows how a production plant meets customer demand. This is not considered in the OEE 
measure. Performance of a production plant considering the market demand and customer 
requirements can be measured by Overall Production Assurance Effectiveness (OPAE). 
The OPAE is the product of production assurance and quality effectiveness.

Transforming PAP goals to PAP requirements is complicated; the primary focus should be 
on establishing PAP requirements for each function that is important for achieving the 
production plant goals and then on translating these requirements to the systems designed 
to accomplish these functions.  The PAP must focus on the functions, or specific tasks and 
missions of design elements, instead of the design elements themselves. This is because a 
particular design element can perform several functions and the consequences of the fail-
ure of one function are likely to be quite different from the consequences of the failure of 
another function. The PAP requirements should not be seen as sharp lines. Instead of a 
sharp level of requirement, ranges may be used. Managers and engineers should always 
look for alternatives and then evaluate their performances and, depending on the situation, 
different levels of requirements may be accepted. 

In the case of PA improvement, availability importance measures can serve as a guideline 
for developing a strategy for improvement. The availability importance measure indices 
are valuable in establishing the direction and prioritization of actions related to an upgrad-
ing effort (availability improvement) in system design, or suggesting the most efficient 
way to operate and maintain system status. For example, comparing availability impor-
tance measures based on the failure rate of each component and availability importance 
measures based on the repair rate of each component shows which rate - the failure rate or 
repair rate - has more influence on the availability of the whole system. In other words, 
this comparison will show whether the availability improvement should be based on re-
ducing the failure rate or increasing the repair rate of critical components or subsystems. 
To find the final strategy for an availability improvement process, the cost trade-off is es-
sential.
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5.2  Research contributions 
The contribution of this thesis can be stated as follows: 

The concept of PA is compared with OEE and an improved metric OPAE is suggested 
for the measurement of the performance of a production plant (Paper I). 

A methodology is suggested for implementation of PAPs in production plants during 
the design and operation phases (for details, refer Paper II). 

A methodology for improvement of PA is described in this thesis which consists of 
four steps (see Paper VI). In the suggested methodology, the result of performance 
(such as reliability, availability, and production availability) analysis of a production 
plant is a basis for decision-making about operation and maintenance strategy (Papers 
IV and V) and also for creating different improvement alternatives.  

The concept of importance measure is extended to the concept availability importance 
measure which can be very useful for criticality analyses of components/subsystems 
and also for equipment availability analysis as well as production assurance (Paper 
III).
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6 Suggestions for further research  

Based on the findings presented in this thesis there are some opportunities for interesting fur-
ther research, in order to support continuous improvements of PA.   

a) Studying the impact of operation and maintenance strategy on production assurance: Ex-
isting methodologies and tools for PA analysis and management have been primarily de-
veloped for the planning phases, specifically for the petroleum sector. Further research can 
focus on extending these tools and methodologies into the operational phases and develop 
a generic model for prediction of PA considering the impact of operation and maintenance 
strategy. It will provide a basis for cost-benefit analysis while considering different opera-
tion and maintenance strategy.   

b) Defining maintainability importance measures: Maintainability plays an importance role in 
the performance of a production plant. It is very useful for resource allocation in order to 
improve production assurance, if one can identify the criticality of each component form 
maintainability point of view. In paper III, some availability importance measures are de-
fined which shows the criticality of each component from different point of view such as 
availability, failure rate, and repair rate. However, maintainability of a production plant is 
a function of repair rate of its components and also be affected by failure rate of its com-
ponent. Therefore, maintainability importance measures can be defined based on failure 
rate of each component. It shows the effect of failure rate or reliability of each component 
on the maintainability of system. The result of analyses can be used as a basis for decision 
making about allocation of resources and improve maintainability of a system through re-
liability of each component.  

c) Developing a standard to use in other areas of application: The available standards Norsok 
Z-016 (1998) and international committee draft ISO/CD 20815 (2005) include mainly reli-
ability and maintenance analyses of components, systems, and operations associated with 
exploration drilling, exploitation, processing, and transport of petroleum resources. Further 
research can be carried out to extend these standards for other areas of application.

21



22



References

Al-Najjar, B. (1996). Total Quality Maintenance: An approach for continuous reduction in 
costs of quality products. Journal of Quality in Maintenance Engineering 2(3): 4-20 

Al-Najjar, B. (1999). Economic criteria to select a cost-effective maintenance policy 
Journal of Quality in Maintenance Engineering 5(3): 236-247 

Al-Najjar, B. (2007). The lack of maintenance and not maintenance which costs: A model to 
describe and quantify the impact of vibration-based maintenance on company’s business, 
Int. J. Production Economics 107 (2007) 260–273 

Al-Najjar, B. and Alsyouf, I. (2003). Selecting the most efficient maintenance approach using 
fuzzy multiple criteria decision making. International Journal of Production Economics
84(1): 85-100. 

Andrews, J.D., Beeson, S. (2003). Birnbaum’s measures of component importance for nonco-
herent systems analysis. IEEE Transactions on reliability 52(2):213-219.

Ascher, H. and  Feingold, H. (1984). Repairable System Reliability. New York, Dekker. 

Aven, T. (1986). On the computation of certain measures of importance of system compo-
nents. Microelectron Reliab 26(2):279-281.

Aven, T. (1987). Availability evaluation of oil/gas production and transportation system. Reli-
ability eEngineering 18(1): 35-44. 

Aven, T., Vinnem, J.E. and Røed, W. (2006). On the use of goals, quantitative criteria and re-
quirements in safety management.  Risk management 8:118-132. 

Barlow, R.E. and Proschan, F. (1965). Mathematical Theory of Reliability, John Wiley and 
Sons International, New York, USA. 

Barlow, R.E. and Proschan, F. (1975). Statistical Theory of Reliability and Life Testing Prob-
ability Models. Holt, Rinehart and Winston. 

Beeson, S. and Andrews, J.D. (2003). Importance measures for non-coherent-system analysis. 
IEEE Transactions on Reliability 52 (3): 301-310. 

Birnbaum, Z.W. (1969). On the importance of different components in a multi-component 
system. in Multivariate Analysis. Krishaniah, P.R., Ed: Academic Press, Vol. 11. 

Blaikie, N.W.H. (2003). Analyzing quantitative data. SAGE Publications Ltd, London. 

Blanchard, B.S. and Fabrycky, W.J. (1998). System Engineering and Analysis. Prentice Hall, 
New Jersey. 

Blanchard, B.S., Verma, D. and Peterson, E.L. (1995). Maintainability: A key to effective ser-
viceability and maintenance management.  John Wiley and Sons, New York. 

Blischke, W.R., Murthy, D.N.P. (2000). Reliability modelling, prediction, and optimization.
John Wiley & Sons, Inc USA  

Blischke, W.R., Murthy, D.N.P. (2003). Case Studies in Reliability and Maintenance. John 
Wiley & Sons, USA 

Boland, P.J. and El-Neweihi, E. (1995). Measures of component importance in reliability the-
ory. Computers & Operations Research 22(4):455-463. 

23



Campbell, J. D. and  Jardine, A. K. S. (2001). Maintenance Excellenc. Marcel Dekker, 
Inc.New York 

Candell, O. and Söderholm, P. (2006). A customer and product support perspective of e-
maintenance. Proceedings, 19  International Congress on Condition Monitoring and Diag-
nostic Engineering Management. Sweden, 243

th

–252.

Cassady, R.C., Pohl, E.A. and Song, J. (2004). Managing availability improvement efforts 
with importance measures and optimization. IMA Journal of Management Mathematics 
15(2):161-174.

Castro, H.F. and Cavalca, K.L. (2002). Reliability optimization of redundant system. SAE 
Technical Papers 1(1):1-9. 

Castro, H.F. and Cavalca, K.L. (2003) Availability optimization with genetic algorithm. Inter-
national Journal of Quality and Reliability Management 20(7):847-863. 

Chiang, C-H. and Chen, L-H. (2007). Availability allocation and multi-objective optimization 
for parallel-series systems. Reliability Engineering and System Safety. European Journal of 
Operational Research 180(3):1231-1244. 

Croarkin, C. and Tobias, P. (2007). NIST/SEMATECHe-Handbook of Statistical Methods.
http://www.itl.nist.gov/div898/handbook

Dane, F.C. (1990). Research method. Brooks/Cole Publishing Company, California. 

Elegbede, C. and Adjallah, K. (2003). Availability allocation to repairable systems with ge-
netic algorithms: a multi-objective formulation. Reliability Engineering and System Safety
82(3): 319-330. 

Fawcett, S.E., Calantone, R. and Smith S.R. (1997). Delivery capability and firm performance 
in international operations. International Journal of Production Economics 51(3):191-204. 

Francois, P. and Noyes, D. (2003). Evaluation of a maintenance strategy by the analysis of the 
rate of repair. Quality and Reliability Engineering International 19(2):129-148. 

Galbraith, J. (1973). Galbraith, Designing Complex Organizations, Addison-Wesley, Reading, 
MA.

Gao, X. and Markeset, T. (2007a). Design for production assurance considering influence fac-
tors. In Proceedings of European Safety and Reliability Conference (ESREL 2007), Sta-
vanger, Norway, 519-525. 

Gao, X., Markeset, T (2007b). A review of Production Assurance in the Norwegian Petroleum 
Industry, In: Proceedings of the Seventh International Conference on Reliability, Maintain-
ability and Safety, August 20-26th, Beijing, China.  

Ghodrati, B. and Kumar, U. (2005). Operating environment-based spare part forecasting and 
logistics: a case study. International Journal of Logistics: Research and Applications 8(2): 
95–105.

Gnedenko, B.V., Belyayev, K., Solovyev, A.D., (1969). Mathematical Methods of Reliability 
Theory. Academic Press, New York and London. 

Guthrie, V.H., Farquharson, J.A., Bonnett, R.W. and Bjoro, E.F. (1990). Guidelines for inte-
grating RAM consideration into an engineering project.. IEEE Transactions on Reliability
39(2): 133-139. 

24

http://www.itl.nist.gov/div898/handbook


Hagen, W.F. (2006). Effects of a reliability program on machine tool reliability. Proceedings
of Annual Reliability and Maintainability Symposium, 481–485. 

Hjorteland, A. and Aven, T. (2003). Reliability analysis and observables. Proceedings of the 
14th European Safety and Reliability Conference (ESREL 2003) Vol. 1, Maastricht. 

Hjorteland, A., Aven, T. and Østebø, R. (2007). Uncertainty treatment in production assurance 
analyses throughout the various phases of a project. Reliability Engineering and System 
Safety, to appear.  

Ho, C. (1989). Evaluating the impact of operating environments on MRP system nervousness. 
International Journal of Production Research 27 (7), 1115–1135. 

Hokstad, P. (1988). Assessment of production regularity/availability for subsea oil/gas pro-
duction systems. Reliability Engineering & System Safety 20(2):127-146.

Holland, J.H. (1975). Adaptation in Natural and Artificial System: An Introduction with Ap-
plication to Biology. Control and Artificial Intelligence, University of Michigan Press, Ann 
Arbor, MI. 

IAEA-TECDOC-1264. (2001). Reliability assurance programme guidebook for advanced 
light water reactors. International Atomic Energy Agency (IAEA), Austria.

IEC 60300-3-10. (2001). International Standard IEC 60300-3-10: Dependability Management 
– Part 3-10: Application guide– Maintainability. International Electrotechnical Commission 
(IEC). Geneva.

IEC 60706-2. (2006). International Standard IEC 60706-2: Maintainability of Equipment – 
Part 2: Maintainability requirements and studies during the design and development phase.
2nd ed., IEC, Geneva.

IEC 60706-3. (2006). International Standard IEC 60706-3: Maintainability of Equipment – 
Part 3: Verification and collection, analysis and presentation of data. 2nd ed., IEC, Geneva.

IEEE Std 1332. (1998). IEEE Standard Reliability Program for the Development and Produc-
tion of Electronic Systems and Equipment. IEEE, New York.  

IEEE Std 933-1999. (1999). IEEE Guide for the Definition of Reliability Program Plans for 
Nuclear Power Generating Stations. IEEE, New York. 

IEV 191. (2007). International Electrotechnical Vocabulary (IEV) Online, Chapter 191: De-
pendability and quality of service. http://std.iec.ch/iec60050 (accessed January 2007).  

ISO/Cd 20815. (2005). Petroleum, petrochemical and natural gas industries—Production as-
surance and reliability management. Committee draft.  

Jardine, A. K. S. and Tsang, A. H. C. (2006). Maintenance, replacement and reliability: The-
ory and application. CRC Press, Taylor and Francis Group. 

Kawauchi, Y. and Rausand, M. (2002). A new approach to production regularity/availability 
assessment in the oil and chemical industries.  Reliability Engineering & System Safety 
75(3): 379-388. 

Ke, H-Y. and Hwang, C-P. (1997). Reliability programme management based on ISO 9000. 
International Journal of Quality & Reliability Management 14(3): 309-318. 

25

http://std.iec.ch/iec60050


Klinger, D.J., Saraidaridis, C.I., Vanderbei, K.S. (1992). Reliability program management: 
today and tomorrow. Proceedings of Annual Reliability and Maintainability Symposium,
85–92.

Knowles, I., Malhotra, A., Stadterman, T.J. and Munamarty, R. (1995). Framework for a dual-
use reliability program standard. Proceedings of Annual Reliability and Maintainability 
Symposium, 102–105. 

Koch, A. (2003). OEE industry standard, Netherlands. http://www.oeetoolkit.com  

Kumar, R. (2005). Industrial Service Strategy: Development, Implementation and Execution.
Ph.D. Dissertation No. 19, University of Stavanger, ISBN 82-7644-278-1, ISSN 0809-6775.

Kumar, U. and Klefsö, B. (1992). Reliability analysis of hydraulic system of LHD machine 
using the power low process model. Reliability Engineering and System Safety 35 (3): 217-
224.

Larsen, A.C. and Markeset, T. (2007). Mapping of Operation, Maintenance and support de-
sign factors in arctic environments, In Proceedings of European Safety and Reliability Con-
ference (ESREL 2007), Stavanger, Norway, 519-525. 

Lentz, T.H. (1995). Reliability program for neonatal intensive care equipment. Proceedings of 
Annual Reliability and Maintainability Symposium, 457–459.

Liyanage, J.P. (2003). Operations and Maintenance Performance in Oil and Gas Production 
Assets—Theoretical Architecture and Capital Value Theory in Perspective. Ph.D. Disserta-
tion No. 2003:53, Norwegian University of Science and Technology, ISBN 82-471-5604-0, 
ISSN 0809-103X. 

Markeset, T. (2003). Dimensioning of Product Support—Issues, Challenges, and Opportuni-
ties. Ph.D. Dissertation No 6, University of Stavanger, ISBN 82-7644-197-1, ISSN 1502-
3877.

Markeset, T., Kumar, R., and Michel, J.E. (2007). Performance measurement systems: assess-
ing industrial services. Proceedings of the Second International Conference of Operations 
and Supply Chain Management, ISBN 979-545-039-5, May 18–20, Bangkok, Thailand.

Mula, J., Poler, R., García-Sabater, J.P. and Lario, F.C. (2006). Models for production plan-
ning under uncertainty: A review. International Journal of Production Economics. 103(1): 
271-285.

Murty, A.S.R. and Naikan, V.N.A. (1995). Availability and maintenance cost optimization of 
a production plant. International Journal of Quality & Reliability Management 12(2):28-35.

NASA-STD-8729.1. (1998). Planning, developing and managing an effective reliability and 
maintainability (R&M) program.

Neuman, W. L. (2003). Social Research Method. USA, 5th edition. 

Norwegian Technology Standards Institution (Norsok Z-016). (1998). Regularity Management 
and Reliability Technology. 

OREDA. (1997). Offshore Reliability Data. 3  ed., SINTEF Industrial Management, Trond-
heim, Norway.  

rd

Owens, J., Miller, S. and Deans, D. (2006). Availability optimization using spares modeling 
and the six sigma process. Annual Reliability and Maintainability Symposium, pp. 636-640. 

26

http://www.oeetoolkit.com


Painton, L. and Cambell, J. (1995). Genetic algorithms in optimization of system reliability. 
IEEE Transaction on Reliability 44(2):172-178. 

Parida, A. and Kumar, U. (2006). Maintenance performance measurement (MPM): issues and 
challenges. Journal of Quality in Maintenance Engineering 12 (3): 239-251. 

Pecht, M., Das, D. and Ramakrishnan, A. (2002). The IEEE standards on reliability programs
and reliability prediction methods for electronic equipment. Microelectronics Reliability 42,
1259–1266.

Rausand, M., (1998). Introduction to reliability engineering. In Soares, C.G. (ed.) Risk and 
Reliability in Marine Technology, Balkema, Rotterdam, 371–381. 

Rigdon, S.E. and Basu, A.P. (2000). Statistical methods for the reliability of repairable sys-
tems. John Wiley & Sons, Inc. USA. 

Sandler, G.H. (1963). System Reliability Engineering. Prentice-Hall, Englewood Cliffs, N.J. 

Signoret, J-P. 81998). Availability of petroleum installation by using Markov processes and 
Petri net modeling. In Soares, C.G. (ed.). Risk and Reliability in Marine Technology,
Balkema, Rotterdam, 455–472.  

Söderholm, P. (2005). Maintenance and Continuous Improvement of Complex System Linking 
Stakeholder Requirements to the Use of Built-in-Test System. Ph.D. Dissertation No. 52, 
Luleå University of Technology, Luleå, Sweden, ISSN 1402-1544, ISRN: LTU-Dt—
05/52—SE.

Söderholm, P. (2007). A system view of the No Fault Found (NFF) phenomenon. Reliability 
Engineering and System Safety 92(1), 1–14.

Yin, R.K. (2003). Case study research, design and methods. Sage, Thousand Oaks 

Zio, E., and Podofillini, L. (2003). Importance measures of multi-state components in multi-
state systems. International Journal of Reliability, Quality and Safety Engineering10(3):
289-310.

Zio, E., Baraldi, P. and Edoardo, P. (2006). Assessment of the availability of an offshore in-
stallation by Monte Carlo simulation. International Journal of Pressure Vessels and Piping 
83(4): 312–320.

27



28



Appended Papers 

29



30



Paper I 

Review and discussion on
production assurance programs

Barabady, J., Markeset, T. and Kumar, U. (2007). Review and discussion on production assur-
ance program. submitted for publication in a Journal.

31



32



Review and discussion of production assurance programs 
Javad Barabady a *, Tore Markeset b, Uday Kumar a 

a Luleå University of Technology, Sweden 
bUniversity of Stavanger, Norway 

Abstract
There is an increased use of Production Assurance (PA) concept in the petroleum sector. 
However, such concept has not yet been sufficiently clarified. Using production assurance 
concept in other application areas presents major challenges. The main focus of literature on 
production assurance is on the model and method for performance analysis of a system. 
Therefore, engineers and managers may face with many problems in the process of imple-
menting of PA concept. The first part of this paper reviews and discusses the concept of pro-
duction assurance and informs Overall Production assurance Effectiveness (OPAE) as a new 
metrics for measuring the performance of a production plant. The second part of this paper 
defines and describes a typical Production Assurance Program (PAP) and its elements through 
an explorative literature study. This paper is also addressing the fundamentals issues of im-
plementation a Production Assurance Program which can be the bases of further work.

1. Introduction
Customers are interested in purchasing product as per specification, in the correct quantity, 
and of the correct quality at the specified time. To meet customer requirements, production 
processes must be able to manufacture and deliver the product as per specifications. Establish-
ing a strong delivery capability are able to meet market requirements, achieve customer satis-
faction, and build a positive reputation and are thus able to achieve high levels of overall pro-
duction plant performance (Fawcett et al, 1997). Modern production systems are large, com-
plex, automated, and integrated. Failures occur more or less frequently in complex and large 
equipment. For a production plant, the consequences of failure include high cost of equipment 
maintenance, possible loss of production, and exposure to accidents. It can also leads to an-
noyance, inconvenience and a lasting customer dissatisfaction that can play havoc with the 
responsible company's marketplace position.  

Therefore, making correct decisions in a dynamic business environment is a major challenge 
for production plant engineers and managers all over the world. The dynamic business envi-
ronment is characterized by short-term and long-term uncertainties in business processes 
combined with a short-term focus on meeting customers’ and shareholders’ requirements. 
Such uncertainties categorize into (i) environmental uncertainty such as demand uncertainty 
and supply uncertainty and (ii) system uncertainty which is related to uncertainties within the 
production process, such as operation yield uncertainty, production lead time uncertainty, 
quality uncertainty, failure of production system and changes on product structure, to mention 
some (Ho, 1989;  Mula et al., 2006).  

