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ABSTRACT

A study has been undertaken to understand the capability of sggteamics
modelling in simulating interrelationships between maintenance andefogirce
provisioning policy. A review of the literature indicates that saohapproach to
resource provisioning policy selection considering the charatitsrof maintenance
and considering life cycle cost is both absent and would be of benefit.

The development of a system dynamics approach integrated feittytile costing
algorithms has been pursued. The results have been tested on Suchse to
determine the suitability and accuracy of a new combined syshgmamics
simulation and the life cycle cost model.

It has been found that the integration of system dynamics sionulato a life cycle
cost model provides a suitable modelling approach for maintenanoaraes
provisioning for complex engineered assets. Provisioning of resotimaemclude
human resources; spare parts and tools; and consumable matertadsackaguately
modelled. This modelling approach results in an estimate of the trmpagroposed
provisioning policy on maintenance and asset performance. System idynam
simulation modelling can model the scenarios for all possiblenatiee resource
provisioning policies. The development of sub model for: the maintenaogeapr;
purchasing and the inventory program; and human resource provisionirmgrprog
proved possible and useful.

A new life cycle cost analytical model has been developed igd
compatibility and integration with system dynamics for modellimgrrelationships
between maintenance and its resource provisioning has beead:€Fifie formula of
the new life cycle cost model has been restructured from antyrezvailable model.
It utilises additional cost elements and accommodates findactaks: inflation and
interest rates, for all cost elements. The case studies tmdibat the newly
developed models are valid and capable of studying alternativeiprongs policies.
The general form of the new combined models is made flexdvl¢ailoring to
different cases and was easily tailored in each of the three ndgssst

It is concluded that the combination of system dynamic simulatitm aviife
cycle cost model is capable of overcoming the modelling complag#gciated with

interrelated maintenance programs typically required forneged assets in a



complex technical system. It is a suitable modelling approachproviding an
integrated decision support model for maintenance resource-provisioning
management.

Although the research explored the capability of a newly integnaodel of
system dynamics simulation and analytical life cycle casdletling, there are some
limitations that can be covered by further research. The tiontaare related to the
number of maintenance resources covered and the number and variety sifidéess

covered.
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DEFINITION OF TERMS

Term Definition

Acquisition cost : Cost to acquire a certain number of units, and

includes operating and redundancy units.

Asset Uptime : The accumulation time of the asset while operating

without interruption.

Assets Failure : The number of asset failures which happen in the
system.
Engineered Asset :An asset that may take the form of physical

infrastructure, plant, machinery, property, building,
[vehicles and] other (non-consumable) item[s] and
related systems (both hardware and software) that
have a distinct and quantifiable business function [or

service].

Expected demand ‘The estimated number of resources (part or other
resource) as calculated and forecast from past and

future maintenance activities.

Inventory policy : This is a guideline for making decisions related with
inventory level. In this research, inventory policy
determines both the level of safety-stock, and desired

inventory level.

Order quantity : The amount of part, consumable material and other

resources which are ordered from suppliers.

Outsourcing : Total man-hours added as a result of outsourcing

XV



Overtime

Policy

Purchasing policy

Simulation days

Technical Systems

policies.

. Total man-hours added as a result of overtime

policies.

A course or principle of action endorse by an

organisation or individual.

: The consideration for selecting suppliers to supply a

number/ amount of maintenance resources based on
price, quality and lead-time. In this research, this

policy includes the order quantity in every purchase.

: A period of time in the simulation that represent one

day in the real world.

:Man-made artefacts that are used to fulfil certain

purposes or factions or operation.
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1 INTRODUCTION

1.1 Statement of Purpose

This research is concerned with the management of the mainéeresource-
provisioning process, and maintenance provisioning, associated with complex
systems of engineered, or physical, assets that residm & overall system. The
objective of this process is to optimise the performance of tlssstsa The methods
for modelling this problem are to be explored. Although methods of mapagi
maintenance exist, it is thought that integrating system dynarodelling into a life

cycle cost model may provide improved results.

1.2 Engineered Assets and Complex Technical Systems

Maintenance is an important function in industry and has been a reamst
research focus in engineering asset management. In generaysisanahd
optimisation of the maintenance system can improve the system fwagy&halili
et al., 2015). Most of the research focus has been on optimisatiaeref§i and
effectiveness of maintenance (lyoob et al., 2006). There has beeadarbnge of
modelling to enhance maintenance and achieve optimisation.

Maintenance provisioning has an important role in realising successful
maintenance programs for organisations. The range of policigmaintenance
resource-provisioning is related to the maintenance programs edireait the
engineered assets that are used by an organisation. Fundasémtatoncept that
the ownership and utilisation of those assets by an organisation ineosystem of

asset-related infrastructure and resources, where this systel@fined as: “...a
composite of people, products, and processes that provide a capabiléiistyp s
stated needs. A complete system includes the facilities, equigimanaware and
software), material, services, data, skilled personnel, and techniggesed to
achieve, provide, and sustain system effectiveness" (U.S. Deparh Defence
(1991)).

According to British Standard Institution, engineered assets aka&ythe form
of physical infrastructure, plant, machinery, property, building, ptekiand] other
(non-consumable) item[s] and related items (both hardware and sftlvat have a

distinct and quantifiable business function [or service]. Therefogneered assets

1



may be considered to exist within a hierarchy eftdéchnical system where each can
be further broken down into units or components.

The complexity of the technical system dependshennumber and complexity
of engineered assets that comprise that system,tt@chumber and nature of
technology of units within each asset. The momamex the technical system, then
the more difficult it becomes to manage the assedimaintenance resources.

To preserve the overall performance of the techragatem, each unit within

each engineered asset needs to be maintainedivedfectThis requires the use of

maintenance programs that are specific to particuids.

.',l_ ’ - L,
s o — P

Figure 1-1: Example of a Complex Set of Enginedxssets
(https://iwww.flickr.com/photos/johncowper/835321894

Figure 1-1 shows as an example of a complex teahrsgstem: a train-based
transportation system. It is composed of severagyf complex engineered assets:
train (1) the permanent way (2) the energy suppdyesn (3), and the station (4). As
stated in ISO 5500 (2014): Asset management — @@xesvprinciples and
terminology, interactions of a set of assets geaaaxaunctioning system. Based on

this railway system configuration, any faulty assat interrupt the whole system.



For instance, any delay in providing maintenans®ueces for repairing a fault in
the overhead wire causes delays in the train ser¥ids expected that a complex
maintenance program is required to ensure thatraté within assets are scheduled
and repaired on time for the transportation sydteachieve its purpose.

Another example of a complex technical system so-&alled wind farm. One
wind farm may consist of hundreds of wind turbind&s.shown in Figure 1-2, one
wind turbine may itself be considered to be a caxmngineered asset comprising
several units including the: rotor blade, gearlgenerator, power cable, tower, and
transformer: a set of identical convertors. Simitathe previous example, a faulty
unit in a wind turbine will interrupt the wind turie electrical power generation to
the switchyard (grid). However this tends to redtice output of the facility as
opposed to halting the service as is the case ti@iraservice.

|
< Rotor Blade

Gear Box
Nacelle

Wind s

Generator

Power Cables

-<— Tower

Figure 1-2: Wind Turbine as an Assets System
(http://www.michellehenry.fr/windfarm.htm)

To ensure the effectiveness of maintenance progfamengineered assets,
one of the key issues is maintenance provisioniyopb et al., 2006). The types of
resources to be provisioned are numerous and ieclgersonnel, materials,
financial, spare parts, tools, data and time (Wa2@ll, lyoob et al.,, 2006,
Bruggeman and Van Dierdonck, 1985). Hence, maimtsnaesource-provisioning
for complex technical systems is concerned with fvecess of providing
maintenance resources to support an effective sreantce program. It deals with
decisions to optimise the level of providing huntasources, materials, spare parts,
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tools and their allocation in a particular period of time, in ordeadhieve the
targeted performance of the complex technical system.

A suitable model of this provisioning process would provide a basis for
obtaining an optimum policy. Such a model would be most useful for complex
systems. Such a modelling approach needs to be adaptable to dgferamdns and
asset types and configurations: e.g. a diverse set of enginssedd, as in the case

of a rail system: or, a fleet of identical assets, as in the case of aanmd f

1.3 Management of resource provisioning

The management of maintenance resources plays an important actgeming
asset performance and in supporting utilisation of physicallynerged assets in an
organisation. It is involved with matching available and required resauite
comprises management of all resources: human resourcespaparand tools and
consumable materials. An incorrect decision leading to a shodhgequired
maintenance resource to support maintenance tasks may resuit imeffective
maintenance process (Wang, 2011). Similarly, an excess of maioéenesources
constitutes an inefficient use of funds. Making policy or a decisiomaimtenance to
attain the required asset performance is affected by the nuofbewailable
resources. Conversely, uncertainty related to the need for resaimeen by the
uncertainty of failure events and their timing results in a complecess of
requirement assessment.

From an integrated system perspective, there are some cealsanships
between asset effectiveness and the associated maintenaraye goali resource
provisioning. This structure of causal impact in asset manageno@stracts a
complex environment for the decision maker to make an appropriateoderis
order to maintain or improve the assets’ performance (Tam aoel, R08, Vanier,
2001, Dwight et al., 2011, El-Akruti and Dwight, 2013b). From a modelling
perspective, the environment can impose complex factors on the detiaiong

process in Asset management.



14 Asset Management, Maintenance Management and Life Cycle Cost
Models

Asset management is concerned with how organisations managphyxsical
assets through their life cycle (El-Akruti, 2012). In this regpgee AM Council
(Asset Management Council (2009)) defined asset manageméfithaslife cycle
management of physical assets to achieve the stated outphésaiterprise”. This
definition highlights that asset management is concerned ¥athyicle management
which involves the life cycle activities at different stag€bhose stages may be
labelled: the development and acquisition stage; operation and maintetageg
and the disposal stage. The AM system may subsequently be defined as: “&e syst
that plans and controls asset-related activities and theitiorethips directed at
ensuring the achievement of the asset performance that meegg|tirement of the
intended competitive strategy of the organisation.” (El-Akruti, 20IRis definition
highlights the central role of asset management in controllingnthmtenance
activity as one of the life cycle activities.

Although choosing the right assets, monitoring their use, and balasicort
term performance against long-term sustainability during esalges is important,
the operation and maintenance stage often deserves additionabatsémte it is the
longest life stage and the most complex in terms planning and dimigtr@uertani
et al., 2008, El-Akruti, 2012). Therefore, these definitions highlightitikebletween
and the impact of the planning and control of maintenance programs on taé over
performance. The potential impact of maintenance on the accomptisluhé¢he
overall performance to meet the organisation objectives isllysh@den but
recently has been explored in literature (Muchiri and Pintelon, Z0yala et al.,
2006, El-Akruti, 2012).

Typically, every technical system is a set of engineassets which have to be
managed during their useful life to optimise their performanceeSmaintenance
resource-provisioning directly impacts maintenance managememantenance is
one of the life cycle activities, certainly both have a sigairft role in determining
the overall performance. Optimising the overall performance thouigthe life
cycles of the various assets requires the use of life ogde (LCC) analysis and
models for such performance optimisation (Blanchard and Fabrycky, Podidht,
1999, Dhillon, 2010, EI-Akruti et al., 2013). There is no general LCC modelithat

all but there are different modelling approaches and formulation Isndoe the
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purpose of LCC analysis which is usually influenced by diffefactors, such as the
nature of the assets, the environment, the industry and the assasiataadrsafety
issues. Generally, a LCC model will account for all cosinelgs occurring in all
stages of the asset life. Ebeling (2010) , amongst others, Wasmed a LCC model
that is a maintenance oriented model in the sense that it tekesna of detailed
formulation of most maintenance variables. In this sense, Ebelirmfjelnprovides
the ability to involve all possible maintenance variables and allomshanging any
of these variables to see the impact on the resulting LCC. Xeonpde, applying
different maintenance policies will generate different neaiahce costs and different
asset performance. For instance, applying decentralised rdtaer centralised
maintenance, or applying condition-based rather than periodic repair on certtsn asse
may increase the maintenance cost but it may decreas€@elle to extending the
life of the asset, and may improve the performance by increasing askiibtya In
this example, decentralised maintenance may be designatectrbgsimg human
resources and therefore using the LCC model can serve in deteyrtheinmpact

that maintenance resource-provisioning has on determining overall performance.

1.5 Current Approachesto Modelling Maintenance Provisioning

The development of a policy for maintenance provisioning is dependent on the
use and available capacity of maintenance resources. If the efahe maintenance
system at an instance is represented in terms of variabla®d to resources,
capacities or facilities then those variables will construstiage of the maintenance
system at that particular instance (Bank et al., 2005).

Maintenance policies provide lead control of the variables of a emginte
system and determine how the state of the maintenance syisé&mges. To make a
good decision in a complex maintenance system, it is important tovebge
feedback of a policy of one unit to the others and the effects on thallove
performance. Based on this consideration, it is necessary to lymae atructure in
terms of a model of the maintenance system that can be used to araiysedatiant
relationships and their impacts among units and draw the systenoeta time. The
model must also be able to explain the feed-back or consequencespetific
implemented maintenance policy on the whole technical system parfoenSuch a
model should represent the dynamics associated with the compéxitg system
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structure and the relationships among its units, and the feedb@aekebethem over
time. Law and Kelton (2000) define a dynamic model as a modeéthiabdies a
system as it changes over time. The model sought for this restandd be a model
that adequately represents the change of the system state over time.

The model that represents such a system must be capable efergprg
dynamic behaviour and must be able to draw and explain the conseqoénces
particular policies on the whole system. In order to have a compidirstanding of
the dynamic phenomenon associated with a complex technical sgstaprising
multiple assets and multiple units within these assets. Eacmusitbe represented
as an entity that interacts with the entities of the lasgstem. Reducing the model
complexity, by dividing the total system into separate units,uireg the
understanding of the interrelationships between units and how the esaidrthe
whole maintenance system are synthesised. Treating each amtiatgrconnected
entity can be done by evaluating the important relationship to thableabeing
observed and understanding the feedback structure among units or betywemit a
and parts of the system’s environment (Jokinen et al., 2011). For agalysiriype
of system Jokinen, et al. (2011) utilised dynamic modelling.

Currently proposed models, typically analytical models, are ustiadbyretically
sound but the complexity of systems required to be modelled makes them impractica
in many cases. The failure of a mathematical model to cajbteigystem complexity
is evident even in systems with a limited number of units Iyoohl.e(2006).
However, in the case of complex systems with multiple unitsthenaatical
modelling is difficult and requires a significant number of asswnptiand it may
not capture the aspect of interest in the system behaviour (AltidkMVelamed,
2007).

As an alternative, a system dynamics modelling approach maydera
solution. Xiaohu, et al. (2007) also point out that continuous approximation
combined with dynamic modelling may be used to address some elisgegits (e.g.
sudden failure) or continuous events (e.g. system degradation) thobsghving
changes in the system parameters of a maintenance systesnid&a is also
supported by Castanier, et al.(2005), who state that dynamic moddilasto
represent a system whose dynamic decisions may changetteveperiod of

planning.



The application of system dynamics to maintenance modellirgjasvely rare
compared to the use of other mathematical models. Bivona and Muggere
(2010) observe the relationships between maintenance and other departments:
Financial; Human Resources; and, Asset Management, in a cityobysany. This
research focuses on supporting management in assessing differaténarae
provisioning strategies in view of financial and customer satisfacequirements.
Unlike Bivona and Montemaggiore (2010), system dynamic modellingen@ad to
integrate with a life cycle model to handle the complex behaviowngineered
assets in technical systems.

Basically, in this research 2 models will be developed: a sydye@mics model
and a LCC analytical model. The system dynamics model is osegptesent the
particular characteristics and behaviour with different scenaa®salternative
approaches to maintenance resource-provisioning, and the LCC modetisped
to set decision criteria and parameters to optimize the degstém performance. It
is argued that a combination of system dynamics and LCC model®mable a
thorough investigation on the effect of different sets of maintemgrograms and

their resource provisioning policies on the overall system performance.

1.6 Problem Statement

A modelling method for maintenance resources provisioning management t
optimise performance of engineered assets in complex teckgstains is sought. It
is proposed that the capability of system dynamic modellinghémdling resource
provisioning in asset management is not fully exploited and the ititegia system
dynamic modelling with a life cycle model is a suitable miaaglapproach to
support decision making for maintenance resource-provisioning management.

The problem is concerned with handling the maintenance resource-pnawsi
for a set of interrelated maintenance programs for all units rieke up the
engineered assets in a complex technical system. In a cotepleiical asset, it is
assumed that integrated maintenance programs are synthesineitiédrmaintenance
programs of each unit along with the required resource provisioning eraeag In
this manner, all required resources are accumulated into tetalroes required for
the whole technical system as a part of integrated maintenalao@ing. The
required amount of resources as a result of maintenance resamoaglhas to be
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compared with the available maintenance resource. This processilegs $o the
aggregate planning process in the manufacturing industry.

