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Nomenclature
AD Asset density in the vicinity of the event of explosion ($/m?)
AHP Analytic hierarchy process ‘
AMI Absolutely more important
AR Area under the damage radius (m?)
ARCM  Accelerated reliability centred maintenance
Ayp Average demand during lead time (Time)
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Dpr Due fine time ($)
DOM Design of maintenance
DPD Drilling and production equipment
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EOQ Economic order quantity
ETA Event Three Analysis
EVM Eigenvector method
F Failure frequency scales
f Frequency factor
FAHP Fuzzy analytic hierarchy process
FGI Finished goods inventory
FMECA Failure mode effective and critical analysis
FTA Fault tree analysis '
Fat Probability of failure
G Growth factor
HAZOP Hazard analysis and operability
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Hc Holding cost ($) :

HIRA Hazard and identification and ranking analysis
IM Importance factor
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LOR . Likelihood of risk
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MC Maintenance cost ($)
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MCDM  Multi criteria decision making
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RMI Raw material inventory

ROP Reordering point
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Abstract

Maintenance concerns abound as companies strive to increase production
while guaranteeing safety, flow assurance and equipment reliability.
Therefore, optimisation of the maintenance process is essential to increasing
the productivity of the equipment as well as decreasing the maintenance
expenditure. Thus, this research is aimed at proposing an integrated
framework to optimise the major maintenance activities at strategic and .
operational levels including spare parts control and risk assessment within
the petroleum industry. a

In this research, the selection of the maintenance optimum policy for
equipment within petroleum industry is dealt with at strategic level through
multi criteria decision making techniques (classic and fuzzy analytic hierarchy
process FAHP). At the operational level, a cost optimisation mathematical
model is proposed to balance the costs of failure of a unit during operation
against the cost of preventive maintenance to ensure preventive
maintenance activities are kept at minimum possible cost without
compromising the utilisation of equipment's performance. |

Furthermore, an integrated approach between spare parts management and
preventive maintenance activities is developed to create a cost effective
method and ensuring the availability of parts in the stock while carrying out
preventive maintenance. A risk assessment model for equipment within the
petroleum industry is developed to handle the likelihood of risk and its
consequences. A mathematical equation is developed to predict the
likelihood of risks and identify the optimum inspection interval. In addition, set '
of modified mathematical equations to evaluate consequences of risk and
weighing the severity of risks in specific areas is developed.

The findings of this research indicate that the proposed FAHP will clearly
guide the practitioners in selecting the optimum maintenance policies at
strategic level by the consideration of the related criteria and the possible
alternatives for petroleum equipment. The results from the proposed
mathematical model for scheduling preventive maintenance activities showed
promising results in terms of cost effectiveness, reliability and availability of
equipment without compromising the Inherent safety of the equipment. The
integration between preventive maintenance intervals and the control of
spare parts provided the petroleum companies with predictable movement of
parts at the right time and hence minimises the cost of inventory. The
developed equation for the consequences of risk can be used to evaluate the
level of risk under different combination of sets of weight which suit the
situation under consideration.

vii
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Chapter One

Introduction ‘

This chapter is divided into six sections. The first section
presents an introduction to the thesis and the second
section deals with the historical background of the
petroleum industry and maintenance. The third section
briefly describes the problem definiton and the forth
section lists the thesis's aims and objectives. The last
two sections respectively preseht the structure of the

thesis and the conclusion.
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11 Background
The contemporary business environment has raised the strategic importance
of the maintenance function within organizations which have significant
investment in physical assets (Tsang 2002). The performance and
competitiveness of manufacturing and production companies is dependent
on the reliability, availability and productivity of their production facilities
(Coetzee, 1997, Madu,' 2000, Fleischer et al. 2006, Muchiri et al 2011).
Therefore, maintenance function needs to meet the overall target of the
organization and transform business priorities into the maintenance p"rioriﬁes.
Within many Iarge-écale plant-based industries, maintenance costs can
account as much as 40% of the operational budget and therefore improving
maintenance effectiveness is a potential source for making financial savings |
(Eti et al 2006).
The oil and gas industry is a competitive market which requires a high
performance iri plants that can be translated into high availability, reliability
and maintainability for equipment. Today, the .expectations of high reliability
and availability of equipment are so high that drives the necessity of
optimising maintenance activity (Calixto 2012).The cost of maintenance in oil
and gas production is the third I‘argest cost within the production which
necessitates the optimisation of this function (El-Jawhari and Collins 2014).
Nevertheless, the catastrophic consequences of any failure within such
industry compel the maintenance to avoid the occﬁrrence of the failure.

- The difficulty to balance between both reliability and availability of equipment
on one hand and minimising the cost of maintenance on the other hand while

creating a safe environment is a great deal to the petroleum industry. Aissani

‘
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_ et al (2009) indicated that in some petroleum sectors such as "petroleum
refineries average downtime can reach 10% of the vproduction time, and
refineries are often used only at 60% of their capacity. Thus, imbortant
financial gains and safety improvements can be affected by optimising
maintenance tasks".
Various books and literature present different types of maintenance system
and it has been observed that some technical and terminologies such as
vstrategy~ and policy are used in different context and places to mean the
same thi‘ng, so the author feels the need to define them both as they are-
used frequently in this thesis:
«  Policy: Méans the type of maintenance (corrective or preventive).
. Strategy: Means the philosophy to select the policy such as

reliability-centred maintenance.

1.2 Historical Background of Petroleum Industry and Maintenance

| 1.2.1 Petroleum Industry

Oil has been used for purpose of lighting for thousands of years in areas
where oil is found in shallow resérvoirs. However, it was not until 1859 that
"Colonel" Edwin Darke drilled the first successful oil well, for the sole purpose
of finding oil (Devold 2013). These wells were shallow wells by modern
standards, often less than 50 meters, but could give quite a large production.
Soqn oil had replaced most other fuels for mobile use. Despite the early
attempts at gas transportation, it was not successful until after World War 2
with the development of welding techniques.

Today oil and gas are produced >in different parts in the world. However,

massive challenges are faced by the petroleum industry with growing

3
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environmental issues and restrictive laws as well as the challenges of

sustainable energy and their remarkable challenging prices.

1.2.2 Maintenance

In the early days of the petroleum industry, maintenance was performéd as
"necéssary evil" but over the time, the role of maintenance becomes more
recognizable. The need for providing better services with the petroleum
industry as any other industries requires the development of rﬁaintenance
programme. The first recognized policy was corrective maintenance or run to
failure policy.

The second generation of maintenance was the preventive maintenance in
the form of the periodic and the last generation is predictive maintenance or
condition maintenance. Different philosophies have been developed to run
these policies such as reliability centred maintenance (RCM) and risk based

maintenance, which will be extensively discussed in the thesis.
1.3 Problem Definition and Research Questions

The petroleum industry is a sensitive industry when it comes to maintenance
and its recognized role in terms of added value to the production line. The
reason for this sensitivity is the high demand of controlling the high reliability
and availability of equipment and the catastrophic consequences of failures
in such industry.

The general conception of the function of maintenance is to prevent the
failure of occurrence, which is correct to some extent. However, to clearly
identify the role of maintenance, considerations to the reasons of failure,

which might include the faulty designation, abuse of equipment by the

4
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operator and as a sequence of imperféct maintenance planning should be

analysed. Therefore, the role of maintenance is to create a programme that

utilizes the equipment productivity, to minimise the interruption to the

production line and within the least spending.

In the petroleum industry, maintenance plays a significant role to bring the

assets reliability and availability into a desirable predefined level while

decreasing the expenses. In order to explicitly understand the problem the

author summarizes it in the following questions:

1.

What are the major activities that should be included wi_thin the
integrated maintenance framework?

What is the most appropriate maintenance philosophy that can
comprehensively lead to the selection of the most appropriate
maintenance policy?

What is the most suitable methodology to recognize the optimum
maintenance intervals?

As the spare parts havé a big portion of the maintenance's cost, what
is the most appropriate approach to optimise the spare parts
inventory used for maintenancé?

Finally, risk assessment is one of the major activities with the
petrbleum industry and, therefore, how can it be improved to reflect

the likelihood and consequences of the failures?

Solving these problems demands a successful cooperation between

maintenance department and other involved departments such as inventory

department. To optimise the maintenance within the petroleum industry,
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generic integrated framework is proposed and the next section discusses the

main aim and objectives of building the framework.

1.4 Aims and Objectives

14.1 Aim

The principle aim of this research is to develop an integrated framework that
optimises major maintenance activities at strategic level, operational level,
inventory control and risk assessment within the petroleum companies in
order to maximize availability, reliability, and safety of assets while

minimizing the cost of maintenance.

1.4.2 Objectives
In order to achieve the aim stated above, the following objectives will be

undertaken to optimise the major maintenance activities within petroleum

industry:-
. Development of a strategic maintenance policy for petroleum
industry which covers»the whole area of the field by using classic
~and fuzzy analytical hierarchy process to identify criteria, sub-
criteria and alternatives that can Iead‘ to the optimisation of
maintenance policy's selection.
. Development of a mathematical model for the operational level to

identify the optimum interval at which the preventive maintenance
activities should be carried out (schedule of preventive

maintenance policy).
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. Development of an integrated approach between maintenance and
inventory management to control the availability and the level of
spare parts required at the time of maintenance activities.

. Development of a risk assessment model that guides the

maintenance on assessing the risk for the petroleum equipment.

1.5 Structure of the Thesis
This section outlines the structure of the thesis including a summary of each
chapter. It provides guidance to the reader to understand the direction of the

study and know the sequence and placement of various concepts.

1.5.1 Chapter One: Introduction

The author provides the reader with an introduction to the research focus, the
aims and objectives and the context of the study. In addition, the chapter
provideé the} reader with the problem definition and the research questions

that interested the author to carry out this research.

1.5.2 Chapter Two: Literature Review

Chapter two comprehensively covers related literature review regarding
maintenance generally and Within the petroleum industry. It includes the
various strategies for the selection of the maintenance policies and different
methods for the scheduling of preventive maintenance activities. Moreover,
the chapter provides literature review related to the inventory management
and existing frameworks for controlling the policy of spare parts as well as
insights to models and frameworks for controlling maintenance within the
petroleum industry. The assessment of risk is covered including the

importance and the role of the assessment of risk within the petroleum

7
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industry. Finally, the conclusion is drawn and the research gaps are
emphasised.

1.5.3 Chapter Three: Research Methodologies and the Proposed
Integrated Framework , '

The third chapter demonstrates concisely each methodology used to
optimise a certain activity within the proposed integrated maintenance
framework. As the majorbmaintenancel activities are targeted to be optimised,
each activity’s method will be outlined and later in corresponding chapters,
these methods will be extensively illustrated. The proposed integrated
maintenance framework is-then presented with an outIi_ne of the relevant

terminologies that are used such as, optimisation and the required data.

1.5.4 Chapter Four: Maintenance Strategic Level

In this chapter, the problem of: the selection of the most appropriate
maintenance pdlicy is presented. The proposed model for the selection of the
maintenance policy within the petroleum industry is defined and the
application of different classic analytic hierarchy "Pairwise Matrix Evaluation"
methods is demonstrated. Fuzzy analytic hierarchy process is applied and
compared at the end of the chapter to the results calculated from classic AHP

including sensitivity analysis.

1.5.5 Chapter Five: Maintenance Operational Level

Chapter five demonstrates the proposed mathematical model for the
optimisation = of preventive maintenance scheduling - intervals. The
mathematical ‘model is explained and the developed equations are

eXtensively illustrated. The implications of the proposed mathematical model
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are demonstrated and at the end of the chapter, the author draws the
conclusion of the appliedv method.

1.5.6 Chapter Six: An Integrated Approach between Preventive
Maintenance and Spare Part Control '

Chapter six illustrates the integrated approach between maintenance
intervals and spare parts control. It discusses‘ the relationship between the
maintenance intervals and the movement of spare parts. A case study is
presented to show the'impact of the integrated approach on the inventory

level with different assumptions of lead-time.