Such a situation necessitates tools and engineering solutions to minimize the total business 
risk and reduce uncertainties through assurance of world-class production plant performance 
which can make ensure that the right level of production can be obtained in order to meet cus-
tomer demands.  
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To meet the above-mention challenges, reliability analysis techniques have proved to be effec-
tive tools during both design and operation of a production plant. There are papers covering 
reliability programs for different industries, but not specifically addressing production and 
production availability, among them Knowles et al. (1995), Klinger et al. (1992), Hagen 
(2006), Lentz (1995), Pecht et al. (2002), Guthrie et al.(1990), and Ke and Hwang (1997). The 
reader’s attention should also be drawn to the following standards: IEEE 933-1999, NASA-
STD-8729.1 (1998), IEEE 1332-1998, ISO/CD 20815(2005), IAEA-TECDOC-1264 (2001), 
IEC 60300-3-10 (2001), and IEC 60300-2 (2006). For example IAEA-TECDOC-1264 (2001) 
is Reliability Assurance Programme (RAP) guidebook for advanced light water reactors which
demonstrate how the designers and operators of future commercial nuclear plants can exploit 
the risk, reliability and availability engineering methods and techniques developed over the 
past two decades to augment existing design and operational nuclear plant decision-making 
capabilities. The main focus of these standards and literature is on the process of ensuring a 
reliable product and production plant as well as reducing system uncertainty; however these 
standards and literature are not discussing the issues of production availability critical for 
meeting customer requirements which may increase risk and uncertainties in decision-making 
as it is not considered environment uncertainty.  

To deal with these issues the concept of Production Assurance (PA) is introduced by the Nor-
wegian Oil and Gas industries. A key document for PA concepts is Norsok Z-016 (1998) stan-
dard. The main focus of such standard and literature on PA is on the model and method for 
performance analysis of a system (see for example Aven, 1987; Hokstad, 1988; Aven, 1989; 
Rausand, 1998; Signoret, 1998; Kawauchi and Rausand, 2002; Zio et al., 2006). However, 
how to implement and execute PA concept on a detail level is not clearly discussed and engi-
neers and managers may face with many problems in the process of implementing and execut-
ing of PA concept. However, in this paper we are more interested in the principle behind these 
tools. This paper is divided into two parts. The purpose of part one is to review and discuss the 
concept of PA and examining whether this concept can be applied to manufacturing industries 
as OEE is being used; it will be fulfilled be doing a comparison between OEE and PA con-
cept. Then in the second part, in the same manner as Reliability Assurance Program (RAP), 
the concept of Production Assurance Program (PAP) is introduced and defined. 

The rest of the paper is organized as follows. In Section 2, the basic concept of PA briefly re-
viewed. The purpose of the presentation is not to give a complete overview of existing theo-
ries, but to introduce the reader to the relationship between the concept of PA and the depend-
ability concept. This cannot be achieved simply by referring the reader to textbooks or other 
papers, because the points to be made are not addressed in the literature in a useful way. This 
part also discusses the difference between PA and OEE concept. In Section 3, a typical PAP 
will be defined and various elements of PAP will be identified and discussed. A number of 
issues related to each element of PAP will be discussed, using examples from the offshore oil 
and gas industry as illustrations. Section 4 contains further discussion and conclusions.

2. Production assurance concept 

2.1. An overview of production assurance 
For a production plant, the concept of system availability does not provide information about 
capacity and production rate as well as deliverability. For example, let us assume that the sys-
tem availability is 90% for a specific period, but the system capacity and the production rate 
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may be less than desired. This could, for example, be caused by process bottlenecks, reduced 
efficiency due to aging, reduced effectiveness due to use of old technology, or ineffective 
process organization. As a result, the production availability performance goals may not be 
achieved. This means that the concept of system availability alone is not a good performance 
measure. To deal with this issue PA is suggested as an appropriate measure of the perform-
ance of a production plant. The PA is a term used to describe to what extent a system is capa-
ble of meeting demand for deliveries or performance (Norsok Z-016, 1998). This can be de-
scribed as the combination of dependability concept and capacity performance with respect to 
demand, as illustrated in Figure 1. In the rest of this section, the underlying concepts of PA are 
discussed.

Figure 1. An illustration of the PA  concept. 

2.1. Dependability concept 
This concept has been defined by the International Electrotechnical Commission (IEC) Tech-
nical Committee 56 (IEC 50, 1990). It defines dependability as a collective term which de-
scribes availability performance and its influencing factors, namely reliability performance, 
maintainability performance, and maintenance support performance. The reader is referred to 
the following standards: IEC 60300-3-10 (Dependability Programme Management), 2001; 
IEC 60300-2 (Dependability Programme Elements), 2006; and IEC 60300-3-9 (Application 
Guide), 2006, for further discussions. 

The formal definition of availability performance is, “the ability of an item to be in a state to 
perform a required function under given conditions at a given instant of time or over a given 
time interval, assuming that the required external resources are provided” (IEV 191-02-05). 
Various measures of availability performance are defined in the literature, among them instan-
taneous availability, asymptotic availability, asymptotic mean availability, and mean availabil-
ity (Sandler ,1963; Barlow and Proschan, 1965; Gnedenko et al.,1969; and Barlow and Pro-
schan 1975). All these measures are based on the function X(t), which denotes the status of a 
system at time t. For example, the instant (or point) availability at time t is defined by: 

1)()( tXPtA         (1) 

This is the probability that the system is operational at time t. Since it is very difficult to ob-
tain an explicit expression for A(t), other measures of availability have been proposed. The 
most frequently used availability measure is the steady-state availability or limiting availabil-
ity, which is defined as the mean of the instantaneous availability under steady-state condi-
tions over a given time interval (IEV, 2005-10-08) expressed as:
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This quantity is the probability that the system will be available after it has been run for a long 
time and is a significant performance measure for a system. Often steady-state availability is 
also defined, depending on whether waiting time or preventive maintenance times are in-
cluded in or excluded from the calculation. Therefore, depending on the definitions of uptime 
and downtime, there are three different forms of steady-state availability: inherent availability, 
achieved availability, and operational availability (Blanchard and Fabrycky (1998); Ebeling 
(1997); Blanchard et al. (1995).

2.1.1 Reliability performance 
The formal definition of reliability according to IEV (191-02-06) is, “the ability of an item to 
perform required function under given conditions for a given time interval.” As the definition 
of “required function” may vary under different modes of operation, a number of “reliabil-
ities” for a certain item may be considered. Furthermore, the “given conditions” may vary un-
der various operating modes due to various factors such as operating environment (tempera-
ture, corrosiveness, and dust). Hence, it is essential to identify various foreseeable conditions 
and operating modes, as well as the use and misuse of each item (system, equipment, and 
component) in the requirements specification phase of system design.

Hence, it also is important to identify the need for external support services such as field ser-
vices, training of operation and maintenance personnel, clear and correct documentation in-
cluding maintenance and operational procedures, installation and commissioning support, etc. 
(Markeset and Kumar, 2005). 

In the operation phase, the reliability of a system can be improved through modification of the 
system as well as through operational and maintenance programs. Proper equipment mainte-
nance and operation can help to ensure that the designed-in reliability performance is achieved 
as well as to avoid failures and reduce cost. The reliability performance characteristics can be 
designed during the design phase, with the aim of preventing the occurrence of failures as far 
as is cost-effective. Fig. 2 shows the reliability behavior of a system in relation to various 
maintenance types. Corrective maintenance activities are categorized as minimal repair (1C) 
and corrective replacement (2C). Preventive maintenance activities are categorized as simple 
preventive maintenance (1P) and preventive replacement (2P). As illustrated in Figure 2, the 
maintenance programs help to ensure that the designed-in reliability performance is in fact 
achieved. Maintenance programs focus on ensuring reliability performance and reducing 
downtime. However, downtime may be influenced by system maintainability characteristics, 
and due attention needs to be paid in the design stage to how a system should be maintained.  

Figure 2. Reliability change of a system under various maintenance types (Tasi et al., 2001).
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2.1.2. Maintainability performance 
Maintainability is formally defined as, “the ability of an item under given conditions of use, to 
be retained in, or restored to, a state in which it can perform a required function, when mainte-
nance is performed under given conditions and using stated procedures and resources” (IEV
191-02-07). It is noted that maintainability may be used as a measure of maintainability per-
formance, and also that procedures and resources, as well as the conditions under which the 
maintenance is performed, play an important role in retaining an item in or restoring the item 
to a satisfactory state.

Often systems are designed, built, and tested in an environment with a comfortable tempera-
ture and good lighting. However, in real life, maintenance is often performed in a harsh and 
remote environment, with bad weather conditions, large geographic distances, and lack of in-
frastructure (Gao and Markeset, 2007). For this reason, the actual operating situation needs to 
be taken into account when designing for maintainability. Otherwise, unwanted phenomena 
like No Fault Found (NFF) can occur due to low testability (Söderholm, 2007). The objective 
of the maintainability input is to minimize maintenance time and labor hours by considering 
design characteristics such as testability, accessibility, standardization, interchangeability, and 
standardization of tools. Furthermore, the diagnostics, prognostics, and forensic capabilities of 
the system should be considered through the use of sensors for assessing item conditions, 
software for analyzing and predicting item behavior, and easy-to-use tools to analyze failure 
root causes. 

To increase maintainability, downtime must be reduced in some manner, for example through 
optimization of spare parts and supporting inventories, availability of test equipment, and 
training of maintenance personnel (Blanchard et al., 1995). Furthermore, in the design phase, 
one needs to take into account how maintenance is to be performed during the operational 
phase. Factors such as maintenance and logistics support and maintenance program execution 
and evaluation need to be considered to reduce downtime. Establishing and maintaining the 
proper levels of these resources is often considered part of maintenance support performance. 

2.1.3. Maintenance support performance 
Maintenance support performance is defined as, “the ability of a maintenance organization, 
under given conditions, to provide upon demand the resources required to maintain an item, 
under a given maintenance policy” (IEV 191-02-08). Defining and developing maintenance 
procedures, procurement of maintenance tools and facilities, logistics and administration, 
documentation, and development and training programs for maintenance personnel are some 
of the essential features of a maintenance support system. Furthermore, for complex, ad-
vanced, and integrated production systems, external support is often also needed, for example 
from the original equipment manufacturer which can provide expert assistance, field service, 
spare parts and tools, and training of operation and maintenance personnel. Thus it can be seen 
that maintenance support performance is part of the wider concept of “product support,” 
which includes support to the product as well as support to the client (Markeset, 2003; Kumar, 
2005; Ghodrati, 2005; Candell and Söderholm, 2006). The performance of the maintenance 
organization may be assessed using organizational performance measurement systems (Li-
yanage, 2003), although delivery performance of external support services should be meas-
ured using performance measurement systems focusing on service delivery (Kumar, 2005; 
Markeset et al., 2007). Here, one link between the technical system and the support system is 
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the Built-in-Test (BIT) system and its integration with the various echelons of maintenance 
support systems (Söderholm, 2005). 

2.1.2. Capacity performance
Capacity performance can be defined as an item’s ability to deliver according to design capac-
ity and/or current demands (requirements/needs). A systems ability to deliver according to de-
signed-in capability may deteriorate as the equipment ages, or due to suboptimal operation and 
maintenance. It also may be that the system configuration is not optimally designed, there may 
exist bottlenecks that prevent optimal exploitation of the equipment installed. Moreover, the 
capacity needs may change over time. For example for an oil and gas processing plant the 
composition of the fluids (e.g. water oil ratio, gas oil ratio) from the petroleum reservoir may 
change over time, or the reservoir pressure may change. In the early phases of production 
most of the production may be oil and a little water, whilst at the end there may be little oil 
and much water. This may cause a demand for redesigning parts of the production facility. 
Furthermore, the needs of production capacity may change due to seasonal or market varia-
tions. In some periods one may have over capacity, whilst in other periods the facility is not 
able deliver according to demand even if it is running at 100% capacity. Therefore, it should 
be noted that, in preparing a production plant strategy, capacity performance is a structural 
decision category, dealing with dynamic capacity expansion and reduction related to the long-
term changes in demand level (Olhager et al. 2001). Capacity performance can be defined for 
the system as a whole or for parts of the system or individual equipment. By defining it for 
individual subsystems or equipment, it may help in identifying bottlenecks and suboptimal 
performance in configuration of the system as a whole. It may be measured as physical 
throughput, for example number of barrels of oil per unit time, or as a percentage of a speci-
fied throughput, depending on the context. 

2.1.3. Production assurance  
Availability performance and capacity performance combined with customer demand are 
theoretical basis for defining PA. Production availability, deliverability, or other appropriate 
measures can be used to express the concept of production assurance (Norsok Z-016, 1998).

The PA of a production plant may be measured in many different ways. Consider a production 
plant system where the production rate at time t is denoted by D(t), which can be defined as 
the number of items such as barrels of oil that are being produced per time unit at time t. The 
planned production rate for such a production plant is denoted by D0(t) which can be defined 
based on customer requirements. In this section, some alternatives are presented which can be 
used to express the concept of PA for such a production plant using existing literature (Aven 
(1987), Aven (1989), Norsok Z-016 (1998), Rausand (1998), ISO/Cd 20815 (2005)).

a) The first possibility for expressing PA is “throughput availability,” A1(t1, t2), which is mean 
actual production in (t1, t2) divided by demand production in (t1, t2). It can be formulated as: 
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Throughput availability is also referred to as throughput capacity, which is calculated as the 
throughput volume divided by a fixed reference throughput volume for an item, subsystem, or 
system. Different alternatives can be used as a fixed reference throughput, such as the design 
capacity of the item, subsystem, or system. The reader is referred to ISO/CD 20815 (2005) for 
further discussion. 

If for example in a mining company, A1(t1, t2) = 1, this means that management expects to 
produce 100% of the planned production in the interval (t1, t2). If the production is stopped in 
part of the interval, it may still be possible to achieve 100% by increasing the production be-
yond the planned level in the rest of the time interval. It should be noted that an optimal buffer 
inventory level must be built up to guarantee continuous supply during stoppages in order to 
satisfy demand (Chelbi and Rezg, 2006; Chelbi and Ait-kadi, 2004). Therefore, throughput
availability in some cases may be greater than 1.0, which means that management expects to 
produce more than the planned production. 

b) The second possibility for expressing the PA is “demand availability,” which is the mean 
production of time in (t1, t2) where D(t) D0(t). It can be defined as:
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Demand availability expresses the expected proportion of time that the throughput will exceed 
or equal the demand. If, for example, in the case of a power plant, A2(t1, t2)=0.98, this means 
that the planned production is being achieved (i.e., D(t) D0(t)) 98% of the time. This measure 
gives no information about the production in the remaining 2% of the time, and the same re-
sult is obtained for A2 when the production is totally shut down as when the production is 
slightly less then D0(t).

c) The third possibility for expressing PA is “on-stream availability.” The on-stream avail-
ability, A3, equals the expected proportion of time that the throughput will be greater than 
zero, i.e.,
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d) The fourth possibility for expressing PA is the “production availability at level c at time t”,
Ac(t). It can be defined as the probability that the throughput is at least at level c at time t, i.e.,

Ac(t) = Pr{D(t) C} (6)

Relative to a level c, an availability measure can be defined as the (expected) proportion of 
time that the system state is at least c.

Among the above-mentioned alternatives of production assurance, the most commonly used 
alternative is the throughput availability (throughput capacity). However, the most adequate 
measure of PA depends on the actual situation and type of production plant. The probability 
distribution of throughput capacity (PDC) can be used as a quantitative measure of PA. This is 
a probability distribution of the possible throughput capacity of each component, subsystem, 
or system. The PDC tells us the probability, or percentage of time, the system has full produc-
tion (100%), reduced production (e.g., 50%), no production, or any other production value 
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(Kawauchi and Rausand, 2002). Prediction of the production rate is the main step for calcula-
tion of PA.

2.2. Production assurance and Overall, Equipment Effectiveness 
Capacity performance and dependability are both important dimensions of a delivery capabil-
ity of production plant (Bagchi et al., 1988; Lieb and Miller, 1988) which can be calculated by 
product of operational availability and capacity performance. Developing a strong delivery 
capability which requires both the increasing capacity performance and the elimination of 
variability throughout the order delivery system can improve PA.  According to Fawcett et al 
(1997) two functions - operations and logistics - play a particularly central role in building a 
strong delivery capability as well as improve PA. These two functions typically represent 90% 
or more of the total order cycle time for most companies. Therefore, efforts to achieve truly 
superior delivery performance should target both functional areas.

The production assurance for period of (t1, t2) can be expressed as: 

eperformanccapacityDemand
eperformanccapacitypredictedMean

tyavailabilioperatinalDemand
tyavailabililoperationapredictedMeanPA (7)

MDTMTBM
MTBMtyavailabiliOperatinal   (8) 

where the mean time between maintenance activities (MTBM) includes both unscheduled and 
preventive maintenance, and MDT is the mean maintenance downtime and includes mainte-
nance time, logistics delay time, and administrative delay time. It should be noted that the 
equation 7 makes it possible to differentiate between maintenance and modification activities.

Traditionally, many companies are using Overall Equipment Effectiveness (OEE) concept, a 
core measure of production plant effectiveness as advocated in Total Productive Maintenance 
(TPM) philosophy (see Nakajima, 1988) to measure the effectiveness of production plants.  
Considering a production plant; it works with 80%, 90% and 85% of availability, performance 
rate, and quality respectively. The OEE for such production plant will be 61.2%. The analysts 
and the decision-makers need to understand more precisely some points, for example: what is 
the interpretation of this value?; does it mean the production plant will perform with 61.2% of 
OEE in future? Of course it is difficult to answer this question. If the answer is yes what is the 
probability and uncertainty?; and How to interpret OEE measures with customer demand and 
market requirement?; and  etc.  Therefore, the concept of OEE needs to develop and evolve a 
method to measure it in order to meet the above-mentioned issues. However, the concept of 
PA integrates the OEE measure with organizational capabilities as in TPM but it is broader 
and applicable to a wide range of manufacturing and production process as it considers market 
requirement and customer demand. In other words, the OEE indicates how effectively a pro-
duction plant being used compared to the designed capacity (OEE = 100%) but PA shows how 
a production plant meets customer demand which is not considered in OEE concept. 

Based on the concept of PA, Overall Production assurance Effectiveness (OPAE) can be sug-
gested as a developed metrics which is defined as: 

QPPAOPAE
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where PA is the Production Assurance  and QE is the Quality Effectiveness. In order to calcu-
late the value of OPAE, information and data at component/subsystem level such as failure 
rate, repair rate, capacity performance, and etc are needed. In order to meet customer demand 
one may define an OEE (called demand OEE) based on customer requirement for a production 
plant which can be used for calculation of OPAE as follow: 

OEEDemand
OEEpredictedMeanOPAE

Overall process effectiveness (OPE), a modified version of OEE, is defined as a measure of 
process effectiveness revealing the contribution of the basic process elements in the process 
total effectiveness (see Al-Najjar, 1996). However, OPAE is considered customer require-
ments and market demand. It should be noted that the value of OEE in a production plant is 
less than 1 but the value of PA can be more than 1 which means, that we expect to produce 
more than demand production. 
Consider a simple numerical example of a dehydrator unit in an offshore installation produc-
ing oil and gas; it consists of three parallel dehydrators, which are illustrated in Figure 3.

Dehydrator 
(DEH-A) 

Dehydrator 
(DEH-B)

Dehydrator 
(DEH-C)

Figure 3. System configuration of the dehydrator unit. 

Each dehydrator is assumed to have a throughput capacity of either 1 or 0. Therefore, the pos-
sible capacity performance levels for the dehydrator unit are thus 3c, 2c, c, and 0, where c is 
the capacity performance of each dehydrator. Quality Performances of the production plant for 
different capacity performance are the same and is 80%.The Markov diagram for three com-
ponents in parallel is illustrated in Figure 4. The necessary input data, i.e., the failure rate and 
repair rate, have been taken from the Offshore Reliability Data (OREDA) handbook (1997) 
and are presented in Table 1.  

Figure 4. Markov diagram for a dehydrator unit which includes three identical and independ-
ent dehydrators, each with capacity performance level C.  

41



Table 1. Failure rate, repair rates, and capacity performance for all lines 

Unit Failure
rate

Repair
rate

Predicted
capacity  

Designed
capacity 

Capacity  
performance

Predicted
Quality perform-

A 8.91×10 -5 2.54×10 -3 6102  Sm3/d 6105.2  Sm3/d 80 % 80 % 

B 8.91×10 -5 2.54×10 -3 6102  Sm3/d 6105.2  Sm3/d 80 % 80 % 

C 8.91×10 -5 2.54×10 -3 6102  Sm3/d 6105.2  Sm3/d 80 % 80 % 

The planned production rate and quality performance for production unit are  Sm6106 3/d and 
85% respectively. . Based on the above-mentioned information the PDC and OPAE can be 
calculated. In this example the throughput capacity has a discrete distribution. The results of 
calculation are shown in Table 2.  The throughput availability, demand availability and on-
stream availability of DEH unit are 99.62%, 98.9%, and 99.9965% respectively. It can be con-
cluded that the planned production rate is attained in 98.91% of the time period, while in 
1.09% of the time period; the system is working at a lower-than-planned production rate or 
has failed.

Table 2. The PDC and OPAE for production plant

Probability Throughput capacity level (%) OPAE(%)

3.843×10 -5
3.651×10 -4

0.0104 
0.9891 

0
33
67

100

0
31.06 
63.06 
94.1

Probability Distribution of OPAE (PDOPAE) can be used as a quantitative measure of the 
OPAE. It shows a probability distribution of the possible different OPAE level for an individ-
ual equipment and production plant. It show the probability, or percentage of time, the system 
has functioning with different value of OPAE e.g. 80%, 50%, 0, and etc.  