The problem involves defining ways to optimise maintenance resource-
provisioning in order to achieve certain performance of thenieal system that
improves utilization to fulfil the business needs. In more detail, the problem involves
identifying alternative resource provisioning methods in integratioith w
maintenance programs and plans for improving the overall avayadnild reliability
of the system.

The research question may be stated as: Is the combinatiost&hsgynamic
modelling in integration with a life cycle model suitable asaetiing approach to
support decision making for maintenance resource-provisioning mana@enient
particular, how to develop this combination of system dynamic modelitly a
LCC model as an approach to help establish a resource maintenawcaopr
management policy for a complex system of engineered assedptitnize or
improve the overall technical system performance?

In order to establish a suitable policy, appropriate modelliegnigues are
required. The time horizon of the policy must be considered in the nmzdelli
process. The modelling techniques must be able to capture the dgridh@csystem
to describe the effect or feedback of the maintenance policgdon unit to the

overall technical system.

1.7 Research Objectivesand Approach

The primary objective of this research is to provide modelling mettoodselp
make decisions for optimising maintenance provisioning. This willXaeneed in
the context of engineered assets within a complex technicansyd$tor such
systems, the objective is to provide a policy to improve the efficiency of mamte
resource-provisioning and achieve the target level of asset performance.

In order to achieve this objective, there is a need to define andopetred
required models for optimising resource provisioning. Such models areecdqai
help identify the optimum criteria for the suitable policy to imprthe efficiency of
maintenance resource-provisioning leading to achieve the targdt dévasset
performance. System dynamics modelling provides the possibility to ¢eexeral
alternative scenarios upon which compatible alternative resoum@eésipning
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policies can be developed and explored. Each scenario represeftferant
provisioning policy that manipulates and balances resource requirerapdts
availability, and integrates human resource, inventory and purchasingsacthe
best scenario may then be selected based on criteria suditiaa®f, effectiveness
and cost.

In the early state of the system dynamics simulation prpsessral preliminary
scenarios will be generated. Each scenario represents mactdistimbination of
several input variables. All generated scenarios will be appbedhé system
dynamics model to generate values for the simulation output vaiabhen, all
values are input into the life cycle model to determine the best scenario.

Furthermore, a statistical analysis is to be carried out tidy e generated
results and find what input variables have significant impact tophienisation of

the maintenance resource-provisioning policy.

1.8 Method

A system dynamics model will be constructed with the aimsubporting
management to determine the optimum policy for maintenance resource ¢nogsi
for a multi-unit complex system. This will be tested using caisdies by comparing
several scenarios based on a developed LCC model. Each scenasgemtpra
different maintenance resourcing policy. The best scenaridastsg based on the
optimum LCC. To serve this purpose, the suitable LCC model is thetogedeand
adjusted as necessary with the simulation output. The LCC modebpeselill be
utilised for the purpose of determining the optimum scenario. €hdslto testing of
the second hypothesis that the developed LCC model integratedsystbm
dynamic simulation is capable of supporting the selection of thenoptiscenario.
The combination of both models provides a method to support decision making on

maintenance resource-provisioning for a complex asset maintenance @.ogram

19 ThesisStructure

This thesis comprises 7 chapters:

Chapter 1 provides a basic introduction to this thesis. Following this
introduction, chapter 2 provides a review of the literature coveriealiire-related

discussion about maintenance resource management, and present methods in
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maintenance resource-provisioning policy, which is the motivation for prapas
new approach in maintenance resource-provisioning policy. It alsabyitreviews
literatures for life cycle costing and system dynamics modelling.

Chapter 3 establishes the approach and proposed method for maintenance
resource-provisioning modelling. It also presents policies for rdiftetypes of
maintenance resources and the new LCC and system dynamics cappooa
analysing maintenance and maintenance resource-provisioning policies.

Chapter 4 presents the development of the new LCC model. The néw LC
model also incorporates inflation and time value of money factorscao be more
accurate. After the development of the LCC model, the developmehé aystem
dynamics simulation model is presented in chapter 5, along vwsthmemary about
current available models in maintenance resource-provisioning, asonge for
system dynamics application. The steps to develop the modebeviliscussed in
more detail in this chapter.

Chapter 6 considers a number of case studies. These are maatgd rizd
maintenance and maintenance resource-provisioning policies for afavind The
case studies cover maintenance and maintenance resource-provisiorties i
the converter module, generator, and gearbox separately. The im@#aareat this
approach in each separate case study comprises of the desaifpltiercase, model
development, scenario management, output analysis, LCC analysis, and discussion of
the result.

Chapter 7 extends the discussion about the implication of the new cppasa
well as providing the research finding and organisational impletn@mtén the final
chapter, conclusions and recommendations are provided. The implication of the
research findings in theory and practise are also discussed, &ltingesearch

limitations.
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2A REVIEW OF AVAILABLE MODELSFOR A MAINTENANCE
RESOURCE-PROVISIONING POLICY

2.1 Maintenanceresource-provisioning as Part of Maintenance Management

Maintenance management has been functionally evolved. Pintelon and Parodi-
Herz (2008) argue that there are four important stages in thrgemance evolution
timeline. The stages show that maintenance is evolving from “serable”
activities to corporate strategic partnership. The firstest@gmaintenance as a
necessary evil. In 1940, the first generation of maintenance whems only
considered as an unnecessary process in the production, most compantiesdpra
only reactive maintenance or a repair-and-replace policy. Thendestage was
during the 1960s and 1970s when organisations started to pay attention to
maintenance, and consider its optimisation as a technical niadeng this period,
optimising maintenance resources began to received attentiowlicested by Lifsey
(1965), who suggested dynamic programming techniques as a moadglbnoach
to determine the proper number of maintenance resources.

The next stage of maintenance evolution was the profit contributige, staring
the 1980s and 1990s. Considering maintenance as a profit contributions it wa
required to optimise the process, and its modelling required thefusatao base
management and maintenance software such as in Silcox (1980); d&utcBrupe
(1993); Jones (1994); Jones and Collis (1995); Keith and Stephen (1996); Hipkin
(1996). During this stage, maintenance resources managementddrassad by
Bruggeman and van Dierdonck (1985) and John (1995). The last stage in Pintelon
and Parodi-Herz (2008) is a stage named cooperative partnership. fidussperted
in the 2000s, and it argues that maintenance as a corporate stpatggership
applies till today. Nowadays, management recognises thattenance has a
significant part to play in the cooperative partnership of orgaomsa Organisations
consisting of technical systems that are composed of complereengd assets
require complex maintenance and resource management progranssgfifieance
of maintenance programs and associated maintenance resourcespoyisi
programs can be realised from financial saving through optimising these psogram

As part of the overall performance, reliability and availabilify assets are

affected by good maintenance programs, while in turn depend on lihelfagration
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of maintenance resources (Pintelon and Parodi-Herz, 2008). Accordiarg
(2011), an insufficient number of maintenance resources results infecined
maintenance programs, and may lead to asset failure. A low dévehintenance
resources may reduce maintenance costs, but may lead to actondiire the
required resources are not available when needed. Unavajlaffilinaintenance
resources causes more frequent or longer breakdown of assetsnivaiteyeelays
and losses. Conversely, an excessive amount of maintenance resalircasse
high maintenance cost (Ben-Daya and Rahim, 2001, Cahyo et al., 2014).
Classifying maintenance and its resource provision managemprafaisnaking
activities in organisations involves considering maintenance pohlcidsprograms,
and all related maintenance resource policies and programs througtagog,
inventory, and human resources. The cause-effect relation betweatemaace
policy and resource provisioning policy and complexity of the maintenance psgram

make the analysis for optimisation modelling more complex than usual.

2.2 Maintenance Resource Management as Part of Asset Management

Maintenance is one of the critical issues in an organisation ogecaimplex
engineered assets (Tam and Price, 2008). Appropriate maintenanagemant
assures that set assets are performing well enough to suppartgdn@sation’s
objective. The role of asset management is significant, and cowatsolling all
asset related activities from asset planning and acquisitiasstet disposal, in order
to assure the delivery of asset targeted performance (EI-Akruti, 20120hiBvathe
desired performance of the assets, effective maintenance mardagemequired. In
this respect, maintenance resource-provisioning management isnyaoytant as
part of an integrated asset management. Mismanagement of maaicgeresource
leads to inefficient maintenance provisioning and an ineffective nnainte
program. In the long term, an ineffective maintenance program redhees t
organisation’s performance and profit.

The role of maintenance resource-provisioning in asset managemelsted
to the coordination and integration of the management of maintenansgegcwith
the management of the related supporting activities such asitanyeand
purchasing. The asset management system has been definddhesystem that
plans and controls the asset-related activities and thafrorships to ensure that the
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asset performance meets the intended competitive strateébgg ofganisation” (El-

Akruti, 2012). According to this definition, maintenance resource-provisioising

considered as one of the asset management system activities.

The Asset Management Council has adopted a new concept of an oveall as
management that defines asset management as "the balaveeerbetsset
performance, cost and risk” (Brown et al., 2014). Also, a new standaras$et
management systems, named as ISO 55000, has been establishees (B,
Krauss, 2014, Smith, 2014). The benefit of applying this standard in orgamssest
to attain its objectives by an effective and efficient managermkits assets (Iso,
2014a). One of the ISO 55000 fundamentals is aligning asset managenteat t
organisation’s objectives by translating the objectives into tedhaiw financial
decision, plans and activities. Thus, asset management should intbgrar®cess
with other organisational functions such as finance, quality, and hursaarces
(Iso, 2014c). To achieve the objectives of an asset management systemhaudhn s
be developed in order to determine strategy, method, risk, cost arfd, zetieities,
required resources, and time frame (Iso, 2014b).

The ISO 55000 standard provides an overview of asset management, its
principles and terminology, and expected benefits from adopting mssetgement
in an organisation (Iso, 2014a). The benefit of this standard for organssét to
attain their objectives by an effective and efficient managemktheir assets (Iso,
2014a). There are four fundamentals of asset management based on ISO 55000:
1. Value: is about how assets provide value to the organisation.

2. Alignment: asset management translates the objective of the satianiinto
technical and financial decisions, plans and activities, while ratieg with
other functional management processes, such as finance, human resources
information, logistics and operation.

3. Leadership: is concerned with the role of leadership in the implatre@ntof
activities for value contribution by asset management.

4. Assurance: asset management commits to maintain assetieirt@perform as
required.

From the aforementioned, it can be extracted that maintenesaerce-provisioning

plays a role in asset management by determining the mainternmoicy and
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required resources that lead to an appropriate decision hb@asedfficiency,

effectiveness and optimum cost.

2.3 The Role Resour ce Provisioning in Maintenance Policies and Programs
Manufacturing or service companies assign technical systemtheir
organization in many forms (Cople and Brick, 2010). In such organisations, the
performance of technical systems influences other systems tandoverall
performance of the organisation. One of the requirements to maiehmical
systems to a desired performance is by applying an appropraateenance policy.
Sarkar et al. (2011) refers to the type of maintenance policiesahde divided into
policies for one-unit system maintenance and policies for multifaaintenance.
Sarkar et al. (2011) also elaborate on the types of maintenanceegdbiat
concentrate on a policy that is selected to serve only one umt agset. Examples
of maintenance policies for a single unit are:
Age-dependent preventive maintenance;
Periodic preventive maintenance;
Failure limit;

Sequential preventive policy

S A

Repair limit policy;
6. Repair number counting and reference time policy.
A complex engineered asset can be composed of several diffeieishtical units
of assets. For complex assets, a maintenance policy can be cashsisler multi-unit
maintenance policy. In a complex asset, each unit may requirefferenl
maintenance policy, and there exist alternatives for a mainteraoicy e.g.: (1)
group maintenance policy; and (2) opportunistic maintenance polatyatie not
considered when dealing with a single unit

Most maintenance policies focus on time —based, reliability-based, and condition-
based maintenance. There is an extensive nhumber of articles oemaac# policy,
with different approaches suggested to achieve optimisation, inclddiagg and
Gockenbach (2011), Castro, et al. (2011), Tsai, et al. (2011), Ahmadi and Newby
(2011), Huynh, et al. (2011). The area of reliability maintenancetartkiivatives,
are presented by Zhou, et al. (2007), Cheng, et al. (2008), Selvik and(20/1),
Jagannath (2011). Zhao, et al. (2010), Bouvard, et al. (2011) Neves, et al. (2011), and
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also some work that studies condition based maintenance. Other nmangcge
programs and/or policies are presented by Allaoui, et al. (2008), Zhal,(2009),
Park, et al. (2009), Simeu-Abazi and Ahmad (2011).

In General, maintenance programs applied on a single-unit techystahsare
able to be applied independently at each unit in a complex assemsgstpresented
by Castanier, et al. (2005) and Tian and Liao (2011). However, dnagement of
the maintenance resource of single-unit and complex asset systerompletely
different. In a single-unit maintenance program, the maintenaeseunce-
provisioning only serves a particular unit. In complex asset maimtengere exists
a cause-effect relationship between resource provisioning antemance polices
that impact optimisation at the enterprise level. From reviewhegliterature, the
maintenance programs and/or policies found to be used when dedalngowiplex
engineered assets are those that focus on improving the perforofathesoverall
technical system; e.g. Reliability-Centered Maintenance, CondEsed
Maintenance as presented by Barros et al. (2002); Castanier, et al. (R0Qpgt al.
(2009) and Tian and Liao (2011).

In the above mentioned approaches, it can be concluded that theréted |
consideration in research of the role of maintenance resource-prongsiin
maintenance programs or policies for optimising asset perf@enamhhere is
literature on maintenance resources but the nature of each indeydteah makes its
maintenance resource management different or unique in teriyepichpacity and
requirement. lyoob et al. (2006) emphasize that most of the literatumaintenance
programs optimisation does not consider the process of maintenanceceesour
provisioning to fulfil the requirement of maintenance action. Thgklights the need
for undertaking research for the compatibility of combining maimeaaesource-
provisioning with the required maintenance programs and/or policghiee the
performance of the industrial technical system.

Integrated maintenance and maintenance resource provisioning sysierne
classified into: (1) integrated maintenance and purchasingvé&niory system, and
(2) integrated maintenance and human resource provisioning systator@i et al.,
2010). The relations can be elaborated as follow:
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Integrated maintenance system with purchasing & inventory system

From a business perspective, a purchasing and inventory syséesupgporting
system for the maintenance system. To achieve a partistdge of asset
performance, management needs to determine a maintenance poliagply

the maintenance policy, maintenance resources such as sparamnpaetials,

and tools, need to be provided at the right amount and right time. Theiqmovis

of this kind of maintenance resource is managed by the purchasing and
inventory system. To ensure that the integrated maintenance wihagurg &
inventory system works as expected, a good communication betweesd relat
departments is required. The maintenance department needs to provide a forecast
or estimations of required resources, as well as when it shouldvidgat to the
purchasing & inventory department. It should give the required timéeo t
purchasing & inventory department to provide this request. Then, tbegsimg

& inventory department is responsible to provide this request following
purchasing & inventory procedures. Purchasing & inventory policiesraaged

to maintain the request that can be fulfilled with minimum colses€ policies

may include supplier selection, and order quantity.

Wang et al. (2009) propose a combination of condition-based replacement and
spare provisioning policy. The combined proposed approaches areansad f
deteriorating system with a number of identical and independent {ihi¢s.
approaches consider inspection interval (T), maximum stock leyetd&der

level (s), and preventive replacement level (Lp). The combined apm®a
mostly use analytical solutions involving mathematical equationsn,TAe
Monte Carlo simulation model is developed to evaluate the proposed order-
replacement policy. Wang et al. (2009) argue that the proposed apperach c
optimise integrated spare part inventory management, condition-based
replacement and inspection schedule at the same time. The evaisdiased

on Average Cost per unit per unit time over an infinite time spha.pfoposed
approach is feasible only for a technical system with conditioeebaslicy.

They highlight that in the situation where the maintenance pdichanged by

the engineer, it is difficult to adjust the model. Also, the aspéc/alue of
money for a multi-year asset lifetime becomes unimportant anedlected in

the proposed approach. Building on their results, it can be said thagteemwo
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opportunities for improvement: (1) propose a more flexible model, and (2)
associate time value of money in the cost equation.

A Similar approach was proposed by Huang et al. (2008). Conversslyrihe
proposed an analytical approach for joint optimisation of block replatesne
periodic review of spare inventory with random lead time without sitiaur.
They claim that their model developed is applicable in mangdfialith some
necessary modifications. However they highlight the difficultg ancertainty
that may be associated with feasibility in term of timé&refand cost to modify
the proposed approach for a complex asset system with a diffeneriter of
assets and maintenance resources.