1.5.7 Chapter Seven: Risk Assessment Model for Petroleum Equipment

Chapter seven presents the proposed risk assessment model for equipment
within the petroleum industry. A development of risk equation is presented to
assess the likelihood of the risk besides qualitative risk assessment. The
consequences of the risk are also evaluated as a loss on four main areas
including system performance loss, financial loss, human health loss and
environment loss.

1.5.8 Chapter Eight: Conclusions, Contribution to knowledge and Future

Work '

Chapter eighth summarizes the conclusion of the thesis and the outline of the
proposed methodologies and contribution to knowledge within the thesis are
discussed. The recommendations for future work that are related and

| .extended from this work are advised.
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1.6 Conclusion

In this Chapter, an introduction to the petroleum industry and maintenance's
importance were provided. The historical development of the petroleum
industry and maintenance philosophy were discussed to understand the
‘nature of such competitive industry. The definition of the problem, the aims
and objectives were discussed to highlight the main target of the thesis. The
structure of the thesis in terms of chapters was outlined to simplify it for the
readers. The next chapter will déliver literature review and latest
developments in maintenance and the related topics associated v.vith‘the

framework.
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Chapter Two

Literature Review

This chapter provides a comprehensive background to -
the maintenance within the petroléum industry. The
definition of maintenance, its policiesrand its role within
the petroleum industry are extensively demonstrated.
The literature review also covers topics that are related tQ
the selection of maintenance policy, determining the
optimum maintenance interval, spare parts control and

- risk assessment within the oil and gas field.

11
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2.1 Introduction

Contemporary business environment has raised the strategic importancé of
the maintenance functio‘n in organizations that have significant investment in
physical assets. The high cost proportion 'of maintenance in operation costs
within manufacturing and production industries has drawn attention to the
importance of planning and controlling of maintenance actions to minimize
the operational costs. |

The aim of this chapter is to present a comprehensive and yet concise
- literature review of the major areas that related to maintenance in general
and within the petroleum sector in particular. The notion for this chapter is to
provide the readers of this thesis with a background of the relevant topics to |
provide a better understanding of the contribution suggested by the author.
The chapter starts with a background of maintenance management within the
oil and gas industry, including the history of maintenance, the current existing
strategies to select maintenance's policy and the methods used to select the
time of conducting maintenance overhauls where the majority of the
maintenance actions are carried out. This chapter extends to explain
inventory management and rel;evant topics such as inventory control,
economic reorder point and safety stocks. Another aspect covered within the
literature review is risk assessment within the petroleum industry and
different methodologies used to estimate the likelihood and fhe

consequences of the risks.

2.2 Definition of Maintenance
The term maintenance can be defined as all actions appropriate for retaining

an item/part/equipment in, or restoring it to a satisfactory condition (Dhillon

12
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2002). Marquez (2007) defined maintenance management (MM) as all
activities of the management that determine maintenance objective or
priorities assigned and accepted by the management and maintenance
tearﬁs, "strategies" defined as the management methodology to achieve
maintenance objectives, and responsibilities and the implementations means
such as maintenance planning and maintenance control. Adebimpe et al
(2015) extended on the definition of maintenance and its actions that
includes the repair of broken equipment, the preservation of equipment
conditions and the prevention of their failure. This ultimately reduces
production losses and downtime and also reduces environmental and
associated safety hazards. Due to the increasing pressure of high
competition and stringent environmental and safety regulations, maintenance
has shifted from being perceived as a “neceésary evil” to being recognized as
an effective tool for increased profitability. Maintenance has become an
integrated part of the> production process rather than a supporting or
peripheral activity. Developing effective and optimum maintenance strategies
and models has thus become a subject of research in both academic and

industry areas.

2.3 Maintenance Policies

Tremendous change have occurred in engineering since the industrial
revolution, but perhaps the most dramatic changes have occurred in the last
sixty years (Parida and Kumar 2006). As a result of these changes as well as
the _growth of the complexity of assets, maintenance management has
developed to maintain the plant's more complicated machinery with respect

to the type of industry and the overall target of that industry. Another

13
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Important reason of the development of maintenance is the demand on
productivity, availability, quality, safety and énvironment (Arunraj and Maiti
2007). Maintenance can be categorised into different classifications |
according to its actions. Maintenance can mainly be classified into two types:
‘Corrective Maintenance (CM) and Preventive Maintenance (PM)
(Waeyenbergh and Pintelon 2004; Li et al., 2006). Planned maintenance
could be time-based or condition-based (Duffuaa et al., 1998). Each plant's
assets or equipment can be associated with dne or more maintenance policy
throughout its lifecycle (Hossam et al 2003).

The'management system of Point Inspection and Regular Repair (PIRR) is
regarded as the present core of maintenance and management for onéhdre
and offshore oil field equipment, which mainly adopt corrective maintenance |
(CM), Time-Based Maintenance (TBM) and Condition-Based Maintenance

(CBM) (Perrons et al 2013 and Doostparast et al 2014). .

2.3.1 Corrective Maintenance (CM)

In the case of CMV policy, an item is allowed to fail before maintenance is
implemented. CM is still being used until today due to the fact that CM can be
useful and add value to the plant under certain criteria such as the criticality
of the machine and the effect of tﬁe failure (Waeyenbergh and Pintelon,
2002). Balasaheb and Milind (2012) mentioned that CM is the first and the
basic policy that appeared in the industry. CM is also referred to as, failure

based maintenance, breakdown maintenance or run to failure strategy.

2.3.2 Preventive Maintenance (PM)

PM refers to the action of maintenance implemented to prevent the

occurrence of failure (ETI et al 2006). Basically, the notion of this policy is to

14
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predict the wear and tear or life of equipment by using different approaches
.to prevent failure from taking‘a place. In general, the arﬁount of equipment
failure can be reduced if the preventive maintenance stratégies are correctly
selected (Balasaheb and Milind 2012). Most common forms of PM are time-

" based maintenance (TBM) and condition-based maintenance (CBM).

2.3.2.1 Time-Based Maintenance (TBM)

In this policy, maintenance is scheduled in advance to prevent failure. It
focuses on preventing failures through replacing components at particular
time. It assumes that the machine component’s life is predictable, and
maintenance is based on hours of run or calendar time elapsed. This is
suitable for repeatable degradation modes, wéar proéess for example. In this
policy replacement or repair is carried out at a fixed time after the installation
of a faéility, which is generally independent of its condition. The time period
used to construct a maintenance schedule can be either calendar time or

component running time (Ahmad et al 2011).

2.3.2.2 Condition Based Maintenance (CBM)

Maintenanée decision is made depending on measured data. Vibration
- monitoring, lubrication analysis, thermography, visual inspection and
ultrasonic testing are commonly used approaches to collect data (Mobley
- 2002). Based on the data analysis, whenever the monitoring level value
exceeds the normal the component is either repaired or replaced. The use of
CBM may lead to considerable reductions in production cost, capital
investment and incrévments in the quality 'rate, profits, and market share.

However, limitations in data coverage and quality reduce the effectiveness

15



- Literature Review Chapter Two

and accuracy of the condition-based maintenance strategy (Alnajjar and

Alsyouf 2003).

2.4 The Role of Maintenance
"The primary objective of planned maintenance is the minimization of total
cost of inspection and repair, and equipment downtime (measured in lost
production capacity or reduced product quality" (Mann et al 1995).
Luxhgj et al (1997); Pradhan and Bhol (2006) stated that the importance of
maintenance to industry can be measured by: |
¢ Accounting of the‘ total maintenance cost.
o Percentage of maintenance cost to total production cost or capital cost
in assets.
¢ Total number of personnel working with maintenance or percentage of
maintenancé personnel to total number of production personnel.
e Possible consequences for lack of maintenance: financial,
environmental, human, equipment damage.
Bevilacqua and Bragliab (2000) described the role of maintenance in some
industries and how it is the second highest or even the highest element of
qperatihg costs. As a result, in only 30 years it has moved from almost
nowhere to the top of cost control priority.
According to Utne et al (2012), scheduled and unplanned shutdowns such as
repairs, overhauls, replacements and require parts to s}hutdown are the major
contributor for the expenses to oil drilling platforms and processing plants.
Apart from these long period maintenange activities, shorter types of planned
and unplanned shutdowns are also cause for production loss and revenue

loss. Tang et al 2015 outlined the unreasonable maintenance policies,
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surplus or insufficient maintenance, exorbitant maintenance costs and
increasing failure frequency, which have caused a great influence to

production safety and economic cost in the oil and gas exploitation process.

2.5 Maintenance Policy Selection Problem

Effective maintenance management involves a multidisciplinary approach
where maintenance is viewed strategicaily from the overall business
perspective to translate those priorities into maintenance tasks. Estimating
the best set of maintenance policies for different failure modes is a hard and
complex task. This selection requires the knowledge of various factors such‘
as safety aspects, environmental problems, costs and budget constraints,
manpower utilization, mean time between failure (MTBF) and mean time to
repair (MTTR) for each piece of equipment (Bertolini and Bevilacqua 2006).
Oil and gas companies as any other companies are in favour of optimisation
of maintenance, to provide the highest availability of equipment with
minimization of the running m‘aintenance cost with respect to environment
and safety (Azadeh et al 2009).

Maintenance management process can be divided into two mai‘n Ievelvs:
strategic level "including the definition of the policy to be implemented" and
. operational level "considers the implementations of the strategy" (Marquez
2007). In addition to that Marquez (2007). stated that strategic level is
normally neglected by the maintenance department which leads to the
probability of selecting inappropriate maintenance policy for a machine. Hong
et al (2012) acknowledged that the wrong selection of the optimal
maintenance policy leads to the increase in failure rate and also affects the

productivity of the production line.
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Different approaches and philosophies have been implemented to manage
maintenance on the strategic levels within the oil and gas companiés such as
Reliability centred maintenance (RCM) and risk based maintenance (RBM).
. Each approach has its uniquéness and priorities’ to deal with managing
maintenance. In the following section, explanations of the most applied

approaches to manage maintenance on the strategic level are described.

2.5.1 Reliability-Centered maintenance (RCM)

Reliabﬂity—centred maintenance (RCM) was first developed within the aircraft
industry and later adapted by several other industries and military branches
. (Rausand 1998). Reliability-centred maintenance (RCM) is an engineering
framework that enables the definition of a completevmaintenance re'gime and
as the name indicates, reliability is the main point (Selvik and Aven 2011).
RCM is a well-established analysis method for preventive maintenance
planning. As its name indicates, reliability is the main point of reference for
the planning of maintenance. However, consequences of failures are also
assessed. RCM is one of preventive maintenance strategies to incorporate
new understanding to the ways equipment fail (Deshpande and Modak 2002).
The methodology has been available in the industry for over 30 years, and
has proved to offer an efficient strategy for preventive maintenance
optimisation . RCM is a technique initially developed’ by the airliﬁe industry
that focuses on prevention of failures whose consequences are likely to be

- serious (Selvik and Aven 2011).
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~ 2511 Reliability Centered Maintenance Phases

The RCM analysis process focuses on the functions of plant and equipment,
the consequénces of failure and measures to prevent.or cope with functional
failure. Moubray (1997) identified the steps to implement RCM including
determining key functions and performance standards, determining possible
functioh ‘failures, determining likely failure modes and the‘ir effects, selecting
feasible and effecfive maintenance strategies, scheduling and implementing
selected stratvegies,.and optimising tactiés and programs. Selvik and Aven
(2011) summarised the phases of RCM methodology by the following three
phases. |

e Identification of Maintenance Significant Iltems (MS]).

e Assignment of suitable PM tasks for the MSI.

e Implementation and update of the PM tasks.
Moubray (2000) suggested that due to the time consuming nature of the
classical failure mode effective and critical analysis (FMECA), in many places
only critical equipment are analysed by RCM method. Rausand (2008) stated
that RCM has significant start-up costs associated with staff training and
equipment needs, as well as savings potential is not readily seen by
management which can be a Huge disadvantage of using RCM. Selvik and
Aven (2011) stated that one. of the shortcomings of RCM fs traced to the
limited assessments of risk and uncertainties. Jagathy and Deepak (2013)
suggested that refineries and process blants find it difficult to adopt this
standardized methodology of RCM mainly due to the complexity and the
large amount of analysis that needs to be done, resulting in a long drawn out

implementation, requiring the services of a number of skilled people.
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2,5.2 Risk Based Maintenance (RBM)

Krishnasamy et al (2005) defined RBM as the selection of maintenance .
polioy depending on the ossessment of the risk. Dey (2001) developed a risk
based model that reduces the amount of time spent on inspection and to
reduce the cost of maintaining petroleum pipelines. He used Analytic
Hierarchy Process (AHP) to identify the factors that influence failure on
specific segments and analyzed their effects by detefmining probability of riok |
factors and the severity of failure is determined through consequence
analysis. Acoordingly he suggested the inspection time and the maintenance
type for the pipeline.