The result of Table 2 indicates for example, the probability of working production plant with 
67% of throughput capacity is 1.04% and in this situation the OPAE is 63.06 %. 

3. Production assurance program (PAP) 
A PAP can be used for implementation of production assurance concept. The purpose of this 
part is to explore, present, and discuss PAP as a typical PAP is not defined yet in systematic 
way. Therefore, this section defines a typical PAP and present and discusses different ele-
ments of PAP based on an explorative literature study. The program describes the PA activi-
ties necessary to fulfill the objectives, how they will be carried out, by whom, and when. 
These activities provide input to decisions about conceptualization, design, manufacturing, 
construction, installation, operation, and maintenance. A PAP is influenced by the policies of 
the organization, the product being developed, and practices unique to the organization. These 
policies cause the PAP to vary from organization to organization and from product to product. 
However, there are some common features which will be examined in the rest of this section. 
Because a formal definition of a PAP does not yet exist, the authors begin by providing one as 
follows: 
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A PAP is a formal management system, which assures the collection of important information 
about plant performance throughout each phase of the plant’s life cycle, and which directs the 
use of this information in the implementation of analytical and management processes which 
are specifically designed to meet two specific objectives:

Confirm that the plant is expected to attain, or continues to attain, each of its perform-
ance goals such as production availability, deliverability, technical integrity, and reli-
ability to reduce the total business risks and to meet customer demands and achieve 
profit goals. 
Facilitate identification of opportunities and cost-effective ways to implement and exe-
cute improvement actions needed to enhance production availability performance, re-
duce risks and uncertainties, and improve profits, efficiency, effectiveness, and produc-
tivity. 

The PAP will focus on the expenditure of resources available for performance improvement in 
those areas where the economic return is largest, or to optimize the design and operation of 
the plant. 
It should be noted that the objectives of a PAP are related to optimum overall economic per-
formance of the equipment during a system’s life cycle phases, as well as reduction of health, 
safety, and environmental risks, quality improvement, and considerations related to human 
factors and customer satisfaction. According to Norsok-Z016(1998) and ISO/Cd 20815 
(2005), a PAP shall be established for each field development project and updated at major 
milestones as required, as well as being established for existing fields already in operation. 

According to the literature review, a typical PAP can be expected to have the following four 
broad functional elements: 

Goals, performance criteria, and requirements; 
Management program and implementation procedures; 
Analytical tools and investigative methods; and 
Information management system. 

These elements will be discussed in the following four sections. 

3.1. Goals, performance criteria, and requirements 
The definition of goals and objectives is a key element of any decision-making process, and it 
is common to include a hierarchy of goals, criteria, and requirements in a PAP. Therefore, the 
PAP requires the definition and assignment of a broad set of high-level plant goals and per-
formance criteria, which can be used for comparison with actual or predicted plant perform-
ance (Aven, 1992; Vinnem, 1999; Aven et al., 2006; Aven et al., 2007). 

PAP goals may be either deterministic or probabilistic, but must be applicable and measurable 
in cases where they are important to plant management systems. The common used main 
goals are often defined with respect to economic performance, HSE (health, safety, and envi-
ronment), quality, productivity, and regulatory requirements. The specific PAP goals should 
reflect technical, operational, and maintenance support needs as well as end-of-life issues. The 
following criteria should be considered for establishing goals:

i) Attainability: Goals should be set at levels reasonably attainable within the available 
time span. Large goals to be attained over long periods should be avoided to maintain 

43



interest and commitment. Sub-goals over shorter periods are more attainable and 
more cost-effective. 

ii) Measurability: Goals provide standards against which performance may be assessed 
and therefore should be selected for suitability and defined in a way that allows them 
to be measured. 

iii) Supportability: Support and resources must be available at the time they are needed to 
achieve goals. 

Based on PAP goals, various types of performance measures must be carefully defined. De-
pending on the selected category of performance measures, different interpretations and ap-
proaches to data analysis are necessary. Various performance measures can be used depending 
on the production availability analysis objectives, the project phase, and the project environ-
mental conditions. Performance measures may be divided into unobservable and observable 
quantities. Unobservable quantities can be represented by probabilities and expected values, 
which represent the average performance of a similar unit to the one under study. Observable 
quantities are quantities expressing states of the “world,” or quantities derived from physical 
reality or natural phenomena. These quantities are unknown at the time of the analysis or as-
sessment, but will become known in the future if the system is implemented. The starting 
point of a PAP analysis is the selection of performance measures. These are essential as they 
provide the basis for communication with the decision-makers. According to Watson (1994), 
Aven and Pörn (1998), Hjorteland and Aven (2003), and Aven et al. (2006), the focus of the 
analysis should be on defining observable performance measures to make the analysis easier 
to communicate and understand and to make the message from the analysis more direct.  

The specification of PAP requirements should be considered both in the system pre-
exploitation phase (design, engineering, manufacturing, procurement, installation, and com-
missioning) and in the exploitation phase (operation, modification, end-of-life). The task of 
transforming overall project goals into specific requirements is difficult. When it comes to 
cost, effect on HSE, and other concerns, it is almost impossible to know what the proper re-
quirements should be without knowing what such requirements imply and mean (Aven et al., 
2006). In general, the PAP must focus on the functions or specific tasks and missions of de-
sign elements instead of the design elements themselves. This is because a particular design 
element can perform several functions, and the failure consequences of one function are likely 
to be quite different from the failure consequences of another function. The PAP requirements 
can be qualitative, quantitative, or both, depending on the nature of the items to be measured. 
Quantitative requirements may be expressed based on performance measures such as produc-
tion availability, throughput capacity, system availability, time to failure, time to repair, or 
spare parts mobilization times. Qualitative requirements may be expressed in terms of the de-
sign criteria for the item, its configuration, its inherent safety (acceptable failure conse-
quence), or PAP activities to be performed (Norsok-Z016, 1998). The PAP requirements can 
be established in two steps (Barabady and Aven, 2007):

i) Identifying the production plant functions: the objective here is to identify the various 
functions which must be performed or accomplished to achieve the goals of the project. It is 
the responsibility of the project manager and designers to ensure that the functions of the pro-
ject are defined. 

ii) Translating the PAP goals into requirements for each function: the aim of this task is to 
translate each of the sub-level goals into requirements for each function of the production 
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plant. Moreover, to achieve the PAP goals, the functional requirements need to be translated 
into overall production plant requirements.  

3.2. Management program and implementation procedure 
To ensure that a PAP produces consistent and effective results, it must have a set of focused 
sub-objectives, which are consistent with the overall program objectives and with the set of 
management procedures and controls. A management program shall serve as a management 
tool in the process of achieving PAP objectives by cost-effective means and should be a con-
tinuous activity throughout all phases of a production plant. The following two management 
tasks need to be performed to ensure that the PAP becomes an effective tool:  

i) Develop, maintain, implement, and execute a PAP plan which expresses what to do, 
how to do it, and who is to do it.

ii) Establish and maintain a PAP review process. 

According to Norsok-Z016 (1998), the important tasks of PAP management include monitor-
ing the overall production availability performance level, management of reliability, maintain-
ability, and throughput capacity performance of critical components, and continuous identifi-
cation of the need for PAP activities. A further objective of PAP management is to contribute 
practical technical or operational recommendations, including in the maintenance and organ-
izational areas. To fulfill these objectives, technical and operational means may be used dur-
ing design or operation to change the PA level. PAP management must include surveillance of 
activities and decisions which may have an undesired effect on production availability per-
formance.  

3.3. Analytical tools and investigative methods
Production availability analyses provide a basis for decisions about the choice of solutions and 
measures to achieve optimum economic performance within the given constraints. These 
analyses must be performed at a point in time when sufficient details are available. However, 
results must also be presented in time to serve as input to the decision process (Norsok-Z016, 
1998). A PAP uses a set of investigative and analytical and/or simulation methods and ap-
proaches to calculate and maximize the reliability, availability, and capacity of important sub-
systems or components.  

Production availability assessment methods may be categorized into two main types: i) ana-
lytical methods and ii) simulation methods. Analytical methods are used to assess the prob-
ability distributions and related parameters of loss of production from equipment which is sub-
ject to random failures and repairs. These methods inductively calculate the availability and 
production regularity of a system by using a set of predefined formulas based on a theoretical 
model for system availability. As for PA analysis, a number of analytical methods have been 
developed which use either a single conventional reliability analysis method, such as reliabil-
ity block diagrams, fault tree analysis, Markov modeling (Signoret, 1998), Petri net modeling 
(Signoret, 1998), Bayesian modeling (Aven and Hjortelend, 2003), or a combination of two or 
more methods (Kawauchi and Rausand, 2002). Production availability assessment methods 
based on Petri net modeling may partly be categorized as simulation, since simulation meth-
ods often are necessary to solve the equations. 

Simulation methods predict the regularity of a system by simulating the system behavior at 
each operating time interval or at each event, based on failure rates for each component in the 
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system and on various operational rules. In many cases, the simulation is carried out based on 
the Monte Carlo (stochastic) method (Labeau et al., 2002; Marquez et al., 2005; Zio et al., 
2006), which generates certain random values to determine the occurrence of events in the 
system. All events, including component failures, repair actions, and planned shutdowns, gen-
erated by the simulation are recorded, and a variety of other relevant parameters are derived 
from the log. Simulation methods are very flexible and can provide highly accurate predic-
tions of system performance. However, much effort, time, and cost is required to perform the 
analyses. Two main simulation methods have been proposed: a method based on fixed time 
increments (i.e., at equidistant points in time), and a method with variable time increments, or 
so-called next-event simulation. The main disadvantage of the Monte Carlo simulation tech-
nique compared with an analytical approach is the time and expense involved in the develop-
ment and execution of the model. To obtain accurate results using simulation, a large number 
of trials are usually required, especially when the availabilities are very high (Aven, 1987). 

3.4. Information management
Data on the reliability experience of equipment have become vital to many types of engineer-
ing and maintenance analyses. Fundamental to the PAP is the information that a production 
plant has available will actually be used to help make decisions that will mange production 
assurance and lead to competitive success. Furthermore, the effectiveness of PAP depends on 
the quality and accessibility of the information used to provide feedback to the management 
systems about how well the system is performing and where to achieve improvements.  There-
fore, production plant that collects useful information that can be used as an input into the 
strategic planning process will possess more comprehensive planning processes (Fawcett et al 
1997).

Collecting production availability data is costly, and this effort needs to be balanced against 
the intended uses and benefits of the data. A typical data collection process may consist of col-
lecting data from different sources into one database where the type and format of data are 
predefined (ISO/DIS 14224, 2004).  Markeset and Kumar (2003) discuss some key factors 
influencing the management of reliability, availability, and maintainability data and informa-
tion systems. To merge data from several pieces of equipment, several plants, or across an in-
dustry arena, it is necessary to agree on what data are useful to collect and exchange and to 
ensure that those data are represented in a compatible format.  

4. Discussion and conclusions 
This paper has described the concept of PA by means of an exploratory literature survey. The 
material analyzed was related mainly to the offshore oil and gas industry. However, the find-
ings can be transferred to other application areas. This paper indicates that the combination of 
capacity performance and dependability concepts can be used to describe PA. Therefore, PA 
provides a more comprehensive measure of a production plant’s real performance compared to 
system availability performance as it provides information about the production plant’s deliv-
ery capacity, production rate and ability to deliver according to design or customer demands. 
PA helps decision maker to estimate whether the plant is able to meet the customer require-
ments or not. 

The most adequate measure of PA must be determined depending on the actual situation and 
type of production plant. However, the most commonly used measure is throughput availabil-
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ity. Section 2 of this paper indicates that i) “throughput availability” is a useful surrogate for 
PA in those production plants which produce to buffer, e.g., a mine production system; ii) 
“demand availability” is a relevant surrogate for PA when judging the PA of a “just-in-time” 
production system, e.g., a gas production system.  

In describing PA for a given system, it is necessary to specify four things: the component fail-
ure rate; the repair rate; the component capacity performance; and the system configuration, 
which describes how the components are functionally connected and their modes of operation. 
It is also very important to consider the interaction between components as well as their de-
gree of independence. Hence, before discussion of the production assurance model can be 
meaningful, these four characteristics must be explored. 

The concept of PA integrates the OEE measure with organizational capabilities as in TPM but 
it is broader and applicable to a wide range of manufacturing and production process as it con-
siders market requirement and customer demand. In other words, PA shows how a production 
plant meets customer demand which is not considered in OEE concept. Performance of a pro-
duction plant considering market demand and customer requirement can be measured by 
Overall Production Assurance Effectiveness (OPAE), which is the product of production as-
surance and quality effectiveness. 

In second part of this paper PAPs are described. PAPs can be used in financial planning, cost-
benefit evaluations, and sales contract negotiations, as well as providing input to economic 
calculations and decision-making. PAPs are also a valuable tool for creating maintenance and 
operating strategies for the production plant. In other words, the PAP is a tool, not only for 
documenting a production plant’s performance, but also for providing decision support for 
development and optimization of the production plant to improve PA and reduce risk and un-
certainties.  In PAP, the starting point is the definition of goals and requirements. Goals are 
more internally driven and may or may not be achieved. Requirements, on the other hand, are 
more specific and customer-driven. Goals can be modified to satisfy requirements. It should 
be noted that goals have different dimensions which may be in conflict. Thus, an overall 
evaluation needs to be made, balancing all the dimensions to obtain a good decision.  

Transforming overall PAP goals into specific requirements is complicated. It is a challenge to 
identify proper requirements. The focus should be on establishing PAP requirements for those 
functions which are important for achieving the goals, and then on translating these require-
ments into the systems designed to accomplish these functions. For example, consider an off-
shore installation producing oil and gas. The gas, separated by the separation unit from the 
water and oil coming from the well, is first compressed by two turbocompressors (TCs), then 
dehydrated through a triethylene glycol (TEG) unit, and finally exported. Based on these func-
tions, the sub-level requirements can be defined as: the separation unit and the triethylene gly-
col (TEG) unit shall have a minimum probability of function at a demand x (e.g., 6 × 106 Sm3

/d). Instead of a sharp definition of requirements, ranges of probability may be used. For re-
quirements stated in this manner to be meaningful, they must not be seen as a sharp cutoff; 
instead, the analyst should always look for alternatives and then evaluate their performances. 
Then, depending on the situation, different levels of requirements may be acceptable. This 
principle can be applied for all functions, and using this approach, the high-level requirements 
(which could be described as “confidence in meeting the goals”) are ensured. In general, the 
PAP must focus on the functions or specific tasks and missions of design elements instead of 
the design elements themselves. This is because a particular design element can perform sev-
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eral functions, and the consequences of the failure of one function are likely to be quite differ-
ent from the consequences of the failure of another function. 

This study has shown it is a challenge to implement and apply PAPs in a practical setting, 
given the lack of implementation guidelines. How to implement and apply PAP in a pragmatic 
way and on a detailed level, especially for application areas other than the petroleum industry, 
remains to be clarified. Furthermore, it is not clear (due to lack of information) how to design 
for PA in the design phase as well as how to manage and improve PA in the operation phase. 
However, to improve PA, it is always necessary to look for alternatives, evaluate their per-
formances, and depending on the result of this evaluation, accept the best alternative. 

Existing methods and tools for PA analysis and management have been primarily developed 
for the planning phases, specifically for the petroleum sector. Further research must extend 
these tools and methods into the operational phases to be able to incorporate in more detail 
aspects related to operation and maintenance strategy. This research could be based partly on 
well-established theories and methodology developed within the field of reliability, availabil-
ity, and maintainability (RAM) over the last decades. However, further research and develop-
ment is necessary to be able to analyze and manage this challenge, as these new application 
areas require a more holistic and a more specific approach. Generally there is a gap between 
theory and applications in this field. One of the main challenges in implementing existing ap-
proaches is to find a balance between on the one hand, simplicity of models and methods, and 
on the other hand, models and methods that have a sufficient theoretical basis. 

The question is: how will the system perform in the future from the PA point of view, and 
how can uncertainty be reduced using the PAP? It is important to ensure that the PAP infor-
mation is adequate for decision-making and that the information is provided in a cost-effective 
and timely manner. How to deal with identified uncertainties when conducting PA analyses 
for a production plant remains a challenge. The uncertainty in the predictions made during the 
initial design stages can be expected to be relatively high because of the lack of design detail. 
As the design becomes more detailed, relevant generic data can be used to obtain more accu-
rate predictions. Finally, as sufficient testing and operating data become available, the uncer-
tainties in the predictions will be further reduced (for more discussion see Hjorteland et al. 
2007). It should also be noted that the effectiveness of a PAP depends very much upon the 
quality, accessibility, and fidelity of the information used to provide feedback to the manage-
ment systems about how well they are performing and where to make improvements. The ex-
perience from the operational phase of a production plant should be transferred to parties in-
volved in the design phase to stimulate improvements in design of new, similar production 
plants. This includes a review of assumptions made for the predictions in the design phase in 
comparison to actual conditions experienced during operation, including operational principles 
and maintenance logistics. 
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Abstract
There is an increased use of production assurance programmes in various industries, espe-
cially in the petroleum sector. The programme describes the production assurance activities 
necessary to fulfil the objectives, how they will be carried out, by whom and when. The activi-
ties provide input to decisions regarding concept, design, manufacturing, construction, instal-
lation, operation and maintenance.  
However, production assurance programmes have not yet been sufficiently developed for gen-
eral use. It is a challenge to implement and apply such programmes in a practical setting. 
There is a lack of implementation guidelines. The purpose of this paper is to meet these chal-
lenges; the paper describes and discusses a methodology that facilitates implementation of 
production assurance programmes in a production plant. The starting point is the offshore oil 
and gas industry, but the methodology and discussion are to a large extent general and could 
also be applied in other industries. 
Keywords: Production assurance programmes, Availability, Implementation guideline   

1. Introduction
The main objective of a production assurance programme (PAP) for a production plant is to 
ensure that the right level of production is obtained. More specifically, the programme should 
initiate and see to it that activities are run which (Aven, 1987; Norsok, 1998; ISO/CD 20815 
2004):

Compare different alternatives with respect to production availability. 
Identify relevant cost parameters.  
Predict production levels for financial planning, cost/benefit evaluations and sales contract 
negotiations.
Identify critical items requiring spare part attention and special requirements, and form 
input to spare part planning. 
Evaluate maintenance and operating strategies to see their effects on field performance. 
Identify system bottlenecks, vulnerabilities and components with unnecessary over-
capacity.
Evaluate the availability effects of system modifications, e.g. equipment redundancy and 
capacity modifications.  

Production assurance (also referred to as regularity, or more specifically as production avail-
ability) is a term used to describe how a system is capable of meeting demand for deliveries or 
performance.  

Within the petroleum sector, PAPs have been used for many years and in the literature various 
aspects of the programme have been discussed, see e.g. Aven (1987), Hokstad (1988), 
Kawauchi and Rausand (1998), Signoret (1998), Rausand (2002), Zio et al. (2006), and Hjorte-
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land et al. (2007). There are also available standards that cover PAP, including NORSOK Z-
016 (1998) and ISO/CD 20815 (2004). These standards are also petroleum oriented; they 
cover exploration drilling, exploitation, processing, and transport of petroleum resources. 
There is not much literature available regarding this subject for other industries. There are re-
search works covering reliability programmes for different industries, but not specifically ad-
dressing production rate and production assurance; examples include Knowles et al. (1995), 
Hagen (2006), Pecht et al. (2002), Guthrie et al. (1990), and Ke and Hwang (1997). The 
reader’s attention should also be drawn to the standards IEEE Std 933-1999, NASA-STD-
8729.1 (1998), IEEE Std 1332-1998, IAEA-TECDOC-1264 (2001), IEC 60300-3-10 (2001), 
IEC 60300-1 (2003), and IEC 60300-2. 2004. The main focus of these standards and the litera-
ture is on the process of ensuring a reliable product and/or system as well as reducing system 
uncertainty; these standards and the literature are not discussing the issues of production 
availability critical for meeting customer requirements and market demands.   

In our view, PAPs have not yet been sufficiently developed for general use. It is a challenge to 
implement and apply such programmes in a practical setting. There is a lack of implementa-
tion guidelines. A detailed methodology is needed for implementing the PA concept in cases 
where production availability issues are critical for the business. Such a methodology would 
support production engineers and managers in removing uncertainties and risks in their day to 
day operation and maintenance decisions.  

In order to support the implementation of the PAP, managers and decision-makers need guid-
ance on questions such as:

a) What are the main implementation tasks in a PAP? 
b) What are the relevant decision-making criteria? 
c) How to define importance measures and performance criteria? 
d) How to convert the overall PAP goals to more specific requirements? 

The purpose of this paper is to provide such guidance. This is achieved by presenting and dis-
cussing a methodology for implementation of a PAP in a production plant during the design 
and operation phases. The methodology identifies the primary tasks and decisions criteria 
within a PAP and presents the activities and tools that are required to perform these tasks. A 
hierarchy of goals and criteria from Aven et al. (2006) is applied. This hierarchy provides a 
basis for the specification of tasks.  We refer to Aven et al. (2006) and the references therein 
for management theory supporting this hierarchy.     