Hmida et al. (2013) explores a method to optimise inventory policyffsinare
vessel maintenance. The purpose of their method is to reduce inventdsgegnd
the level sufficient to ensure uninterrupted service to clientsy phepose a
classification method with a preventive maintenance program. Thieodchés
also known as the ABC method. It aims to classify items baseldeancbst or
their frequency of usage. The inventory policy discussed in this paymery
concerned with reducing the inventory level without considering totahtowe
cost. A low inventory level may not ensure low inventory cost and caage
delays that lead to high overall cost. This research onbnmreends the level of
inventory for preventive maintenance and does not explicitly recomrtiend
number of parts for corrective maintenance. It is only statedathatxtra part
bought and placed in the inventory to avoid the chance of downtime.
Horenbeek et al. (2013), discussed the effect of fleet size omtapjalicy of
maintenance and inventory of spare parts with different qualityr Pheposed
approach combined Monte Carlo simulation for system representatioa and
genetic algorithm for optimisation. Their proposed approach only distisse
systems (two units of asset) with one type of maintenance res(yare part).
Based on their approach, it can be realized that for more comspigms,
duplicating the approach to be able to accommodate a greater nunassets
and different type of maintenance resource (e.g. human resoisreesgry big
challenge. It may not be possible to simple duplicate the modelit loody

require developing a new model due to the various additional considerations.
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Integrated maintenance with human resource provisioning system.

Essentially, the relation between maintenance system and hursaurce
provisioning system is similar to the integrated maintenande putchasing &
inventory system. Based on the maintenance policy, the number of technician for
a particular period of time can be estimated. The human resouragnuentais
responsible for providing the number of human resources as requestedbét ca
done by considering several human resource policies such as: nggruiti
overtime, sub-contract, and annual leave policies.

Martorell et al. (2008) investigate a modelling approach for maamiee
planning for integrating maintenance strategies and human resolineemain
approaches used in their paper are genetic algorithms and rgliakiltred
maintenance (RCM). RCM is used as an approach for the maintenaaieg\s

and the genetic algorithm is used for maintenance resourceisgiton. They
associate their modelling approach with a cost model. In a yartisituation
this combined approach is useful and applicable. However, the combined
approach will not be feasible for a complex technical systetm avimulti-year

life time because the frequency of maintenance could be significdifferent,

and could lead to a new calculation for maintenance resource sqiioni. Also,
their cost model doesn’t accommodate different values of money dinéng
assets’ lifetime. Martorell et al. (2010), added material ressuas a new
considered aspect which makes the modelling more complicatedcdmmplex
engineered system.

Khalili et al. (2015) propose the use of a fuzzy queueing systenptimise the
number of workforce to handle emergency breakdowns. The basis of this
approach is to consider the maintenance process as a queue systdm and
workforce as the service facility to serve the queue. Bygaisg) a different size

of workforce to the maintenance department, a fuzzy total aastibn can be
obtained. Then, the optimum number of workforce can be determined aising
fuzzy ranking method. The study presented 13 units of asset whishfogent

to be considered for a case of a complex asset. To duplicate theuontoer of
assets or maintenance resources using this approach is quite biowgeger the
application of this approach can be impractical considering tle¢ agh longer

or multi-year lifetime and due to changes in the failure ratthe asset from
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time to time. This is also the reason that Khalili et al. (2@k6)uded values of

money in the cost function.
In conclusion, there are several approaches that are used to optimise mairdadance
its associated resource provisioning system; however the applict combined
system dynamics and life cycle cost model to support decisionngafar
maintenance resource-provisioning management has not been investigated. T
approaches found in the literature: analytical approach, Monte §lardation, and
meta-heuristic (e.g. Fuzzy approach, genetic algorithm) mioatigile single systems
while considering few resources. However, for a complex agseta multi-year
asset lifetime, those approaches or combination of approaches niapraetical.
This research focuses on investigating the appropriatenesmgfausombination of
system dynamics with a life cycle cost model as a madellpproach for

maintenance resource-provisioning policy development.

2.4 Reviewing Modelling Approaches for Maintenance resour ce-provisioning
policies

As stated in the Chapter 1, there is a need to explore the potaotiglling
approach that in particular suits the purpose of achieving a combasedrce
provisioning and maintenance policy for a complex set of assets systam.
However, there is lack of research on modelling maintenance cesprovisioning
in integration with maintenance optimization programs of complex eaggd
assets. Publications in this area mainly focus on optimising tleeemive
maintenance interval and opportunistic maintenance for a singlefamitystance
Park et al. (2009); Xi and Zhou (2009); Hou and Jiang (2011); Zhijun @04l1).

The types of model proposed in these publications are analytorlsn Although
analytical models are common for modelling the maintenancensystey lack the
ability to represent a complex system as mentioned in Endrérayi,(2001), Tam et
al. (2006), Altiok and Melamed (2007) and Okogbaa et al. (2008), who dealtwith t
intervention analysis method for a system under transient state.

Other types of models have also been suggested to optimise maietenanc
programs. Yan et al. (2010) proposed to optimise the predictive maintenance
schedule for complex asset maintenance using genetic afgserthat results in a
feasible and effective method to minimise the maintenance cost.&an§chrage
(2009) and Zhouhang (2014) suggest simulation models to optimise the nratetena
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program. The simulation model in Sung and Schrage (2009) is based on tlee Mont
Carlo method, and seeks an optimal maintenance policy consideringiapedt

and safety. A Petri nets model is proposed by Zhouhang (2014) to preelict t
effectiveness of maintenance strategies.

Each of the aforementioned proposed models is developed for a particular
situation, but for the purpose of achieving a combined resource provisianthg
maintenance policy that optimises utilisation of a complex asggem, a more
flexible model is required to deal with the cause-effectiaiahip between resource
provisioning and maintenance of all units in these assets. Hanceptimisation
model that considers integrating the relationship between maingeparmgrams and
maintenance resource-provisioning to develop an optimum maintenance igolicy
required.

Research on modelling maintenance resource-provisioning is refdiivded
compared with the other issues (e.g. maintenance policies, maireégrenm@armance
and measurement) where extensive research has been done anddaeeleised.
Maintenance resource management is usually modelled using naéitedm
modelling techniques. Some models for maintenance resource manadement
been proposed: Sittithumwat, et al. (2004); Johnson (2006); De Castro andaCaval
(2006); llyas Mohammed, et al. (2006); Yeddanapudi, et al. (2008). Accomling t
Law and Kelton (2000), ways to study a system by mathematiodkel can be
classified into analytical solution and simulation. The presentedelsiazhn be
categorized as analytical solution with a sublevel of mathematical model.

In a maintenance program for complex engineered assetssédlw a particular
maintenance resource for one asset may generate unavailabiliyhéos. It may
lead the other maintenance programs running ineffectively agccause the unit to
fail or not work properly (Wang, 2011). From this perspective, anteaance
program for complex engineered assets involves links as variabheaintfenance
resources that always change as a function of time, and the patmantenance
task on the different types of units. This type of situation reqaigstailed analysis
of requirement, provision, and allocation of maintenance resourcesystematic
and dynamic maintenance resource policy model.

In general there are two types of models: iconic model and maibahraodel.

An iconic model is usually called a physical model. A mathemlmodel is a
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system representation in the form of rational and quantitatisgarships. Law and
Kelton (2000) classify mathematical models into two different sobdets, namely
analytical solution and simulation. In a particular situation or caxitglehis sort of

model is effective and efficient to solve the problem being obsenmaever, in the

case of complex asset systems with complex cause-effatibnship between unit
requirements, analytical models become inefficient and the usehef types of

model and in particular simulation, is recommended. The use of siomnulaiher

than mathematical model for analysing a complex system mubecmathematical
modelling becomes difficult if not infeasible for handling complelatrenships

(Altiok and Melamed, 2007).

From a modelling perspective, the complexity of maintenanceures-
provisioning is affected by the number of maintained units and thes tgpe
maintenance resources being observed. In this regard, a numlstated rarticles
with different purpose models is presented: Tsai et al. (2004) affeodel for
preventive maintenance of multi-component systems based on the ifitsaitéibhe
system. In this model, the interval of preventive maintenancedesged based on
the maximisation of availability following the decision of maintece time. The
decision to perform preventive maintenance is determined by clgete asset
availability; and the action is decided by analysing the berddfidoing the
preventive maintenance in that particular time. Then, the schedyleewéntive
maintenance is developed step-by-step to gain maximum systechiefhess of the
system.

Another mathematical model was also presented by Cui and Li (RO66&)er to

introduce a shock model for multi-component systems. Okogbaa et al. (2008) suggest

a methodology for analysing intervention of complex assets in atersywith
continuous characteristics under transient response. Park, et al. (20p8%e a
block preventive maintenance model using the assumption of periodecimmgpand
periodic imperfect maintenance with age reduction. Laggoune et alpaiposed
two preventive maintenance models for multi-component systems, narmdbl for

a multi-component series system subjected to random failuress Wigecost rate is

minimized under a general life-time distribution (Laggoune et al., 2009), and a model

for coordinating the component replacement based on the partial perodwal

policy in a multi-component system (Laggoune et al., 2010). Tian aawl (R011)
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report a proportional hazard model for multi-component units where etnom
dependencies exist among different components.

Endrenyi et al. (2001) state that the complexity of mathentaticdels makes
them were rarely used because it involves a large number ofiifpuhation that is
sometimes unavailable or difficult to attain. This implies thiénever the required
inputs for the mathematical model are unavailable, the model cannatelde The
complexity of the mathematical model can be indicated fronmaingber of variables
or data required (Tam et al., 2006). Tam et al. (2006) also argudifti@ulties in
obtaining the required data for complex mathematical modellintharmain reason
for a decision maker to avoid using this kind of model.

Law and Kelton (1991) and Altiok and Melamed (2007) suggest that decision
makers utilise simulation models in place of complex analyticalels based on the
flexibility of the simulation model and the difficulties of building an anagltimodel
for a complex system. In other words, simulation is able to cheedisadvantage of
the mathematical model, especially in complexity and flexybili this respect, only
a small number of articles employ simulation as a tool for cexnpksets in a
technical system. Barata et al. (2002); Aparna and Chaipal (20@8)hX et al.
(2007); and Bivona and Montemaggiore (2010) utilise simulation to ogtithie
maintenance of complex assets. Barata et al. (2002) utilise anii® simulation to
optimize the maintenance of complex assets in a technicénsysubject to
deterioration. As can be extracted from the aforementioned cbesédonte Carlo
simulation is only used to model the deteriorating system and nothble vesource
provisioning system. Barata et al. (2002) shows possibilities to nbdefailure
process of a technical system using simulation, but the maintemasoarce-
provisioning system is too complex to be modelled using Monte CaHaitpees. In
Aparna and Chaipal (2006), deterioration of the complex assets ¢seaped by a
continues-time jump diffusion model and then simulation is used to ofitain
optimum policy of maintenance action. In Barata et al. (2002), sironlétiused to
model the deterioration of technical systems. Aparna and Chaipal (23@6)
simulation to select optimum maintenance action. Regardless ofypee df
simulation used, there is a possibility to use simulation both to mtiael

deterioration of the technical system and to select the optimum maintectione a
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In modelling of multi-component or complex asset maintenance systems, Xiaohu
et al. (2007); Bivona and Montemaggiore (2010) employ system dynamics
simulation. Xiaohu et al. (2007) develop a model for the maintenamcgaon of
complex physical assets in a system. The model is used teanladéybasic structure
and elements of the system. Bivona and Montemaggiore (2010) suggesh s
dynamics simulation for maintenance programs of buses. Theonslaps and
interactions of maintenance and maintenance resource-provisioning caanot
represented in a Monte Carlo simulation. With system dynanmeslation, the
maintenance program variables such as degradation and repaiunitthehange of
maintenance requirements; and supply of maintenance resources ozodéied
Xiaohu et al. (2007). In Bivona and Montemaggiore (2010), the model also shows
how maintenance and maintenance resource provision interact. However, both
models do not explicitly represent the units as sub models. In aemante and
resource provision program of complex assets, the main focus isitiseand the
requirements for maintenance, and how the maintenance resourceéepingis

fulfils the requirements.

In summary, it can be stated that:

1. There is a lack of research on suitable models for integnai@dtenance
policies and maintenance resource-provisioning policies.

2. The complexity of complex asset maintenance systems and rdszurce
provisioning makes it difficult to be observed with an analytical rhokhe
complex asset maintenance system, each organisation may apehendif
maintenance policies and different resource provisioning policiegchieve
optimum performance. Hence, the flexibility of the model becomesnihia
issue in the modelling method.

3. A more flexible modelling approach for an integrated maintenazoce
maintenance resource-provisioning optimum policy need to be developed for
complex asset systems for improving the overall performancethef
organisation.

4. To cope with the limitation of the analytical solution, a systlymamics model

is suggested.
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5. System dynamics simulation may be able to model the maintenand
maintenance resource-provisioning, and integration with an LCC model for
optimising maintenance resources-provisioning policy in a complexesgd

asset is not yet explored.

2.5 System dynamics modelling
System dynamics has been known as an effective tool to support policy making

process in handling problems in a dynamic and complex environmemn@gand
Montemaggiore, 2010). Recent reports on utilisation of system dynamnstgport
policy making in maintenance can be found in Bohm et al. (2008), Yaiad} et
(2009), Shahanaghi and Yazdian (2009), Bivona and Montemaggiore (2010), and
Jokinen et al. (2011). However, the use of system dynamics modellihg policy
making of maintenance resource-provisioning is relatively raratgaragplication in
the policy making of maintenance resource-provisioning in maintenqmaogeams of
complex assets has not been observed. Although there is indicatiogystern
dynamics may be the most appropriate tool to solve maintenantarptablems in
a dynamic and complex environment but its capability has not beemr®din the
field.

The important role of maintenance in enterprises running completsasas
been explored, for instance by Tam et al. (2006) and El-Akruti andid2013a).
As discussed by El-Akruti and Dwight (2013a), maintenance is otieecdisset life
cycle activities that needs to be considered along with other singparctivities
including human resource management and purchasing. Most studieisti@anaace
and optimisation e.g., Xiaohu et al. (2007) and Kothari (2004) seem not to
extensively cover the maintenance resources that in fact neled tonsidered in
actual practice in organisations (lyoob et al., 2006). Most of the naglell
approaches in this area are analytical solutions that havetlong in modelling
complex assets in a system (Altiok and Melamed, 2007, Endrenlyj 20@1). The
limitations of an analytical model are mentioned in Endrenyi et al. (2001) an@{Tam
al. (2006), however; system dynamics has the potential to managenakel
decisions in a maintenance program and in the resource provisioncmmpiex

assets.
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The application of system dynamics in maintenance ranges fromaréae of
maintenance supply chain, value added estimation to analysis omaewenance
strategy implementation, but publications on its application in ment® programs
for complex assets are limited. In maintenance supply chansgeFal. (2010) used
system dynamics to analyse policy to improve military suppbircefficiency and
reduce the bullwhip effect. Thun (2006); and Shahanaghi and Yazdian (2009)
provided an example of how system dynamics can be used to aredysteict of
such a policy in relation to Total Productive Maintenance in a compEmgy
considered the dynamic behaviour of the systems to show the effiestsvand
usefulness of the implementation of TPM. In a smaller scope, B6hat, €008)
utilized system dynamics to optimize maintenance systemsighrcomparing the
efficiency of different maintenance activities or a combinatbactivities. Kothari
(2004) and Xiaohu, et al (2007) developed a model for preventive maingenaing
system dynamics. Kothari (2004) developed a generic model Hoatsamany
adjustments, especially for the model parameters before adopted certain
technology. Xiaohu, et al (2007) have proposed a dynamic model for the
implementation of Condition Based Maintenance. The model is relatwashplex
and contains some sub models which are the sub system of CBM.

Although the aforementioned researches mostly focus on applicatiositmle-
unit of the technical system, the research done by Kothari (200dQhix et al
(2007), and Bohm, et al. (2008), highlights the potential of using systenmayna
modelling for resource provisioning in maintenance programs. Fongle, Fan, et
al. (2010), shows that system dynamics is capable of modellirgytpdy chain and
inventory system and, Thun (2006), Shahanaghi and Yazdian (2009) and Handani
and Uchida (2013) shows its capability for modelling maintenance management.

The research on the application of system dynamics simulation for
maintenance and asset management is relatively limited comparintheviise of an
analytical solution or mathematical model. Some examples oémyslynamics
model development for investigating the dynamic behaviour of maintertamea
asset management system can be found in Thun (2006), Xiaohu, €d'gl, Bohm
et al. (2008), Shahanaghi and Yazdian (2009), Bivona and Montemaggiore, (2010)
and Cahyo et al. (2013). In a literature review on systemndigsasimulation for

maintenance and asset management, most studies focus on one unit and do not
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consider the interrelations between maintenance resources ofuoiteerand other
subsystems. The most relevant paper to this research is thbyoBerona and
Montemaggiore (2010), where a system dynamics model is used to disbeve
effect of one particular decision on the entire system. The mudates five major
functions in the observed company: Production, Human Resources, Maintenance,
Asset Management, and Finance. At an enterprise level, this nsodehsidered
sufficient to represent a general function, yet only one typeadfitenance resource
is included, i.e., human resource. So, in an environment where other regeugces
parts, tools, and equipment) have significant contributions to the tmdgl & more
complicated model should be considered in decision making. To comiytivet
requirement for a model that integrates maintenance resourceg ol complex
system involving asset performance management, further investigarequired. It
is argued that system dynamics has the ability to modehtbgrated relationships
between maintenance program management and maintenance resouisierpng

management.