Tixier et al (2002) Iisted‘and identified different risk analysis methodologies,
and categorized them from diverse references into deterministic, probabili‘stic,
and combination of déterministic and probabilistic approaches. The main aim
of this methodology is to reduce the overall risk that.may result as the
consequence of unexpected failures of operating facilities (Khan and
Haddara, 2004). They divided RBM methodology into four modules:
identification of the scope, risk assessment, risk evaluation, and maintenance
planning. Dey et al (2004) used risk-based maintenance model to select
specific inspection and maintenance method for specific section in line with
its probability and severity of failure for oil and gas pipeline in the Gulf of
Thailand. Their work came to generate guidelines for planning the pipeline
ma‘intenance program (Arunraj and Maiti, 2007). The inspection and
maintenance activities which are planned using RBM are prioritized on the
basis of quantified risk caused due to failure of the components, so that 'the

total risk can be minimized. The high-risk components are inspected and
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maintained usually with greater frequency and thoroughness and are
maintained in a greater manner, to achieve tolerable risk criteria. They
classified three categories of the method (deterministic, probabilistic and
deterministic and probabilisfic) into .qualitative, quantitative and semi-
quantitative and identified the risk-based maintenance methodology to
consist of six modules which are - hazard analysis, likelihood assessment,
consequence assessment, risk estimation, risk acceptance and maintenance

planning.

2.5.3 Multi Criteria Decision Making (MCDM)

Multi Criteria Decision Making (MCDM) refers to finding of the best solution
| or decision to a problem from all of the feasible alternatives in the presencé
of multiple, usually conflicting, decision criteria. Pribrity-based, outranking,
distance-based and mixed methods could be considered as the primary
classes of the current methods. Thé MCDM techniques generally allow to
structure the problem clearly and systematically. With this charaéteristic,
‘decision makers have the possibility to easily examine and scale the problem
in éccordance with their requirements (Isiklar and Biiyiik6zkan 2007). Cinelli
et al (2014) stated that in their comparison study between MCDM tools "the
review has shown that there is not a clear agreement among different
authors concerning some comparison criteria”. Therefore, the selection of a
certaiﬁ MCDM tools to fit the problem under investigation is an essential step
to ensure the utility of each tool. Velasquez and Hester (2013) and Cinelli et
al (2014) presented an analytical comparison ‘study of multi-criteria decision
making methods including the strengths and weakness of each method as

shown in table (2-1).
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2.5.4 Analytic Hierarchy Process (AHP)

The analytic hierarchy process (AHP) is a structured technique for organizing
and analysing complex decisions, based on mathematics and psychology. It
was developed by Thomas L. Saaty in fhe 1970s and has been extensively
studied and refined since then (Wind ahd Saaty 1980). Saaty (1982)
discussed the applicétion of AHP and mentioned that the selection of
maintenance policy for a pipeline to be a team effort which require a group of
people to make the decision.

| Saaty (1990) stated that t AHP not only helps the analysts to arrive at the
best decision, but also provides a clear rationale for the choices made as well
as enables the analyst to measure consistency. (AHP) (Torfi et al 2010).
Decision-making becomes more sophisticated since the selection methods
have different level of preferences in mentioned criteria (Shaverdi and Barzin
2012).

vBevilac‘qua and Braglia (2000) mentioned the main steps of Analytic

hierarchy process AHP that Saaty had identified:

2541 Step 1: Model the Hierarchy Structure:-

This is done by including the main goal at the top, followed by the main
criteria, sub criteria and alternatives. Understanding the nature of the industry

is important to identify the elements of each level.

2542 Step 2: Establish Priorities among the Elements of the Hierarchy

- This is performed by making a series of judgments based on pairwise

comparisons of the elements. Vidal et al (2011) explained that the weights
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determine the importance of alternatives' utilities in the context of specific

criteria.

2,543 Step 3: Check the Consistency of the Matrix

The AHP enables the analysts to evaluate judgements with the consistency
ratio (CR). The judgements can be‘considered acceptable if consistency _ratio
is less than 0.1 (“10%”), and if it is more than 10% then the matrices which
have the expert's judgments are not acceptable and should be carried out
again. Saaty (1977) has proposed a consistency index (Cl), which is related

to the eigenvalue method (Ishizaka and Labib 2009).

2.54.4 Step 4: Pairwise Matrix Evaluation

Once a judgement matrix has been developéd, a priority vector to weight the
elements of ‘the matrix is calculated. Several methods for deriving local
priorities ("the local weights of criteria and the local scores of alternatives")
from judgment matrices have been developed. Wang et al (2007) listed some
of the pairwise matrix evaluation method:

. Mean of the normalised values (MNV).

. The normalised geémetric mean (NGM).

. The Eigenvector Method (EVM).

2.54.4.1 Mean of the Normalised Values (MNV)
Thi’s method is considered to be the oldest method (Ishizaka and Lusti 2006).
The method consists of three main steps as followed:

1. Summation of the elements of the column j
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All the elements of the column j of the matrix are summed up as shown in
equation (2-1) (Ishizaka and Labib 2009). In this case, the comparison of the

alternatives i and j is given by Pi/Pj

- T Pi
BB v 21
rj DPj Dj pj Dj Pj
“Where:-

i and j are any alternatives of the matrix.
pi is the priority of the alternative i.

2. Normalization of the column j
In this step, the normalized value is calculated by dividing the comparison

resulted from step one by resulted column's sum (equation 2-2).

b

pj =ﬂ P}' — P; )
_Ll_zn;.P Py IPi ZEPi

]

2-2

3. Mean of rowi: In the last step to obtain the priorities from the
comparison matrix, the mean of each row is calculated applying

equation (2-3).

P; P; 1 nxp;
( i=1 P TLPi)  n TP

1 _ P;
= o
n XL, Pi

2-3

2.5.4.4.2 The Normalized Geqmétric Means (NGM)

In this approach, an alternative measure of the Priority which is formed by
taking the root of the product matrix of row elements divided by the column's
sum of row geometric means as shown in equation (2-4) (Ishizaka and Lusti

2006).

Eii1 s (Ina) - InGH) 24
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Where:-

ayj is the comparison between iand j and Pi is the priority of i.

NGM method is applied to the collected data and to deal wfth the comparison
matrixes to compare its out comes with other m‘ethods applied. The priorities
from the main criteria matrix: "cost, availability, reliability and safety” are
calculated with the use of NGM to demonstrate the methodology.

1 - Building the comparison matrix with respect to the upper level.

2- Equation (2-5) is applied to calculate the geometric mean for each row p
p= Vab.c..n | 2-5
2.5.4.4.3 The Eigenvector Method (EVM)

The idea of a priority vector has much less validity for an arbitrary positive
reciprocal matrix A = (a;;) than for a consistent and a near consistent matrix
(Saaty, 1997). A positive n by n matrix is reciprocal if a;; = 1/a;; (Saaty 2003).
It is considered tb be consistent if a;; aj = ay,i,j,k = 1..,n. From q;; =
Qi /aj We haye aij = %if = q;;~! and a consistent matrix is reciprocal.

The custom is to look for a vectdr w = (W, .....wp) in which the métrix

w = (w;/wj) is close to A = (a;;) by minimizing matrix (Saaty 2003).

2.54.5 Step 5: Sensitivity Analysis

The last step of the decision process is sensitivity analysis, where the input
data are slightly modified in order to obsérve the impéct of this on the results.
This allows checking how the outcome changes depending on changes in
criteria weights. If the ranking does not change, the results are said to be
robust. Expert Choice allows different sensitivity analyses, where the main

difference is the various graphical representations (Ishizaka and Labib 2009).
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2.5.5 Implementation of AHP for Maintenance Policy Selection

Generally AHP has been implemented in different sectors of industry as a
support tool to the decision makers to select the most suitable decision.
Bevilacqua and Braglia (2000) described the use of Analytic Hierarchy
Process (AHP) for seleeting the best maintenance strategy for an important
Italian oil refinery.

'They created the hierarchy scheme (figure 2-1) and considered diffe.rent
alternatives of maintenance strategies to improve the effectiveness of the
methodology. Sensitivity analysis was coupled with AHP technique and they
arrived at the conclusion that AHP technique makes it possible to approach
the decision making problem in a comprehensive way while taking several
factors into account. In comparison, this capacity is more difficult to obtain'
when using conventional methodologies such as FMECA.

AHP is able to manage a large number of possible alternatives in an efficient
way and it can integrate both qualitative and quantitative information7 With
AHP a direct quantitative judgement of the relevant maintenance factors is
not necessarily required by the maintenance manager. |

The pairwise comparisons are preferred by the manager when several
intangible criteria have to be treated, as is the case with maintenance
selection. lh addition, AHP is the only known MCDM model that can measure
the consistency of the decision maker and its procedure is readily available in
decision-making software packages from several commercial software

sellers.
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of AHP allows defining a three level hierarchical structure: the top level
'represents the goal of the analysis (in this case the maintenance policy
definition), the second level is related. to the relevant criteria used
(occurrence, severity and detectability), the third level defines the poésible
alternatives. |

Dawotola et al (2009) proposed a combined Analytic Hierarchy process (AHP)
and Fault Tree Analysis (FTA) to support the design, construction, inspection
and maintenance policy of oil and gas pipelines by proposing an optimal
selection strategy based on the probability. of failure and consequences of
failure. They combined AHP and FTA into a model and their methodology |
comprised of implementation of Analytic hierarchy process followed by a
Fault Tree analysis. AHP is used in the decision making to estimate the
likelihood of an event, by establishing. relative importance of each
contributing factors, while Fault Tree Analysis is directed at the important
failure criteria identified by AHP. |

Dawotola et al (2010) proposed a decision based’ method for risk
ménagement of oil and gas pipelines. The method is based on a Multi
Criteria Decision Analysis (MCDA) framework, utilising an Analytic Hierarchy
Process (AHP) to prioritikse and optimise oil and gas pipeline's inspection and
maintenance. After the implementation of their work on three pipelines in
Nigeria, they found that the highest fisk factor on pipelines was that of the
activity of third party.

AcHiIIaA et a,I (2015) presented AHP model for the selection of the most
appropriate maintenance policy for petroleum pipeline. Four types of

maintenance policies were considered (corrective, time based, condition
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based maintenance and design of maintenance (DOM). DOM was
considered as one of the alternatives which is a method to minimise the
maintenance interval through the span life of the pipeline. Different factors
were considered such as corrosion, external interference, operational defects
and natural hazards. Their results showed that vCBM was the most suitable

policy for the pipeline and they believe that their mode is applicable.