The paper is organized as follows; in Section 2, we summarise the main overall features of a 
PAP, using the above cited standards as references. In Section 3, we present and discuss the 
proposed methodology. Different issues related to implementation of the PAP are addressed. 
Examples from the oil and gas industry are used to illustrate the ideas of the methodology. Fi-
nally, section 4 concludes the paper.

2. An overview of production assurance programme 

2.1. Production assurance performance concepts
Production assurance is a term used to describe how a system is capable of meeting demand 
for deliveries or performance. Production availability, deliverability or other appropriate 
measures can be used to express production assurance (NORSOK Z-016). These are defined 
as follows (Aven, 1987, Aven, 1989):
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Consider a production system and let the rate of production at time t be denoted by D(t) and
let D0(t) denote the demand rate of production at time t. Then the throughput availability A1(t1,
t2) is defined by the expected throughput relative to the expected demand, i.e.:    
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The throughput availability is also referred to as production availability and deliverability. An 
alternative measure is the demand availability A2(t1, t2), defined by  
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The demand availability expresses the expected proportion of time the throughput exceeds the 
demand. The on-stream availability, A3, equals the expected proportion of time the throughput 
is greater than zero, i.e.  
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The availability at level c at time t, Ac(t), is defined as the probability that the throughput is at 
least c at time t, i.e.,  

Ac(t) = Pr{D(t) c} (4)

The most commonly used measure is the throughput availability. We refer to Aven and Jensen 
(1999) for some alternative performance measures and formulae for computing the various 
measures on both system and equipment levels, such as the well-known formula 
MTTF/(MTTF+MTTR) for the equipment availability, where MTTF and MTTR are the mean 
time to failure and mean time to repair, respectively. 

Production assurance is closely linked to the Overall Equipment Effectiveness (OEE), a core 
measure of production plant effectiveness as advocated in the Total Productive Maintenance 
(TPM) philosophy (Nakajima, 1998). The OEE is used to measure the effectiveness of pro-
duction plants. In contrast to the OEE, production assurance also considers market require-
ments and customer demands. 

2.2. Production assurance programme (PAP) 
This section presents and discusses different elements of a PAP, based on the existing litera-
ture. A PAP is influenced by the policies of the organization, the product and organizationally-
unique practices. These policies cause the PAP to vary from organization to organization and 
from product to product. However, there are some common features, and these will be exam-
ined in the following.  First, we start with our definition of a PAP:

A PAP is a formal management system, which assures the collection of important information 
about plant performance throughout each phase of its life, and directs the use of this informa-
tion in the implementation of analytical and management processes which are specifically de-
signed to meet two specific objectives: 

All  performance goals are met
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Facilitate identification of opportunities and cost-effective ways to implement and exe-
cute improvement actions needed to enhance production availability performance, re-
duce risks and uncertainties, and improve profits, effectiveness, efficiency, and produc-
tivity. 

The PAP will focus on the expenditure of resources available for performance improvement in 
area, where the economic return is largest, and on the optimization of the design and opera-
tion of the plant.
A typical production assurance programme can be expected to have the following four broad 
functional elements:

i)  Goals and performance criteria: The PAP requires the definition and assignment of a 
broad set of high level plant goals and performance criteria which can be used for comparison 
with actual or predicted plant performance. The goals and criteria may be either deterministic 
or probabilistic. We will return to this issue in Section 3.  

ii) Management and implementing procedures: Management is a continuous activity through-
out all phases of an engineering project. The following two management tasks need to be per-
formed to ensure that the PAP becomes an effective tool:  

Develop, maintain, and implement a PAP plan, expressing what to do, how to do it, 
and who is to do it.
Establish and maintain a PAP review process: The PAP review should be conducted 
by experts who are not directly involved in the project team.  

iii) Analytical tools and investigative methods, production assurance analyses: Production 
assurance analyses provide a basis for decisions concerning choice of solutions and measures 
to achieve an optimum economy within the given constraints. The analyses must be performed 
at a point in time when sufficient details are available. However, results must be presented in 
time for input to the decision process (NORSOK Z-016, 1998). A PAP uses a set of investiga-
tive and analytical and/or simulation methods and attempts to analyse the reliability, availabil-
ity and capacity of important subsystems or components. Examples of such methods and ap-
proaches are given in Section 3. 

iv) Information management: The effectiveness of the PAP depends on the quality and acces-
sibility of the information used to provide the feedback to the management systems about how 
well the system is performing and where to obtain improvements. Collecting production as-
surance data is costly and this effort needs to be balanced against the intended uses and bene-
fits. A typical data collection process may consist of collecting data from different sources 
into one database where type and format of data are pre-defined (ISO/DIS 14224). It is re-
ferred to Markeset and Kumar (2003) for some key factors influencing the management of re-
liability, availability and maintainability data and information systems. 

3. Methodology for implementing the PAP 
This section presents the suggested methodology for implementing and executing the PAP for 
a production plant. The basic feature of the methodology is illustrated by the flowchart in Fig-
ure 1. The methodology is based on three main tasks:   

Establishing PAP requirements; 
Providing input to the design processes and operations; and 
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Monitoring, analysing, and publishing PAP achievements. 

In the methodology, the starting point is the definition of production plant goals and perform-
ance criteria. The PAP goals are defined with respect to economy; health, safety and environ-
ment (HSE); quality; productivity; etc. Goals and criteria can be expressed qualitatively or 
quantitatively. We adopt the hierarchy of goals and criteria presented in Aven et al. (2006). 

Figure 1. Production assurance Programme ( PAP) process 

Table 1 depicts an example of the high-level goals and high-level sub-goals adopting this hier-
archy for an offshore installation, during two phases, planning and operation. It should be 
noted that the high-level goals have different dimensions, which may be in conflict. Thus, an 
overall evaluation needs to be made, balancing all the dimensions to obtain a good decision. 

Furthermore, according to this hierarchy, there are two categories of performance measures: i) 
probabilistic quantities and ii) observable quantities. In our framework, the overall goals and 
criteria are formulated based on the second category. Observable quantities are expressing 
states of the ‘world’, quantities of the physical reality or the nature, that are unknown at the 
time of the analysis but will, if the system being analysed is actually implemented, take some 
value in the future, and possibly become known. Examples of observable quantities are pro-
duction volumes, and the number of times production is below a certain number. Probabilistic 
quantities are not used to express such overall objectives.
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Table 1. Goals for an offshore installation

Situation High-level goals High-level sub-goals Measures

Planning of the 
installation

High profit 
No fatalities 
No significant release of oil 
No environment damage 
No injuries with permanent disability 
Few injuries 
Meeting all laws and regulations

“Optimal” production avail-
ability and deliverability 
No major leaks 
No ignition if leaks occur 

Project management, 
safety management 

Operation of 
the installation 

High profit 
No fatalities 
No significant release of oil 
No environment damage 
No injuries with permanent disability 
Few injuries 
Meeting all laws and regulations

“Optimal” production avail-
ability and deliverability 
No major leaks 
No ignition if leaks occur 

Operation and main-
tenance manage-
ment, safety man-
agement  

When the PAP requirements are established (task 1), a primary design is developed to meet 
these PAP requirements (task 2). This design is then evaluated to see if the PAP requirements 
for the production plant functions are being met and to identify critical functions and design 
elements (task 3). If the results of task 3 indicate that the PAP requirements for the produc-
tion plant functions will not be reached, then the manager must decide whether the PAP re-
quirements are attainable. If so, then the existing design should be revised to fulfil the PAP 
requirements, and the revised design should be re-evaluated to see if it meets the PAP re-
quirements. This process needs to be repeated until the evaluation demonstrates that the re-
quirements can be met. If the result of task 3 shows that the PAP requirements are not attain-
able, they should be revised. If these requirements can not be revised in a satisfactory way, 
then the project goals should be either revised or cancelled.   

Once the design is completed, it should be put in operation (task 2) by following the operation 
plan which is prepared in the design phase. Thereafter, the production plant should be moni-
tored and evaluated (task 3). If the results show that the requirements will not be met but they 
will be attainable, then the technical system or operational maintenance and support proce-
dures should be modified and re-evaluated. This process needs to be repeated until meeting 
the PAP requirements.  

In the following section, we discuss briefly each of the three primary PAP tasks for a produc-
tion plant.

3.1. Establishing PAP requirements 
The specification of PAP requirements should be considered both in the system pre-
exploitation (design, engineering, manufacturing, procurement, installation and commission-
ing) and exploitation phase (operation, modification, end-of-life). The task of transforming 
overall project goals to specific requirements is challenging. When it comes to cost, effect on 
safety, and other concerns, it is almost impossible to know what the proper requirements 
should be without knowing what such requirements imply and mean (Aven et al., 2006).

Establishing PAP requirements can be subdivided into two subtasks, as discussed in the fol-
lowing subsections. 
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3.1.1. Identifying the production plant functions. The objective is to identify various func-
tions whose performances or accomplishments are essential for achieving the PAP goals of the 
production plant. It is the responsibility of the PAP manager and designers to ensure that all 
functions of the production plant are documented well enough to be translated into PAP re-
quirements. The PAP must focus on the functions or specific tasks and missions of design 
elements instead of the design elements themselves. This is because a particular design ele-
ment can perform several functions and the consequences of the failure of one function are 
likely to be quite different from the consequences of the failure of another function. For ex-
ample, failure of a temperature control system to keep a tank adequately heated could result in 
a small loss of process efficiency, while failure of the system to keep a tank adequately cooled 
could result in an explosion. Therefore, to ensure that the PAP goals are met for such systems, 
PAP requirements need to be defined for the various functions.     

3.1.2. Translating PAP goals into PAP requirements for each function: The aim of this task 
is to translate each of the PAP goals into requirements for each function of the production 
plant. Such requirements can be qualitative, quantitative, or both, depending on the nature of 
what are to be measured. Quantitative requirements may be expressed based on performance 
measures such as production availability, system availability, time to failure, time to repair, 
spare parts mobilization times, etc. Qualitative requirements may be expressed in terms of the 
design criteria for the item, configuration, inherent safety (acceptable consequence of a fail-
ure), PAP activities to be performed, etc. (NORSOK-Z016).  

Let us look at an example.  
Consider an offshore installation producing oil and gas with the high-level goals and high-

level sub-goals in Table 1. The starting point for translating the PAP goals into the PAP re-
quirements is the identification of the various functions that are important for achieving the 
goals of the production plant. In this case, examples of such functions are: 

The gas, separated by the separation unit from the water and oil coming from the well, 
is first compressed by turbo-compressors (TCs), then dehydrated through a triethylene 
glycol (TEG) unit and finally exported.
The oil coming from the production well is separated by the separation unit and after 
treatment exported through a pumping unit. 
The water coming from the well is separated by the separation unit and after treatment 
re-injected.  

Based on these functions, some sub-level requirements could be defined: 

The separation unit and the TEG unit shall have a minimum probability at a demand 
(e.g.  Sm6104.4 3 /d) equal to x
The TC unit shall have a process capacity of  Sm6104.4 3/d with minimum probability 
of y
The pump unit shall have a minimum probability at demand equal to z. 

For the x %, y %, and z % requirements to be meaningful, they must not be seen as sharp 
lines. We should always look for alternatives and then evaluate their performances and, de-
pending on the situation, we may accept different levels of requirements. This is a key point 
and a basic idea of the framework adopted.    

This principle can be applied for all functions and by this the high-level requirements are en-
sured, i.e. we obtain “confidence in meeting the goals”. The primary focus is on establishing 
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PAP requirements for each function which is important for achieving the production plant 
goals and then on translating these requirements into the systems designed to accomplish these 
functions.

3.2. Providing input to the design process and to operations 
Once the PAP requirements are established (task l), the PAP programme should address them 
by providing input to the design process and operation (task 2).  

3.2.1. Design phase 
During the production plant design phase, the PAP will implement procedures which guide the 
development of a production plant reference design in order to meet the PAP goals and per-
formance criteria. Figure 2 shows that the starting point is the selection of the reference de-
sign, and if the deterministic criteria can be achieved, production assurance analyses and risk 
analyses are used to predict and assess deliverability and safety related measures. The results 
of these analyses constitute a basis for decision–making about modification and improvement 
of production plant design. 

Figure 2. Production Assurance Programme (PAP) process in design phase

A variety of PAP related design techniques and tools such as Redundancy and Diversity, 
Modularity and Diagnostics, and Reliability vs. Maintainability Trade-off Studies can be used 
to help establish a design that meets the qualitative and quantitative PAP requirements, see 
Section 3.3. 

In the above-mentioned example of an offshore installation, the turbo-compressors (TCs) shall 
have a process capacity of  Sm6104.4 3 /d with a minimum probability of y. To meet this re-
quirement different types of design can be considered, e.g. two TCs with the capacity of  

 Sm6102.2 3 /d can be used in parallel. The PAP design engineers and managers should per-
form a total evaluation of the TCs’ design alternatives considering cost, reliability, uncer-
tainty, safety, etc. and finally make a decision. Different alternatives should be generated and 
their performance should be evaluated with the aim of balancing the pros and cons of the al-
ternatives (Aven et al,. 2006, Aven and Vinnem, 2005).

A strong delivery capability enables the production plant to meet the market requirements, 
achieve customer satisfaction, and build a positive reputation, and thus be able to achieve high 
levels of overall production performance (Fawcett et al., 1997). 
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3.2.2. Operation phase 
For the operation phase, task 2 means to have programmes such as a Spare-Part Programme 
and a Preventive Maintenance Programme in place in order to ensure that the required equip-
ment reliability, maintainability and capacity are achieved. Preparation for operation includes 
activities which should be started in the design phase and be run in parallel to the other planning 
phases. The following activities should be performed: 

Prepare operation and maintenance programme; 
Prepare spare part programme; and 
Prepare plans and systems for data collection. 

In the operation phase, observations of the production plant’s performance should be used to 
evaluate the need for measures, modifications and improvements. The necessary feedback 
should identify: 

- How well the production plant is performing in comparison to established goals and re-
quirements. 

- Where and why the deviations occur, if the performance goals and requirements have not 
been achieved. 

- How to define cost-effective solutions to achieve the necessary improvements. 

3.3. Monitoring, analyzing and publishing PAP achievement
Once a design has been developed to meet PAP requirements (task 2), the PAP status should 
be monitored in order to predict possible PAP achievement in both the design and operation 
phases, and periodic reports should be prepared, including relevant PAP information (such as 
goals and performance criteria, the status, data collection, data analysis). This information 
could be used to:

Decide whether PAP requirements are being met or not. 
Identify critical functions and design elements that need more attention. 
Make specific recommendations for design and operation improvements. 
Identify critical failure modes, and 
Predict the production level. 

A function or a design element can be identified as critical based on its importance. There are 
several measures of importance and many are commonly used in the reliability, maintainabil-
ity and availability process (Aven and Jensen, 1999). The appropriate measures depend on the 
specific decisions that need to be made. Identifying the critical functions and associated design 
elements at a particular level of design detail provides important feedback for establishing the 
PAP requirements (task 1). The established PAP requirements provide input to the design ef-
forts and the operating strategy (task 2). Two important factors are:  

the availability of relevant data, and 
the accuracy required for decision-making.  

The challenge is to ensure that the PAP information is adequate for decision-making and that 
the information is provided in a cost-effective and timely manner. The inaccuracies of the pre-
dictions made during the initial design stages could be relatively large because of the lack of 
design detail. As the design becomes more detailed, relevant generic data can be used to ob-
tain more accurate predictions. Finally, as sufficient testing and operating data become avail-
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able, the uncertainties will be further reduced which makes it possible to improve the predic-
tions (Hjorteland et al., 2007). 

The effectiveness of the PAP depends very much upon the quality, accessibility and fidelity of 
the information used to provide the feedback to the management systems about how well it is 
performing, and where to make improvements. The experience from the operational phase of 
the project should be transferred to parties involved in the design phase in order to stimulate 
improvements in design of new equipment and installations. This includes a review of as-
sumptions made for the predictions in the design phase compared to the actual conditions ex-
perienced during operation, including operational principles and maintenance logistics. 

Accomplishing and managing the above-mentioned PAP tasks include the use of a number of 
methodologies and tools. See, e.g. (NORSOK Z-016, 1998). For the prediction and assessment 
of production assurance, we refer to the Miriam Regina software which is a powerful tool to 
study performance of continuous process plants in terms of equipment availability, production 
capability and maintenance resource requirements (Miriam Regina 2007). Another common 
tool for this purpose is the MAROS code (MAROS 2007). This tool was first used in 1984 
and has been subject to continuous improvement and development since then. 

4. Conclusions 
In this paper we have studied different aspects of a production assurance programme. A meth-
odology for implementation of the production assurance programme is proposed and dis-
cussed. The methodology consists of three tasks and decision criteria, and is based on the hi-
erarchy of goals and criteria introduced by Aven et al. (2006). Based on PAP goals, a set of 
relevant performance measures must be defined. For transforming overall project goals to spe-
cific requirements, the focus should be on establishing production assurance requirements for 
each function of the production plant which is important for achieving the PAP goals and then 
on translating these requirements into the systems designed to accomplish these functions. The 
requirements should, however, not be seen as sharp lines; we should always look for alterna-
tives and then evaluate their performances and, depending on the situation, we may accept dif-
ferent levels of requirements.  

An approach strongly founded on pre-defined requirements and criteria may restrict the flexi-
bility too much, and it means a considerable element of arbitrariness. However, in practice 
there is a need for some type of requirement to simplify the planning processes, as shown in 
the previous sections. But care has to be shown when using such requirements such that sub 
optimisation is avoided. There should always be a drive for generating alternatives.
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Abstract

Purpose – To define availability importance measures in order to calculate the criticality of each
component or subsystem from the availability point of view and also to demonstrate the application of
such importance measures for achieving optimal resource allocation to arrive at the best possible
availability.

Design/methodology/approach – In this study the availability importance measures of a
component are defined as a partial derivative of the system availability with respect to the component
availability, failure rate, and repair rate. Analyses of these measures for a crushing plant are
performed and the results are presented. Furthermore, a methodology aimed at improving the
availability of a system using the concept of importance measures is identified and demonstrated by
use of a numerical example.

Findings – The availability importance measure of a component/subsystem is an index which shows
how far an individual component contributes to the overall system availability. The research study
indicates that the availability importance measures could be applied in developing a strategy for
availability improvement. The subsystem/component with the largest value of importance measure
has the greatest effect on the system availability.

Research limitations/implications – The result of availability improvement strategy is
demonstrated using only a hypothetical example.

Practical implications – Using availability importance measures will help managers and engineers
to identify weaknesses and indicate modifications which will improve the system availability.

Originality/value – This paper presents the concept of availability importance measure for a
component/subsystem. It also introduces some availability importance measures based on failure rate,
mean time between failures (MTBF), and repair rate/mean time to repair (MTTR) of a component
/subsystem. The concept of importance measures is used to prioritise the components or subsystems
for the availability improvement process.

Keywords Mean time between failures, Mean time to repair

Paper type Research paper

Introduction
The most important performance measures for repairable system designers and
operators are system reliability and availability. Improvement of system availability has
been the subject of a large volume of research and articles in the area of reliability.
Availability and reliability are good evaluations of a system’s performance. Their values
depend on the system structure as well as the component availability and reliability.
These values decrease as the component ages increase; i.e. their serving times are
influenced by their interactions with each other, the applied maintenance policy and their
environments (Samrout et al., 2005). The main requirements for the operation of complex
systems are usually specified in terms of cost and availability and/or reliability, or
equivalently in terms of mean time between failure (MTBF) and/or mean time to repair
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(MTTR) under a cost constraint. These requirements have to be taken into consideration
in the system design stage in order to determine the appropriate reliability and
availability of each of the system’s components (Elegbede and Adjallah, 2003). In a
simplistic sense, there are some issues to be resolved during the development of an
availability improvement or optimization process in design and operation phases, such
as: where it is best to attempt improvements in availability; and how to affect
improvements in availability when the areas which merit attention have been identified.
Finding appropriate answers to these questions can be quite difficult and the solutions to
the many problems which result in loss of availability are frequently not obvious.

A number of researchers have investigated the theoretical problem of availability
allocation and optimisation using different techniques and methods, e.g. Painton and
Campbell (1995); Castro and Cavalca (2002; 2003); Elegbede and Adjallah (2003);
Chiang and Chen (2006). The availability allocation problems are mainly dealt with
considering the criticality of reliability and maintainability characteristics of the
system at component level. Therefore, it is useful to consider reliability and
maintainability importance measures for improving the existing availability
characteristics. The concept of importance measures came from the perception that
in any orderly arrangement of components in a system, some of the components are
more important than others in providing certain system characteristics. Component
importance analysis is a key part of the system reliability quantification process. It
enables the weakest areas of a system to be identified and indicates modifications
which will improve the system reliability and maintainability (Beeson and Andrews,
2003). Several component importance measures have been developed in the reliability
area, e.g. Aven (1986), Boland and El-Neweihi (1995), Andrews and Beeson (2003), Zio
and Podofillini (2003), Cassady et al. (2004); as Birnbaum (1969) first introduced
mathematical concept of the importance measures. The main objectives of this study
are to define some availability importance measures in order to find the criticality of
each component or subsystem form availability point of view, and identify a
methodology which aims to allocate resources for the availability optimisation
applying the concept of availability importance measures.