According to Sterman (2000), a system dynamics model has liauacteristics
which, are: (1) feedback representation; (2) non-linearity; (8¢ tdelay; and (4)
stock and flow representation. Based on these four characteristicystdm
dynamics, it can be argued that system dynamics has thity &bibccount for the
interrelationships and interdependence or cause-effect relatiordretwaintenance
and maintenance resource-provisioning policies. These characteast directly
related to maintenance resource management in maintenance @ograrms of
the capability of handling the cause-effect relationship introdircetanaging more
than one unit in a system. The relevance of these characteristics candieeexgs:

1. Feedback representation

Briefly, feedback representation shows relationships of variabldse system,
how they influence one another and how that affects the total syStamsider for
example, the relationship between scheduled maintenance and equipneetd; def
scheduled maintenance plays a role in reducing equipment defeotveimwords,
more frequent maintenance scheduling may tend to reduce costyatsmancrease
the opportunity of equipment defects. In maintenance resource provisidbadie

representation can be found in the relation between the number of ecavaiable
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and the purchasing process. For example, the mmegudntly the number of
resources runs out, the more frequent purchasidgrerare issued. In the feedback
representation, all those variables (scheduled tevaamce, equipment defects,
purchasing orders, and maintenance resource reggmteor/and availability can be

modelled in a simple integrated model as shownigarg 2-2.

required
equupment maintenance

defects resource
/ / order +

arrive
scheduled maintenance
malntenance order
\_,/ maintenance

resource purchasing
availability process
+ \___,/

+

Figure 2-1 : Example of feedback representatiomfaintenance
and its resource management (adapted from Cahglo(@015))

2. Non-linearity

As shown in Figure 2-1, the representation of the-inearity of maintenance
system is found in the relation between schedulaint®nance and equipment
defects. The delay of schedule maintenance mayleldhe effect of the number of
equipment defects. This circumstance may affectaljaired maintenance resources
to be doubled.

3. Time delay
Time delay shows how a relationship between twaabéas causes a time delay

in delivering or completing activities. In Figurel2time delay can be seen from the
relationship between purchasing process and omleaks. The delay is caused by
the lead time of the order. Time delay may be foalsd in the relationship between
maintenance order and scheduled maintenance becdusmintenance resource

unavailability.
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4. Stock and Flow

Some variables in the maintenance system can be presented ras $uch a
level or amount of quantity. The level can be increased by inflovablas and
reduced by outflow variables. The example of stock and flow repeggentn
maintenance and maintenance resource management can be foundewvelths |
maintenance resource and equipment’s time-to-failure variable. évammte
resources stock level is influenced by order arrivals as inflawables and
scheduled maintenance as outflow variable. More order arrivalsncaease the

level of available resources; conversely more scheduled maintenance carntreduce

From the elaboration of the characteristics of system dysantits concluded that
system dynamics has the potential to develop an appropriate rnaggirésent the
integrated relationship between maintenance and maintenance rgz@mvisening.
Based on the aforementioned conclusion, a system dynamics mdlehiproposed
for the purpose of modelling the relationship between maintenarsmiree-
provisioning and maintenance programs.

The proposed system dynamic model is assumed to be able to generatgos
of representing the expected situations resulting from the c#ese-eelationship
the applied maintenance resource-provisioning and maintenance prpgharas.
The future generated scenarios by the system dynamic nmemlele analysis and
comparison to choose the suitable one for optimizing the system overall
performance. This leads to integrate system dynamic modellthghe LCC model
to choose the suitable scenario for optimizing the overall syptfiormance. To
serve this purpose, LCC models need to be reviewed and a lifenegdid that has
the potential flexibility to be modified for integration with thgstem dynamic
modelling is to be adopted. The LCC model to be adopted has to be chadifie
accommodate input from system dynamics simulation and/or combiciecl a
system data to analyse, compare scenarios as options fantiined maintenance

resource and maintenance program policies, and to select the optimum option.

2.6 Lifecyclecosting
As this research focuses on providing an integrated maintenance saumicee
provisioning model by combining system dynamics simulation withssetaLCC
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model, the concept and the available LCC models should be reviewed toaadopt
suitable model. Typically, every technical system is a pghysasset which goes
through stages during its useful life (Fabrycky and Blanchard, 1991).

Those stages are development, acquisition, operation, support, and disposal.
Optimising the overall performance through the life cydléhe asset requires using
life cycle cost analysis (LCCA) for such performance optatns. All types of costs
occur in all stages of the assets is known as life aya$¢ (Ebeling (2010), Farr
(2011)).

There are various fields of the LCC model, from manufacturin@r{Gand
Schroeder, 2012, Sheikhalishahi and Torabi, 2014); public facility (AlmedicH.,
2015) to power generation (Sinisuka and Nugraha, 2013, Lesmerises anéyCrowl
2013). The main issue of the LCC model is how to consider uncertaimmah et
al. (2013) indicates that most life cycle modelling approachesressleterministic
behaviour. To deal with this issue of uncertainty, some approachesbleawe
presented and combined with the LCC model, such as Monte Carlo tsamuta
Sinisuka and Nugraha (2013) and Almeida et al. (2015); or Fuzzy logics in Ammar et
al. (2013) and Sheikhalishahi and Torabi (2014). It can be indicatedhéhnatis lack
of research which explores system dynamics simulation tovd#aluncertainty in
the LCC model. Also, research on the LCC model development folcases
particularly on the area of maintenance and its resource pmowigi program is
relatively limited. The LCC model presented by Ebeling (201Mesniost practical
model in this area.

In relation to policies applied in maintenance and maintenanceuroes
management, it can be stated that different policies may gerthff@rent costs. For
instance, applying reactive, preventive, or predictive maintenange praaluce
different total maintenance cost. Implementation of preventivater@ance policy
may generate shorter total breakdown time compared to reactiméensnce, but
has more preventive maintenance time. Since different maintenamoggams
generate different cost elements, time spans for schedulinguthiger of tasks to be
undertaken, and the number of resources to be used, the resulting tGtalilLC
depend on the cause-effect relationship between cost drivers and its contributors.

In the maintenance resources side, different provisioning potitagsresult in a

different number of technicians available to serve the maintenarmmesgt or
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different purchasing and inventory policies may result in differeomponents
becoming available for replacement. All these circumstancesrgendifferent total
LCC. Suppose that a combination of different policies applied to thetsaass
scenarios, different scenarios may generate different coséets. To determine the
optimum scenario, LCC analysis needs to be applied.

In addition to all these influential factors mentioned, externabfacsuch as
inflation need to be considered in the life cycle analysis. ThHeallgt inflation may
increase costs and prices, and makes organisations have lessipgnobagr (Farr,
2011). Inflation needs to be considered in the LCCA specially tondeterthe
increase or decrease of prices and costs affected by inflatiomeflation
respectively. Also, time value of money is another important fdabtt needs to be
considered in the LCC. The value of money should be carefully takemasount
when making decisions involving flow of money during the decision period
(Fabrycky and Blanchard, 1991).

The change of value of money over time is estimated in tefnisterest rate
equations. The term ‘interest rate’ can be defined as thetpatshould be paid to
use the money borrowed from the bank. In engineering economics, featpvalue
of money is denoted by P and the future value by F. Shortly, future value of money is
the value of money in the next n years affected by interesp{ge byi). Eq. 2-1
shows equation used to calculate F with P is given, during n yearsianesti
(F/P,i,n).

Conversely, the present value of money can be calculated also bagedutare
value. To calculate P where F is given, with interest i andhguriyears is shown in
Eq. 2-2. The method of developing a life cycle cost model will reqalt the

consideration mentioned.
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3 RESEARCH APPROACH AND METHODOLOGY

3.1 Research Approach

The approach to this research involves modelling to set the resource
provisioning policies and integrate with the maintenance policyptimisation of
the overall performance of a technical system. The models gqueae to provide a
decision support framework that generates alternative policiesiofenance and its
resource provisioning, and to identify the optimum criteria a thebdaitaolicy to
improve efficiency and effectiveness leading to achieve thgettdevel of asset
performance. As a general approach, the research provideasmawork that
considers all possible resources and the relationships betweeemaairg activities
and related supporting activities. It also identifies the requiredelling techniques
and their integration with the organisation decision making to supp®metearch
objective. In order to validate the application of the proposed moddis ietision
making framework for achieving the research objective, three sagdies are
conducted. Although the general approach framework tends to consickesoarces
and relationships, the selected case studies focused only on thneesaairces that
involve relationships of maintenance with purchasing, inventory and hun@mrces
management systems.

The research modelling approach is focused on developing an integradke|
that relates the resource provisioning variables involved in thgaeships between
maintenance policies and the policies of purchasing, inventory and huscamces
systems. The modelling approach adopted by this research ¢ daggegration of
system dynamics simulation with a life cycle model. The purpolsesystem
dynamics simulation is to support the decision maker in investgg#tie effect of
different combined maintenance and resource-provisioning alternatineshe
performance of the complex asset. By involving a feedback steygtan-linearity,
time delay, and stock and flow representation in the system dymamuilation
model, the model will be able to generate scenarios for all pesaltdrnative
resource provisioning policies. The purpose of the integration of thdagion with
a life cycle model is to determine decision criteria tioe integrated policy that
achieve optimum overall performance of the technical system. The applicatios of

approach is verified and validated by the application of the dewklopegrated
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model in three case studies. In this research, some akesdhat represent
different policies are to be generated utilizing system dycgsimulation for each
case study. Then, the combination of different purchasing and inyeyaticies are

to be combined with human resource policies and maintenance policies. The
combined policies are then assessed to find the optimum policy ahterprise level
instead of optimisation at each functional level. The detamhémmork about how to

develop the combined policies will be presented in the following section.

3.1.1 Modelling Approach to Relationship of Maintenance policies with Human
Resource policies

Human Resource Policies can be defined as a set of decisiabbsbsd by
organisation to manage human resources related to personnel funetformpnce,
compensation and benefit, relations, and planning (Barbeito, 2004). Thenstgi
of concern in this research is between a policy or combination aigmbf human
resource provisioning and policies for maintenance activities. The muohltee
required and available human resources is the main variable ireldtionship and
iIs measured in man-hours. A fully skilled and trained person, who waliksrie, is
considered as one full time equivalent (FTE). The man-hourtahbleis calculated
based on the full time equivalent.

Policies in human resource provisioning are applied in order to nraititai
number of man-hours at a rational level to support maintenance tsoptiraum
performance at the enterprise level can be achieved. The hunsanrces
provisioning policies that may be used to vary scenarios in msystgnamics
modelling may include: (1) New hiring, (2) Overtime, (3) Outsg, (4) Lay off,
and (5) Combination of policies.

The term ‘new hiring’ or recruitment refers to fulfilling tmequired personnel
for more permanents purposes. The process begins with need ideorifica
attracting candidates, applicant assessment, hiring, amihgairhe candidates do
not gain a FTE until the training process is finalised. The caredidenay be
considered as 0.5 FTE at the beginning of the training for man-howlateio
purposes because they are not fully trained. In this circumstaner, though the

candidates work for 8 hours per day, in term of human resource avildbgy are

33



only considered as 4 man-hours per person based on their FTE.TEhefRhe
trainee may not be relevant to the salary.

Overtime is the additional hours beyond the normal working hours. Usihadly,
a temporary solution for the shortage of man-hours at a partipatard of time
caused by high demand or low availability of man-hours. For companiedjme
may increase cost because they must pay more than sathey mormal hours. For
the personnel, overtime can cause burnout. Therefore, for the longeotemime
is not recommended for either the company or personnel. Frequenimevert
indicates that there is an inaccuracy in planning of the human resource provisioning.

The third policy for human resource provisioning in this thesis isoautsg.
Outsourcing is allocating some functions or business processesetoat)service
providers. The business processes or functions considered for outsoueaisgally
the supporting ones. By applying an outsourcing policy, the company mayaha
better quality of work from a qualified work force without a Idegm obligation or
other responsibility to this work force (e.g. health, insurance, andopgnsin the
field of asset management, outsourcing is considered for providing inmpeove
lowering cost and ensuring better quality of work due to human resource expertise.

The logic of human resource provisioning policies is measured and teohtogl
the number of man-hours which has to be kept at a rational leved.lofic may be
maintained through recruiting or downsizing or lay off.

Combined policies: two or more policies are usually used to keapdhehours
at the rational level as required. For instance, some of theenante may be done
in-house and may involve overtime, while other maintenance work sourged.
These aforementioned policies are possible alternatives for prguite man-hours
to fulfil the requirements of scheduled and unscheduled maintendmsere$earch
is aiming at setting the approach to determine how the best cesprovisioning
policy based on the optimum LCC should be selected.

3.1.2 Modelling Approach to Relationship of Maintenance policies with

Procurement policies

Procurement policies are concerned with purchasing activitidsiraventory
activities. In general all resources that need to be proaimeald be considered in

modelling the procurement policy as part of the resource provisigaingy but for
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the purpose of this research only the procurement of componentsipsptee parts
is considered. The objectives of modelling the relationship betpreearement and
maintenance are related to (1) ensuring that the required compongstsfrabe
obtained with best value and quality, (2) properly controlled and valued,(3)ls
delivered to the clients at the correct time, in the comewbunt and quality. The
purchasing policy is concerned with selecting suppliers based wrpérormance
in terms of quality, price, delivery time, or other parameters ri@y impact the
maintenance performance. The inventory policy is concerned order guaatitber
of orders, lead time, safety stock and other parameters tpattrthe maintenance
performance. Both purchasing and inventory policies are to be enacted
collaboration with financial policies. Changes in any one of theseigminfluence
other policies and impact on the value contribution and the overall paricerof
technical systems. For instance, the number of orders and the amoardeof
guantity may be different between fixed order interval policies fadsdi amount

policies.

3.2 A Framework for an Integrated Maintenance r esour ce-provisioning

A framework for an integrated maintenance resource-provisiagsidgveloped
as presented in Figure 3-1. This framework is developed based on ISO 36081
clause 5.2, the setting of asset management objective.

The framework in Figure 3-1 is built based on system perspestieze the
asset management system is considered as interactions bdasvelements such as
maintenance policy, man power, purchasing and inventory, and finance and
budgeting to achieve the objective of the asset management syBbenobjective of
this asset management system is to achieve optimum assatn@zerte. To serve
this objective, the framework is set for determining an intedratesource
provisioning policy to achieve performance optimisation at the enderfgvel. The
framework provides the arrangement to serve the objective byogewg system
dynamics simulation to generate values for the output variablesset of future
scenarios, and considers the generated output of these scenariest @af policies
for maintenance resources provisioning. Then the framework provides
comparison of these output alternatives from the simulation througfe aytle
model to select the optimum one based on the minimum LCC.
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As shown in Figure 3-1, the selected scenario is influenced bwatitars in the
maintenance program where elements affect each other. Asopalie asset
management system, this framework integrates maintenance&iepoliwith
provisioning policies of all the required resources. This integrasimomsidered for
executing any maintenance program for which a particular nuoflr@sources are
required. All the decisions in selecting maintenance policies andtenance
resource-provisioning are confined by LCCA. The decision made imteection
box of maintenance is based on the input information provided as shownflonthe
of information in Figure 3-1. In the box of maintenance resources inflemiaput,
the input consists of the data or information from maintenance, manr,powe
purchasing and inventory, and finance or budgeting.

The process of determining the maintenance resource-provisionigyg [soan
iterative process that requires information about the overallrpeaftce state and all
resources states. The overall performance state can be defitexths of a set of
parameters reflecting the state of performance of the a3$etgesource states can
be defined in terms of a set of parameters reflecting inpuhterance resource
information. From those two types of parameters, a set of possiblearios for
maintenance resource-provisioning can be generated. Each scenarioctiraeda
suggested maintenance resource-provisioning policy, and is compséitedhe
current policy to find the best policy for overall system perferceabased on the
cost -benefit analysis.

This iterative process of maintenance resource-provisioning pokkynion can
be adopted to check whether optimum performance has been achieeey a

particular point of time during the asset lifetime.

3.3 Research Methodology
3.3.1 Modelling as a Research Method

Modelling is the method adopted in this research. The modellingnstarghis
research is based on combining system dynamics and LCC modalpgort the
development of an integrated policy of maintenance resource-provisi@mdg
maintenance programs for optimising the overall performance.ottgut of the

developed integrated model is to be verified through several aadiesstnd then
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recommendations are proposed based on the result of this analysmurpbse of
the developed models is to support the decision making process in oérms
establishing a maintenance resource-provisioning policy to enhanstemsy
performance. The system dynamics modelling focuses on the dmarhithe
maintenance resource level to generate alternative policiesaiotenance resource
provisioning. The LCC modelling focuses on analysis and comparisoeldct &
suitable scenario for optimising performance. The developed combinafion
modelling has to consider data and information of different maintenarograms,
policies, requirements, availability of resources. It also hasnsider other relevant
parameters, such as cost elements related to provisioning of esoarc

maintenance programs, unit failures and required performance.