2.5.6 Fuzzy Analytic Hierarchy Process (FAHP)
The key idea of fuzzy set theory is that an element has a degree of
membership in a fuzzy set (Ayag and Ozdemir 2006). The FAHP
methodology is designed to an alternative selection and justification problem
by integrating the concept of fuzzy set theory and hierarchical structure
analysis (Ozdagoglu and Ozdagoglu 2007). |
Timothy (2010) also recognized that human assessment on qualitative
attributes is always subjective and thus, imprecise. Therefore, a conventional
AHP seems inadequate to capture decision maker's requirements explicitly.
In addition to that, fuzzy systems are very useful in a situation involving high
complex systems. The use of fuzzy methodology allows the decision maker
to incorporate both qualitative and quantitative data into the decision model.
Kabir and Hasin (2011) listed more reasons of selécting FAHP over AHP and
how integrating fuzzy sets with AHP can overcome some of these classic
AHP limitations:
1. The AHP method is mainly used in nearly crisp decision applications.
2. The. AHP method does not take into account the uncertainty

associated with the mapping of one's judgment to a number.
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3. A decision maker's requirements on evaluating alternatives always
contain ambiguity and multiplicity of meaning that cannot be
emphasized by conventional AHP. |

AHP breaks down a complex decision by considering all the relevant and
available solutions to arrive at the most suitable decision. However, it does
not consider cognitive factors of human judgement (Sarfaraz, et al. 2012).
Sharma and Yu (2014) stated that Fuzzy AHP is the extensibn of Saaty’s
theory and many researchers have prove'd that fuZzy AHP shows more
sufficient description in decision-making process compared to the classical

AHP method.

2.5.6.1 Applications of FAHP

FAHP has been implemented in different sectors to assist decision-makers to
'arrive at the most appropriate decision. The earliest work in fuzzy AHP
appeared in Laarhoven and Pedrycz (1983), which compared fuzzy ratios
described by triangular membership functions. They applied their extended
method on the selection of candidates for a vacancy and they concluded their
study by agreeing that FAHP has a positive add-value to support the
décision-makers. Chengzhong (1984) proposed another method, which is the
altered gradient eigenvector method, to derive the priority by thé idea that the
information of pairwise comparison of elements can be represented by an
upper triangular matri*, and proved that the result is the same as that of the
Eigenvector method in the case of consistency.

Ruoning and Xiaoyan (1992) prese.nted extend FAHP, staﬁing from the
viewpoint of actual applications of AHP, considering the method of group

decision-making in complex systems and the fuzziness of judgment in a
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pairwise comparison of projects. They constructed the fuzzy judgment matrix
by using a sét-valued statistics method on a continuous judgment scale and
proved that every element of the fuzzy judgment matrix can be represented
by a positive bounded closed fuzzy number. They demonstrated their theory
by applying it on three selected colleges to evaluate their standard of running
a school. Chang (1996) demonstrated the applications and the detailed step
of FAHP using a triangular fuzzy number on the same éxample Laarhoven
and Pedrycz (1983).

Kwong and BAI 2002 applied the Fuzzy AHP to determine the irﬁportance of
customer requirements in quality function deployment (QFD). They used the
triangular fuzzy nﬁmber (TFN) instead of conventional AHP and listed the
advantages of using the fuzzy sets over classic sets as follows:

1. The preference of using fuzzy AHP over conventional AHP because of
the nature of human judgement in the comparisons of customer
requirements which is rather fuzzy in nature.

2.- The adoption of fuzzy number cén allow the design team of QFD to
have freedom of estimation regarding the overall customer satisfaction. -

Wang et al (2007) used the fuzzy AHP for the selectiovn of maintenance
strategies in a power plant - ‘Hangzhou Pro-Energy Heat and Power Co.
Generated framework was used to show the criteria, sub-criteria and
alternatives (figure 2-2) and using the fuzzy sets the comparison matrix was
established. Results showed that the predictive maintenance strategy was

the most suitable for boilers.
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theory, there were some undesirable phenomena and problems during the
maintenance and management for oil and gas drilling and production
equipment (DPE). They presented a framework for making maintenance
decisions for DPE to restraint safety acc_idents and economic losses in the oil
and gas exploitation process. They summariéed four categories influence
factors, including eight influence factors to evaluate the importance level of
the DPE. Eight influence factors were regarded as the evaluation indexes
énd their scoring criteria were defined to quantify the result of subjective
evaluation. The evaluation model calculating the importance level of the DPE
was established based on the AHP method. They divided the DPE into three

~ categories: Class A, B and C, based on their importance level values.

2.6 Schéduling the Maintenance Interval

The majority of the maintenance tasks within the petroleum industry are
carried out on intervals which are also referred to as overhauls. In terms of
levels, this task is also referred to as the maintenance operational level. The
main aim‘ of maintenance affairs on the operational level is to develop a cost-
effective and adaptable approach to optimise the mainfenance schedule.
Different techniques have been developed to obtain the best time interval to
apply the maintenance policies to avoid a long shutdown..

Robert and Escudero (1983) presented the exact solution of the exact
formulation of the scheduling of the plant maintenance personnel which they
described as a typical of integer linear programming problem that required
Iérge number of variables, equations and inequalities.

Re.eves (1993) defined heuristic techniques which seeks good (néar-optimal)

solutions at a reasonable computational cost without being able to guarantee
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either feasibility or optimality. He described the types of heuristic methods as:
genetic algorithms, taboo search and simulated annealing. These techniques
are capable of‘ handling more real-WorId problem than what a specific
algorithm can do and is useful for searching the optimal interval of performing
the maintenance. However, there are some drawbacks associated with
heuristics techniques, they are: |

e The techniques are considered as study of errors (Asadullah and

Kundi 2013).
o Heuristics techniques are Costly because it requires domain expertise
(Nielsen 1994). |

¢ These techniques are not suitable for finding low-priority problems.
Percy and Kobbacy (1997) proposed a rolling horizon approach that "fakes a
long-term tentative plén as a basis for a subsequent adaptation, according to
information that becomes available on the short term. This yields a dynamic
grouping policy that assists the maintenance manager in planning
maintenance intervals’.
Duffuaa and Al-Sultan (1999) has classified maintenance planning and
scheduling into two majof' categories. The first category is: scheduled
maintenance, which includes preventive and routine maintenance and then
scheduled overhauls and corrective maintenance. The second category is
unscheduled maintenance or emergency breakdowns. The first category can
be planned and scheduied easily, but the second category is stochastic in
nature and it causes disruption to the maintenance schedule. They proposed
a stochastic programming model for scheduling rﬁaintenance personnel. The

model maximises the number of completed' jobs in a given horizon and
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minimises the expected reserved manpower and any other shortages. They
believed that unlike scheduling in production, the maintenance schedule
becomes immediately out of date as soon as an emergency job is receivsd.
This necessitates a revision in the schedule and that may create a backlog in
the system. They identified the data needed for their model which integrated
the deterministic and the stochastic components of the scheduling problem.
Cassady et al (2001) proposed an interesting system structure to optimise
maintenance activities on an operational level. They divided systems into
subsystems and classified these subsystems further into identical
components. Their assumption for each‘system, subsystem or component
was only one of the two states: either they functioned properly or failed. They
aimed to select the right maintenance decision for which the alternatives are:
- minimal repair and replacément of failed or functioning component. Their
model was the extension of mathematical programming models.

Saad et al (2004) proposed a mathematical model to obtain an optimal
maintenance interval considering the cost of failure of a unit during operation
against the cost of pIanned/prevsntive maintenance introduced. They
calculated the total maintenance cost and in turn to identify an optimum time
interval for maintenance activities which is an intelligent mathematical model
considering the costs of equipment's maintenance and its reliability.
Krishnasamy et al (2005) implemented risk based maintenance (RBM)
methodology which comprised of four modules: Identification of the scope,
risk assessment, risk evaluation and maintenance planning. Using this
methodology, one is able to estimate risk caused by the unexpected failure

as a function of the probability and the consequences of failure. Critical
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equipment can be identified based on the level of risk and on a pre-selected
acceptable level of risk. Maintenance of equipment is prioritised based on the
risk, which helps in reducing the overall risk of the plant.

Leou- (2006) summarised the generator maintenance scheduling problem
which determines the peribd for which .units should be taken offline for
planned maintenance over the course of one or two-year in order to minimize
the operating cost or increase the system reliability. The most well-known
methods that the particﬁlar industry of power plants relies on weré listed, they
are: integer programming, branch-and-bound, decomposition methods,
- dynamic programming, knowledge-based models, simulated annealing
method, probabilistic approach and artificial intelligence method. He
introduced the genetic algorithm and simulated ahne'aling method to
overcome some of what he said as a short coming of the previous mentioned
methods and applied the proposed method to a power plant in Taiwan
arriving at the conclusion that this minimum cost solution can be found under
a condition of sufficient spinning reserve.

Marquez (2007) suggested that it is possible to solely depend on the
recommendations of the manufacturer to blan maintenance actions and
interventions if users can justify that these recommendations are appropriate
for their operational use. On the other hand, manufacturer is usually uﬁable
to anticipate factors such as, issues of consequences of failure, safety
considerations, regulatory requirements, availability of resources and unique
environmental conditions which fequire a suitable structure framework to plan

and manage maintenance activities.
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Khalil et al (2009) created a mathematical approach that takes into
consideration the stochastic nature of equipment failures t;) develop an
integrated-cost optimisation mainte_nance modej for industrial equipment,
"based on a balance between preventivé maintenance and corrective
maintenance costs. They argued that the behaviour of the system may
change considerably for many reasons which can be unrelated to technical
issues. They believe that most existing models attempted to use distributions
of historical data to represent the system are inconvenient because they
could change modes due to reasons that may not directly be related to the
machines. In order for them to adopt a mathematical model, they made some
assumptibns that involved acceptable éccuracy in reflecting reality to
determine the problem.

Ahmad et al (2011) stated that the most of PM ‘interval is based on
experience or original equipment manufacturer (OEM) recomméndations.
Consequently, the benefits from PM are not fully obtained because the
current machine state is not considered. They proposed that mathematical
models (also known as maintenance models) are various tools of
maintenanée management to solve particular maintenance problems.

Cui et al (2013) highlighted that organisations adopt several forms and
combinations of maintenance strategies to ensure efficient performance of
their facilities. Despite the strategies adopted, there comes a time when the
entire facility is shut down for maintenance and project jobs. This ié referred
to as turnaround maintenance (TAM). The study focused on the managerial
skills needed for conducting the TAM perfectly. Their research concluded that,

"It was evident that for TAM project to be managed successfully, appropriate
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management skills are necessary by the team managers (TM) and the TAM

management team".

2.7 Maintenance Framework within the Petroleﬁm Industry

Ahmad et al (2011) stated that Framework (management model) is defined
as a guideline, procedure or step-by-step process used to plan or decide for
something. The development of a maintenance framework may borrow some
ideas from literature and apply some analysis tools from statistical and
mathematical theories. Generally, the framework is used to solve particular
problems in a systematic way. Therefore, the framework is more practical
method to aséist engiﬁeers and technicians in making decisions. Defining
aﬁd understanding the problem accurately is the first important step of the
proposed model. Their proposed general structure for maintenance
constituted from three main steps which are, problem definition, evaluation
current machine condition and mainténance decision method‘s respectively.
Mirghani (2001) proposed a costing framework with the 6bjective of providing
reliable, relevant, and tirﬁely information about actual costs and the cost
efficiency of planned maintenance jobs. The proposed framework includes
direct materials, direct labour and support services costs. The traceability
criterion is used for assigning direct materials and direct labour costs té
planned maintenance jobs. The framework is targeted to serve the estimation
of standard costs of a planned maintenance job element by element and in
total, reflecting an expected level of cost efficiency and to accumulation of the
actual usage of maintenance resources (inputs) at standard prices. In
addition to that, facilitating responsibility accounting for maintéining resources

and facilitates management by exception by directing management's
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to follow in order to arrive at preventive maintenance schedules, predictive
maintenance recommendations and design changes as:

1. The process should consider the exisfing maintenance practices and

~ outcomes. |
2. All failure modes that are reasonably likely to occur must be
considered.

3. Critical equipment needs more intensive analysis.

4. The model should provide results quickly.

5. The results should be measurable ata ma'cro-leyel.

6. The new model should integrate with the existing practices.
They suggested that the A-RCM model and process provide refineries with a
comprehensive tool for accelerated improvement in reliability. |
This section covered some .of the most important maintenance frameworks
that are implemented within the petroleum industry. The next section deals

with the inventory management and spare parts control.