This paper is organized as follows. Part 2 introduces availability importance
measures and application of those importance measures for different types of
configurations and a real case study of a crushing plant is presented. Part 3 defines the
availability improvement strategy by use of the concept of importance measures for
resource allocation and a numerical example of a parallel-series system is applied to
demonstrate the proposed approach. In part 4, the conclusions of this paper are
provided. In this study we assumed the following:

. The system is composed of n s-independent components.

. Failure rate and repair rate of components and subsystems are known.

. All the components are repairable. The repair of components makes them as
good as new.

. Each component, subsystem, and system has two states: working or failed.

Availability importance measures
When assessing a system, its performance depends upon its components. Some
components have major influences on system reliability and availability than others. In
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order to evaluate the importance of different aspects of a system, a set of importance
measurements including Structure Importance, Birnbaum Component Importance,
Reliability Criticality Importance, Upgrading Function, Operational Criticality
Importance, and Restore Criticality Index (Leemis, 1995, Frickes and Trivedi, 2003,
Wang et al. 2004) are widely used in engineering practices. According to Beeson and
Andrews (2003), component reliability importance measure is defined as the
probability that component i is critical to system failure. One of the most widely
used reliability importance indices is Birnbaum’s component importance (Frickes and
Trivedi, 2003). The reliability importance of a component can be determined based on
the failure characteristics of the component and its corresponding positioning in the
system. The reliability importance of component i,I iR , in a system of n components is
given by:

I iR ¼ ›Rs tð Þ
›Ri tð Þ ð1Þ

where RS(t) is the system reliability and Ri (t) is the component reliability.
By using the same concept in the case of system availability performance, some

availability importance measures are defined by Barabady (2005) and can be used as a
guideline in developing an improvement strategy. Availability importance measure
enables the weakest areas of a system to be identified and indicates modifications
which will improve the system availability. Efforts to improve availability can be
concentrated on those components whose contributions indicate that by upgrading
them, the maximum improvement in system availability can be achieved. Availability
importance measure is a function of time, the failure and repair characteristics or
MTBF and MTTR parameters, and the system structure. Availability importance
measure (I iA) assigns a numerical value between 0 and 1 to each subsystem or
component, with the value 1 signifying the highest level of importance. The
availability importance of component i in a system of n components is given as follows:

I iA ¼ ›As

›Ai

ð2Þ

where AS is the system availability and Ai is the component availability.
Availability importance measure shows the effect of the availability of subsystem

or component i on the availability of the whole system. The subsystem or component
with the largest value has the greatest effect on the availability of the whole system. It
is useful to obtain the value of the availability importance measure of each component
in the system prior to deploying resources toward improving the specific components.
This is carried out to determine which component needs to be improved in order to
achieve the maximum effect from the improvement effort. If the availability of the
system needs to improve, then efforts should first be concentrated on improving the
subsystem that has the largest effect on the availability of the system. The availability
of a system is a function of failure rate and repair rate characteristics or Mean MTBF
and MTTR parameters, which mean other sets of importance measures can be defined
as:

. availability importance measure based on the failure rate or MTBF; and

. availability importance measure based on the repair rate or MTTR.
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Availability importance measure based on the failure rate/MTBF shows the effect of
the failure rate/MTTR of component i on the availability of the whole system, and the
failure rate/MTBF of the component with the largest value has the greatest effect on
the availability of the whole system. It can be calculated by equation (3) or (4).

I iA;li ¼ 2
›As

›li
¼ 2

›As

›Ai

£ ›Ai

›li
ð3Þ

where li represents the failure rate of component i.

I iA;MTBFi
¼ ›As

›MTBFi

¼ ›As

›Ai

£ ›Ai

›MTBFi

ð4Þ

Availability importance measure based on the repair rate/MTBF shows the effect of
the repair rate/MTTR of component i on the availability of the whole system, and the
repair rate of the component with the largest value has the greatest effect on the
availability of the whole system. It can be calculated by equation (5) or (6).

I iA;mi
¼ ›As

›mi

¼ ›As

›Ai

£ ›Ai

›mi

ð5Þ

where mi represents the repair rate of component i.

I iA;MTTRi
¼ 2

›As

›MTTRi

¼ 2
›As

›Ai

£ ›Ai

›MTTRi

ð6Þ

Application of availability importance measures to a series system
Consider a system which consists of n s-independent subsystems connected in series
and which fails when at least one of its components fails. The steady-state availability
for a series-system is the product of the component availabilities (Ebeling, 1997; Pham,
2003).

As ¼
Yn
i¼1

Ai ¼
Yn
i¼1

MTBFi

MTBFi þMTTRi

¼
Yn
i¼1

mi

mi þ li
ð7Þ

Availability importance measures for component i of a series system is given by:

I iA ¼ ›As

›Ai

¼
Yn

k ¼ 1

k – i

Ak ð8Þ

Equation 8 shows that the availability of a component doesn’t affect on the availability
importance measure of that component. The priority in terms of increased availability
of the system should be assigned to component i which is the component with the
minimum availability estimate. Different types of availability importance measures
based on availability characteristics for such system can be calculated by following
equations.
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I iA;MTBFi
¼ ›As

›Ai

›Ai

›MTBFi

¼ As £ MTTRi

MTBFiðMTTRi þMTBFiÞ ð9Þ

I iA;MTTFi
¼ 2

›As

›Ai

›Ai

›MTTRi

¼ As £ 1

ðMTTRi þMTBFiÞ ð10Þ

I iA;li ¼ 2
›As

›Ai

›Ai

›li
¼ As £ 1

ðli þ miÞ ð11Þ

I iA;mi
¼ ›As

›Ai

›Ai

›mi

¼ As £ li
miðli þ miÞ ð12Þ

Application of availability importance measures to a parallel system
Consider a system which consists of n independent subsystems connected in parallel
and which works when at least one of its components works. The steady-state
availability of a parallel-system is given by (Ebeling, 1997):

As ¼
an
i¼1

Ai ¼
an
i¼1

MTBFi

MTBFi þMTTRi

¼
an
i¼1

mi

mi þ li
¼ 12

Yn
i¼1

12
mi

mi þ li

� �
ð13Þ

Availability importance measure for component i of the system is given as follows:

I iA ¼ ›As

›Ai

¼ 12
Yn

k ¼ 1

k – i

ð12 AkÞ ð14Þ

Equation 14 shows that the availability of a component doesn’t affect on the
availability importance measure of that component. The priority in term of increase
availability of the system should be assigned to component i which is the component
with the maximum availability estimate. Different types of availability importance
measures based on availability characteristics for such system can be calculated by
following equations.

I iA;MTBFi
¼ ›As

›Ai

›Ai

›MTBFi

¼ 12
Yn

k ¼ 1

k – i

ð12 AkÞ £ MTTRi

MTBFiðMTBFi þMTTRiÞ £ Ai ð15Þ
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I iA;MTTRi
¼ 2

›As

›Ai

›Ai

›MTTRi

¼ 12
Yn

k ¼ 1

k – i

ð12 AkÞ £ 1

ðMTBFi þMTTRiÞ £ Ai ð16Þ

I iA;li ¼ 2
›As

›Ai

›Ai

›li
¼ 12

Yn
k ¼ 1

k – i

ð12 AkÞ £ 1

ðli þ miÞ £ Ai ð17Þ

I iA;mi
¼ ›As

›Ai

›Ai

›mi

¼ 12
Yn

k ¼ 1

k – i

ð12 AkÞ £ li
miðli þ miÞ £ Ai ð18Þ

Application of availability importance measures to a Series-parallel system
Consider a system which consists of n independent subsystems connected in series,
and each subsystem consists of m component in parallel, the steady-state availability
for a series-parallel system is given by equation (19).

As ¼
Yn
K¼1

12
Ym
l¼1

ð12 AklÞ
 !

¼
Yn
K¼1

12
Ym
i¼1

ð12 MTBFkl

MTBFkl þMTTRkl

 !
ð19Þ

Availability importance measure for component ij of the system is given by:

I ijA ¼ ›As

›Ai;j
¼

Yn
k ¼ 1

k – i

12
Ym
l¼1

12 Aklð Þ
 !

£ 12
Ym

l ¼ 1

l – j

Ail

0
BBBBBBB@

1
CCCCCCCA

ð20Þ

Equation 20 shows that the availability of a component doesn’t affect on the
availability importance measure of that component. The priority in term of increase
availability of the system should be assigned to component ij, which is the component
with the maximum availability importance measure. Different types of availability
importance measures based on availability characteristics for such system can be
calculated by following equations.
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I ijA;MTBFij
¼ I ijA £ MTTRij

MTBFijðMTBFij þMTTRijÞ £ Aij ð21Þ

I ijA;MTTRij
¼ I ijA £ 1

ðMTBFij þMTTRijÞ £ Aij ð22Þ

I ijA;lij ¼ I ijA £ 1

ðlij þ mijÞ £ Aij ð23Þ

I ijA;mij
¼ I ijA £ lij

mijðlij þ mijÞ £ Aij ð24Þ

An illustrative case study
To illustrate the concept of importance measures, we use a case study of a crushing
plant in Jajarm Bauxite mine of Iran. The crushing plant is divided into six subsystems
that work in series system which means the crushing plant is in working state if all
subsystems work. The best-fit distributions for all subsystem of the crushing plant are
calculated usingWeibullþþ6 software based on historical data form the period of one
year. Table I shows the best-fit distributions for time between failures data and time to
repair data for all subsystems of the crushing plant.

The availability importance measures for all subsystems are calculated and
tabulated in Table II by use of equations 2, 4, and 6. The availability importance
measure I iA shows that the SCRCS and COCS subsystems have more influence on the
availability of the whole system. As a result, improvement in the availability of the
SCRCS and COCS will cause the greatest increase in the system availability.

Comparing I iA;MTBFi
and I iA;MTTRi

can determine whether the MTBF or MTTR of
component i has more influence on the availability of the crushing plant. In this case
study, if the availability of the crushing plant needs to be improved, the efforts should
be primarily concentrated on increasing the availability of the SCRCS and COCS. In
addition, it is better to pay more attention to the MTTR of SCRCS and also MTTR of
COCS subsystem; because the effect of MTTR of them on the availability of the whole
system is about 13 and 16 times respectively greater than the corresponding effect of
the MTBF of both subsystem which is indicated by a comparison of I iA;MTBFi

andI iA;MTTRi
. However, the investment requirements to decrease the MTTR may be

much grater than those requirements to increase the MTBF. Cost trade-off is essential
for making final decision.

Availability improvement process using importance measures
Availability is an important characteristic of a repairable system. When the
availability of a system is low, efforts are needed to improve it. The question of how to
meet an availability goal for a system arises when the estimated availability is
inadequate. This then becomes a reliability and availability allocation problem at the
component level. Reliability and availability engineers are often called upon to make
decisions as to whether to improve a certain component or components in order to
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Time between failures Time to repair data
Sub-system Best-Fit Parameters Best-Fit Parameters

PCRCS (Primary Crusher) Weibull 3 P Beta ¼ 1:34, Eta ¼ 78:6, Gamma ¼ 3:873 Lognormal Mean ¼ 0:4638, Std ¼ 0:922
SCRCS (Secondary Crusher) Weibull 3 P Beta ¼ 1:115, Eta ¼ 78:96, Gamma ¼ 8:931 Lognormal Mean ¼ 0:720, Std ¼ 1:515
PSCCS (Primary Screen) Lognormal Mean ¼ 3:37, Std ¼ 1:142 Weibull 2 P Beta ¼ 1:4998, Eta ¼ 1:5843
SSCCS (Secondary Screen) Lognormal Mean ¼ 3:868, Std ¼ 1:101 Lognormal Mean ¼ 0:10, Std ¼ 1:021
COCS (Conveyer Subsystem) Lognormal Mean ¼ 3:18, Std ¼ 0:841 Lognormal Mean ¼ 0:154, Std ¼ 1:1157
FECS (Feeder Subsystem) Exponential 2P Lambda ¼ 0:0057, Gamma ¼ 24:80 Exponential 2P Lambda ¼ 1:039, Gamma ¼ 0:159
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achieve better results. There are two ways to improve the availability of a repairable
system:

(1) reduce the failure rate of the component in question or, in other words, increase
the mean time between failures; and/or

(2) improve the repair rate of the system, structure or component (SSC), or, in other
words, reduce the mean down-time.

Figure 1 and Figure 2 show how to maximize the availability of the SSC through
decreasing the failure rate and also decreasing the time needed to restore the SSC.

Any improvement in the availability of a system is associated with the requirement
of additional efforts and cost. Therefore, it is essential to use methods or techniques for
availability allocation amongst various components/subsystems of a system with the
minimum efforts and cost. As a result, many studies have been performed to improve
and optimise the availability of a system through different methods and techniques,

Sub-system I iA I iA;MTBFi
I iA;MTTRi

PCRCS 0.829 0.00033 0.01024
SCRCS 0.866 0.00068 0.00874
PSCCS 0.826 0.00040 0.01395
SSCCS 0.818 0.00016 0.00900
COCS 0.854 0.00139 0.02201
FECS 0.808 0.00002 0.00401

Table II.
Availability importance

measures for all
subsystems of the

crushing plants

Figure 1.
Contributors to SSC

unavailability, down-time
rate
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e.g. Murty and Naikan (1995), Owens et al. (2006), and Chiang and Chen (2006). Some
optimisation methods to redundancy allocation problems are applied by Castro and
Cavalca (2002). The genetic algorithm (Holland, 1975) is a search method which is
analogous to biological evolution and reproduction that have selected by Painton and
Campbell (1995), Castro and Cavalca (2003), Elegbede and Adjallah (2003) to solve
availability allocation problems and other reliability optimisation problems. In most
cases, the problem of availability allocation and optimisation can be defined as a
multi-objective optimisation problem which aims to maximize system availability and
minimize system cost. In these studies, specifically in genetic algorithm, complex
mathematic expressions for modelling are used. Generally, the availability importance
measures of components should be used during the design or evaluation of systems to
determine which components or subsystems have the greatest importance for the
availability of the system. This part suggests an approach for the allocation of
resources and availability optimisation using the concept of importance measures
which are mentioned in part 2 and the approach suitability is demonstrated using
numerical example. The main motivation for applying the concept of availability
importance measures is due to its easiness to understand as it uses the criticality of
components for resource allocation and availability optimisation purposes.
Furthermore, the model is quantitative approach. With the assistance of importance
measures, the components that merit additional research and development to improve
their availabilities can be identified; therefore, the greatest gain is achieved in the
system availability. Those components with high importance could prove to be
candidates for further improvements. In the present research, it is found that the
availability improvement process could be implemented by following three steps:

Figure 2.
Contributors to SSC
unavailability, failure rate

IJQRM
24,6

652



(1) identification of an ordered list of candidates for the availability improvement
process.

(2) identification of effective changes or remedial actions for each candidate, which
will either reduce its failure frequency or reduce its time required to restore a
component.

(3) justification and prioritization of the actions for each candidate on the basis of
cost-benefit comparisons.

In step one an ordered list of candidates for availability improvement can be identified
by using of the availability importance measure, but this measure does not provide
more information about those candidates. Therefore, in step two the availability
importance measure based on failure rate and the availability importance measures
based of repair rate for each component must be calculated. Comparing these two
importance measures shows which of the two factors, the failure rate or the repair rate
of each component, has more influence on the availability of the whole system. In other
words, this comparison will show whether the availability improvement should be
based on reducing the failure rate or increasing the repair rate of critical components or
subsystems.

To find the final strategy for the availability improvement process (step 3) the cost
trade-off is essential. When the availability of the system is less, it needs to be
improved using the special budget C. The question is how to manage improvement
efforts and which component or components, if improved, will give better results. This
question can be answered through the following procedure. The cost needed to reduce
the failure rate which denoted byDCli and the cost needed to improve the repair rate
that denoted byDCmi can be calculated by equations (25) and (26).

DCli ¼
›C

›li
£ Dli ð25Þ

DCmi
¼ ›C

›mi

£ Dmi ð26Þ
›C
›li

and ›C
›mi

explain the variation of the availability improvement cost with respect to
the failure rate and the repair rate of component i, respectively.

If budget C is spent on improving the repair rate for the critical components the
repair rate will increase asDmi :

Dmi ¼ DCmi

›C
›mi

¼ C
›C
›mi

ð27Þ

Therefore, the availability will increase asDAs;mi
which can be calculated by:

DAs;mi
¼ I iA;mi

£ Dmi ¼ ›As

›mi

£ C
›C
›mi

ð28Þ

If the budget is spent on reducing the failure rate of the critical component, the failure
rate will be decreased asDli :
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Dli ¼ DCli
›C
›li

¼ C
›C
›li

ð29Þ

Therefore, the availability will be increased asDAs;liwhich can be calculated by:

DAs;li ¼ I iA;li £ Dli ¼ ›As

›li
£ C

›C
›li

ð30Þ

By comparing DAs;liand DAs;mi
the strategy can be identified. If there are some

restrictions, the budget can be spent on both increasing the repair rate and decreasing
the failure rate. We then allocate a fraction f of the budget for decreasing the failure
rate and the remaining fraction 1-f for increasing the repair rate. And hence the
availability improvement can be calculated by:

DAs;li ;mi
¼ ›As

›li
£ fC

›C
›li

þ ›As

›mi

£ ð12 f ÞC
›C
›mi

ð31Þ

Illustrative numerical example
To illustrate the model, we made the simple example system which is illustrated in
Figure 3 with the same assumptions as those given in Part 2. Table III shows the
failure rate and repair rate of all the components. It also shows the cost needed to
change the failure rate and repair rate of each component based on the failure rate of
component 1. For example, the cost needed to change the failure rate of component 2
and 3 is about 30 per cent and 90 per cent of the cost which is needed to decrease the
failure rate of component 1, respectively.

Figure 3.
A simple system

Component Failure rate Repair rate ›C
›li

= ›C
›l1

›C
›mi

= ›C
›l1

1 0.007 0.018 1 0.3
2 0.0214 0.05 0.26 0.5
3 0.0175 0.03 0.8 0.6

Table III.
Failure and repair rates of
all the components

Component I iA I iA;li I iA;mi

DAs;li

DAs;l1

DAs;li

DAs;l1

DAs;mi

DAs;m1

1 0.258 7.430 2.890 1.000 1.296
2 0.265 2.602 1.114 1.347 0.300
3 0.496 6.592 3.846 1.109 0.863

Table IV.
Availability importance
measures for all the
components
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Based on equation 2, 3, and 5 the availability importance measures for all components
are calculated and tabulated in Table IV. The availability importance measure (I iA)
indicates that component 3 has more influence on the availability of the whole system
and therefore, improvement in the availability of component 3 will cause the greatest
increase in the system availability. By comparing I iA;liand I iA;mi

can determine whether
the repair rate or the failure rate has more influence on the availability of the system. In
the example studied, if the availability of the system needs to be improved, the effort
should first be concentrated on increasing the availability of component 3. In addition,
it is better to pay more attention to the failure rate of component 1, because the effect of
this failure rate on the availability of the whole system is about 2 times greater than the
corresponding effect of the repair rate, which is indicated by a comparison of I iA;li
andI iA;mi

.
By using equations 28 and 30, the final decision in the availability improvement

process can be identified. From Table II it is found that it is better to focus one’s efforts
and finances on reducing the failure rate of component 2 and increasing the repair rate
of component 1. In this way the availability of the system will increase more than by
using other strategies with the same effort and cost.

Conclusions
In this research study some availability importance measures are defined and a method
for availability allocation and optimisation of system’s availability using the concept of
availability importance measures is proposed. In the case of a system’s availability
performance, availability importance measures could be used as a guideline in
developing a strategy for availability improvement. It is useful to obtain the value of
the availability importance measure for each component in the system prior to
deploying resources toward improving the specific components.
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Abstract: The cost of maintenance is too high in mining industry to ignore. 
This is mainly due to poor understanding of the maintenance process which is 
greatly influenced by the reliability characteristics of the operating system. The 
paper introduces an approach for maintenance scheduling of a mining system based on 
reliability analysis which is divided into two parts. The first part introduces a 
methodology for optimal maintenance scheduling based on analysis of maintenance data 
in the form of time-between-failure and time-to-repair distributions. In the second part, 
we present a case study from Jajarm Bauxite Mine in Iran to illustrate the applicability of 
the maintenance scheduling model. 

Key words: maintenance, reliability characteristics, maintainability, mines, availability 
importance measures. 