3.3.2 Modelling Methodology

The modelling process in this research is established based onngdibi
methodology established by Maani and Cavana (2007). Briefly, the proposed
methodology consists of five phases, which are:

1. Phase 1: Problem structuring
Phase 2 : Preliminary model development
Phase 3 : Data Acquisition and model refinement

Phase 4 : Simulation modelling and policy formulation

ok~ 0N

Phase 5 : Policy evaluation, analysis and implementation.
In this research, these phases of system dynamics modeltzgistsed by
Maani and Cavana (2007) are constructed into relevant steps andtguleis¢o a

flowchart as shown in Figure 3-2.
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The flowchart exposes the model development process. As shown ie Bigur
the representation of the system dynamics modelling is eladadrgb more detailed
steps on the left hand-side. The procedure is adapted fromepggeddtsimulation in
(Bank et al., 2005), and combined with the phases of system dynamikgling in
Maani and Cavana (2007). The detailed elaboration and key activitteslofphase

are as follows:
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a. Phasel: Problem structuring

In this research, the problem statement is developed based wantiesvork
for integrated maintenance resource-provisioning as shown in Figurdt3e main
challenge in this phase is the difficulty distinguishing betwé&enproblem and the
symptoms. For instance, the problem of maintenance resource dwgitzdn be a
problem of planning and scheduling instead of insufficient resauhcethis case,
adding more resources will lead to inefficiency while an affeatesource planning
can be a better solution.

After the problem statement is clearly defined, the objectiiee modelling
should be stated along with the overall project plan. The objectives refea goal
that should be achieved by using the system dynamics simulatioobjdative may
also designate a question that should be answered using systemadymendelling.
The project plan is composed of resources required to develop the, raadel
evaluation of the effectiveness and efficiency of the proposed alternatigensyst

b. Phase2: Preliminary model development

Briefly, phase 2 represents preliminary model development. After the
problems are well articulated in phase 1, the following stepoigidvelop a
preliminary model, or in general it's defined as a conceptual madesystem
dynamics modelling, a conceptual model is usually developed in aofoaindiagram
that represents causal links among related variables. Therdiggcalled a causal
loop diagram (CLD).

CLD represents the feedback structure in the system. Feedbaok of the
characteristics of system dynamics modelling. CLD consists of vesialnld arrows.
Arrows denote the causal influence among the variables. The aamewsssigned
with positive (+) or negative (-) sign to indicate how the chaofy¢he “cause”
variable influences the change of the “effect” variable.
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cause effect cause effect

Positive sign relationship Negative sign relationship

(1) (2)
Figure 3-3 Basic CLD relationships

It can be explained from Figure 3-3 that in a pwesitsign relationship, an
increased or decreased value of the “cause” varidddhds to an increased or
decreased value of the “effect” variable, respetyiv In the negative sign
relationship, an increased amount of the “causediab&e leads to a decreased
amount of “effect” variable, and vice versa. Durithgg modelling process, one or
more loops may be formed based on the basic CL&ioakhips. Two basics loops
that may exist are Exponential Growth or ReinfogciReedback (R) and Goal
Seeking or Balancing Feedback (B). Examples of Beptal Growth and Goal

seeking loop are shown in Figure 3-4.
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Figure 3-4 Example for Exponential Growth and Geaéking

1. Exponential Growth or Reinforcing Feedback (R)

This loop produces exponential growth, and arisemfa self-reinforcing
feedback. It represents either a growing or deujnsystem state. Reinforcing
feedback is a positive feedback, which means thahe loop, the accumulation of

the signs of all relationships is positive. An exdenof this type of feedback is a
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bank account and its relationship with interest. An account with arl&aance
produces additional amounts obtained from interest. Then, this amount wadded
into the original balance, which produces an even larger amount of balance.

The Reinforcing loop in Figure 3-4 shows that all the signgaséive; this
means that this is a positive feedback. The reinforce figure stiawshe value of
the failed component may increase exponentially, caused letag of scheduled
maintenance. When the number of failed components increases,gemndiate more
requirements for scheduled maintenance. More requested schedulednaraipt
tends to generate higher numbers of scheduled maintenance and higherofiela
scheduled maintenance. The delay of scheduled maintenance may eyenerat

components or asset failure.

2. Goal Seeking or Balancing Feedback (B)

Goal seeking or balancing feedback is a feedback loop thategpakbrium.
Balancing feedback is a negative feedback which has a negatiue in the
accumulation of the signs in the loop. In general, balancing fee@dizacknmodates
a process to compare desired and actual conditions, also takemarcacbrrect the
gap. How air conditioners work is an example of this type of fexdJa operate an
air conditioner, a certain level of temperature should be detedras an objective.
Then, the air conditioner works to keep the temperature as desired.

The goal seeking loop in Figure 3-4 is an example of a balafeedpack.
The accumulation of the signs is negative. The loop tends to seektystabihe
number of failed components to a desired number. When required, a sdhedule
maintenance is requested and when it has been done, it will rdduceimber of

failed components to a desired level.

c. Phase3: Dataacquisition and model refinement

In this phase, an iterative process in the model developmenttedstafter
the CLD is developed, the related data and information should bergath
Gathering data and information from the selected organisatibbevcentral in this
phase. To collect information about the maintenance program, demctuse

interviews are appropriate. A semi structured interview isntarview where the
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interviewer has a set of pre-defined questions. This method veagmrto be
effective in model development and refinement. However this method has
weaknesses, the interviewee may have only partial comprehensimowtedge
about the system. In this circumstance, a focus group discussion will be conducted.

The objective of a semi structured interview is to find out thelddtprocess
and information of the maintenance program in a certain level.r@sdt of the
interview is sometimes rich in information, but supporting quantitativa ttam
other sources is also needed. Supporting quantitative data thauisedcfrom the
organisation includes:

1. Organisational structure for maintenance, as well as job desosptand
specifications.

2. The number of personnel in each position of the organisational struotlithe
maintenance human resource recruitment system.

3. Maintenance scheduling for each unit covered.

4. Unit maintenance and breakdown records, for determining breakdownimate
to failure, time needed for maintenance activities, and personnel needed.

5. Job scheduling system and work shift.

The result of the interview, focus group discussion, and other quantitative
data acquisition are used to refine the preliminary model develogdthge 2. After
the interview, the model is refined and then discussed in the me&ting. The
meeting may result in requiring additional model refinement. Thalddtquestions
for the semi structured interview will be included.

This phase is the most challenging phase in the research. @gesbi
challenge in the interview process is finding the appropriate pewbanhas an
integrated understanding of the maintenance program and maintenaogeeaes
management. The process to acquire the knowledge will be crudiaé imodel
development. It is important to distinguish between actual proct#sselappen in
the system, and perceived conditions that sometimes reside ohly mind of the
interviewee. Although data generation is permitted in simulatioth@sresult of
expert statements, the availability of quantitative data as the inpu sintlulation is
a challenge. Another major challenge in this phase is justdicat the relationship

among variable. It can be found that there are six basic methods for this purpose:
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1. Conservation considerations: this method adapts the concept of comsenfati

electrical current flow. This method accounts for the total quanfitvariables
which has entered the system and that which has left for the system.

2. Direct observation: this method models an actual decision procésadref the

process that should exist.

3. Instruction to that effect: this method is used to assess finet ef a particular

link on the model behaviour.
4. Accepted theory: this method uses theory from related disciplmes kaasis to
build the model.

5. Hypothesis or assumption: this method can be used in circumstances whe

evidence related to the existence of a link could not be found.

6. Statistical evidence: this method employs statistical aisalys infer the

relationship among variables.

Each has its own benefits and weakness. Choosing the most approptiaid ore

combination among them is another difficulty.

d. Phase4: Simulation model development and Policy formulation

The main objective of this phase is converting the conceptual nmefitetd
from interviews and focus group discussion in phase 3 combined with the
quantitative data into a simulation model. The result of this phasedgnamics
simulation model for maintenance resource-provisioning policy usingleatesa
simulation program. In this research, Powersim Studio is chosen. dtel mill
represent the maintenance program being covered in thisaleseigh its dynamics
behaviour. The next step is validating the model. The validation pracks®nsist
of testing the model structure, model behaviour and policy impicatiThe process
also engages interviewees in phase 3 in order to keep the model run as expected.

In this phase, converting the conceptual model into a computerized
simulation model is complicated; however the validation procesbeaven more
complex. These processes are also iterative, when the oésalidation shows that
the model is not valid, the process can return either to pha8eo®,from the
computer based model development.

The scenario development is also another big challenge. Insightful knowledge
about the current system is crucial for this process. To develgpod set of
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scenarios, the modeller must cooperate with the key person of tmtenzaice
program. In this research, one criteria for choosing the besarszaa optimum
overall cost. Thus, a LCC model will be developed to involve tseesy dynamics

simulation output. The following chapter presents the development of lifecycle cost.

e. Phase5: Palicy evaluation, analysis and implementation.

After developing scenarios of improvements, these will be teisteithis
phase. The model may need to be refined and adjusted to meaguliements of
the scenarios.

This process also includes the key person in decision making in theexbse
system, because the result of the simulation in some casessluns the best
possible scenario based on quantitative data in the simulation outpuledisen
maker may have an insightful view about the system. There areasp®ets that are
difficult to be approached by quantitative data.
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4 LIFECYCLE COST MODEL FOR SCENARIO OUTPUT COMPARISON

4.1 Basic Cost Model Development

Generally, the major cost categories of Life Cycle Co6tG).are defined in
terms of the major life cycle activities. In a cost breakdstscture these categories
are defined as cost elements. The major cost elements in asttG€&ure may
include capital cost, lifetime operating cost, lifetime maiatece cost, disposal cost,
and residual value. The review in chapter 2 has shown that variousnb@éls exist
and are used for decision making in many applications: manufactyruigic
facility, and power generation.
The LCC model presented by Ebeling (2010) is adopted initiallyfddher
development to establish the LCC model that can be integrated wsistam
dynamics simulation model. The complete LCC equation is formulatégrms of
cost elements in Eq. 4-1 and the details of the cost elemerite fbeling (2010)
LCC model is shown in Table 4.1. Each cost element is formulateernms tof
variables that reflect the relationships between maintenanceetatdd resource

provisioning activities, as shown in Eq. 4-2.

LCC = acquisition cost + fixed cost of operating + unit annual ¢pegra
cost + failure cost + initial acquisition cost for repair channhe
annual support cost for repair channel + replacement cost — salvage
COS T Lttt Eqg. 4-1

LCC(m,s,k,MTBF,MTTR,s,k)=C,(MTBF, MTTR)(m +s) + F, +
AgysPa(r, tg)Com +
t
Pa(r, ta) gz Asysm(Ce + L. MTTR) +
Frepk + Pa(r, tq)Crepk + X[C;S; +

PA(r' td)crep,irni] - PF(r;td)Sa(m + S)
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Table 4-1: Cost elements of the Ebeling (2010) LCC

Cost Element

Brief Description

Equation

1 | Acquisition cost

Cost to acquire
certain number o
units, including
operating and
redundancy units.

a C,(MTBF, MTTR)(m
f +s)

2 | Fixed cost of operating

Required fixed cos
maintain  the unit
operated.

[ to

3 | unit annual

cost

operatin

gAnnual cost require(
to run the operatin
unit

I AgysPa(r,tg)Com

L

4 | failure cost

Cost occurred by uni

ni to
A (I‘, td) MTRE Asysm(cf

failures. MTBF
+ L.MTTR)
5 | initial acquisition costCost required 1o Frepk
for repair channel provide a certain
number of repair
channels
6 | annual support cost forICost required to Po(r, tg)Crepk

repair channel

provide support for &
repair channel

&

7 | replacement cost

Cost  required

also includes spar
parts cost

conduct replacement

tozzkh&

e + PA(r' td)crep,irni]

8 | salvage cost

The value of units
the end of itg
operating period

at Pp(r,tg)Sa(m +s)

whereCy(MTBF,MTTR)

MTBF

MTTR
m

S

unit acquisition cost

the MTBF of the system failure distribution in

operating hours

repair or replacement time in hours

number of operating units

number of spare units (standby redundancy)
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r

Pe(r,td)

Pa(r,td)

number of repair channels
number of spares of componént
number of repair channels for componient

effective system availability (average percentage
of them units operating)

fixed operating cost

annual operating cost per unit

initial acquisition cost per repair channel
annual (support) cost per repair channel

fixed cost per failure

unit cost of componemt

annual cost per repair channel for compoment
labour rate ($ per hour)

number of operating hours per year per unit
design life (in years)

unit salvage value (a negative value is a disposal
cost)

discount rate

1/(1+r)% is a present value factor of a future
amount at timey years at a discount raterof

[1/(1+r)%-1)/ [r/(1+1)] is the present value factor
of an annuity ovety years at a discount rate rof

In Eq. 4.2, the term discount rate (r) is used to represent bangsinfgr The

discount rate is the interest rate to earn, or a given amourdr@yntoday, to end up

with a given amount of money in the future. So basically the vafube discount

rate equals bank interest.

In order to use the LCC model proposed by Ebeling (2010) in this cbsear

further development is needed to fit it with the proposed integrsttelns dynamics

48



simulation. Ebeling (2010) has proposed assumptions in association heith t
application of his LCC model. These assumptions are:

The component replaced is as good as new

All operating units are identical and obtained at the same time

Constant annual operating requirement

1

2

3

4. The system is in steady state

5. No preventive maintenance is undertaken during the operational period of unit
6

No failures occur in standby, perfect switching with insignificant down time.

From these assumptions it is clear that this LCC model doesonsider preventive
maintenance activities, and therefore it is only applicable wilzereorrective
maintenance policy applies.

In order to establish a new LCC model that suits a general ulji&SA in
maintenance and its resource provisioning program, further modificatinoh
considerations for the new LCC model are required. The main ioctishat are
considered in the new LCC model are:

1. introduction of related maintenance resource-provisioning variables;

2. inclusion of preventive maintenance and/or scheduled maintenance in ¢he LC
model;

3. inclusion of the time value of money and inflation in all associatest c
elements;

4. accommodating uncertainty

Therefore, the new integrated LCC model should account for theo€daiman
resources, purchasing cost and inventory cost. The cost elementsegmwposed
new LCC model are presented as Eq. 4-3 and Eq. 4-4, respectively.
The adjustment done on the LCC model in Eg. 4-1 to arrive at ti@ LC

model in Eqg. 4-3 is by adding new cost categories and restrigcgome of the old
cost elements as sub-elements under the new cost categories as follows:
1. maintenance cost, which is composed of scheduled maintenance and

unscheduled maintenance;

human resources provisioning cost;

3. purchasing and inventory cost;
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4. stoppage cost: and
restructuring the terms failure cost, initial cost for rephmnnel, annual support
cost for the repair channel, and replacement cost as part ofdimenance

cost.

The adjustments in terms of restructuring those elements can be explained as:

1. The term failure cost in Eq. 4-1 only refers to the cost of breakdow
maintenance that occurs when a failure happens. Therefore thisomgst
includes the repair cost of corrective maintenance. To coveetjugrement for
calculating scheduled and unscheduled maintenance, the term faiktrasc
transformed into formulas as part of the maintenance cost, as shown in Eq. 4-4.

2. The terms initial cost for repair channel and annual support foostepair
channel in Eq. 4-1 are related to maintenance resources faotemance
activities. Assuming that the repair channel is related to tbeigoning of
human resources, the two cost elements are changed into the resoarces
provisioning cost.

3. In Eq. 4-1, there is also the replacement cost which consistsnofal support
cost for the repair channel, and the cost for the replaced comppaetstin the
operating unit. Mainly, the replacement process requires twos tygpfe
maintenance resource: human resources and spare parts. Hence in &gl 4-3
Eq. 4-4, the annual support cost for the repair channel is included lnumhen

provision cost, and the purchasing and inventory cost.

The detailed new equations are Eq. 4-3 and Eq. 4-4:

LCC = acquisition cost + fixed cost of operating + unit annual dipgra
cost + maintenance cost + stoppage loss + human resource
provisioning cost + purchasing and inventory cost — salvage cost

LCC=Cy(MTBF,MTTR)(m + s) + F, + AgysPa(r, tg)Com +
YoM (Fsm + Comr) + ZooM (Fum + Cuyms) + ng. Fsp + Ty.Cs +

n t t
(ngr-L) + 2,5, %-L) + [(ng.Fr) + Zgil(nNHR,p- h;ip L]+
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[(nRO FRO) + ZnRO(noq oq) + F + (np p) + (nc G ) +

ithc
(n36: Can) PF(I', td)sa(m + S)

Eq. 4-4 is established by formulating each cost element in Eq. Z=bdding
(2010) in terms of the variables that reflect the relationshipseaet maintenance
and the resource provisioning functions. Eq. 4-5 is established by exctbditighe
value of money from the annual operating cost and salvage cost. id-£ This
adjustment is done to allow for the possibility of including the tnalee change and

inflation in the system dynamics simulation.

LCC= Cy(MTBF, MTTR)(m + 5) + Fo + AgysCom + XM (Fp . +
CSM 1) + Xl (Fyms + Cums) + na. Fs, + Ta. Cs + (npr. L) +
PG L) + [(ng. Fr) + Zp%, (Mypig pr oan2 )] +
[(hro- Fro) + g3 (no,q- Oq) +Fi 4+ (n,.Cp) + (0. C) +

ithc
(=5 Ciny) — Sa(m + 5)

The new introduced cost elements in the new LCC model equationesenfed in
Table 4-2.