2.8 Inventory Management and Spare Part Control

Inventories can be described as goods or materials which are kept for a time,
to be used only when they are needed either during an operational process
or for the fulfilment of a customer demand (Krajewski et al, 2012). Accordihg
to Drury (2013) inventory refers to materials kept in stock which are used to
fulfil and meet any future demands of consumers.

Inventor;y management has become an important focus ar;a for rese_archers
due to the development of production processes and the increasing demand

for spare parts (Jingjiang and Zhendong 2012). Spare parts inventory

management plays an essential role in determining the level of inventory and
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operation of the equipment, not to mention the proportion of returns while
reducing the risk of recession stock.
Keth, et al (1994) stated that the basic pre-requisite for the successful
managehent of inventory relies on the management considering three
irhportant iss.ues, which are:

¢ The certainty of whéther a part to be stocked or not. Whether the

purchase order should be released.

» The quantity which should be requested.
This was supported by BoS$njakovi¢ (2010), who believed that the quantity to
be retained should also be determined for the successful hanagement of
inventory.
The management of maintenanée of spare parts is not an easy task, as
keeping too much inventory can have an effect on the business’s cash flow.
On the other hand, failure to provide the reduired quantity at the right time
may have a huge negative impact on all the operational processes (Aronis et
al 2004). Although the goals of reducing inventory and ihe availability of
spare 'parts appear to be two inverse targets, by using-an advanced inventory
management and a specialised information system, it is possible to
accomplish this goal. | |
Hua et al. (2007) pointed out certain properties and needs which makes

spare parts management vary from other types of inventory at several points:

e A high quality of service is required as a lack of spare parts could
result in significant financial loss. Indeed, as spare parts demand can

be very intermittent and complicated to predict, it is essential to keep
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a very large number of items in stock, with the cost of such items
often at a high price.
e The unavailability of historical data regarding spare parts demand is

another challenge which can make demand forecasting difficult.
The main aim of any inventory management system is to attain sufficient
service level whilst minimising the inveniory investment arid adiministrative
costs. This essentially means that the inventory manageinent should aim at
striking equilibrium between costs, which results from thev acquisitions, and.
retention of the required spare parts inventory and consideration of the
availability of the inventory.‘ In addition to that, purchasing cost, item cost
and holding cost must also be considered, as much as operation shutdown
cost is considered (Bevilacqua et al 2008).
Liao and Rausch (2010) highlighted that in order to successfuily manage and
control the manufacturing process, management should be able ti) forecast
and prevent process breakdown. |
Schroeder et al ‘(2011) stated that certain authors have indicated some
important factors when it comes to inventory management such as: the’
demand for spare parts 'associated with preventive maintenance may be
specific to a certain extent. The demand for majority of the items will be
unpredictable and unsteady. The decline in the age of goods during their life
cycle and the complexities of the production processes will lead to an
increased risk of obsolescence for certain items, as well as the addition of

new items to the inventory.
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2.81 Invehtory Cost

Inventory cost is the most important and decisive factor when it comes to
determining inventory levelland the reordering point. The inVentory cost can
be further be broken down into four sections as shown below (Evans, 1997).
Syntetos (2009) reasoned the importance of controlling inventory to the cost
associated with the retention of stock.

The inventory cost can be classified into four>types - unite price, ordering cost,
holding cost and stock-out cost. The criticality reflects how the potential
unavailability affects the safety of the people and environmént, the costs of

downtime and the quality of the processes (Aronis et al, 2008).

2.811 Unit Cost

This can be defined as the amount of money a company needs to pay to
suppliers in order to acquire a product or a spare part. While Evans (1997)
believed that the majority of product prices can remain invariable, Waters
(2008) argued that comparing item price can be very difficult as each vendor
offer will differ from the other in terms of price, quantity discount, delivery,

payment method and so on.

2812 Ordering Cost

This includes all costs associated with the purchase order, irrespective of the
amount ordered. It comprises of the cost énd time spent on generating and

sending the purchase request, evaluating supplier quotations, expediting and
following up shipments, transportétion expenditure, receiving and inspecting

orders and payment procedure costs.
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2.8.13 Holding Cost

It takes into account all the charges associated with storing items and
includes'al_l warehouse operation activity expenses such as: handling
materials, picking and packing items, monitoﬁng inventory level, the cost of
operating and maintaining warehouse equipment and insurance.

2.8.2 Economic Order Quantity (EOQ)

Waters (2008) stated that "becauée of the ease of application, its capability to
be used asa guide in many different situations, and its flexibility, the use of
EOQ is widely encouraged". According to Heizer and Render (2014) the
EOQ model (equation 2-6) is a well-known technique used to control

independent demand but it based on a number of assumptions.

2D0c

E0Q = |~ 2-6
Where:-
D Demand.

Oc Order cost for eéch order.

Hc Holding cost for each item yearly.

2821 Reordering Point (ROP)

One of the basic principles of inventory management is When a new
purchase order should be released, in a simple inventory system, where the
demand and the lead time are constant. This can be determined by
multiplying the daily demand by lead time (Heizer and Render 2014).
However, in reality, demand and lead time are not always invariable due to

uncertain demands and lead time. Therefore, organisations must retain more
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units to be used in combating any unexpected demand or overdue shipments;

a process also known as safety stock.

2.8.3 Safety Stock

Safety stock (SS) can be defined as the quantity of stock which is preserved
in order to protect against the demand uncertainty (Reid and Sanders 2005).
Thus, this stock can be used if the demand is higher than expected or the

replenishment cycle takes more time than expected (Bowersox et al 2013).

2.8.4 Probabilistic Model and Safety Stock
Heizer and Render (2014) defined three different probability models which

can be implemented to calculate the ROP.

2.8.4.1 Variable Demand and Constant Lead Time

ROP = (Ayp X Lp) +Z X ag | 2.7
Where:

Ayp Average demand during lead time.

Ly Lead time.

Z  Number of standard deviations.

ay Standard deviations of demand during lead time.

2.84.2 Constant Demand and Variable Lead Time

ROP = (D, X Ayyp) +Z + Dy X iy 28
Where:

D; Daily demand.

Ayyr Average lead time in days.

a;r Standard deviations lead time in days.
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Z Number of standard deviations.

2.8.4.3 Variable Demand and Lead Time

ROP = (AVD X AVLT) +7Z X arr 2-9

2.8.5 Spare Parts Classification

Gopalakrishnan and ‘Banerji (2013) defined spare parts as a part which is
similar to the one which must be replaced because of wear and tear
sustained during the operating life of the equipment. Classification of items is
very important when it comes to helping management identify important
items and facilitating the demand forecasting process and inventory control
(Bacchetti and Saccani 2012). Determining the level of spare parts inventory
primarily depends on the classification of spare parts (Jingjiang and
Zhendong 2012). In addition to that, Millstein et al (2014) believed that
inventory performance can be managed and observed more effectively if
inventory strategies fit best within a group of items instead of each individual
item.

ABC classifications developed by General Electrical ih the 1950s to control
their inventory is one of the most used classifications based on cost criteria
(Guvenir and Erel 1998). ABC classiﬁcation is a well-known approach and it
has been used widely in many different industries (Ramanathan, 2006;
Molenaers et al 2012). Keskin and Ozkan (2012) stated that in order to apply
this méthod, items should be annually arranged in vdescending order with
regard to money usage and then calculated by multiplying the item price by

the annual demand.
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VED analysis is another recognized spare part classification that is based on
the criticality of an item. “V” stands for vital items without which a hospital
cannot function, “E” for essential items without which an institution may
function but it can affect the quaiity of the services and “D” stands for
desirable items, unavailability of which will not interfere with the functioning

(Gupta et al 2007).

2.8.6 The Role of Spafe Parts In;rentory in Oil Indlistrials

Oil and gas industry usually rely on- very expensive equipment and the
consequences of downtimé are very costly which may require immediate
nﬁaintenance. The system downtime period will be longer if a critical spare
part is not available, and thus managing these parts becomes a principal
task when it comes to ensuring sustainability in their opératioh and
reducing downtime for such équipment (Louit et al 2011). In order to stay
competitive, companies must also find new ways to make the most out of
their assets. Therefore, ensuring uptime and safety, mitigating risks and
reducing costs are considered essential for equipment availability and
maintenance (Thakur 2014). A sufficient quantify of spare parts is vital
when it comes to supporting and strengthening the opératibnal capacity of
the production equipment, although keeping too much inventory does not
eliminate the risk of equipment failure. In order to maximise production
without prejudice to the safety of operating, oil and gas companies must

ensure the long-term integrity of their equipment.

49



Literature Review Chapter Two

2.8.7 Spare Parts Inventory Features

Spare parts can be divided into two categories, which are: repairable and
non-repairable parts. Repairable parts are parts those that can be
swapped into new ones and sent to a repair centré, so these parts are
technically . and economically repairable (Hadi-Vencheha and
Mohamadghasemi, 2011). On the other hand, non-repairable parts are
those which are not technically or economically repairable, in a failed
situation, these defective parts well be replaced ‘by a new one and
scrapped (Driessen et al, 2014).

Spare parts represent one of the fundamental elements when it comes to
supporting the maintenance process. Determining the dehand for spare
parts is an essential key for supporting and strengthening the operational
capacity of the production equipment (Hu et al,2013). Additionally, the
unavailability of spare parts can have a negative impact on operational
performance, while the cost associated with critical purchase orders is also
very high (Liao and Rausch, 2010). The importance of spare parts
inventory stems from its direct role in determining the level of inventory
and operation of the Aequipment and the proportion of revenues as well as

the risk of obsolete stock (Chen et al, 2010).

2.8.8 Spare Parts Demand

Spare parts inventory differs from other industrialised inventories in a
number of wéys. The role .of spare parts inventories is to keep equipment
in an effective condition. The policies which dictate the level of spare parts
inventories will be impacted by the function of equipment, the equipment’s

condition and the type of maintenance required (Kennedy et al, 2002).
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(Chu et al, 2008) believed that managing enormous spare part inventories
with equivalent éttentiveness cannot be accompliéhed. Whilst extra
inventory is objectionable from a management viewpoint, in contrast, not
stocking a sufficient number of spare parts at the right time may lead to a
malfunction in the production process, as well as result in loss of revenue
and significant costs.

One of the main requirements when it comes to successful spare parts
inventory management is accurate demand forecasting (Vasumathi and
Saradha, 2013). The challenges faced by management relate to the
inability of traditional forecasting methods to provide an accurate .
categorization of demand (Porraé and Dekker, 2008). This is due to the
fact that usage of spare parts is often irregular. If the cost of failure
associated with not keeping certain parts is too high, this could result in an
increase in the amount of stored spare parts (Scala et al, 2014). The
nature and features of spare parts demand, such as unpredicted demahd,
obsolete items, slow moving and risk cost cannot be easily calculated as
handling such inventory can be very complex and difficult (Wahba et al,
2012).

2.8.9 Integrated Spare Parts and Preventive Maintenance Models
Maintenance relies heavily on the availability of spare parts to reduce the
equipment downtime and to allow the system to perform its anticipated
functions (Luxhgj et al, 1997). Destombes et al (2009) emphasizes on the
importance of spare parts demand and their connection to maintenance

requirements.

51

e




Literature Review Chapter Two

Kaio and Osaki (1981) examined the situation where spares iknventory
ordering policy and replacement age are jointly optimised. The proposed
model was built into twp main assumptions, which are, the original unit, in
which a spare part is replaced after delivery even if the original is still
operating and the second assumption that the spare part is put into an
inventory until the original unit fails. Their work ignored the importance of
trade-off between maintenance-related costs and inventory-related costs.
Kabir and Al-Olayan (1994, 1996) further extended the analysis to the case
of multiple units in service and the possibility of holding more than a single
unit of inventory and emphasised on the importance of consideriné the
relation between the spare part and time aged maintenance.