1. Introduction 

Maintenance is an important activity for the safe and efficient operation of any industrial 
plant or system. Keeping a system in a normal operating condition and maintaining the 
expected performance require the proper maintenance to be carried out during the whole life 
cycle of the system [1]. The probability of equipment failure is influenced by the 
engineering design, the operating conditions and how the equipment is maintained. There is 
a need for a method to measure the effectiveness and the weaknesses of maintenance 
operation in order to focus the development of maintenance activities towards the 
enhancement of system availability. The downtime costs of mining equipment are high and 
over the years many researchers from academia and industry have investigated ways and 
means of ensuring better equipment design and better maintenance procedures in the mining 
industry in an effort to reduce equipment downtime and enhance the availability and 
reliability of equipment [2 - 7]. Traditionally, mining companies have focused on the key 
measures of plant availability and utilization to measure equipment performance. It has been 
demonstrated that these measures alone are insufficient for assessing equipment 
performance. In practice, there is one factor which is often overlooked and which has a 
significant impact on equipment performance, namely equipment reliability. A focus on 
reliability is critical for the improvement of equipment performance and ensuring that 
equipment is available for production as per production schedules [8]. The main objectives 
of this study are i) to develop a maintenance strategy based on reliability characteristics of 
the operating system; and ii) to study and analyse the reliability, availability, and 
maintainability characteristics of the crushing plant at Jajarm Bauxite Mine of Iran to 
develop a cost effective maintenance schedules.

mailto:Barabady@ltu.se
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2.     Reliability Based Maintenance Scheduling  

Maintenance costs are a major part of the total operating costs for many industries. For 
instance maintenance-related costs account for approximately 30 to 50 percent of direct 
mining costs [9]. The experiences from other industries, such as the airline and chemical 
processing industries indicate that optimization of this function could lead to decrease in 
equipment downtime leading to reduction in production cost and increase in  income.  
Maintenance activity must be guided by a maintenance strategy, which may be divided into 
design-out maintenance, preventive maintenance and corrective maintenance. Design-out 
maintenance aims at changing the design of the product or system, in order to eliminate, or 
reduce, the need for maintenance during the life cycle [10]. According to the time when the 
maintenance is executed, maintenance is usually classified into two major categories, 
corrective maintenance (CM) and preventive maintenance (PM). The former corresponds to 
the actions that occur after the system has broken down. The latter corresponds to the actions 
that are performed when the system is operating. The advantage of PM is that the system can 
always be in an operation state in an available condition when needed and the serious loss 
incurred by unplanned stoppages can be avoided [1].

Preventive maintenance can be divided into time-based maintenance (TBM) and condition-
based maintenance (CBM). CBM involves regular inspection being carried out by humans 
or machines, and in the event of a fault, it involves the maintenance being applied 
preventively. In other words, CBM is the method used to detect faults or the symptoms of 
failure by inspection, and to perform the maintenance preventively if any fault is detected. It 
is necessary to present the optimal inspection interval in a preventive maintenance policy to 
improve the reliability of facilities by utilizing the mean time between failures (MTBF) 
based on reliability characteristics.  

Two requirements must be met for the preventive maintenance of a component to be 
appropriate [11]. First, preventive maintenance makes sense when the component 
deteriorates with time. In other words, as the component ages, it becomes more susceptible 
to failure or is subject to wear-out. In reliability terms, this means that the component has an 
increasing failure rate. The second requirement is that the cost of preventive maintenance 
must be less than the cost of corrective maintenance [12].  

If a component of each subsystem is allowed to run to failure, the expected cost of corrective 
maintenance (ECC) over a given time interval includes the cost of the consequence of failure 
( cC ) and the cost of repair ( rC ) multiplied by the probability of the failure occurring fP : 

( ) frc PCCECC ×+=  (1) 

If for a component of each subsystem the preventive maintenance strategy is used, the 
expected cost of maintenance over a given time interval includes two mains categories: 

i) Expected cost of corrective maintenance (ECC):  It is not possible to remove all failures 
by use of preventive maintenance but the number of failure could be decreased. When 
regular inspections are conducted, the cost associated with the ECC is changed. Now, in 
addition to the equation 1, the probability of the failure being detected (Pp) is incorporated. 
The expected cost of failure when the preventive maintenance (ECFi) strategy is applied 
could be calculated by:  

( ) )1( pfrci PPCCECF −××+=  (2) 
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In other words, ECFi = ECC * (the probability that inspection will not detect the potential 
failure).  

ii) Expected cost of inspection and preventive maintenance: Other costs considered in the 
preventive maintenance strategy include the cost of the inspections and timely and untimely 
restoration of the equipment. The expected cost of inspection and preventive maintenance 
(ECI) could be given by equation 3.  

efmppfmpi PpCPPCCECI )1(.. −++=  (3) 

 where:  
• Ci is the cost of an inspection, 
• CP.M is the cost of restoration, 
• Pe is the probability that inspection will falsely indicate the potential failure.  

The expected cost of preventive maintenance (ECP) is the  sum of the equations 2 and 3. 

( ) efmppfmpii PpCPPCCECFECP −+++= 1..
 (4) 

If the ECP is greater than the ECC, then corrective maintenance is required for the 
component; otherwise preventive maintenance is considered. Then based on the answer of 
question “is it possible to use a suitable condition monitoring that is cost effective to 
implement and operate?”, condition-based maintenance or time-based maintenance could be 
selected as a preventive maintenance strategy. 

A detailed decision diagram for maintenance strategy and optimization of availability for a 
system is proposed in Figure 1 which shows the maintenance selection method for a 
component or subsystem based on the reliability characteristics (e.g. failure rate) and 
expected cost of maintenance. The first step in the selection of a better maintenance plan for 
each component or subsystem is to find the component’s or subsystem’s failure rate based 
on the available data from the maintenance reports, failure observations, daily reports, etc., 
because the judgment for each type of maintenance strategy depends on the situation of the 
component in the bathtub curve.  

In order to optimize the availability of a system by the use of parameters such as MTBF and 
MTTR, the concept of importance measures could be applied. Availability is the ability of 
an item to be in a state to perform a required function under given conditions at a given 
instant of time or over a given time interval, assuming that the required external resources 
are provided [13]. Operational availability can be calculated by equation 5. 

meMeanDownTiMTBF

MTBF
A

+
=   (5) 

Two availability importance measures are defined in Barabady [14] that can serve as a 
guideline for decision making in developing an availability improvement strategy. The first 
availability importance measure is based on the MTBF and shows the effect of the MTBF of 
component i on the availability of the whole system. The MTBF of the component with the 
largest value of availability importance measure has the greatest effect on the availability of 
the whole system. This can be calculated by equation 6. 
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The second availability importance measure is based on the MTTR and shows the effect of 
the MTTR of component i on the availability of the whole system. The MTTR of the 
component with the largest value has the greatest effect on the availability of the whole 
system. This can be calculated by equation 7. 

i

si
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I

∂

∂−
=,

  (7) 

A comparison of these two importance measures shows which one of these two availability 
parameters of component i namely MTBF or MTTR has more influence on the availability 
of the system. The parameter with more value has more effect on the availability of the 
system. This comparison will provide basis for decision making, whether the availability 
improvement should be based on reducing the MTTR or increasing the MTBF of critical 
components or subsystems. If there are some restrictions, the effort can be spent on both 
increasing the MTBF and decreasing the MTTR.  

Fig. 1: Conceptual Model for Maintenance Strategy using Reliability Characteristics  

(Legend: C.M: Corrective Maintenance, C.B.M: Condition Based Maintenance, P.M:
Preventive Maintenance, T.B.M: Time Based Maintenance) 
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3.     Case Study 

A crushing plant is used to reduce the size of ore in a mineral processing plant. The ore is 
hauled to the crushing plant by trucks from the mine. In the first step the ore is moved to a 
primary screen with two levels and is divided into three parts: i) pieces smaller than 20 mm, 
ii) pieces between 20 mm and 10 cm, and iii) pieces larger than 10 cm. The ore pieces with a 
size larger than 10 cm go to the primary crushing subsystem, which consists of two jaw 
crushers. The output of this phase and part ii (pieces between 20 mm and 10 cm) is divided 
into two parts by a secondary screen: a) pieces smaller than 20 mm and b) pieces larger than 
20 mm. In this stage the pieces with a size larger than 20 mm are moved to the secondary 
crusher (cone crusher), which works in a closed circuit with a secondary screen. The ore 
pieces with a size smaller than 20 mm go to the end of the process from both the primary 
and the secondary screens. 

The assumptions for the calculation of reliability, maintainability, and availability in this 
case study are: 

1. The system is repairable. 
2. The system is subjected to repair and maintenance. 
3. The Weibull distribution is used for analysis of the time between failures data and the 

time to repair data. 
4. The studied function is assumed to be independent. 
5. The time to repair also includes all waiting and logistics time. 
6. The repaired components are as good as new.  

We have divided the crushing plant into some subsystems, e.g. the primary screen, primary 
crusher, conveyer, secondary crusher and secondary screen, etc. Earlier, a preliminary study 
of the reliability characteristics of a crushing plant at Jajarm Bauxite Mine showed that the 
conveyer subsystem and secondary screen subsystem are the two most critical subsystems 
[15]. In this part of the present paper, we have selected the conveyer subsystem and 
secondary screen subsystem for improvement maintenance by using reliability analysis. The 
discussion and the results are based on the analysis of the time between failure and the time 
to repair of both subsystems for a period of one year.  Based on the analysis, maintenance 
policies are also suggested. The results obtained using the model to evaluate the data 
collected in this case study are discussed with respect to the following quantitative measures 
for both subsystems: i) the reliability, ii) the maintainability, iii) the availability, and iv) the 
maintenance strategy. 

The data collected in this study were mostly based on maintenance reports and daily 
operational reports. The data concerning the time between failure and the time to repair for a 
period of one year were sorted and analyzed. For the determination of the probability density 
function of failure and repair data in this study, the 2-parameter Weibull distribution was 
chosen, due to its flexibility in representing components with constant, increasing and 
decreasing failure rates. 

3.1.   The Reliability of both Subsystems 

Table 1 shows the results of the reliability assessment, which estimated the parameter of 
failure time distribution by using ReliaSoft’s Weibull++ 6 software. Table 1 includes failure 
occurrence trends for the conveyer and the screen subsystem of the crushing plant.  
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Table 1: Parameters of the Weibull distribution for TTF

Weibull Parameters 
Subsystem 

β η MTBF 

Conveyer 
Screen 

1.19 
1.54 

16.17 
23.83 

15.25 
21.44 

In the Weibull analysis, the failure rates for both the screen and the conveyer subsystem of 
the crushing plant give a shape parameter greater than one, indicating an increasing failure 
rate due to an aging process (See also Figure 2). The MTBF of the secondary screen 
subsystem is longer than that of the conveyer subsystem. 

Fig. 2: Failure Rate of the Screen and the Conveyer Subsystems 

Figure 3 shows the reliability of the conveyer subsystem and the secondary screen 
subsystem against time. Continuous lines are the best fit line for TBF data set of the 
conveyer subsystem and the screen subsystem. The reliability of the secondary screen 
subsystem is greater than that of the conveyer subsystem for different operation times.  
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Fig. 3: The Reliability as a Function of Time for both Subsystems 

3.2.     The Maintainability of both Subsystems 
Table 2 shows the results of the maintainability analysis based on the Weibull distribution 
for the TTR. In the case study, as mentioned before, the repair time is the time from the 
point of failure to the start of the system again, which means that MTTR is the same with 
mean down time. From Table 2, it is found that the MTTR of the conveyer subsystem is 
longer than the MTTR of the screen subsystem. 

      Table 2: Parameters of the Weibull Distribution for TTR 

Weibull Parameters 
Subsystem 

β η MTTR Availability 

Conveyer 
Screen 

1.2458 
1.3783 

1.5238 
1.1178 

1.42 
1.02 

0.915 
0.958 

The maintainability of both subsystems is shown in Figure 5. With a repair time of 1 hour, 
the maintainability of the secondary screen subsystem and the conveyer subsystem is 58% 
and 45% respectively, which means that there is a 45% probability that the conveyer 
subsystem and a 58% probability that the screen subsystem will be repaired within 1 hour. 
Based on Figure7, the maintainability of the secondary screen subsystem for all levels of 
time to repair is greater than that of the conveyer subsystem. The repair time depends not 
only on the technical systems but also on the maintenance crew. 
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Fig. 5: Maintainability versus Time of the both Subsystems 

3.3.     The Availability of both Subsystems 

The operational availability of the conveyer subsystem and the secondary screen subsystem 
could be calculated by using equation 5. The availability of the conveyer and the secondary 
screen subsystem is 0.915 and 0.958 respectively.  The availability of each subsystem could 
be increased by reducing the MTTR or/and by increasing the MTBF. By using equations 6 
and 7, the availability importance measure based on MTBF and the availability importance 
measure based on MTTR for an individual subsystem can be calculated by:  

A
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Equation 8 and 9 show which of the two parameters, MTBF and MTTR, have a greater 
effect on the availability of each subsystem. For the secondary screen and the conveyer 
subsystems of the crushing plant MTBF>MTTR, therefore iMTTRI , > iMTBFI ,  indicating that 

a decrease in MTTR provides greater marginal benefit. However, the investment required to 
decrease the MTTR may be much greater than that required to increase the MTBF. A cost 
trade-off is essential for making the final decision, for more information see [15]  

 3.4.    The Maintenance Strategy for both Subsystems  

The failure rates for both the secondary screen and the conveyer subsystems of the crushing 
plant give a shape parameter greater than one, which means that the failure rate increases 
with time. For the control of the second condition for preventive maintenance strategy a cost 
trade-off is essential. If the ECP is greater than the ECC, then corrective maintenance is 
required for the component; otherwise preventive maintenance is considered. A numerical 
example of the concept of equations 1 to 4 can be illustrated with considering to a 
component of conveyer subsystem with following information: 

Ci = $ 10, Cc = $ 200, Cr = $ 50, Cp.m = $ 50, Pf = %2, Pp = %70, Pe = %20 

By identifying associated cost with the inspections or failures and assigning probability to 
the event, one can canceled the value of preventive maintenance and corrective maintenance. 
The expected cost of corrective maintenance and preventive maintenance are calculated $50 
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and $40 respectively by equations 1 and 4. In this case it is more cost effective to do 
preventive maintenance  

We could define a critical level of reliability for both subsystems, which would mean that 
each subsystem would have to work with this level of reliability at least, and based on the 
critical level of reliability, the inspection interval could be identified. Table 3 shows the 
inspection time intervals for the conveyer and the screen subsystems. From Table 3, it can 
be seen, for example, that the conveyer subsystem will work with 70% reliability at least if 
the inspection for preventive maintenance is carried out after 6.8 hours. The inspection 
intervals for the different reliability levels listed in Table 3 may be used for inspection, 
repair, servicing, condition monitoring or replacement, depending on the safety implications, 
the cost–benefit considerations and the nature of the fault. For a reliability level of 90%, 
however, the maintenance interval estimated for both subsystems and some critical faults is 
too short for practical implementation. With this method it is possible to detect faults and the 
symptoms of failure by inspection, and to operate maintenance preventively if any fault is 
detected. 

Table 3: Inspection Time Intervals, based on the Critical Level 
of Reliability for both Subsystems 

4.    Conclusions  

Appropriate maintenance task selection and performance at appropriate intervals of time are 
essential to an optimal maintenance program. We have suggested a decision diagram for 
maintenance strategies using reliability characteristics (Figure 2). Two availability 
importance measures are defined, which can serve as a guideline for decision making in 
developing an availability improvement strategy. In the case study, the failure rates for both 
subsystems increase, which means the subsystem works in a wear-out condition. For the 
secondary screen and the conveyer subsystems of the crushing plant iMTTRI , > iMTBFI ,

indicating that a decreasing MTTR provides greater marginal benefit for optimization of 
availability. However, the investment required to decrease the MTTR may be much greater 
than that required to increase the MTBF. A cost trade-off is essential for making the final 
decision. It is recommended that the maintenance time interval calculated for 70% reliability 
should be adopted at first. This interval can then be adjusted after the benefits obtained in 
terms of cost, safety, and operational effectiveness of the machine have been observed. 

References 

[1]  Tsai, Y. T., K. S. Wang, and L. C. Tasi, A Study of Availability-centered Preventive 
Maintenance for Multi-component Systems, Reliability Engineering & System 
Safety, Vol. 84, No. 3,  pp. 261-70, 2004. 

Time intervals of inspection (hours) Critical level of 
reliability Conveyer Screen 

0.5 
0.6 
0.7 
0.8 
0.9 

11.9 
9.2 
6.8 
4.6 
2.4 

18.8 
15.4 
12.2 

9 
5.5 



                                   Javad Barabady and Uday Kumar 328

[2] Kumar, U., and B. Kelefsjö, Reliability Analysis of Hydraulic System of LHD 
Machine using the Power Low Process Model, Reliability Engineering and System 
Safety, Vol. 35, No.3, p. 217-224, 1992. 

[3] Hall, R.A., and L. K. Daneshmend, Reliability Modeling of Surface Mining 
Equipment: Data Gathering and Analysis Methodologies, International Journal of 
Surface Mining, Reclamation and Environment, Vol. 17, No. 3, p. 139–155, 2003. 

[4] Kumar, U., B. Klefsjö and S. Granholm, Reliability Investigation for a Fleet of Load-
Haul-Ddump Machines in a Swedish Mine, Reliability Engineering and System 
Safety, Vol. 26, pp. 341–361, 1989. 

[5] Kumar, D., B. Klefsjö and U. Kumar, Reliability Analysis of Power Transmission 
Cables of Electric Mine Loaders using the Proportional Hazards Model, Reliability 
Engineering & System Safety, Vol. 37, No. 3, pp. 217-222, 1992. 

[6] Ghodrati, B., and U. Kumar, Reliability and Operating Environment-based Spare 
Parts Estimation Approach: A Case Study in Kiruna Mine, Sweden, Journal of 
Quality in Maintenance Engineering; Vol. 11, No. 2, pp 169-184, 2005. 

[7] Dhillon, B.S., and O. C. Anude, Mining Equipment Reliability: A Review,
Microelectronics and Reliability, Vol. 32, No. 8, pp. 1137-1156, 1992. 

[8] Sandy, D., Optimizing Production Scheduling for Maximum Plant Utilization and 
Minimum Downtime, in The Reliability Revolution: Dollar Driven Mining 
Conference, Perth, Western Australia, 1997. 

[9] Lewis, M. W., and L. Steinberg, Maintenance of Mobile Mine Equipment in the 
Information Age, Journal of Quality in Maintenance Engineering, Vol. 7, No. 4, pp. 
264-274, 2001. 

[10] Markeset, T., and U. Kumar, Design and Development of Product Support and 
Maintenance Concepts for Industrial Systems, Journal of Quality in Maintenance 
Engineering, Vol. 9, No 4, p 376-392, 2003. 

[11] ReliaSoft Publishing, Optimum Preventive Maintenance Replacement Time for a 
Single Component, Reliability Edge, Vol. 1, Issue 1, 2000. 

[12] Hauge, B.S, Optimizing Intervals for Inspection and Failure-finding Tasks, in 
Proceedings of the Annual Reliability and Maintainability Symposium, USA, pp. 14-
19, 2002.  

[13] Blanchard, B. S., and W. J. Fabrycky, System Engineering and Analysis, 3rd ed., 
Prentice Hall, Upper Saddle River, New Jersey, 1998.

[14] Barabady, J., Improvement of System Availability using Reliability and 
Maintainability  Analysis, Licentiate thesis, Luleå University of Technology, ISBN: 
1402-1757, Sweden, 2005 , http://epubl.ltu.se/1402-1757/2005/92/LTU-LIC-0592-
SE.pdf  

[15] Barabady, J., Reliability and Maintainability Analysis of Crushing Plants in Jajarm 
Bauxite Mine of Iran, in Proceedings of the Annual Reliability and Maintainability 
Symposium, The International Symposium on Product Quality and Integrity, 
Alexandria, Virginia, USA, pp. 109-115 , 2005. 

http://epubl.ltu.se/1402-1757/2005/92/LTU-LIC-0592-SE.pdf
http://epubl.ltu.se/1402-1757/2005/92/LTU-LIC-0592-SE.pdf


Paper V 

Reliability analysis of mining equipment:
A case study of a crushing plant at the Jajarm bauxite mine of Iran 

Barabady, J., Kumar, U. (2007). Reliability analysis of mining equipment: A case study of a 
crushing plant at the Jajarm bauxite mine of Iran. Journal of Reliability Engineering and Sys-
tem Safety. doi:10.1016/j.ress.2007.10.006 (to appear)

97



98



Reliability analysis of mining equipment: a case study of a crushing 
plant at Jajarm Bauxite Mine in Iran 

Javad Barabady and Uday Kumar 
Luleå University of Technology SE-971 87 Luleå, Sweden 

Abstract
The performance of mining machines depends on the reliability of the equipment used, the 
operating environment, the maintenance efficiency, the operation process and the technical 
expertise of the miners etc. As the size and complexity of mining equipment continue to in-
crease, the implications of equipment failure become ever more critical. Therefore, reliability 
analysis is required to identify the bottlenecks in the system and find the components or sub-
systems with low reliability for a given designed performance. It is important to select a suit-
able method for data collection as well as reliability analysis. This paper presents a case study 
describing reliability and availability analysis of the crushing plant number 3 at Jajarm Baux-
ite Mine in Iran. In this study the crushing plant number 3 is divided into six subsystems. The 
parameters of some probability distributions, such as Weibull, Exponential, and Lognormal 
distributions have been estimated by using ReliaSoft’s Weibull++6 software. The results of 
the analysis show that the conveyer subsystem and secondary screen subsystem are critical 
from a reliability point of view and the secondary crusher subsystem and conveyer subsystem 
are critical from an availability point of view. The study also shows that the reliability analysis 
is very useful for deciding maintenance intervals.  
Keywords: Reliability analysis, Availability, Mining equipment, Reliability importance meas-
ures

1. Introduction and background 
A mine production system consists of many subsystems. The optimization of each subsystem 
in relation to one another is imperative to make the system profitable and viable for operation. 
Effectiveness of mining equipment is mainly influenced by the availability, reliability and 
maintainability of the system, and its capability to perform as expected. Reliability analysis 
techniques have been gradually accepted as standard tools for the planning and operation of 
automatic and complex mining systems since the mid-1980s. Since failure can not be pre-
vented entirely, it is important to minimize both its probability of occurrence and the impact of 
failures when they do occur [1]. To maintain the designed reliability, availability and main-
tainability characteristics and to achieve expected performance, an effective maintenance pro-
gram is a must. The effective maintenance is characterised by low maintenance cost. Mainte-
nance costs are a major part of the total operating costs of all manufacturing or production 
plants, and depending on the specific industry, maintenance costs can represent between 15 
and 60 percent of the cost of the goods produced [2]. A major part of mining system’s operat-
ing costs is due to unplanned system stoppages for unscheduled repair of the entire system or 
of components. Therefore, preventive maintenance is widely considered an effective strategy 
for reducing the number of system failures, thus lowering the overall maintenance cost [3]. 
The primary goal of preventive maintenance is to prevent the failure of equipment before it 
actually occurs. Preventive maintenance activities include equipment checks, partial or com-
plete overhauls at specified periods, oil changes, lubrication and so on.  From an economic 
point of view, high reliability is desirable to reduce the maintenance costs of systems. Reli-
ability analysis has helped in identifying the critical and sensitive subsystems in the mine pro-
duction system, which have a major effect on system failure. Therefore, a focus on reliability 

99



is critical for the improvement of equipment performance and ensuring that equipment is 
available for production as per production schedules.