Table 4-2: Introduced cost elements in the new LCC

No | New cost elements Equation
1 | Maintenance cost | ¥ 'S (Fgmr + Csmr) + Dot (Fums + Cums)
2 | Stoppage loss ng.Fgp + T4.Cg
3 | Humanresource | (. 1) + 37, (%- L) + [(ng. Fr) +

provisioning cost ng tNHRp . P

2pe1 (nNHRp 265 )] + [(nro-Fro) +
nRO (no q- Yo q)]
- + c

4 | Purchasing and F; + (np. Cp) + (0. C) + (F==. Cipy)

inventory cost

365

Further explanations of deriving the terms of these new cost element inclugions ar
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4.1.1 Maintenance Cost (&)

In the LCC model in Ebeling (2010), the maintenance cost is onlytefien

the failure cost aB, (r, tg) Agysm(Cs + L.MTTR). The failure cost is calculated

_to
MTBF
from the number of failure that OCC%AS},S) multiplied by the number of
operating units (m) and the cost per failutg€ L. MTTR). The MTBF and MTTR

in the failure cost are assumed to be constant. In real syseisi@ssumption is
impractical and very difficult to fulfill, but a random event approattMTBF and
MTTR can be practically achieved.

From this idea, the new maintenance cost is introduced in the n&ah@
includes costs for scheduled and unscheduled maintenance in Eq. 4-6sThsa
accommodates fixed and variable cost of both types of maintenascabM cost of
maintenance is denoted byand Gy for scheduled and unscheduled maintenance
respectively, and can be determined by multiplying the dajgeses by the number

of days required to perform that maintenance activity.

CM = Z?il\lll(FSM‘r + CSM,I‘) + 222¥(FUM,S + CUM,S) .................... Eq 4-6

where kv : fixed cost of scheduled maintenance
Csuw : total variable cost for every scheduled maintenance performed
Fum : fixed cost of unscheduled maintenance

Cum : total variable cost for every unscheduled maintenance performed

The values MTBF and MTTR are generated by the simulation model and
inputted into the maintenance cost element. The proposed maintenanekeicesit
is calculated based on the number of scheduled and unscheduled mainterance fr
the simulation output multiplied by its associated fixed and variabst. The fixed
and variable maintenance cost may include labour cost, equipmeandasansport
cost. This maintenance cost does not include the cost of spare pdrtsecause this

is included as part of the purchasing and inventory cost.
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4.1.2 Stoppage loss (CSL)

Units may produce profit when they are operating. When units stoptoge
because of any failures, they stop generating profit. Stoppage loss istedltyldhe
number of unit stoppage multiplied by the loss of opportunity causechdy t

stoppage, as shown in Eq. 4-7.

CSL =1y FSL + Td'CS ....................................................... Eq 4-7
where : number of stoppage occurrences
Fs.  : Fixed cost of a unit’s stoppage
Tq : amount of time the units fail
Cs . opportunity loss per measured time

4.1.3 Human Resource Cost (CHR)

In the Ebeling (2010) LCC, the term repair channel is used to descri
maintenance resources. This research is particularly conceittetiwy categories:
human resource, and a unit's components/parts as the maintenanceesesbluec
cost element for human resources is dealt with in this seactibite the unit's
components/parts category will be dealt with in the following section.

The human resource provisioning cost includes salaries for maintenance

personnel, recruitment and outsourcing costs, as shown in Eq. 4-8.

t t
Cur = (ngr.L) + Zflzp 22 L) + [(ng. FR) + 208 (Mnprp- o2 - L)] +

1 r§65 365
[(NRo-Fro) + X gid (No,q- Co,q)] wermeermveremsmssnmisneiniinnisiiins Eq. 4-8
where pr : number of maintenance personnel
L . labour rate
Np : number of partial labour (labour that not work for a whole year

any reason)

tp . partial labour’s number of days in a year.
NR : number of recruitment undertaken
Fr : fixed cost for recruitment

NwHr - humber of new maintenance personnel
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tn\wr  -new personnel’s number of days in one year
NrRo : humber of outsourcing committed

Fro : fixed cost of outsourcing

No : number of personnel from outsourcing

Co . outsourcing personnel’s salary

4.1.4 Purchasing and Inventory Cost (CPI)

Purchasing and Inventory Cost includes fixed operating cost for imgha
and inventory activities, purchasing cost, and variable inventory sataavn in Eq.
4-9.

Cr = Fi+ (np. Cp) + (0e. ) + (B2 Cing) vovvvvnvnnc e Eq. 4-9

Where F : Fixed purchasing and inventory cost

No : number of purchases

G : purchasing cost

n : number of initial inventories

Ne : number of components purchased

Ci : cost of a component

Cinv  :inventory cost

4.2 Further Development of the New Life Cycle Cost Model

As indicated by Fabrycky and Blanchard (1991) and Dhillon (2010), to
develop a LCC model, some aspects that affect the cost elements of the LCC are
1. Time value of money
2. Inflation
3. Uncertain factors in the cost elements
In addition to considering the time value of money and inflation, somertaint
variables in the LCC also needs further attention. The new it¢egk&£C model in
Eq. 4-5 does not include inflation and the time value of money. Wster to the

inclusion of time value of money and inflation, two alternatives are possible:
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1. inclusion of the value of money and inflation change through the system
dynamics simulation, in which case Eq. 4-5 can be used, or

2. inclusion of the value of money and inflation factors through the L@Gem in
which case Eq. 4-5 needs to be further developed to include theofahaney
and inflation factors in all related cost elements.

To consider the value of money and inflation in all the elements diGlas
discount rate and inflation factor should be used. Therefore, thednfli@ictor ()
and discount rate (r) are to be accommodated in the new model. Ther fur
development of the model to accommodate the inflation fagjoar(d discount rate
(r) can be as follows:

Denoting the total yearly cost as {Mhich is the total cost emerges in year t,

then TG can be formulated as:

TG = Cat + Rt + Gt + Gut + Gt + Gire + Gy + Gyt

where G : acquisition cost at time t
Fo:r  :fixed cost of operating at time t
Cot :annual operating cost at time t
Cut : maintenance cost at time t
CsLt : stoppage loss at time' t
Churt : human resource provisioning cost at time t
Cpit :purchasing and inventory cost at time t

Cs: :salvage value at time t

If t4y denotes the final year in the lifetime of a unit then the L&C ke expressed as
shown in Eq. 4-11. If the cost elements increase each year baskd wmilation

valuer, the LCC can be expressed as shown in Eq. 4-12.

LCC =300 TCh v e Eq. 4-11

LCC =318 TC(1 4+ )M Lot Eq. 4-12

To consider the value of money in the LCC calculation, the presmth Yormula is
applied into Eg. 4-12. The new LCC equation considering inflation andrnprese

worth of money with discounted rate r is presented in Eq. 4-13.
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LCC =318 TC(1+ M) (1 + 1) i eeeeen EQL 4413

Combining Eqg. 4-5 and Eq. 4-13 produces a new LCC equation which considers
inflation and time value of money as shown in Eq. 4-14.

LCC=Y{4,[Cyt(MTBF,MTTR)(m, t + s,t) + F 1 + AgysCom +
n n
Yo (Fsmrt + Csmrt) + 2gor (Fumst + Cumst) + Nae-FsLe +

Npt tp,
Tqt-Cst + (nHR,t- Lt) + leplt ;?;-Lt) + [(nR,t- FR,t) +
ng,t INHRpt
2pe1(MNHRpt- 2es - LO] T [(Mrot- Fro) +
n
Zqi&)’t(no,q,t- Co,q,t)] + Fi,t + (np,t- Cp,t) + (nc,t- Ci,t) +

(ni,t+nc,t C

25 Cinw) — Sae(m, t+5,0] (1 + ML +1)" ... Eq. 4-14

Eq. 4-14 provides a general equation for calculating LCC while accounting
for time value of money and inflation changes. The equation is congatitil the
system dynamics simulation by attaining its input directlymfrthe simulation
output. Further modification or simplification of Eq. 4-14 may be requinetitor

its application to specific cases.
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5 SYSTEM DYNAMICSMODEL DEVELOPMENT

5.1 System Dynamics Simulation

As stated in the research objective, the simulation involves a@agl an
integrated system dynamics and LCC model for establishingtemaince resource-
provisioning policies and maintenance policies to optimise the overéirpance
of the system. In this chapter, system dynamics simulatidevsloped. It covers
the development of a causal loop diagram and a generic systemmidgmrmodel for

maintenance programs and maintenance resource-provisioning.

5.1.1 Causal Loop Modelling

The process of constructing the CLD starts by determining tlagede
elements or activities and its relationship. The preliminarip ©k the maintenance
resource-provisioning is shown in Figure 5-1. Figure 5-1 represedatsonships
between each element or activity in the maintenance program, anekbeelements
or activities in maintenance resource-provisioning. In figure 5-1 retetionship
between maintenance activities (scheduled and unscheduled maintemidmesset
performance is presented. Both maintenance activities have gommigg to the
asset performance with positive sign, which indicates that the manetenance
activities done the higher the asset performance. Converselyrdives drom asset
performance to both maintenance activities are expressed wittiveegjgns, which
show that better asset performance leads to less mainteremgeement. The
relationship from each maintenance activity with asset perforeng@noduces a
balance (B) loop or balancing feedback. Balancing feedback producdigradqui
(Sterman, 2000). The relationships of asset performance and maigeuivdies
produce equilibrium between the desired asset performance and the nofmber
scheduled and unscheduled maintenance. In the relationship between maetena
activities and maintenance resource-provisioning, both scheduled artteduisc
maintenance has a positive sign to the human resource and pur@rakingentory.
Therefore, more maintenance activities require more resourggdsding human

resources and purchasing and inventory department.
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Figure 5-1 Preliminary CLD of the maintenance resetprovisioning

Figure 5-1 shows the associated variables for ningepurposes in each

loop and the relationships among them. These assdcivariables and the

relationships provide the basis for a more detaid to be constructed. The

selected associate variables in relation to thet@aance program are:

1. Failure rate

2. SM schedule

3. Required/ Delayed
Scheduled Maintenance
(SM)

Frequency of asset failure per tuimié.

Schedule for SM is generated from
maintenance policy. It can be based on
periodic maintenance or condition based
maintenance. A value for this variable is
only generated when the scheduled

maintenance is performed.

After the time for scheduled maintenance
is arranged, it generates a value for
required scheduled maintenance.
Scheduled maintenance can be delayed
because of insufficient resource to

complete the task. This variable
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4. Completed Scheduled

Maintenance (SM)

5. Assets Failure

6. Required Unscheduled
Maintenance (UM)

7. Completed UM

8. Delayed UM

9. Asset Uptime

10. Repair time

represents the total number of scheduled
maintenance that is required or
postponed in a particular time to restore

the unit to an expected condition.

Once the required/delayed scheduled
maintenance is finished, the status of the
scheduled maintenance is completed. The
number of completed scheduled

maintenance is represented in this

variable.

The number of asset failures that
happened in the system

When asset failure occurs, UM s
required. This variable is the number of
total UM required to restore the asset to

an operable condition.

The number of UM that has been
completed.

The number of UM that are deferred for
some conditions or because of
insufficient resource to complete the

operation.

The accumulation time of the asset while

operating without interruption.

The total time required for Unscheduled

and Scheduled maintenance
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11. Required Man-hours

The total man-hours required in a certain
time horizon for scheduled or

unscheduled maintenance

In the maintenance resources provision system, the selectetlesrand

their definition are as follow:

1. Assigned Man-hours

2. Available Man-hours

3. Absence/Leave

4. Overtime

5.  Outsourcing

6. New hiring

7. Replaced parts/components

Assigned man-hours is the total number
of man-hours assigned to carry out
scheduled and/or unscheduled
maintenance.

The total number of man-hours available
to carry out maintenance tasks in a
certain time horizon. The value can
change over time due to the requirement
of man-hours and other human recourse

policies.
The total man-hours reduced in a certain
period of time caused by the absence of,

or leave taken by maintainers.

The total man-hours added as the result

of overtime policies.

The total man-hours added as the result

of outsourcing policies.

The total man-hours added as the result

of recruiting new maintainers.

The amount of parts or other
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10.

11.

12.

13.

14.

or consumables

UM required
parts/components or

consumables
SM required part/

components or consumables

Installed parts/components

or consumables

Available parts/components :

or consumables

Expected demand

Order quantity

Purchasing policy

maintenance resources that can be
provided in a certain UM session.

The amount of parts or other

maintenance resources needed to
complete UM.

The amount of parts or other

maintenance resources needed to
complete SM.

The amount of parts or other

maintenance resources that can be
provided in a certain SM session.

The amount of parts and other

maintenance resources available for SM

and UM activities

The estimated number of resources (parts

or other resources) as calculated and

forecast from the past and future
maintenance activities.
The amount of parts, consumable

materials and other resources which are

ordered from suppliers.

The consideration for selecting suppliers

to supply a number/ amount of
maintenance resources based on price,
quality and lead-time. In this research,
this policy includes the number of order

quantity in every purchase.
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15. Inventory policy . This is a guideline for making decisions
related to the inventory level. In this
research, the inventory policy determines
the level of safety stock, and the desired

inventory level.

The established CLD that includes all promoted variables for em&nte
and the maintenance resource-provisioning system are presentgdna 5-2. The
CLD consists of three parts: human resource subsystem; maintenancéesujpagd
purchasing and inventory subsystem. In the human resource subsystekey the
variable used for human resource provisioning is available man-hoti#s BWiman
resource provisioning can contribute to overall optimum performance &t as
management by providing the optimum number of available MH. Fro@tbe the
policy for providing the optimum number of MH can be done by considesonge
variables related to the available MH. The available MH cannbesased by
applying overtime, outsourcing, and new hiring. Overtime is bgitsolve the short
term shortage problems. If the shortage is predicted for a ltergeroutsourcing or
new hiring is a better option. In the new hiring policy, thera fdelay” symbol 1)
on the arrow to available MH, as shown in Figure 5-2. This symbol sth@awghere
is a time delay from the implementation of the recruitment patidoe accomplished
to fulfil the shortage of available MH. To keep the rationale remdj available
MH, downsizing or lay off can be applied in situations when the worktdatie
people is predicted to be low for a longer time. On a dailyshd® available MH is
affected by the number of absences/leave, the number of Mignedsifor
maintenance activities, and the number of MH which return after letimgp the

maintenance activities.
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Figure 5-2 : Causal loop diagram of the maintenaaseurce-provisioning

The second part of the CLD is the maintenance pragiThe main objective
of the maintenance program in this CLD is to opsenithe asset uptime by
minimising asset failure and repair time. Asselufai can be reduced by completing

scheduled and unscheduled maintenance that wilredse the failure rate.
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Nevertheless, more scheduled and unscheduled maintenance activitiesregse
the total repair time that leads to lower asset uptime. Irr @tbeds, the number of
maintenance performed in a period of time should be balanced by isinmgrasset
failure time and repair time.

The third part of the CLD is the purchasing and inventory program. &ie m
objective of this program is to provide parts/components or consumabl@s at
optimum level to support the maintenance activities. The number ofalaleai
parts/components or consumables is subtracted by the usage foenaaos
purposes and increased by the arrival order. The number of orders amehis
determined by order quantity. To find the optimum number of parts/compaorents
consumables ordered, there are four aspects that should be conditezatbry

control policy, desired inventory level, ordering policy, and financial pressur

5.1.2 Feedback analysis

It is necessary to perform feedback analysis to verify tladigaship between
variables. The analysis is focused on the loops formed in the CLe &he fifteen
loops generated in the CLD, seven balancing feedbacks and eighiraieigf

feedback. Each loop is explained as follow:

a. Loop B1l: Completed unscheduled maintenance sub system

Complete unscheduled maintenameFailure rate = Assets Failure®

Required unscheduled maintenan@eCompleted unscheduled maintenance.

When the failure rate of an asset is increasing, this eghttea failure of the
asset, and therefore the asset returns to its operationte) atad unscheduled
maintenance action is required along with all required resoupass,( human
resource, and other resources). The completion of unscheduled maintesthames
the asset’s failure rate in general. The purpose of this fotpachieve the desired

level of failure rate by repairing asset failure.
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b. Loop B2: Completed scheduled maintenance sub system

Completed scheduled maintenam®d-ailure rate= Scheduled maintenance

schedule? Required/delayed scheduled maintena®#c€ompleted scheduled

maintenance

Completed scheduled maintenance reduces the failure rate. Toiménata
failure rate at the desired level, scheduled maintenance isgadaat reasonable
intervals or states of condition. When the time for scheduled maimte occurs, it
generates a requirement for scheduled maintenance. SimilappB1, this loop is
also a balancing loop to attain the desired failure rate, butsridbp attaining the

desired failure rate is by completing the scheduled maintenance.

c. Loop B3: Order Quantity (from SM requirement per spective)

Order guantity = Available parts/components or consumable2 Installed

parts/ components or consumable® Completed SM=» Failure rate =

Scheduled of SM=2 SM required parts/components or consumable®

Expected demane® Order Quantity

The objective of this loop is to keep a reasonable inventory leviehlaycing
installed parts/components or consumables as inventory output with the order
quantity as its input. The level of available parts/components or cairdesnis
accrued by a number of order derived from order quantity. Theahuay of parts/
components or consumables supports scheduled maintenance actions to reduce the
failure rate. Then to keep the failure rate at the necedsasl, scheduled
maintenance should be arranged. This arrangement enables themeqtie
parts/components or consumables to be forecast. The result ofébasfiocan be an
input to determine the expected demand for the following period of wimeh is
essential to determine the number of parts/components or consumables that should be

ordered.