Chelbi and Daoud (2001) discussed an optimal periodic replacement and
spare parts provisioning strategy. The proposed strategy was completely
defined once the replacement period (T), the replenishment cycle (R) and the
ordering'point were determined (S). The optimal strategy (T, R and S) aimed
to minimise the total expected cost (replenishment cost of spare parts
inventory management cost).per unit over an infinite span of time. A
computation procedure was proposed to generate from 'the mathematical
model, the optimal preventive replacement period and the optimal spare
equipment threshold level.

Vaughan (2005) stated the importance of spare parts for plant and equipment
and their expensive cost to keep in inventory as well as the imperative
availability of spare parts for the maintenance when needed, in ofder to avoid
costly plant shutdown or equipment unavailability. A dynamic ‘programming

characterization was presented for a spare parts ordering policy. The model
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investigated that demand for spare parts arisesvfrom two sources, random
failure of units in service and bulk replacement at regularly scheduled

preventive maintenance intervals.

Liao and Rausch (2010) stated that although both condition based
maintenance (CBM) and spare part inventory control have been studied
extensively, their integration has not been studied Well. They proposed a
joint production and spare part inventory control strategy driven by CBM
. for-a piece of manufacturing equipment with a critical unit. The first étage
minimizes the base-stock level S that satisfies the specified stock-out
probability and the résulting base-stock level is then used as a known
quantity in the second stage, to determine the optimal preventive
maintenance. They believe that the proposed joint decision-making
strategy should be able to significantly reduce the total operating-cost in
today’s 'production processes as a new spare part inventory control and

production paradigm driven by condition based maintenance.

Van Horenbeek et al (2013) reviewed relevant work and classified them
based on the.combination of maintenance policy (block-based, age-based,
and condition-based) and inventory policy (periodic review and continuous
review). Jiang et al (2015) stated that maintenance is the main source of
spare parts consumption and spare parts are the pre-condition for
performing maintenance. They explained that conducting too frequent
maintenance may result in more spares consumption, but less

maintenance may increase the risk of system downtime.

On the other hand, the shortage of spares postpones the maintenance

procedures and may increase equipment downtime but excess of spares

53



Literature Review Chapter Two

involves extra expenditures. They emphasised on the importance of
determining the frequency of maintenance, the ordering time and the
quantity of spare parts. They classified joint optimisation models into
simulation models and mathematical programming models and criticized
the simulation mbdels for being random and each round of simulation
generates a different process. They proposed joint optimisation model of
block replacement and periodic review inventory policies for a multi-unit
system under the influence of deteriorating invéntory. The model
considered the lead} time to be constant and to choose the reorder points
at ’équidistant points in time to bring the _inventory level up to the maximum
inventory level. |

2.9 Risk Assessment

Aécording to the British Standard Institute (BSI 2000) risk is‘the “uncertainty
inherent in plans and the possibility of something happehing that can affect
the prosbects of achieving business or projects goals”.

Reynolds (1996) stated that risk assessment may be quantitative or -
qualitative in nature. Quantitative risk assessment is done by the estimation
of frequency and its consequences. Quantified risk assessment is only
appropriate where it is reasonable and practicable. Reasonable in terms of
the cost ( it éhould not be high compared with the value of solving the
problem) and practicable in terms of the availability of information and data
(Carter et al, 2003). |

ISO (2009) defined the risk assessment procehss as the overall process of

risk identification, risk analysis and risk evaluation. Dawotola et al (2012)
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defined risk as “the considered expected loss or damage associated with the
occurrence of a possible undesired event”. |

Tixier et al (2002) identified 62 methodologies for risk dnalysis and
assessment and separated these methods into three different phases
(identification, evaluation and hierarchisation). These methodologies were
further classified in terms of input data into seven different classes (plan or
diagram, process and reacﬁon, products, probability and frequency, policy,
environment, text, and historical knowledge). The methods were then ranked
into six classes based on the combination of four usual criteria (qualitative,
quantitative, deterministic ahd probabilistic) and finally, the output data is
classified into four classes (management, list, probabilistc and
hierarchisation).The shortages of the mentioned methods were identified and
the most important feature of the shortages was identiﬁed as, more general
 the methodology is, the less it takes into account the specificities of the
studied case, and on the contrary, if the methodology is too épeciﬁc it will be
less transposable to an_other case.

IPCS (2004) believes that risk assessment is the first component of risk
analysis and it is a process that comprises of four main steps: Identification of
hazards, hazards characterization, exposure assessment and risk
characterization.

Maylor (2010) stated that the majority of risk management activities rely on
* qualitative data which is obtained based on people’s perceptions of risk
Ievelsf The qualitative data can be presented on a grid with two axes:

probability and impact (Low, medium and High). The qualitative risk
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assessment process is considered to be comparable to the quantitative risk
assessment process.

Merna and AI-Thani (2011) believed that the quantitative approach of risk
assessment tends to locate absolute value ranges together with probability
distribution fb.r the outcome and therefore, involves more sophisticated
analysis facilitated by the use of computers.

Yoe (2011) defined risk assessment as the process of estimating (evaluating)
the risks associated with different expected hazards, opportunities to gain
risk management options. The reason for involving “oppoftunities” falls under
the belief that if oppdrtunities are not rgcognised, this situation is going to be
considered as a loss. He divided risk assessment into two main types:
qualitative and quantitative. Qualitative risk assessment is characterised by
its lack of dependency on the numerical expressions, this implies that the
qualitative risk assessment approach relies on risk characterizations or

classifying risks into descriptive categories such as high, medium and low.

2.9.1 The Importance of Risk Assessment within Petroleum Industry
Petroleum industry is one of the industries that is considered to be
associated with hazardous and‘high risk due to the fact that there are a
considerable amount of flammable, toxic and explosive substances being
processed and stored within the facility. Risk assessment, therefore,
becomes vital and necessary for all the equipment and components of the
petroleum industry.

Khan et al (2001) defined the science of risk assessment (RA), which has
emerged in recent years with ever-increasing importance as a process that

includes both qualitative and quantitative determination of risks and their
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social evaluation. The key aspects of accidents in chemical process
industries which addressed within RA were mentioned as:

a) Forecast of accidents: This is aimed at creating opportunities to

rectify problems before any harm can occur.
b) Consequences analysis of likely accidents.
c) Development of managerial strategies for “emergency
preparedness” and “damage minimization.”

Grigg:;: (2011) stated that one of the worst catastrophic disasters in the US
history was the blowout of British Petroleum (BP)’'s Macondo well in the Gulf
of Mexico which took place on April 20, 2010. As a result of this 11 people
were killed, while several others were severely injured. It also affected the
livelihoods of many fishermen as well as rﬁany marine animalé were also
destroyed in the tragedy. |
RPS Group (2011) stated that over the last three decades there have been a
considerable number of catastrophic accidents occurring every 2-3 years on
an average, associated with the petroleum offshore operations. Therefore,
fhe assessment of risks with the petroleum industry is vital in order to
mitigate the risks and create a safe environment..
Ambituuni et al (2015) indicated the fmportance of the risk assessment within
the petroleum sector'an.d reported that accidents involving transportation of
petroleum products by road have been associated with high frequency of
occurrence and high safety consequences in developing countries. Using
Nigeria as case example, 2318 accidents approxi.mately were analyzed
involving truck tankers from 2007 to 2012 with a tailored risk assessment

- framework.
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2.9.2 Risk Assessment within Petroleum Industry

There are different risk-based approaches reported in literature ranging from
the purely qualitative to the highly quantitative methods. Many authors have
used probabilisﬁc risk assessment (PRA) as a tool for maintenance
prioritization.

~ Arendt (1990) proposed that risk assessment approach integrates reliability
and consequence analysis, and attempts 'to answer the following questions in

order to assess the risk:

. What can go wrong?

. How can it go wrong?

. How likely is its occurrence?

. What would be the consequences?

Balkey and Art (1998) developed a methodology, which includes risk-based
ranking methods, beginning with the use of plant PRA for the determination
of risk-significant and less risk-significant components for inspection and the
determination of similar populations for pump and valve in-service testing.
This methodology integrates non-destructive examination data, structural
reliability/risk assessment results, PRA results, failure data and expert
opinions.

Khén and Abbasi (1998) proposed a methodology for risk assessment
named Optimal Risk Analysis (ORA). ORA involved four steps: hazard
identification and screening, hazard .as.sessme‘nt (both qualitative and
probabilistic), quantification of hazards or consequence analysis and risk

estimation (figure 2-5).
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Khan et al (2001) demonstrated the applicability of a new risk assessment
mefhodology ORA (optimal risk analysis) in conducting risk assessment of a
typical petrochemical industry. ORA aimed to reduce the costs and time
required by' conventional risk assessment methodologies, without
compromising on the desired level of accuracy and précision. Domino effect
analysis (DEA) procedure was proposed to forecast accidents and their
impacts. | |

Out of the two main phases of risk-based maintenance, Arunraj and Maiti
(2007) described the importance of the risk assessment as thg critical and
foremost important phase, as the maintenance decisions are going to be
made with the assessed risk as centre. The proposed risk assessment
involves identifying potential threats, estimating their likelihood (number of
- events/time interval), and estimating the conéequences (impact/event). The
combination of these estimates represents the risk (impacts/t.ime' interval)
associated with the activity being evaluated.

Bertolini et al (2009) reported the application of the risk-based inspection and
maintenance (RBI&M) method to two speciﬁc stages in the maintenance
activities of the refineries. The panel of experts developed heuristic methods
in order to apply RBI&M procedure to the two cases allowing the refinery to
minimize the overall risk taking into cbnsideration the limits in tefms of time
and budget (in tumaround case) and of human reéources (in the
management of work orders). One of the main steps of the proposed RBI&M
was the risk analysis and assessment which was built mainly on three factors

(probability, exposure and consequences) to determine the overall risk.
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Cigolini and Rossi (2010) identified different stages in petroleum supply chain
in terms of safety equipment, operational risks, plants and processes and
agreed that no specific risk managément approach has been dedicated for
each specific stage. They stated that the most popular forward techniques in
petroleum industry to assess the risk are:

1. The Hazard Checklist: This te@hnique is based on performing plant
analysis to verify whether risky events identified in previous risk
analysis or other similar plants could occur. |

2. Event Three Analysis (ETA): This technique facilitates the ability to
determine the consequences of -a potential risk based on saféty
equipment and procedures adoptéd in the plant.

3. Fault Three Analysis (FTA): This technique helps in risk identification
process by associating the consequences to the primary risky events.

Anvaripour et al (2013) suggested that the assessment of risk (R) considered
for each assetwas: R = F X C |

Where: F is the frequency factor or number of failures in a certain time period
(year) and C is a consequence of the failure measured as follows:

C = (0; X Op) + M¢ + Iz 2-10
Where:

0, Operafional Impact factor.

Or  Operational Flexibility factor.

M Maintenance Cost factor.

Igg  Impact on Safety and Environmental factor.

The classifications of écales for ranking the different assets were established

as follows:
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e The failure frequency scales (F) were classified from 1 to 4, according
to the number of failure occurrence per year.
e The five scales assigned to operational impact (Ol) range from
immediate plant shutdown to no significant impact on operations.
¢ The maintenance cost (MC) factor was classified into three scales.
e Six scales were allocated to impact on safety and environment (ISE)
with respect to the magnitude of impact on thé safety and environment.
Hauge et al (2015) characterised the uncertainties associated with the risk
assessments and some of the surrounding debates. The study arrived at the
conclusion that all aspects of risks should be considered when it comes to
uncertainty. They explained the implications of the uncertainties including the:
1. Potential values embedded in the risk assessments.
2. Lack of validity of quantified worst-case scenarios and their
probabilities and impacts.
3. Limited prospects of filling addressed knowledge gaps.
4. How risk assessments restrict the debate on what issues and
uncertainties are considered relevant.
The assessment of the risk Within the petroleﬁm industry is an essential
activity due fo the importance of the activity in terms of preventing the
occurre‘nce of the risk and adding value to the system by improving the

reliability of the system.