As a result many studies have been performed to study the analyzing reliability of mining ma-
chines such as load-haul-dump (LHD) machines [4, 5] and longwall face equipment [6]. 
Kumar et al [5] have carried out reliability-based investigations of load-LHD in an under-
ground mine. LHD machines are used to pick up ore or waste rock from the mining points and 
dump it either into trucks or ore passes depending on the distance. In these studies, graphical 
and analytical techniques have been used to fit probability distributions for the characteriza-
tion of failure data. Reliability assessments of repairable mining machines have been reported 
in some papers [7, 8, 9]. Earlier, a preliminary study analysis of the Time between Failures 
(TBF) data of the crushing plant number 1 and  number 2 at Jajarm bauxite mine of Iran [9], 
showed that the results of the study were useful for better understanding of failures patterns 
which influenced the decision making process concerning planning of operation and  mainte-
nance activities of  the plant. Therefore, for the crushing plant number 3, it was decided to per-
form a detailed case study concerning reliability and availability characteristics using the TBF 
and Time to Repair (TTR) data. The discussion and the results of the case study are based on 
the analysis of the TBF and TTR data of the crushing plant number 3 for a period of one year.
Similar studies have been reported in [4-8] with a focus on reliability analysis of mining sys-
tems, however the paper uses the concept of importance measure to identify the critical sub-
systems which require further improvement. Furthermore, in this paper we have suggested re-
liability-based preventive maintenance interval. The main objectives of the case study in this 
paper are:

to increase understanding of the nature of the failure patterns  of the crushing plant num-
ber 3, 
to estimate the reliability and availability characteristics of the crushing plant number 3 
in precise quantitative terms; 
to identify the critical subsystems of the crushing plant number 3 which require further 
improvement through effective maintenance policies to enhance the operational reliabil-
ity and availability , prevent faults and formulate a reliability-based maintenance policy. 

The paper is structured as follows; section 2 introduces a basic concept and a methodology for 
reliability and availability analysis of mining equipment. Section 3 presents a case study de-
scribing the reliability analysis of a crushing plant number 3 at Jajarm Bauxite Mine in Iran. 
Section 4, finally, concludes the paper.

2. Basic concept and approach for reliability analysis 
For the reliability modeling of repairable systems, the basic methodology is presented in Fig-
ure 1 step-by-step. It shows a detailed flowchart for model identification and is used here as a 
framework for the analysis of the failure data and repair data of mining equipment. There are 
many sources of data in a mine which are relevant to reliability modeling of mining equipment 
such as maintenance reports, operational and maintenance information, data from sensors on 
equipment, and etc. [10]. The first step in analyzing such data is to identify failure with sig-
nificant consequence. For this purpose it is appropriate to use the Pareto principle of the “sig-
nificant few and the insignificant many”. It is often found that a large proportion of the failure 
in a product is due to small number of causes. The next step after collection, sorting and clas-
sification of the data is validation of the assumption of independent and identically distributed 
(iid) nature of the TBF and TTR data of each subsystem. Two common methods used to vali-
date the iid assumption are the trend test and the serial correlation test and is described by 
practical example in References [8, 11]. If the assumption that the data are independent is not 
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valid, than classical statistical techniques for reliability analysis may not be appropriate, there-
fore a non-stationary model such as non-homogenous poison process (NHPP) must be fitted 
[8, 11]. The approach for fitting an NHPP to non-stationary data is very different than the 
techniques involved in fitting a distribution function to iid. A functional form which has been 
most commonly applied to repairable systems is the NHPP model based on the power law 
process [12]. The chi-squared test and the Kolmogorov–Smirnov test are classically encoun-
tered for the validation of the best fit distribution [13]. 

Data Collection 

Component failure 
frequency analysis

Trend test and 
Serial correlation test

No

Nonhomogenous Poison Process
(Power Law Process)

Data are iid distributed

Best-fit distribution

Reliability and 
maintainability analysis

No

Dependency?

Does the data 
have trend?

Data Collection
Data Sorting
Data Classification

Pareto chart statistics
Stop and no action if the frequency is very low

Reliability Importance Measures
Interval Inspection

Identify Critical Subsystem
Availability Analysis

Branching Poison Process 
or other similar models

Parameter evaluation

Yes

Yes

Figure 1.  Reliability analysis process of a repairable system [Adapted from 11] 

After finding the reliability characteristics, the concept of importance measure can be used in 
order to find the criticality of each subsystem. According to Besson and Andrews [14] com-
ponent importance analysis is a key part of the system reliability quantification process which 
enables the weakest areas of a system to be identified and indicates modifications which will 
improve the system reliability. The component reliability importance measure is defined as the 
probability that component i is critical to system failure. If the reliability of a system needs to 
be improved, then efforts should first be concentrated on improving the reliability of the com-
ponent that has the largest effect on reliability [15]. The reliability importance, I, of compo-
nent i in a system of n components is given by equation 1. 

tR
tR

iI
i

s                                                                  (1) 

Where RS(t) is the system reliability, and Ri (t) is the component reliability. 

3. Case study 
Here we present a case study describing the reliability analysis of the crushing plant number 3 
at Jajarm Bauxite Mine in Iran. Three crushing plants are used to reduce the size of bauxite for 
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using in alumina factory. The ore is hauling to these crushing plants by truck from the mine. 
In first step the ore is moving to a primary screen with two levels and are divided into three 
parts i) less than 20 mm ii) between 20 mm and 10 cm iii) more than 10 cm. The ore with the 
Size more than 10 cm is going to primary crushing subsystem, which consist of two jaw 
crushers. The output of this phase plus the part ii ( between 20 mm to 10 cm) are  divided into 
two parts a) less than 20 mm b) more than 20 mm by secondary screen. In this stage the size 
more than 20 mm is moving to secondary crusher (cone crusher) which is working in closed 
circuit with secondary screen. The ore with size less than 20 mm is going to the end of process 
which is out of both the primary and secondary screens. In the preliminary study reported in 
[9], graphical techniques have been used to evaluate iid assumption of TBF of crushing plant 
number 1 and number2 but in this case study analytical techniques have been used to evaluate 
iid assumption of TBF and TTR data of the crushing plant number 3. The methodology, which 
is followed for the reliability analysis of the case study comprises: 

understanding the system and the identification and coding of the subsystems and the 
faults therein, 
the collection, sorting and classification of the TBF and TTR data for each subsystem 
and fault, 
data analysis for verification of the assumption of independent and identically distrib-
uted of the TBF and TTR data, 
fitting the TBF and TTR data for the subsystems and faults with a theoretical probabil-
ity distribution, 
the estimation of the reliability and maintainability parameters of each subsystem with 
a best-fit distribution, 
the identification of critical subsystems and faults and the formulation of a better main-
tenance policy to improve reliability. 

A system consists of a number of components or subsystems connected to each other logically 
either in series or in parallel in most cases. The reliability of the system depends on the reli-
ability of its subsystems and on the configuration of the system. Before analyzing the failure 
data, it is better to classify the overall system into subsystems so that the failures can be cate-
gorized. The classification used for the reliability analysis of the crushing plant number 3 is 
presented in Table 1.

Table 1. Subsystems of the crushing plant number 3 and their code 
No Subsystem Code
1 Feeder Subsystem FECS
2 Conveyer Subsystem COCS
3 Primary Crusher Subsystem PCRCS
4 Secondary Crusher Subsystem SCRCS
5 Primary Screen Subsystem PSCCS
6 Secondary Screen Subsystem SSCCS

3.1. Data collection, sorting and classification
Three basic steps have been performed before data analyzing for determining reliability char-
acteristics. These are data collection from different sources of data in mine equipment, sorting 
of the data required for analysis, and data classification in the form required for the analysis 
(i.e. TBF, TTR, frequency, total breakdown hours, total working hours, total maintenance 
hours, etc). The data used in recent studies have been collected over a period of 1 year of the 
crushing plant number 3 by using daily reports, operation and maintenance cards. We design 
our own tables in order to sorting and arranging the data in a chronological order.The TBF 
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obtained due to stoppage foe maintenance of any subsystem of the crushing plant number 3 
are classified as censored failures. Sometime more than one subsystem has been repaired, 
therefore for the purpose of this study, the failure reason was assigned only to those subsys-
tems for which the crushing plant number 3 was stopped and others will be treated as censored 
failures.  Base on these assumptions the TBF and TTR data for all subsystems of crushing 
plant number 3 are arranged in chronologically order for the use of statistical analysis to de-
termine the trend of failure. Due to paucity of space only data from one subsystem namely 
SCRCS, is given in table 2. In the column of event type, “F” means that the component was 
failed and “s” refers to censored failures.

          Table 2. TBF and TTR data set of the secondary crusher subsystem 
No Event type TBF TTR Cumulative TBF Cumulative TTF 
1 S 26.67 4.17 26.67 4.17 
2 F 113.67 5.00 140.34 9.17 
3 F 94.33 8.25 234.67 17.42 
4 F 53.17 14.50 287.84 31.92 
5 F 24.08 1.00 311.92 32.92 
6 F 65.25 8.00 377.17 40.92 
7 S 393.75 0.50 770.92 41.42 
8 F 42.83 0.33 813.75 41.75 
9 F 101.96 5.67 915.71 47.42 

10 S 73.48 0.67 989.19 48.09 
11 F 34.03 0.33 1023.22 48.42 
12 S 46.67 0.37 1069.89 48.79 
13 S 47.20 1.00 1117.09 49.79 
14 F 141.70 1.85 1258.79 51.64 
15 S 47.00 4.33 1305.79 55.97 
16 S 8.12 7.83 1313.91 63.80 
17 F 43.94 2.08 1357.85 65.88 
18 F 137.35 10.63 1495.20 76.51 
19 F 27.38 1.45 1522.58 77.96 
20 S 12.98 2.98 1535.56 80.94 
21 F 11.25 18.25 1546.81 99.19 
22 F 93.77 7.43 1640.58 106.62 
23 F 20.10 0.25 1660.68 106.87 
24 F 53.85 0.50 1714.53 107.37 
25 F 37.00 79.00 1751.53 186.37 
26 F 26.00 1.60 1777.53 187.97 
27 F 17.30 1.40 1794.83 189.37 
28 S 23.30 0.50 1818.13 189.87 
29 F 134.00 0.20 1952.13 190.07 
30 S 37.75 0.88 1989.88 190.95 

3.2. Data analysis 
3.2.1. Pareto chart of data 
The failure frequency of each unit was assessed using a Pareto chart. The Pareto chart (Figure 
2) resulted from an analysis of the high ranking parts and the occurrence rate of failure, and 
indicates the number of failure occurrences for each part of the total failure occurrence. The 
most frequent failure occurrence occurs in the conveyer (28.8%), secondary screen (18.6%), 
and primary crusher (16.7%). The failure frequency of all the subsystems is high and must be 
analyzed.
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Figure 2. Failure characteristics of the crushing plant number 3 shown by a Pareto chart. 

3.2.2. Trend test and serial correlation 
The next step after the collection, sorting and classification of the data is the validation of the 
independent and identically distributed (iid) nature of the TBF and TTR data of each subsys-
tem. The computed values of the test statistic for the different subsystem failures and repairs 
data are given in Table 3. It is found, under the null hypothesis of a homogeneous Poisson 
process which the test statistic U is chi-squared distributed with a 2(n-1) degree of freedom, 
the null hypothesis is not rejected at a 5% level of significance in most of the subsystems. The 
same results were obtained by using the graphical method.  In the serial correlation test, the 
points are randomly scattered in the case of the crushing plant’s subsystems, which exhibited 
no correlation. The results from the trend test and the test for serial correlation show that the 
data sets of all the subsystems, except the TBF data of the PSCCS and SSCCR, are free from 
the presence of trends and serial correlation. Thus, the assumption that the data sets are inde-
pendent and identically distributed in time is not contradicted for TBF data of two subsystem 
of the crushing plan namely PSCCS and SSCCR.  

Table 3. Computed value of the test statistic U for TBF and TTR data 

Subsystem* Data
set

Degree of 
freedom 

Calculated
statistic U 

Rejection of null hypothesis 
at 5% level of significance 

PCRCS TBF
TTR

84
84

78.99 
66.84

   Not rejected  ( > 63.88 ) 
  Not rejected ( > 63.88 )

SCRCS TBF
TTR

58
58

46.9 
68.12

   Not rejected ( > 41.496 ) 
  Not rejected ( > 41.496 )

PSCCS TBF
TTR

56
54

35.29 
46.43

   Rejected  ( <  39.96 ) 
  Not rejected ( > 38.12 )

SSCCS TBF
TTR

98
96

45.52 
82.64

   Rejected ( < 76.17 ) 
  Not rejected ( > 74.4 )

COCS TBF
TTR

142 
142

116.3 
119.88

   Not rejected ( > 115.87 ) 
  Not rejected ( > 115.87 )

FECS TBF
TTR

70
68

53.12 
58.23

   Not rejected ( > 51.739 ) 
  Not rejected ( > 50.023 )

3.2.3. Analysis of trend-free data 
The trend-free data are further analyzed to determine the accurate characteristic of the failure 
time distributions of the crushing plant subsystems for estimating the reliability. The idealized 
probability distributions are commonly used to describe the time between failure data and time 
taken to repair data for crushing plants. Different types of statistical distributions are examined 
and their parameters are estimated by using ReliaSoft’s Weibull++ 6 software [16]. The soft-
ware fits several distribution models based on the data, using a number of different methods. 
The user can then choose a preferred model, or accept the model recommended by the soft-
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ware.  The results for TTF and TTR are shown in Table 4 and 5. 

3.2.4. Analysis of data with a trend 
The TBF data set for the PSCCS and SSCCS of the crushing plant number 3 exhibits the pres-
ence of trends in the trend test, so that the assumption of independent and identically distrib-
uted (iid) failures is not valid for the above cases. These subsystems should be analyzed by a 
non-stationary model such as the non-homogeneous Poisson process (NHPP). In this study, 
the NHPP model based on the power law process is used for reliability modeling of the 
PSCCS and SSCCS of the crushing plant.  The above parameters for the PSCCS and SSCCS 
are estimated from failure data and shown in Table 4.   

Table 4. Best-fit distribution for TBF data

K-S test (Goodness of fit)Sub-
system Exponential

2 Parameter 
Log-

normal Normal Weibull 2 
parameter

Weibull 3 
parameter

Best-Fit Parameters 

PCRCS 0.4631 0.312 0.4695 0.4536 0.2240 Weibull 3 
parameter 

Beta= 1.34;       Eta = 78.61 
Gamma=3.8725 

SCRCS 0.0856 0.0589 0.257 0.0896 0.0079 Weibull 3 
parameter 

Beta= 1.115;   Eta = 78.9647 
Gamma=8.9312 

PSCCS No iid*  – NHPP- Power law process Beta= 1.6435;   Eta = 254.25 

SSCCS No iid* – NHPP- Power law process Beta= 2.197;     Eta = 333.558 

COCS 0.910 0.084 0.9743 0.6708 0.1695 Lognormal LMean= 3.82:  LStd = 0.841 

FECS 9.99E-13 6.4E-10 0.0007 6.64E-005 5.88E-011 Exponential 
2 Parameter Lambda=0.0057; Gamma= 24.80 

  * iid = Independent and identically distributed 

Table 5. Best-fit distribution for TTR data
K-S test   (Goodness of fit)

Sub-
system 

Exponential
2 Parameter 

Log-
nor-

Normal Weibull 2 
parameter

Best-Fit Parameters 

PCRCS 0.995 0.585 0.997 0.94 Lognormal LMean=0.4638; LStd=0.922 
SCRCS 0.9995 0.0083 0.9767 0.2328 Lognormal LMean=0.720;      LStd = 1.515 
PSCCS 0.194 0.4944 0.1507 0.1179 Weibull 2 parameter Beta= 1.4998;      Eta = 1.5843 
SSCCS 0.9209 0.1698 0.9978 0.8005 Lognormal LMean=0.10 ;      LStd = 1.021 
COCS 0.9999 0.8552 0.9999 0.9933 Lognormal LMean=0.154;      LStd =1.1157 
FECS 0.0613 0.1641 0.874 0.727 Exponential  2Parameter Lambda=1.039;    Gamma=0.159       

3.3. Crushing plant reliability estimation 
The crushing plant was assumed to comprise six clearly identifiable subsystems for the pur-
poses of reliability analysis. All of these subsystems are functionally arranged in a series con-
figuration, which means that the crushing plant is in a working condition only when all the 
subsystems are working satisfactorily. The reliability of the crushing plant (Rs), as a whole, 
can be calculated by equation 2 where Ri is the reliability of the different subsystems [1]. 

6

1i
is RR                                                     (2) 

The theoretical reliabilities for all six subsystems at the end of different time intervals were 
computed with parameters of the best-fit distribution with the aid of ReliaSoft’s Weibull ++ 6 
software package. Then the reliability of the crushing plant number 3 and its subsystems was 
calculated and tabulated in Table 6. From Table 6, it is seen that the crushing plant number 3 
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and subsystem reliability decreases as the mission time increases. Moreover, it is seen that 
there is only a 0,61 probability that the crushing plant number 3 will not fail for 10 hours of 
operation, or that there is an 85% chance that the conveyer system will not fail for 10 hours of 
operation.

Table 6. Reliability of the crushing plant number 3 at the end of different time intervals 
Time PCRCS SCRCS PSCCS SSCCS COCS OTCR Total

0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
10 0.952 0.991 0.921 0.817 0.852 1.000 0.605 
20 0.842 0.868 0.803 0.582 0.588 1.000 0.207 
30 0.739 0.760 0.687 0.444 0.397 0.971 0.069 
40 0.646 0.666 0.583 0.357 0.274 0.917 0.024 
50 0.563 0.583 0.493 0.298 0.193 0.865 0.009 
60 0.489 0.510 0.416 0.255 0.139 0.817 0.003 
70 0.424 0.447 0.351 0.223 0.102 0.772 0.001 

Figure 3 shows the reliability importance of the crushing plant’s subsystems, as calculated on 
the basis of equation 1. It is found that the conveyer subsystem and the secondary screen sub-
system are most critical. If the reliability of the system needs to be improved, then efforts 
should first be concentrated on improving the reliability of the conveyer subsystem and the 
secondary screen subsystem, because those have the largest effect on reliability. 
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Figure 3. Reliability importance plot for subsystems of the crushing plant number 3 

The total number of failures and breakdown hours and the availability of the crushing plant’s 
subsystems are calculated and tabulated in Table 7, which shows that the availability of the 
secondary crusher subsystem and conveyer subsystem are less than other subsystems and 
could be critical. If the availability of the system needs to be improved, then efforts should 
first be concentrated on improving the availability of the secondary crusher subsystem and 
conveyer subsystem. 