65



d. Loop B4: Order Quantity (from UM requirement per spective)

Order quantity = Available parts/components or consumable® Replaced

parts/ components or consumable® Completed UM=» Failure rate =2

Assets failure ® Required UM = UM required parts/components or

consumable@® Expected demane® Order Quantity

This loop is also proposed to determine the number of order quantitypbut f
an unscheduled requirement perspective. To complete the unscheduled mamtenanc

required parts/components or consumables are obtained from available

parts/components or consumables for replacement purposes. The completion of

unscheduled maintenance affects the failure rate by reducMénén the asset is in

a failed condition, unscheduled maintenance action is required, &itmgequired
parts/components or consumables. Forecast requirement of parts/ cotepone
consumables for unscheduled maintenance constructs the number ofe@xpec
demand collectively with forecasted parts/components or consuniabksheduled
maintenance. This number of expected demand determines the numbeleiof or
quantity after considering other related aspects (e.g. desiredtory level, financial

pressure)

e. Loop B5: Available Man-hours

Available man-hours® Assigned man-hours®® Available man-hours

This is a small loop between available man-hours and assigned nran-Aou
higher number of available man-hours may allow a higher numbas$igned man-
hours to perform the maintenance activities. Conversely, a higher numbegokdssi
man-hours reduces the number of available man-hours. In the whol¢h@tdare
several reinforcing loops that include this loop. The inclusion of availalih-hours
and assigned man-hours in all reinforcing loops is done through including lop B
in them. In theory, a loop that consists of a combination of reinfpand balancing
loops will have a different behaviour from the original reinforaamdpalancing loop

behaviour.
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f. Loop B6 : Available parts‘components or consumables for scheduled

maintenance

Available parts/components or consumab#®dnstalled parts/ components or

consumablea® Available parts/ components or consumables

This loop simulates relationship between available parts/components or
consumables and installed parts/components or consumables for scheduled
maintenance. A higher number of available parts/components or consumables covers
requests for installed parts/components or consumables for schedhitgenance.
Increasing the number of parts/components or consumables instatisddea lower
availability of number of parts/components or consumables. Loop B6 hasitie
function as Loop B5, which is a-counter-weighting between variablesintain the
rational level of values for these variables, e.g. available aaqdired parts/
components or consumables. The other loops that include this type of loompis
B3 and R7.

g. Loop B7 : Available parts components or consumables for unscheduled

maintenance

Available parts/components or consumable® Replaced partstomponents

or consumables® Available partscomponents or consumables

This loop maintains relationships between available parts/components or
consumables with replacement parts/components or consumables for uresthedul
maintenance purposes. More parts/components or consumables used fomesqtiace
will generate a lower availability of the number of parts/comptser consumables.
On the other hand, a higher number of available parts/components or cblesuma
provides more parts/components or consumables that can be used fmmepitin
unscheduled maintenance. This loop also helps to keep the available parts/
components or consumables at a realistic level. The loops thatiéntilis type of

loop in it are Loop B4 and R8.

h. Loop R1: Delayed unscheduled maintenance

Delayed unscheduled maintenane® Failure rate = Assets failure®

Required unscheduled maintenan@eDelayed unscheduled maintenance

67



This is loop explains the effect of postponing scheduled maintemenother
variables. In a situation when the maintenance resources araciestifor delayed
for some reason, the unscheduled maintenance will be delayed. Mangedlel
unscheduled maintenance can generate a higher asset failurgor#ttat the asset

become more fragile and requires more unscheduled maintenance action.

i. Loop R2: Required/delayed scheduled maintenance sub system

Required/delayed scheduled maintena#céailure rate®® SM schedule®®

Required/delayed scheduled maintenance

Required/delayed scheduled maintenance is the total number of schedule
maintenance that should be completed to restore the unit to an expenthtion.
Every asset has arrangements for scheduled maintenance. Scheduntghance
must be performed at the right time. If for any reason thedded maintenance
cannot be completed, it becomes delayed scheduled maintenance, whiholea
increased failure rate. In turn, increase of failure rate triggenew scheduled

maintenance to be arranged.

j. Loop R3: Assigned man-hoursfor scheduled maintenance

Available man-hours =& Assigned man-hour® Completed scheduled

maintenance® Available man-hours

This loop represents the cycle of man-hours and considers scheduled
maintenance activities as a black box. It only focuses on monitoramghours from
its requirement, assigned until returning to the available man-wauiable. Based
on analysis of the signs, this loop is a reinforcing loop becausiyiadl are positive.
It is also important to look at the role of Loop B5 which controls thmber of
available man-hours. A higher number of available man-hours allowa figher
number of man-hours to be assigned for maintenance activities. aAftember of
man-hours are assigned, the assigned man-hours variable reducearti®urs
availability (see the negative sign from the assigned man-howagaitable MH).

The assigned number of man-hours for scheduled maintenance retuinsraades
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the number of available MH variable after completing the schédulaintenance

actions.

k. Loop R4: Assigned man-hoursfor unscheduled maintenance

Available man-hours= Assigned man-hour# Completed unscheduled

maintenance® Available man-hours

The behaviour of this loop is similar to Loop R3: the assigned man-faurs
scheduled maintenance. This loop cannot be analysed as an independent loop without
considering Loop B5. Therefore, when a number of man-hours are as$oyned
unscheduled maintenance, they will be deducted from the number ob&vanan-
hours at the same time. The assigned number of man-hours for sdhedule
maintenance returns and increases the number of available MH@ftpieting the

unscheduled maintenance actions.

|.  Loop R5: Required Man-hoursfor scheduled maintenance

Required man-hour® Available man-hours =*Assigned man-hour®
Completed scheduled maintenam®e Failure rate = SM schedul®®
Required/delayed scheduled maintena#*cBequired man-hours
The loop represents how man hour is assigned in the completion of scheduled
maintenance. At the time for scheduled maintenance, a numbernshones are
required and assigned from available man-hours to complete the schedule
maintenance. The completion of scheduled maintenance retrievesluhe fate to
the desired level. At such a level of failure rate, anotheecidad maintenance is
arranged and a number of required man-hours will be assigned. Thisalkmp

includes Loop B5 to balance the available man-hours.

m. Loop R6: Required Man-hoursfor unscheduled maintenance sub system

Required unscheduled maintenam®dRequired man-hour® Available man-
hours = Assigned man-hour® Complete unscheduled maintenamke

Failure rate = Assets failure®» Required unscheduled maintenance
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This loop also includes Loop B5 to maintain the number of available man
hours to a rational level. The number of man-hours required for thpletom of
unscheduled maintenance to fix a failure in an asset is deterfnore the required
unscheduled maintenance. The required man-hours is then compared with the
available man-hours. Depending on the availability of man-hours aratitrgy of
the unscheduled maintenance completion, a certain number of required maushour
assigned to complete the required unscheduled maintenance. Omedssimber of
man-hours can be partial or the whole number of required man-hours, depemding
the availability of the man-hours. More man-hours assigned will decreaserttioer
of man-hours available (based on Loop B5). The policy to assignaanceumber of
man-hours can affect the result and completion time of unscheduledenaaioe.
After the unscheduled maintenance is completed (loop B1), the numbssigrfied
man-hours returns to the available man-hours, and respectively increaskgits va

n. Loop R7: Required part for scheduled maintenance

Schedule of SM=» SM required parts/ components or consumabi®s

Available parts/ components or consumak®emstalled partscomponents or

consumablea® Completed SM? Failure rate = Scheduled of SM

To complete a schedule maintenance order based on the arrangedled, a
number of parts/ components or consumables is required. This number oédequi
resources is to be provided from the available parts/components or cblesima
After the required parts/components or consumables are obtained, thdye w
installed in order to complete the scheduled maintenance. At a prechee
situation or level of failure rate another scheduled maintenaniweke organized.
This loop includes Loop B7 as an equaliser to maintain the variabd@aifble

parts/ components or consumables at the correct level.

0. Loop R8: Required part for unscheduled maintenance

Required UM = UM Required parts/ components or consumabh®s
Available parts/resourc® Replaced partstomponents or consumable®
Completed UM=» Failure rate = Assets failure? Required UM
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This loop expresses how the process of generating required @apsteents
or consumables, until it is used to complete an unscheduled maintescitoe
When an unscheduled maintenance is required, a requirement of parts/caispone
consumables is generated to complete it. This requirement is sugplied from
available parts/components or consumables. Then, the supplied parts/ caisipone
consumables are installed as part of an unscheduled maintenance icomples
completion of unscheduled maintenance will reduce the failure natdead to a

smaller chance of asset failure. This loop also employs Loop B7.

The CLD in Figure 5-2 represents only one unit in an assetsdf af assets
consists of n number of units to be observed independently, the CLD can be extended
as shown in Figure 5-3. On the maintenance program in Figure 5-3, olagsets
are presented in boxes from unit 01, unit 02 to unit n. Each box represents
maintenance element/activity of the CLD in Figure 5-2. To conduatdsded and
unscheduled maintenance in each unit, a request for maintenance egssurc
conveyed to available man hours and available parts/components or corsumabl
From the available man-hours, a number of man-hours will be assigmed a
distributed to requesting units. After all requested resourceddiatributed, the
maintenance actions are performed.

In this research, the main focus of the maintenance and its reseurc
provisioning system is to maintain the desired performance of sie¢. &#ence from
Figure 5-2, asset uptime is selected as the main varedden the behaviour of the
maintenance and its resources-provisioning system. All decisidhe maintenance
system, the purchasing & inventory system, and the human resoysta® should
be made in order to achieve optimum performance of the asset. Beneceotel
covers the integration of three different entities, decision maietased to those
entities (maintenance manager, purchasing & inventory managesnhtgsource
manager, and the CEO) can use the model to support the decision makiesspr
Further, the result of the integrated LCC model with the systgmamics simulation
can serve as information to support the decision making process in other emthies s
as the department of finance.

In the maintenance system, the decision maker investigation fhmas t

optimum maintenance policy (e.g. breakdown maintenance, preventiveenzaiog,

71



and predictive maintenance), along with the optimimerval of preventive
maintenance as necessary. To ensure that the memce policy is successfully
applied, maintenance resources should be provdionehe right amount and at the
right time. This condition is the basis for a demsmaker in the purchasing &
inventory system and human resource system to aevmlicies. In the purchasing
& inventory system, a particular inventory levelosld be maintained to fulfil
requirements for maintenance activities. This can done by determining the
purchasing policy (e.g. order quantity) and inveytaolicy (e.g. safety stock) based
on the component’s lead time and price. Similarythe human resources system, a
particular number of man-hours should be providgds can be done by applying

one or combined policies, as discussed in sectibid .3
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Figure 5-3 The CLD for n units in an asset
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Figure 5-3 also illustrates how policies in human resources, mamte, and
purchasing and inventory subsystems are applied. It shows that eagstembisas a
set of possible policies. It is assumed that each departmembiganisation aims at
minimising their expenses by applying appropriate policies. Rstamce, the
department of purchasing and inventory will tend to minimise thentowe of parts
to save cost, but the maintenance department will argue to havangsinventories
as possible to keep the maintenance activity run without anyuptem due to
waiting for parts/components or consumables to arrive for exariplese two
different interests should be accommodated at the enterprisdiefietiing the best
solution that integrates maintenance policies, human resource goliare
purchasing and inventory policies, based on optimum cost.

Reviewing Figure 3-1 (Framework for integrated maintenanceures-
provisioning), the CLD for n units in an asset in Figure 5-3 repnesgeihe
maintenance program interaction. The maintenance program interactigura Bl
is composed of manpower, maintenance activities, purchasing and iyyeardr
also finance and budgeting activities. These established CLDgatkisfor the
interrelationships between maintenance programs and its resoawt&qming, and
provides the logic for system dynamics modelling.

52 System Dynamics Simulation Model for Maintenance resource-
provisioning

A causal loop diagram is essential to model the charactatioredhips and
its direction in the observed system. For a modeller, CLD canthelpnodelling
process by providing better knowledge of the system dynamics, and also
communication within the organisation. To handle the different structames
relationships of maintenance programs, together with resourcessipnovand
policies applied in each case, a computer based system dynamitztisn model is
required. This section discusses the process of converting the Gaypsaiagram
into a computer based system dynamics model. In the systemrmidgnaodel, three
sub models are developed: a sub model for the maintenance programmadsib
for purchasing and the inventory program, and a sub model for the hestamaes

provisioning program.
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5.2.1 Introduction to the types of variables in systemaiyics simulation

In system dynamics simulation modelling, there &var categories of

variables: level, rate, auxiliary, and constantclEaategory of variables has a

particular function in system dynamics modellindheTchallenge of converting a

causal loop diagram into a computer-based systarardics simulation is related to

determining how to fit each variable in the CLDarthe categories of variable in the

system dynamics simulation.

a.

OF/C 0 O

Level Rate Auxiliary Constant

(1) (2) (3) (4)

Figure 5-4 Symbol for categories of variables

Level

Level, also known as stock, is a variable that espnts quantity that
accumulates over time in the system. Examples f Yariable in the real
system are inventory, available man-hours, poparatand level of knowledge.
In system dynamics modelling, level is usually splided as a rectangle, as
shown in part (1) of Figure 5-4.

Rate

Rate (alternatively called a Flow) is a variablattbontributes to a change per
unit of time within a level. There are two typesrafe, in-rate and out-rate. In-
rate is the number of units per time added intevell and out-rate is the number
of units per time deducted from a level. In an meey system, in-rate can be an
arrive order, and out rate is order dispatchedhginsents. In system dynamics
simulation modelling the symbol of rate is showrpant (2) of Figure 5-4.
Auxiliary

In system dynamics simulation modelling, this Vialéais a helper variable. It
assists a modeller to combine and reformulate mébion present in the model.
Auxiliary also helps a modeller to break a comptaiculation or equation into
smaller components to make it easier to understind.also able to show a
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value of the affecting variables. The symbol of Auxiliary isspréed in part (3)
in Figure 5-4.

d. Constant
Constant is a special type of auxiliary variable that defamesitial value of a
variable or as constant. The symbol of constant is shown in part Fgwe 5-
4.

To demonstrate how these variables collaborate to develop a system
dynamics simulation, an illustration is presented in Figure 5-5hakia model of a
simple inventory system. In this model, inventory is presentediegel with order
received as the in-rate variable and shipment as the outanadble. As a level, the
number of inventory is accumulated over time. In the early statedfimulation, an
initial value of inventory should be set. In the model, the initialeat set in the
constant variable named ‘initial inventory’. The quantity of ordeeixexl increases,
and shipment made reduces the inventory level. The quantity of order received over a
period of time is determined by the order quantity and the tieae of the order
(both are symbolised in auxiliary). The amount of order quargitgalculated by
comparing the desired inventory level with the current number of iomenEor
instance, if the desired inventory level is 100 units and the cumesntory level is
25 units, thus 75 units is put as the amount of the order quantity. akfterder is
made, there will be a lead time (the interval between the ptdeed and the order
arriving). At the time the order arrives, it will increatee inventory level. The
calculation and logic to determine the order quantity and the amlieal can be
inserted in the order received variable in the in-rate part ahthekel. However, it is
difficult to determine what factors or variables affect the omeeived, so it is

essential to break down the calculation into several auxiliaries.
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Figure 5-5 lllustration of the variables collabdwatin system dynamics simulation

On the out-rate part of the model, the number ginbnts is deducted from
the inventory level. Variables that influence thHapshent are market order and
shipment day. Market order specifies the amounbroler from the market that
should be delivered from the inventory, and themsignt day determines when the
order should be delivered. Similar to the ordeivaly shipment can be inserted into
the shipment out-rate. In order to gain a bettelfeustanding at the system structure,

the related variables are then presented intoiaxNariables.