2.10 Conclusion and the Knowledge Gap
Chapter Two covered the literature review of topics related to maintenance in
general and of the petroleum industry in particular. The chapter covered the

aspects of the strategies that were implemented to select the maintenance
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policies based on reliability and risk. Some work has been presented with

regards to the use of AHP for the selection of the méintenance policies within

the petroleum industry (Section 2.5). The literature shows that there is no
general framework for the selection of maintenance policies, but instead the'
proposed AHP frameworks were targeting a specific sector and equipment,
most of which was for pipelines.

The operational level was covered within the literature (Section 2.6) and
. some work has been presented to attempt to schedule the activities of the

preventive maintenance within‘ different fields and within the petroleum

industry. However the existed mathematical models do not take into account
the major maintenance costs which related to the nature of the petroleum
industry.

The inventory management and spare parts control was outlined in section

(2.8) and some of the integrated spare part and PM models were vhighlighted

to optirhise the movement of spare parts. However, most of the models did
nbt utilize the optimised time of maintenance interval and connect it to the
spare part leading time.

The risk assessment within the petroleum industry is a major activity to
ensure avoidance of undesirable activities. Qualitative and quantitative
methods were demonstrated in section 2.9 to assess’vthe ﬁkelihood of the

risks involved and their possible consequences. Due to the importance of risk
assessment, further investigation is necessary to look into the poésibility to
improving the assessment method of the likelihood of the occurrence of the

failure and enhancing the existing methods of estimating the consequences.
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In order to bridge the identifiable gaps, an integrated framework is proposed
to manage the major maintenance activities within the petroleum industry
(Chapter Three). The framework conéists of four major activities. Generic
AHP model is presented to identify the criteria, sub-criteria and alternatives-
that lead to the optimum selection of the most suitable maintenance policy
(Chapter Four). Proposed mathematical model is presented to contain all the
major related costs of maintenance for the petroleum equipment fo arrive at
the identification of the optimum intervals (Chapter .Five). An integrated
appro’ach. between preventive -maintenance a'ndv spare parts control is
proposed in Chapter Six. A proposed model for the assessment of the risk
within the oil and gas industry is demonstrated in Chaptér SevenA to enhance

the safety reliability of the system.
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Chapter Three

Research Methodologies and the Proposed
Integrated Maintenance Framework

Chapter Three will be covering the various methods that
will be applied to optimise each major activity and is
divided into two main sections. The first section covers
cbncisely each selected methodology for the optimisation
of a certain activity. The second part covers the proposed

integrated maintenance framework.
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3.1 Introduction

The challenges associated with the maintenaﬁce in general and specifically
within the petroleum industry were introduced in the literature review in
Chapter Two. Different strategies are available for maintenance maﬁagement
to assign the most suitable maintenance policies either based on the
importance of reliability or riék. Different approaches and models are also
available to select the time. of carrying out the maintenance - activities
(maintenance interval).

The challenge of aésessing risk in terms of likelihood and consequences has
been given considerable time by researches énd different techniques
(qualitative and quantitative) were discussed with the literature review.
Inventory management is another aspect of concern within the petroleum
companies, as the spare parts of some of the equipment is very expensive
and running out of stock leads to the disturbance of the operations of
maintenance an’d 6onsequentially stopping the entire production line.

In order to optimise major maintenance activates, the main objectives of
maintenance have to be identified and maintenance has to be defined as a
function that crosses to other departmehts to enhance the efﬁciency of the
entire operation system. To bridge the gap between the current status of
maintenance performance and the expected vision to improve the
maintenance function, a guiding principle that covers the major activities of

maintenance is required (Marquez, 2007).

3.2 Research Methodologies
To optimise the maintenance activities within the petroleum industry, an

integrated framework is proposed in this study. The framework links the
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major activities associated with maintenance within the petroleum industry
and each of these activities are further optimised in order to add value to the
optimisation of the entire framework. Four main activities have been identified
within the scope of maintenance:

¢ Maintenance strategic level.

¢ Maintenance operational level.

¢ [nventory management.

¢ Risk assessment within the petroleum industry.

3.2.1 Maintenance Strategic Level

On this level, the focus is to decide on the selection of the most appropriate
policy for equipmént maintenance. In other words, the question that needs to
be answered on this level is what policy should be assigned into equipment
or its parts. Deciding on the most appropriate policy for equipment
maintenance within the petroleum industry is a sophisticated matter, since
the maintenance progfam must combine technical requirement with ﬁrm's .
managerial strategy. The technical aspect can generally be summed up in
having healthy equipment and th'e managerial aspect is generally concerned
with having the production running smoothly so the necessity of the
availability of equipment.
Different approaches have been developed and discussed extensively within
the literature review which can be summarized into the following:

¢ Reliability Centered Maintenance (RCM).

¢ Risk Based Maintenance (RBM).
Each method has its own techniques and advantages. However, in a multi

equipment industry, such as the petroleum production line, reliability,
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availability and risk vary i‘rom upstream, midstream and downstream stages
and it also differs from one equipment to another. This variation requires a
multi criteria. decision making (MCDM) technique in order to ensure the
selection of the most appropriate maintenance policy. |
Wang et al (2007) suggested that plants are equipped with i/arioua machines,
which have differént reliability requirements, safety levels and iailure effect.
Therefore, it is obvious that an appropriate maintenance‘ program must define
different maintenance strategies for various types of niachines which will lead
to an acceptable level of reliability, availability o_f production facilities and
avoid unnecessary investriient in maintenance. One of the most outstanding
MCDM approaches is the Analytic Hierarchy Process (AHP) (Torfi et al,
2010). In this research, classical and fuzzy AHP are applied to optimise the
- selection of maintenance policies at strategic level for equipment within the
petroleum industry.

Figure (3-1) presents the proposed steps to be followed in order io arrive-at
the selection of the alternatives (maintenance policies). A broad explanation
of each of the steps is covered in chapter 4. However, the main steps for

classical and fuzzy AHP are listed as followed:

3211 Building the Hierarchy Structure

In this step, the decomposition of the entire broblem is constructed.
Identifications of the main criteria that influence the selection of the
maintenance policy, sub-criteria impact on each of the main criteria and of

alternatives (possible maintenance policies) are established in this step.
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3213 Aggregation of the Collected Data

Once the data from the questionnaire are collected, the geometric mean is

used to aggregate the collected data.

3214 Buildingthe Comparison Matrix

Different comparisoln scales are available to translate the linguistic
preference to numbers to build the matrix. The scale is identified while
building the questionnaire to the advantage of the correct scale preference.
Each matrix represents the pairwise comparison between certain factors with

respect to the upper node

3215 Consistency

In this step, the consistency of each matrix is measured. Once the weights
have been allocated for each criterion and recorded, a consistency check has

to be performed.

3.21.6 Pairwise Matrix Evaluation Methods

Different derivation methods of the matrix are available for the classic AHP.

In this work three methods will be applied and compared to each other:--

. Mean of the Normalised values (MNV).
. Normalised Geometric Mean (NGM).

. Eigenvector Mean (EVM).
3217 Sensitivity Analysis
The purpose of this analysis is to study the reflection of the changes in the

preference between the criteria and sub-criteria onto the prioritization of the

alternatives (maintenance policies).:
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3218 Fuzzy AHP

The reason of applying FAHP is that the use of fuzzy logic represents the
. uncertainty in the translations of expert's judgment. It follows almost the
sarﬁe steps of AHP as above, but the difference is to use the triangular fuzzy
numbef (TFN) scale either to translaté the linguistic preferences or to convert

the rigid numbers into fuzzy values.

Applying AHP and its different derivation methods and fuzzy AHP using the
TFN scale is expected to provide the maintenance team on the strategic level
with the method of selecting the most appropriate maintenance policy within

the petroleum industry.

3.2.2 Maintenance Operational Level

Once the most appropriate maiﬁtenance policy is assigned to | the
equipment/parts, the maintenance team moves to another task which is the
determination of the most optimum time for maintenance intervals. The
operational level, deals with the problem associated with the optimum time to
perform preventive maintenance.

Different techniques have been developed to obtain the best time interval to
perform preventive maintenance, to avoid a long shutdown or short mean
time between maintenance, which were discussed in the Iiteraturé review.

In this study, development of total maintenance cost is proposed and all
major relevant costs for both corrective and preventive actions are identified
for the petroleum industry to optimally select the most suitable maintenance
interval.

The proposed mathematical model is built mainly on the following:
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strengthening the operational capacity of the production équipment. The
system downtime period will be longer if a critical spare part is not available
and thus, the management of these parts has become a principal task in
terms of sustainingv their operation and reducing downtime for such
equipment.

Maintehance as a function has to impact positively on the inventory
management or the management of spare parts. The optimisation of spare
parts is important so that the maintenance will have the required ‘pa‘rts for the
maintenance interval and simultaneously avofding the over stock of spare
parts, which influence negatively on inventory department and the entire
company.

The intended methodology for optimising the spare parts is to evolve an
integrated approach between maintenance requirements and spare parts
inventory to find a mechanism, which can help in determining the required
quantities of spare parts, as well as the compulsory time limit.

Th_e' majority of the maintenance activities within the petroleum industry are
conducted preventively based on time. Therefore, the proposed integrated
method for optimising the spare parts is to optimise the preventive
maintenance intervals and linking it to the inventory department, which will be

broadly discussed in Chapter 6.

3.2.4 Risk Assessment

The operational activities in oil and gas industry comprises of many
hazardous scenarios and risky events associated with them. The production
line with oil and gas industries store and process a large amount of

flammable and explosive materials, which in return could lead to
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environmental disasters, human fatalities, injuries and losses in production
and assets. Therefore, risk assessment management support the decision-
makers to manage these risks and also take proper actions to reduce and
mitigate them.
As part of the integrated maintenance framework to optimise the
maintenance activities and because the nature of the petroleum industry
enforces the need for identifying convenient way of estimating the risk that
may occur as consequences of the failure, a quantitative and qualitative
model is proposed.
Khan and Haddara (2003) identified four impacted areas as consequences of |
the failure occurs which are:

e System performance loss.

e Financial loss.

¢ Human health loss.

e Environment loss.
A mathematical model is presented in Chapter 7 to estimate the likelihood of
risk. The consequences of the risks are assessed in the four above-
mentioned areas. The system performance loss is assessed using the
scheme for system performance function. A mathematical presentation has
also been proposed to estimate the financial losses within the petroleum
industry and to measure the consequences on human health. The
environmental loss is calculated by adopting the approach developed by
Khan and Haddara (2003). A diagram will be proposed showing the steps

that should be taken in ordér to support the maintenance team to decide
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whether to take an immediate action or postpone it to the next maintenance

interval.

3.3 The Proposed Integrated Maintenance Framework

Framework is defined by the Oxford Dictionary as, "An essential suppdrting.
structure of a building, vehicle, or object". In general, a framework is a real or
conceptual structure intended to  serve as a support or guidé for building
something that further expands the structure into something useful. In
computer systems, a framework is often a layered structure indicating whét
kind of programs can or should be built and how they would interrelate.

Some computer system frameworks also include actual programs, specify
programming interfaces or offer programming tools for using the frameworks.
A framework may be for a set of functions within a system and how they
interrelate; the layers of an operating system; the layers of an application
subsystem; how communication should be standardized at some level of a
network; and so forth. A framework is generally more comprehensive than a
protocol and more pfescriptive than a structure.

An integrated framework is an analytical tool with several variations and
contexts. It is used to make conceptual distinctions and organize ideas.
Strong conceptual frameworks capture something real and do this in a way
that is easy to remember and apply (Ravitch and Riggan, 2011).

Figure (3-3) demonstrates the high Ievelk diagram showing the main
connections between the levels. It shows the each level and its main target

}and the links to another levels and activities.
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The optimisatioh of the selection of the most appropriate maintenance policy
for equipment or its parts will be achieved by the comparison of the criteria,
sub-criteria and available alternatives on the strategic level.