Table 7. Availability of crushing plant’s subsystems 

Subsystem Frequency Cumulative TTR Availability
PCRCS 43 109.45 0.947
SCRCS 30 190.95 0.912
PSCCS 28 40.27 0.980 
SSCCS 49 92.63 0.955 
COCS 72 160.21 0.925 
FECS 35 38.36 0.981 
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The approach of scheduling maintenance is based on the concept that every item of equipment 
has an age at which maintenance is required to ensure safety and operating reliability. In a 
probabilistic approach a statistical method is employed to fit a theoretical distribution to the 
failure data. The probability distribution model is then used to predict the failure behavior of 
the components and to find the preventive maintenance interval that will achieve the desired 
level of operational reliability of the system. The maintenance intervals that would achieve 
different reliability levels in operation were calculated by finding the working hours after 
which the expected probability of the failure of a subsystem or of the occurrence of a fault was 
(1-R) percent by using the best-fit distribution for the combined TBF data. This was accom-
plished with the aid of ReliaSoft’s Weibull++ 6 software by calculating the values of working 
hours below which the area of failure in the probability distribution is equal to R. The time 
intervals for different levels of reliability, e.g. 0.90, 0.75 and 0.50, are calculated and tabulated 
in Table 8. Thus, to achieve 90% reliability (R = 0.90) for the SCRCS of the crushing plant, 
maintenance must be carried out before 19,4 hours, because after the machine has run for 19.4 
hours without failure there is only a 0.9 probability that it will not fail. The reliability-based 
time interval was calculated on the basis of the operating characteristics of the crushing plant 
number 3 only, as cost data were not available. 

Table 8. Reliability-based preventive maintenance time interval 
for subsystems of the crushing plant number 3 

Reliability-based maintenance 
intervals for different reliability levels, hours Subsystem 

0.9 0.75 0.5 
PCRCS 18.5 34.9 63.7 
SCRCS 19.4 34.8 67.8 
PSCCS 16.20 44.23 106.56 
SSCCS 15.56 42.50 102.4 
COCS 8.2 13.7 24.1 
FECS 43.2 74.9 145.6 

The maintenance intervals for the different reliability levels listed in Table 8 may be used for 
inspection, repair, servicing, condition monitoring or replacement, depending on the safety 
implications, cost–benefit considerations and nature of the fault. For a reliability level of 90%, 
however, the maintenance interval estimated for each subsystem and some critical faults is too 
short for practical implementation. Therefore, the maintenance interval advocated for a 75% 
reliability level may be adopted initially and then, after observation of the benefits obtained in 
terms of cost, safety and operational effectiveness of the machine may be adjusted for a higher 
value of reliability. 

4.  Conclusions 
Reliability studies should be an integral part of mine engineering management for the effec-
tive utilization of production. To improve the reliability of mining machines, the most impor-
tant measures requiring immediate attention are to grasp and remove the factors causing prob-
lems in all steps of the life cycle, such as planning, design, construction, and maintenance, and 
to evaluate quantitatively the reliability model based on the failure history data. The case 
study shows that the conveyer subsystem and secondary screen subsystem are critical from a 
reliability point of view and the secondary crusher subsystem and conveyer subsystem are 
critical from an availability point of view. If the system needs to be improved, then efforts 
should first be concentrated on improving the reliability of the conveyer subsystem and sec-
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ondary screen subsystem (those have more  effect on the reliability of the system) and improv-
ing the availability of the secondary crusher subsystem and conveyer subsystem  (those have 
more effect on the availability of the system). The study shows that reliability analysis is very 
useful for deciding maintenance intervals.  
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Abstract: Production assurance programs describe the activities necessary to fulfill 
the objectives, how they will be carried out, by whom, and when. The activities 
provide input to decisions regarding concept, design, manufacturing, construction, 
installation, operation, and maintenance of plants. It is a challenge to manage and 
improve production assurance. The aim of this paper is to present and discuss a 
methodology for improvement of production assurance performance, organized into 
four steps: i) data collection and information management; ii) modeling and data 
analysis; iii) generation of improvement alternatives; and iv) evaluation and decision 
making.

Keywords: Production assurance programmes , Reliability, Maintainability, OEE 

1. INTRODUCTION 

The concept of Production Assurance (PA), 
successfully implemented in the oil and gas 
industries, can be adapted to manufacturing and other 
industries. Traditionally, manufacturing companies 
use the Overall Equipment Effectiveness (OEE) 
concept, a core measure of production plant 
effectiveness as advocated in the Total Productive 
Maintenance (TPM) philosophy (see Nakajima, 
1998), to measure the effectiveness of production 
plants. PA integrates OEE with organizational 
capabilities as in TPM but also considers market 
requirements and customer demands. In other words, 
OEE indicates how effectively a production plant is 
being used compared to the designed capacity (OEE 
= 100%) while PA shows how a production plant 
meets market requirements and customer demands. 
The value of OEE for a production plant is less than 
1 but that of PA can be more than 1, indicating 
greater production than demanded. 

PA is used to describe how a system can meet 
demand for deliveries or performance, thus being an 
appropriate plant performance measure (see 
Barabady and Aven, 2007; Kumar and Barabady, 
2007; Kawauchi and Rausand, 2002 etc. for detailed 
discussion). Production availability, deliverability, 
and other appropriate measures can also be used to 

express PA. Production availability also referred to 
as throughput capacity, can be calculated as follows: 
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There are many challenges in improving PA relating 
to the characteristics of technical equipment as well 
as of the organization and work force. Equipment 
characteristics such as reliability, maintainability, 
maintenance support procedures, and capacity in 
particular have a major influence on PA. These 
characteristics are not only decided by the equipment 
design, but are also influenced by how operators use 
the equipment, how well they are trained to 
repair/restore the equipment when it fails, the quality 
of documentation etc. 

The question of how to meet PA goals for a 
production plant arises when the estimated 
performance is inadequate and efforts are needed to 
improve it. This then becomes a resource allocation 
problem at the component/subsystem level. 
Engineers and managers of Production Assurance 
Programs (PAPs) are often called upon to make 
decisions as to whether to improve a certain 
component or components in order to achieve better 
results. For example, Figure1 displays production 
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facility performance including throughput and 
availability as a function of time as illustrated in Gao 
& Markeset (2007). The thin line illustrates 
designed performance including plant shutdown 
periods for overhauls. The thick line illustrates actual 
performance. The actual performance is less due to 
reduced availability, inefficient operation and 
maintenance, slow facility shutdown and startup 

during overhaul periods, periods of reduced capacity 
performance, bottlenecks in the technical systems, 
etc. If one, for example, manages to remove 
production system bottlenecks and increase the 
performance, shorten the plant shutdowns and start it 
up faster, the plant capacity throughput and profit 
will increase.  

Time

Performance

Achieved 
production 

performance

Designed 
production 

performance

Actual achieved downtime
Designed downtime for overhauls and modifications

Minimized downtime through better maintenance, logistics, maintainability, 
support modification and overhaul planning, logistics, maintainability and support

Deferred production due to reduced 
availability, process bottlenecks, 
inefficient operations, etc. 

Possible production increase 
by improving maintenance 
overhaul planning

Reduced 
availability and 
throughput

Slow plant 
shutdown

Slow plant 
startup

Modification to 
increase capacity

Delivery from compensative 
substitution, storage, linepack, etc.

Figure 1: Figure 1: Planned, actual, and improved production performance (Gao & Markeset, 2007). 

A production assurance program should include a 
continuous measurement for PA. Some issues need to 
be resolved during PA improvement or the 
optimization process in the design and operation 
phases, such as: i) where best to attempt 
improvements in PA, and ii) how to effect 
improvements in PA after identifying areas meriting 
attention. Finding appropriate solutions can be quite 
difficult, as they are frequently not obvious, 
especially for problems resulting in PA loss. The aim 
of this paper is to present and discuss a framework 
for improvement of PA for a production plant using 
PAP. The rest of the paper is organized as follows. In 
Section 2, we briefly review the concept of PAP. 
Section 3 defines and discusses a framework for PA 
improvement using PAP. Section 4 contains the 
discussion and conclusions of the paper.

2. PRODUCTION ASSURANCE PROGRAMS 

This section presents and discusses different 
elements of PAPs based on the existing literature. As 
there is no formal definition of a PAP, first we 
include a typical definition (Barabady and Aven, 
2007):  

A PAP is a formal management system, which 
assures the collection of important information about 
plant performance throughout each phase of its life, 
and directs the use of this information in the
implementation of analytical and management 

processes which are designed to meet two specific 
objectives:

Confirmation that the plant is expected to attain, 
or continues to attain, each of its performance 
goals such as production availability, 
deliverability, technical integrity, and reliability 
to reduce the total business risks, and to meet 
customer demands and achieve profit goals. 
Facilitation of identification of opportunities and 
cost-effective ways to implement and execute 
improvement actions needed to enhance 
production availability performance, reduce risks 
and uncertainties, and improve profits, 
effectiveness, efficiency, and productivity. 

A PAP focuses on the expenditure of resources 
available for performance improvement in areas 
where the economic return is largest, and on 
optimization of the design and operation of the plant.  

A typical PAP comprises four broad functional 
elements: 

i)  Goals and performance criteria: A PAP requires 
the definition and assignment of a broad set of high 
level plant goals and performance criteria to be used 
for comparison with actual or predicted plant 
performance. The goals and criteria may be either 
deterministic or probabilistic. We will return to this 
issue in Section 3. For a recent and general reference 
on how to define appropriate goals and criteria, see 
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Aven et al. (2006) and Hjorteland & Aven (2003) 
and the references therein.   

ii) Management and implementing procedures:
Management is a continuous activity throughout all 
phases of an engineering project.  

iii) Analytical tools and investigative methods: A 
PAP uses a set of investigative and analytical and/or 
simulation methods and attempts to calculate and 
maximize the reliability, availability, and capacity of 
important subsystems or components.  

iv)  Information management: The effectiveness of a 
PAP depends on the quality and accessibility of the 
information used to provide the feedback to the 
management systems about how well the system is 
performing and where to obtain improvements. A 
typical data collection process gathers data from 
different sources into one database where data type 
and format are pre-defined (ISO/DIS 14224, 2004).  

3. IMPROVEMENT OF PRODUCTION 
ASSURANCE 

The objective of continuous improvement in a 
production plant is the improvement of PA 
performance. The primary objectives generally 
include the following: 

Identification of subsystems or components which 
are potentially significant contributors to 
production losses or important risk factors, and 
identification of those with a potential for 
improvement, which may warrant extra 
expenditure.  
Identification of all important trends in the 
performance of the systems and identification of 
areas of possible improvement. 
Identification of the causes of individual 
performance problems and definition of effective 
remedial measures which remove or prevent their 
re-occurrence. 
Prediction of the worth of proposed improvements 
to guide the justification and prioritization process 
for system modifications and changes, and 
optimization of expenditures to provide the 
greatest benefit within the shortest period of time. 

The PA improvement program consists of a set of 
management systems and processes which provide 
the individual success paths needed to achieve the 
above objectives. The output from this program will 
be a continuous improvement plan consisting of 
prioritized and justified current and proposed 
corrective actions designed to achieve an optimal 
level of plant PA, which can be arrived at by trading 
off profit margins per unit of production with the 
incremental cost of availability. The program will 
provide an integrated documented summary of all 
aspects of production plant performance to guide the 
overall plant management process.  In this section, 

we present a decision framework for PA management 
and improvement, with the aim of meeting the above 
objectives. The basic features of this proposed 
framework are illustrated in Figure 2, consisting of 
four steps: i) data collection and information 
management; ii) modeling and data analysis; iii) 
generation of improvement alternatives; and iv) 
evaluation and decision making. 

3.1. Data collection and information management 

Three basic steps should be performed before data 
analysis for determining PA characteristics: i) 
collection of data from different sources; ii) sorting 
of the data required for analysis; and iii) 
classification of data in the form required for the 
analysis (i.e., time between failure [TBF], time to 
repair [TTR], frequency, total breakdown hours, total 
working hours, total maintenance hours etc.). It 
should be noted that PA improvement depends on 
experiences from real life usage. Therefore, 
establishment of correct and relevant PA data 
requires a data qualification process involving high 
attention to original data sources and interpretation of 
available statistics and estimation methods for 
analysis of usage (refer to Norsok-Z016, 1998; 
ISO/DIS 14224, 2004 for basic principles on data 
collection). It is essential that the production plant 
information system provides the necessary feedback 
to define: 
- How well the production plant is performing in 

comparison to established goals and requirements. 
- Where and why the deviations occur. 
- How to define cost-effective solutions to achieve 

the necessary improvement. 

3.2. Modeling and data analysis 

Modelling and analyses of PA provide a basis for 
decisions concerning choice of solutions and 
measures to achieve optimum economy within the 
given constraints. The analyses must be performed at 
a point in time when sufficient details are available. 
However, results must be presented in time for input 
to the decision process (Norsok Z-016, 1998).  The 
objectives of this step can be to: 

i) Predict PA, system availability performance, 
reliability performance etc.  

ii) Identify operational conditions or equipment 
units critical to PA. 

iii) Establish reasons for failure causing production 
losses as well as increased risk. 

iv) Identify technical, organizational, and 
operational measures for PA improvement 

v) Provide input to activities such as maintenance, 
spare parts planning, and logistics. 
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Figure2. Production assurance improvement and management process 

Results of the evaluation process are compared to 
PAP goals and requirements, which if are not met, 
should lead to initiation of PAP improvement 
activities. If goals and requirements are met or 
exceeded, then they can be updated and additional 
analyses carried out.  In this step the concept of 
importance measure is used to find the criticality of 
each component or subsystem. Criticality analysis, a 
key part of the PA quantification process, enables the 
weakest areas of a system to be identified and 
consequent modifications to achieve PA 
improvement. Several importance measures are 
commonly used in the reliability, maintainability and 
availability processes. The appropriate measures 
depend on the specific decisions that need to be made 
(refer to Aven, 1986; Barabady and Kumar, 2007 for 
further discussion).  

3.3. Generate improvement alternatives  

The objective of this step is to create different 
alternatives for PA improvement if the result of step 

2 shows that the production plant is not able to meet 
performance criteria. In such case, alternatives or 
recommendations should be sought to avoid 
production losses and improve PA performance. 
These could be related to improving different terms 
of dependability as well as capacity performance 
influencing PA performance, e.g., reliability, 
maintainability, and maintenance support 
performance.  

Reliability performance improvement. The formal 
definition of reliability according to IEV 191-02-06 
(2007) is as follows: “The ability of an item to 
perform required function under given conditions for 
a given time interval”. Recommendations or 
alternatives could be created to improve the 
reliability of components/subsystems critical in the 
production plant. The aim is to prevent the 
occurrence of failures and also to eliminate their 
effects on the operational capability of the systems. 
Such alternatives/recommendations should focus on 
factors influencing reliability performance.  
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Figure 3 shows how to maximize the reliability 
performance of the System, Structure and 
Component (SSC) through decreasing the failure 
rate, in other words, increasing the mean time 
between failures. The downtime may be influenced 
by a system’s maintainability characteristics.  How a 
system should be maintained needs to be assured in 
the design stage.  

In the operation phase, the reliability of a system can 
be improved through modification of the system as 
well as operational and maintenance processes. 
Proper equipment maintenance and operation can 

assist in ensuring that the designed-in reliability 
performance is achieved, failures avoided, and costs 
reduced. Figure 4 shows the reliability behaviors of 
a system in relation to various maintenance types. 
Corrective maintenance activities are categorized as 
minimal repair (1C) and corrective replacement 
(2C). Preventive maintenance activities are 
categorized as simple preventive maintenance (1P) 
and preventive replacement (2P). As illustrated in 
Figure 4, the maintenance programs assist in 
confirming that the designed-in reliability 
performance is assured. Maintenance programs 
focus on ensuring reliability performance and 
reducing downtime. 

Figure 3. Contributors to SSC unavailability, failure rate (Adapted from IAEA, 2001) 

Figure 3. Reliability change of a system under 
various maintenance types (Tasi et al. 2001) 

It should be noted that for selecting an appropriate 
maintenance strategy, a cost-benefit analysis is 
required to compare the alternatives.  Let us look at 
an example. Consider a production plant with two 
maintenance strategies to keep the reliability of the 
production plant at the desired level: preventive 
maintenance and corrective maintenance. The 
Expected Cost of Preventive maintenance (ECP) and 
Expected Cost of Corrective maintenance (ECC) can 

be calculated as follows (Barabady and Kumar, 
2007):

frc PCCECC

efmppfmpii PpCPPCCECFECP 1..

)1( pfrci PPCCECF

where: 
cC is the cost of the consequence of failure 

rC is the cost of the consequence of failure 

fP is the probability of the failure 

pP is the probability of the failure being detected 

iC is the cost of an inspection, 

mpC .  is the cost of restoration, 

eP  is the probability that inspection will falsely indicate 
the potential failure.  

If ECP is greater than ECC, then corrective 
maintenance is adopted; otherwise preventive 
maintenance is considered. For a subsystem of such a 
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production plant in Barabady and Kumar (2007) with 
the following information: 

Ci = $ 10, Cc = $ 200, Cr = $ 50, Cp.m = $ 50,  
Pf = %2,  Pp = %70, Pe = %20 

ECC and ECP are calculated as $50 and $40, 
respectively. In this case it is more cost effective to 
do preventive maintenance  

Maintainability performance improvement. 
Maintainability is formally defined as “the ability of 
an item under given conditions of use, to be retained 
in, or restored to, a state in which it can perform a 
required function, when maintenance is performed 
under given conditions and using stated procedures 
and resources”(IEV 191-02-07).  It is important to 
consider how to reduce the downtime by improving 
the maintainability. Achieving very high 
component/system reliability may prove very costly, 
and therefore it may be more cost effective to 
improve the maintainability characteristics. In this 
step, the point is to create some 
alternatives/recommendations to improve 
maintainability performance of those 
components/subsystems critical to the production 
process from a maintainability point of view. Such 
alternatives/recommendations should focus on 
minimizing the maintenance times and labour hours 
while maximizing the supportability characteristics 

(e.g., accessibility, diagnostic provisions, 
standardization, interchangeability), minimize the 
logistic support resources required in the 
performance of maintenance (e.g., spare parts and 
supporting inventories, test equipment, maintenance 
personnel), and minimize the maintenance cost.  
There exist numerous guidelines for taking 
maintainability into account, including analysis of 
maintainability-related risks (refer to Blanchard et 
al., 1995; IEC 60300-3-10, 2001; and IEC 60706-3, 
2006).  In order to increase maintainability, the 
downtime time must be reduced through, for 
example, spare parts and supporting inventories 
optimization, availability of test equipment, 
maintenance personnel training etc. Furthermore, in 
the design one needs to take into account how the 
maintenance is to be performed during the 
operational phase. Factors such as maintenance and 
logistics support, maintenance program execution 
and evaluation need to be considered to reduce the 
downtime. Therefore, the first step for improvement 
of maintainability is to describe the system, 
considering what factors will influence the 
maintenance process, which can be predicted by 
available models such as proportional hazard model 
(see Ghodrati and Kumar, 2005). Figure 5 shows 
how to maximize the maintainability performance of 
SSC through increasing the repair rate, in other 
words, reducing the mean down-time.

Figure 5.  Contributors to SSC unavailability, down-time rate (Adapted from IAEA, 2001).

Maintenance support performance improvement.  
Maintenance support performance is defined as (IEV 
191-02-08, 2007): “The ability of a maintenance 
organization, under given conditions to provide upon 
demand the resources required to maintain an item, 

under a given maintenance policy”. Thus, we can see 
that maintenance support performance is part of the 
wider concept of “product support”, which includes 
support to the customer. Maintenance support is 
developed and maintained within the framework of 
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corporate objectives. Defining and developing 
maintenance procedures, procurement of 
maintenance tools and facilities, logistic 
administration, documentation, and development and 
training programs for maintenance personnel are 
some of the essential features of a maintenance 
support system (see Table 1). We should look for 
alternatives and recommendations to improve 
maintenance support performance as the basis for 
decision making. 

Table 1. Some aspects of Maintenance Support

Maintenance 
personnel

Number
Skill
Work environment 

Equipment

Standard equipment 
and tools 
Special equipment 
Premises   

Stock
Exchangeable part 
Spare parts 
Expendable supplies 

Special needs 

Use instructions 
Maintenance 
instructions
System descriptions 

Maintenance 
support aspects 

Environment
Organisation
Information system 
Information feedback 

3.4. Evaluation alternatives and decision making 

The aim is to select the best improvement alternative 
based on economic optimization within given 
constraints and framework conditions. The ISO/CD 
20815 (2005) standard lists examples of constraints 
and framework conditions affecting the optimization 
process. The appropriate PA parameters then are 
predicted and the preferred solution is identified 
based on cost-effectiveness, e.g., life cycle cost 
evaluation, net present value analysis or other 
optimization criteria. The process can be applied as 
an iteration process where the selected alternative is 
further refined and alternative solutions identified. 
Sensitivity analyses should be performed to take 
account of uncertainty in important input parameters. 
The execution of the optimization process requires 
the regularity and reliability function to be addressed 
by qualified team members. 

4. CONCLUSIONS 

This paper has described the framework for 
improving plant production performance in the 
operational life cycle phase using PAPs. This 
requires enhancement of reliability, maintainability, 
and supportability. Any improvement in the PA of a 
system is associated with additional efforts and costs. 
Thus, for the overall efficiency of a PAP, it is 

essential to use appropriate resource allocation 
methods among the various components/subsystems 
of a system to minimize these efforts and costs. The 
present paper indicates that PAPs are useful for 
optimizing the design and operation of the 
production process. Furthermore, focus should be on 
the consumption of available resources in areas 
where the economic return is largest. To improve PA 
to meet the goals and criteria of PAPs, we should 
always look for alternatives, from which to adopt the 
best.  
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