The scheduling of the mai'ntenance activity will be conducted by
mathématical programming. As the opﬁmisation of a problem is to find the
values of the variables that minimize or maximize the objective function, the
proposed mathematical model will be seeking the optimum interval where the
lowest cost can be achieved.

As th‘e inventory of the spare parts is one of the main costs of the
~ maintenance, an integrated approach will be proposed to seek the
minimization of the cost of the spare parts inventory and it availability for the
maintenance tasks.

The estimation of the risks within the petroleum fields is one of the main
outputs of the maintenance and accordingly, a proposed mathematical model
will be delivered to assess the likelihood of the risks énd its estimated
consequences. To achieve this target, a risk estimation rhodel will

comprehensively include or road map these proposed equations.

Figure (3-4) demonstrates the proposed integrated maintenance framework.
The sequence of the propoéed framework is to start with the strategic level
and then move to the operation level. When the activitiés within these two -
levels are optimised, then the inventory spare parts and the risk assessrrient

are optimised.
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3.3.2 Information

There are certain types of data and information that will be needed to validate
the meth_odologies and ensure the practicality of the integrated framework.
The type of data and information and its sources are listed below:

1. The input data for AHP which will be collected using a questionnaire,
targeting academics and industrial staff involved within the petroleum
industry, operations and maintenance personnel.

2. Preventive and corrective maintenance costs: The targeted case study
(Pétroleum Company) records and the advices of maintenance
management team will be used to gather this information.

3. The history of the maintenance intervals and failure data: This will be
obtained from the manual recommendation and maintenance log books.

4. Inventory of spare parts: This will be obtained from the inventory
department records including the movement of spare parts including costs

such as holding and ordering cost.

3.3.3 Integration

The maintenance strategic level, operation level, spare part management
and risk assessmént will be integrated as the recoghised major activities
within maintenance. To facilitate the thesis for the readers, each major
activity will be discussed in individual chapters including the methodology

which will be used to-optimise the activity and its application.

3.3.4 Output
The output and integrations of certain activities will be validated by applying

each proposed mathematical method and the results will be discussed at the
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end of each chapter. The selection of the most appropriate maintenance
policy will be examined on the strategic level to ensure the suitability of the
decision, while considering all related criteria by applying AHP/Fuzzy AHP

method.

Optimisation of maintenance interval will be investigated by developing a
mathematical programming method. A joint approach between maintenance
intervals and spare parts control, to create cost optimisation approach, will be
developed. Assessing the Iikelfhood of risk through a mathehatical model
and evaluating the consequences of the risk will be carried out to validate the

safety of the petroleum equipment.

3.4 Conclusion

In this chapter, an overall description of the methodologies that will be used
to optimise each major activity associated with the maintenance function and
the proposed integratéd framework was presented. Four methodologies will
be used for each activity.

Classical and fuzzy AHP will be applied in order to arrive at the optimum
maintenance policy selection (Chapter Four) and a mathematical model will
be devéloped to identify the optimum maintenance intervals as the majority of
PM actions are based on time within'the petroleum industry (Chapter Five).
An integrated approach will be presented to optimise spare parts
management (Chapter Six) and a set of equations will be either adapted or
developed to optimise risk assessment within the petroleum industry

(Chapter Seven).
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The proposed integrated framework_ was introduced énd the relevant
terminologies were defined in this chapter to facilitate it for the readers to
follow the forthcoming chapters and steps to optimise the major maintenance "

activities.
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Chapter Four
Maintenance Strategic Level
This chapter covers the selection of maintenance policy
(strategic level) within the petroleum industry. The creation
of the model is propoéed with its hierarchy structuré and
application of classic/ Fuzzy analytic hierarchy process is
demonstrated. At the end of the chapter, a comparison
between the various derivation methods and their

response to the changes in consistency is illustrated.

82



Maintenance Strategic Level ' Chapter Four

4.1 Introduction

The selection of the most appropriate maintenance policy leads to the arrival
at the optimisation of the entire operation of maintenance. Analytic hierarchy
process (AHP) is considered as one of the most used methods of multi-
criteria decision-making (MCDM) (Wang et al 2007). In oil and gas industry,
diversity of machines align along the préduction line from upstream,
midstream and to downstream. Therefore, different levels of reliability and
availability of equipment is required. Moreover, their likelihood and
consequences vary from machiné to machine, which shbwcases the
importance of analysing and questioning the selection of méintenance policy
to enhance the overall system's productivity.

The selection of the maintenance policies is ~considered to be a complex
matter and a trade-off between criteria is required to achieve the optimum
maintenance selection. Decomposition of the structure of the hierarchy within
AHP assists to identify the main criteria, sub-criteria and alternatives that
impacts the selection of maintenance activities.

Classical AHP which refers to the handling of the matrix by the use of rigid
numbers or the translation of linguistic preferences into rigid numbers is
demonétrated within this chapter. Different methods of derivation of the
priorities such as mean of the normalized values (MNV) and normalized
geometric means (NGM) are applied on the collected data to investigate and
compare the priorities. Eigenvector method (EVM) corresponding to the
largest eigenvalue of the pairwise comparison matrix is used in this study and
is considered to be one of the most popular approaches for deriving the

weights associated with different entities (Lin and Lu, 2012). Fuzzy analytic
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hierarchy process is implemented and compared to the classical AHP
methods at the end of this chapter. The rest of this chapter covers the
problem modelling, "the hierarchy structure“; weights derivation and
aggregation using the classic AHP (different methods) and fuzzy AHP.
Sensitivity analysis is performed to compare the sensitivity of each method

and conclusion is drawn at the end of the chapter.

4.2 Hierarchy Structure for Optimum Maintenance Selection

The role of maintenance function hasv to be clearly defined to lead to the right
selection of maintenance policies. The function of the machine, its required
reliability, availability and consequences of failure has to be identified so as
to avoid the wrong selection of maintenance method and causing Iess‘
disturbance to the operations. In order to arrive at the selection Qf the most
convenient maintenance policy wifhin the oil and gas industry, identification
of the criteria that impact the decision is vital of which the alternatives “time-
based maintenance, condition-based maintenance and corrective
maintenance” are selected. Maintenance policy selection is a hierarchy
structure which includes the main target, criteria, sub-criteria and alternatives
as preéented figure (4-1). The proposed model was surveyed to arrive at the
final version represehted in Appendix (A).

Fbur main criteria have been identified (cost, availability, reliability and safety)
and each of these criteria have identified factors (sub-criteria), which impact
the main factor. Each main criterion a,lnd its sub-criteria are listed and defined

in the following section:
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Maintenance Strategic Level ‘ Chapter Four

consequentially different expenditure. Five major costs have been identified

that contribute to the cost as main criterion:-

4211 Manpower

The number of technicians needed in order to carry out each type of

maintenance policy.

4212 Spare parts

Spare parts are an essential sub criterion as the portion of their cost in terms
of part cost and holding cost is one of the largest within the maintenance

department.

4213 Production Loss

This sub-criterion considers the loss of production as a consequence of

failure and the stoppage while performing certain maintenance policy.

4214 Production Damage

It indicates to the pbssibility of damaging the production due to the failure and

damaged production is considered irreparable.

4215 Computerized Maintenance: - "E-Maintenance"

Indicates the cost of the hardware "computers and sensors" and the cost of
the software which is needed for analysing and measuring parameters data

when using condition- based maintenance.

4.2.2 Availability

Availability is defined as a measure of the percehtage of time the equipment

. is in an operable state. It can be computed as uptime divided by both uptime
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plus downtime (Anderson et all 2015). The criticality of availability of the
asset is a main factor when assigning maintenanbe' policy on the strategic
level. Three sub-criteria are identified that influence the availability of

equipment.

4221 Main Timeto Repair (MTTR)

It is the time needed to repair or recover a system from the failure (Fieglér et
al 2013). MTTR includes the time to diagnose the problem, the time to get
the technicians and material required on-site and thé total time needed to
physically répair the equipment and hand it over to the operation department

(Khalil et al, 2009).

4222 Inherent Availability

Inherent availability considers the availability of the equipment and its
importance and criticality to the system that might lead to putting down the
system in case of a failure. The equipment is considered to be inherent to the

system when, for instance, it has no stand-by equipment.

4223 Availability on Demand

In this case, the availability of equipment is based on demand. For example,
whether it has a spare system that can take over in case of maintenance or

failure.

4.2.3 Reliability

Reliability is another main parameter to be taken into account when planning
‘and managing assets’ maintenance within the oil and gas industry. Reliability

in general is a function of time, so pre-defined reliable system is a system
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that works as expected within a given time (Meeker and Luis, 2014). In the oil
and gas industry, there are machines which require more level of reliability to
increase the overall system reliability (Rausand and Vatn, 2004). Three sub-

criteria have been identified and listed below.

4231 Maintenance Significant Items (MSI)

It is a factor that considers the importance of equipment to the reliability of
the system and if- the machine would lead to shut down and disturb the
process (Cheng et al 2008). Saranga (2002) selected the importance of

equipment to the system using the risk priority number (RPN).

4232 Accessible to Inspection

Accessibility to inspection indicates the accessibility of equipment and ifs
parts that need to be inspected. The machine becomes reliable when data
and information is available for the maintenance team to analyse. Reliability
growth based inspection (RGBI) is one of the methods that are used for
inspection in the oil and gas industry. This method uses power law analysis
methodology to estimate further inspection (Calixto, 2012).

4233 Mean Time between Failures (MTBF)

As the name suggests, it is the average time between failures. Marquez
(2007) calculated the average mean time by dividing fhe time of incidents

occurred by the number of incidents.

4.2.4. Safety
Safety level within the petroleum industry is considerably high, due to the ‘

possibility of risk of failure of some equipment and its catastrophic.
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consequences (Mearns and Yule, 2009). In order to achieve the safety
integrity level (SIL), Where hazards can be tolerable, different tools such as
hazard and operability analysis (HAZOP), fault tree analysis (FTA) and failure
mode effect and criticality analysis (FMECA) can be used to identify the
hazard (Andersen and Mostue, 2012). Four factors have been fdentiﬁed that
impact safety as main criterion which are - likelihood of failure, personnel,

facility and environment.

4234 Likelihood of Failure

The likelihood of failure considers the possibility of equipment's failure. In
other words, it answers the question "how likely is the occurrence of failure?"
and in this context, risk can be defined both qualitatively and quantitatively

(Khan and Haddara, 2003).

4235 Personals

This sub-criterion considers the consequences of the failure on workers,

where some machine can hazard environment in terms of failure.

423.6 Facility

This sub-criterion considers the impact of the failure on the machine itself or
consequentially on other machines.

423.7 Environments

The failure of equipment might have adverse effects such as leakage of

poisonous liquid or gas in the surrounding environment.
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42,4 Aliternatives

In this level, three possible alternative maintenance policies are considered

as possible maintenance solution and they are listed as follows:-

4241 Planed Corrective Maintenance (CM)

Corrective maintenance is the type of maintenance when the machine or part
is run till failure. It is selected as planned under certain circumstances such

as the failure of certain part would not cause any risk nor any financial losses.

4242 Time Based Maintenance (TBM)

TBM is planned preventive maintenance and performed periodically
"calendar time, operating time or age" to reduce frequent and sudden failure.
Within the petroleum industry, this maintenance policy would be implemented
for majority of equipment for periods which are called overhaul or turnaround

maintenance time.

4243 Condition Based Maintenance (CBM)

CBM is the type of preventive maintenance policy which is performed
depending on the condition of the machine. Thus the machine is monitored
till it shows signs of degradation and then maintenance is called to take place.
Techniqueé such as vibration monitoring, lubrication analysis and ultrasonic

testing are used to monitor the health of the machine.

4.3 Collection of Judgment Data
Collection of data was carried out in order to validate the proposed
maintenance policy selection framework. The collection of the data was

concerning the pair wise comparison, where the participants would provide
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