5.2.2 Simulation sub model development for maintenanognams

The first step of developing a system dynamics ktran model for the
maintenance resource-provisioning in a maintenapeegram is creating a
simulation sub model for the units within an aséastseen in the CLD in Figure 5-2,
asset performance is specified by the asset uptwhéch is influenced by asset
failure); the longer asset failure, the lower tlssedt uptime. Asset failure is affected
by failure rate. In the simulation model, failuae is then converted into time-to-

failure and represented as a level, as shown r&ig-6.
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Figure 5-6 System dynamics sub model for unitsiasset

The level for time-to-failure is called TTF_AOn, afe AOn is the identity
number of the unit. For instance, Unit AO1 is stddcTo start the simulation, initial
time-to-failure (TTF_AOl1l) is determined from a ctarg variable named
initial_AO01, and then the value is inserted intoFT’AO1. The initial_AO01 contains a
formula to generate a random value for time taifail For instance, if the probability

of failure follows an exponential distribution, tequation will be as shown in Eq. 5-

P = L — e Eq. 5-1
where

P . probability of failure

A : exponential distribution parameter

t : time

Then, the time-to-failure can be calculated byifigat as shown in Eq. 5-2, where P

is a generated random number between 0 and 1.

it € 1 SRS = =

During the simulation, the TTF is decreased by tlesluction out-rate
variable. When the TTF level reaches zero, thismaehat the unit fails. Auxiliary
variable status_AO01 represents the status of tite Iliinas two values: 1 represents
failure and O represents operational. If the stad0d shows 1, it will stop the

deduction to reduce the TTF and send an orderrfarmscheduled maintenance as
177



seen in Figure 5-8. Further, sending an order for unscheduled maintenance, the
status_AO1 variable also creates the required parts/componecaasumables for

the replacement. The sub model for the creating required partgdonents or
consumables is shows in Figure 5-7.

In Figure 5-6, four units are presented in an asset. The requireshent
parts/components or consumables in each scheduled maintenance or uadchedul
maintenance will be based on the accumulated requirements of all units.

The number of required parts/components or consumables is required in order
to complete the unscheduled maintenance. After required parts/compaments
consumables for the unscheduled maintenance are received (showntas par
UM_AO01), these are used to replace the failed units. The auxihamed
Replacement_AO1 represents the replacement part and is givenrantamn TTF
by the initial_AOl. The value of the TTF is then added to th& 1evel by the
Adders_AO01 in-rate variable, so, the TTF level will have a new TTF.

A similar replacement process also occurs in scheduled maintenance
activities. In the replacement process for scheduled maintenancell niits are
replaced; only units with TTF that are smaller than the timidsvariable are to be
replaced. The sub model to determine the number of parts/components or
consumables required for scheduled maintenance is shown in Figure f&7. T
variable which represents the number of required units for schedaiatemance is
Reg_for_SM auxiliary. The number of parts required for schedulsdtemance is
then supplied to the purchasing and inventory sub model. Then after theedequir
parts/components are obtained from purchasing and inventory, the scheduled
replacement is performed with a similar process for the unscliedepdacement

based on Figure 5-6.
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Figure 5-7 Simulation sub model to create partsimanents or consumables
required for maintenance actions

In Figure 5-7, the required parts/components orseorables for unscheduled
maintenance are accrued from the required paris &b unscheduled maintenance
requirement at all units. The requirement in eauh can be indicated from the status
of each unit. If the status shows that there iailare, then a component is required
for the particular unit. The variable which repmsethe amount of components
required for unscheduled maintenance is Req_for aduMliary.

To maintain the unit, a maintenance program wallicluded in the model.
Each scheduled maintenance and unscheduled maioteims modelled in a level
variable. In the scheduled maintenance order I¢kielscheduled maintenance (SM)
order is the in-rate and SM execution is the oté-r&he SM order level represents
the required/delayed SM variable in the CLD in Fegb-2. The SM order is created
from a SM generator, based on the SM interval avido&paration (SM_prep). For
example, if the SM interval is 30 days and it takedays to prepare the required
resources (e.g. human resources, components)thbestheduled maintenance will
be done at day 30, but the SM order is submittedagt 25 (5 days before the
scheduled maintenance).

When there is an order for scheduled maintenaheel| generate a value for
the dispatch order auxiliary. This order is regedsto maintenance resources
provision to provide the required resources forescted maintenance. After
maintenance resources provisioning provides theimed| resources, the scheduled
maintenance is then performed. In Figure 5-8, tterate of the SM order level and

the scheduled maintenance are executed after tpngred parts/components or
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consumables are provided (in the SM buffer), and-hmaurs are also provided (in
the MH SM buffer). Otherwise, no scheduled mainteeawill be executed.

SR
O ™
SM interval PM genergtor

”,"SM_prep S buff_;_r

- " sz
e @
SM order level MH UM buffer

I_
/M order SM exe MH SM buffer /

dispatch order

UM order level

(5 =)
UM buffer

L _
status_A03

status_A02

Figure 5-8 A simulation sub model to generate negiance orders and actions

Slightly different to the scheduled maintenancesclmeduled maintenance
orders are generated when there is a unit failthre.failure is seen from the status of
each unit. The failure status of one or more ugéserates an UM order, which is
transmitted as an input for the UM order in theate for the UM order level. When
there is a value in the UM order auxiliary, it wilhnsmit a dispatch order to demand
for maintenance resources. The UM order level welnain until there is UM
execution and the required resources in the UMebufe provided by the associated
sub model. After the required maintenance resouasesprovided, unscheduled
maintenance actions will be executed. This exenutgzluces the value of the UM

order level.
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Figure 5-9 Simulation sub model to calculate aspéme

In the maintenance sub model, calculation for tkeset uptime is also
included in the model, as presented in Figure %&. each unit, the uptime is
considered as a level with one in-rate variables Wiptime is accrued daily from the

in-rate unless there is failure represented bytawis of the unit.

5.2.3 Simulation sub model for purchasing and inventory

This sub model represents the process of partsioemps or consumables
provisioning for maintenance purposes. It coversclpasing, inventory, and
provisioning for any request from maintenance d#ats. As shown in Figure 5-10,

six levels of variables which are represented whieh

a. Available component: represents the number of alkal parts/components or
consumables in the inventory for maintenance p@pos

b. Order Quantity: this variable is an in-flight ordeghe amount of ordered

parts/components or consumables have not yet drrive

c. Total component required: this level shows the It@mount of required

parts/components or consumables, which is the agetion of the requirement
for scheduled and unscheduled maintenance.

d. Scheduled maintenance (SM) required: is the amowofht required

parts/components or consumables for the scheduaatenance.

e. Unscheduled maintenance (UM) required: is the armooh required

parts/components or consumables for the unschedwd@ttenance.
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f. Backlog: shows the amount of shortage in the prorigprogram. It happens

when the amount of available components is lowan tlequired.

Purchasing and inventory

r A
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d component SM
dispatched

L
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SMireq inflow SM Req outflow
UM Req

UM Req outflow UM req mflow - - - -
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Q. d ..@

low inveptory order

bAcklog order

LeadTime <>

LT generator

¥ Order arr|
O L]

Backlog outflow Backlog inflow ff day until order arrive

Backlog

Figure 5-10 Simulation sub model for purchasing imventory

In the available component, two attributes araah#ed at the early stages of
simulation. These attributes are initial inventteyel and safety stock. Safety stock
refers to the minimum number of parts/componentsamsumables that should be
kept in the inventory. Usually it is used as spaoeklfil the requirement during the
lead time (the period between the purchase ordargbessued and the order
arriving). When the inventory level reaches theesastock, a purchase order will be
issued to maintain the inventory to the desireclleVhe safety stock level is also
known as the re-order point (ROP). The in-rate deailable parts/components or
consumables is component inflow, which is the numbieordered components
arriving from the purchasing process. The out-rateomponent outflow, which is
the amount of parts/components or consumables raiird from the available

component for replacement purposes. It will bedated if there is a dispatch order
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from the maintenance sub system. The amount of component outflow depethes
number of total components required and the available components. Thdaform
inserted in the component outflow is:

IF(‘'dispatch order>0, IF(Available component’>="Total compt

req’, "Total compt req' ,IF(‘Available component'<'Total compt req’

,'Available component'),0))
A number of parts/components or consumables will be withdrawn frorewvtikable
component when there is a dispatch order of maintenance and the requibeat afim
components for maintenance activities. When the amount of available
parts/components or consumables is less than the required parts/compament
consumables or after components withdrawn for maintenance, a purcbasarg
will be issued.

The issued purchasing order is calculated based on several varables
shown at the order inflow in-rate in Figure 5-10. These vasaéte SM generator,
total components required, available components, backlog, safety stock, max
inventory level, low inventory order, and backlog order. Some of thesebhearia
have been discussed previously; those variables not previously discarssed
explained in the following:

a. SM generator is a variable that is used to generatectiexisled maintenance
order. When the value of SM generator is greater than 0, a scheduled
maintenance order will be issued.

b. Max inventory level is the desired amount of inventory level. In tslel, it

excludes the safety stock.

c. Low inventory order is a purchase order issued whenever the number of

inventory is equal to or less than safety stock.
d. Backlog order is a purchase order issued when backlog occurs.
Generally, there are three situations in which a purchase oitldyewissued: (1)
when available components are less than the sum of total reqaimggbeents and
safety stock, (2) when the level of inventory is equal to €8 than the safety stock,
and (3) when there is a backlog. Briefly, the formula insertedarorder inflow in-
rate variable is:

IF(Order Quantity’>0,0, IF('SM generator>0 AND ‘Available

component'<=("Total compt req'+'Safety Stock’), (‘'max Inventory
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level'+'Safety Stock'-'Available component’), IF(low inventory
order>0,('max  Inventory level'+'Safety = Stock'-'Available
component’), IF('backlog order'>0,('max Inventory level'+'Safety
Stock'+Backlog),0))))
The main objective of the inventory policy is to keep the level ofntorg at the
desired level, including the level of safety stock. This policy mpayguce different
order quantities in every purchase, depending on the inventory level Wwhen t
purchase order is issued. After the number of orders is cadulde lead time for
the order is then generated randomly by the LT (lead timeg¢rgeor. From the
generated lead time, the number of days untill order arrival caleteemined. This
variable is important to determine when the order arrives.

The order inflow in-rate is then converted into the order quantigl.leVhe
out-rate of the order quantity variable is order arrival. The aaderal reduces the
order quantity. It is assumed that the amount of order which arrttie same as the
order quantity. The “day until order arrive variable” determimesrtumber of days
left until the order arrives. It is reduced by 1 every simoitatlay. When the value of
this variable is zero, the number of purchased components arrives watehouse.

This amount is then added to the component availability in the invebyoaglding
the value in the component inflow in-rate variable.

The next variable to discuss is the “total component required Vaviglble”.

The in-rate for this variable is order received and the outisateder dispatch. The
value of the order received in-rate variable is calculated ftemaccumulation of
required components for scheduled maintenance (Req_for_SM) and unscheduled
maintenance (Req_for_UM). This value is then accumulated into ake t
components required. As discussed, the amount of total components required is
required to calculate the number of components withdrawn from thialdea
components; as components outflow out-rate. Once the component outflow out-rate
is determined, it generates a number in the order dispatch oufFhegenumber is

the same as the number in components outflow. Then, this number is dedutted f
the level of total components required.

The number in the component outflow variable is also distributed to thfil
component requirements for scheduled and unscheduled maintenance. The

component distribution is shown in Figure 5-11. Here, the number of withdrawn
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components is used to meet the requirement forhaasded maintenance if the
orders for scheduled maintenance and unschedufgaceznent come at the same
time. The number of components for unscheduled t@aamce is distributed into the
part for UM auxiliary and then included into UM Iferf in in-rate to be accumulated
in the UM buffer. Based on the maintenance sub iiadeigure 5-8, once there is a
value in the UM buffer and assumed MH UM buffeaiso fulfilled, an unscheduled
maintenance is executed. This unscheduled mainteraction creates a withdrawal
event of components in the UM buffer by componémthie UM dispatched out-rate
in Figure 5-11. A similar process is applied in tbemponent distribution for

scheduled maintenance

part distribution for UM and SM vith
UM is prioritised

r u
O —
A
- = =
SM Req
M part remains

component oytflow

part for UM

SM buffer

SM buffer in component SM
dispatched

UM buffer

UM buffer in component UM
dispatched

Figure 5-11 Simulation sub model for componentriiation for scheduled and
unscheduled maintenance

Recalling Figure 5-10, the level variables to stiwe required component for
scheduled and unscheduled maintenance are namedregMand UM req,
respectively. SM req has a SM req inflow in-rasgiable that is determined by the
total component requirement for scheduled maintemgReq_for SM), and a SM
req outflow out-rate that is determined by the comgmt SM dispatch from Figure 5-
11. Also, an UM req has Um reg inflow in-rate thas a value from Req_for_ UM
and the out-rate is UM req outflow that is deteredinfrom the component UM
dispatched out-rate shown in the Figure 5-11.

The last level variable in Figure 5-10 is backlddne in-rate is backlog

inflow which is calculated from a comparison of #afale component and the total
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components required. The backlog level is empldgeset the purchase order for a
shortage condition. Once the purchasing for thetage condition is issued, the
backlog level is reduced to zero by the backlodlawtout-rate variable.

In Figure 5-11, the component requirement for sakeetiand unscheduled
maintenance is dispatched at the component SM tdlspéh and component UM

dispatched out-rate variables.

SM'C component
remain

component SM
dispatched

I w

L =
req component SM
AO04

C comppnent

component
dispatched

component UM_A04

-
req component UM req component UM req component UM req component UM
AO3 AO4

Figure 5-12 Simulation sub model for componentriigtion to each technical
system

The dispatched components for scheduled and unglgtechaintenance need
to be distributed to the particular requiring unithe simulation sub model for
distributing the components to each unit is presgmt Figure 5-12. The first priority
for the component distribution is for unscheduledintenance purposes. Then the
replacement either for scheduled or unscheduledtsr@ance will be done from the
first technical system to the second, and so omonsecutive order to the last

requiring unit.
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5.2.4 Simulation sub model for human resources

In the human resources sub model, there are two options for sglbetianit
of measurement for human resource availability: the number of people
(mechanic/technician), or man-hours. In this research, man-houtedtedebecause
it is easier to convert man-hours from or to other variables.nstarice, man-hours
IS selected to be the unit of measure in available human resddecause the
trainees are not yet fully skilled, the number of trainees carbbeerted into FTE
(full time equivalent) of skilled worker in term of man-hours. Thsteayn dynamics
sub model for human resources is presented in Figure 5-13.

In Figure 5-13, three levels are developed. First level is avaitabh-hours
(MH) that represents the amount of man-hours available over Tineesecond level
is MH UM buffer that is assigned to represent the amount of mars-liispatched
from the available man-hours to perform unscheduled maintenanctniithievel is
MH SM buffer that is allocated for the assigned man-hours flemavailable man-
hours to complete the scheduled maintenance.

The available man-hours level variable has MH inflow as thetenwariable
and MH outflow as the out-rate variable. The constant variable nBnoettled MH
is the initial value of the available MH level. The MH outflopesifies the number
of man-hours assigned for maintenance purposes and is determineslreyguhred
MH. As shown in Figure 5-13, the required man-hours auxiliary isulzdkd when
there is an order either for scheduled maintenance or unschedufedrmaace. The
required man-hours is then compared to the available man-hours in tletfibiv
out-rate to determine the number of man hours assigned. If the reoairedours is
less than or equal to the available man-hours, the number of assigndtbars will
be equal to the required man-hours, otherwise it will be as muteaavailable

man-hours.
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Figure 5-13 Simulation sub model for human resoproeisioning sub system

After the number of assigned man-hours for mainteeas determined in the MH
outflow out-rate, it is distributed to do the manénce order. As unscheduled
maintenance is prioritised ahead of scheduled maamce, the allocation of man-
hours is also firstly assigned for unscheduled teaiznce if required. The amount of
man-hours in the MH outflow is distributed to MHr fodM auxiliary first and then
the remaining man-hours (in MH UM remains) is dmited for scheduled
maintenance in MH for SM.

In the MH for UM, the allocated number of man-hotdies unscheduled
maintenance is added to the MH UM buffer through khH UM buffer in the in-
rate. In the MH UM buffer, the number of assigneannmours is kept waiting until
an unscheduled maintenance execution order isds€uee it is issued, the assigned
man-hours will be dispatched. After completing tirsscheduled maintenance, the
assigned man-hours is returned to the available-manrs through the MH inflow
in-rate. There is a time delay between the disstof man-hours until it is returned
to the available man-hours. This time delay is tihee to repair or complete the

unscheduled maintenance job. Similar logic is ajgolied to the assigned man-hours

88



for scheduled maintenance from allocation for saketi maintenance, dispatched

until returning to the available man-hours.
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Figure 5-14 Simulation dashboard

For convenience when running the simulation, a Etran dashboard is
created and shown in Figure 5-14. It displays iaf briew of parameters on the
running simulation tabulated as information abawichasing and inventory data, the
number of failed components, maintenance, and huesources. On the other parts
of the dashboard (i.e. combo box menu for SM irgkeand provided MH, slider
menu for Initial inventory, order for regular recgment, and safety stock) there are
some facilities used to change the simulation ingfutertain variables in order to
generate different scenarios implemented in theahddble, combo box menu and
slider menu can be added for other input varialblesquired. If necessary, a graph
showing the dynamics over time of one or severgahiées can also be shown. The
graphic can help a decision modeller or decisiokento analyse the system when

the simulation is run. The overall system dynanmcsdel can be adjusted based on
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selected case studies. In the following chapter, some cadiesstare presented to
verify the system dynamics model.

5.3 Mode Validation
Validation is meant to ensure that sufficient confidence in the Fsode

“soundness and usefulness” is obtained before it can be used for pudiggis

(Maani and Cavana, 2000). In other words, after the model is verdibdiag valid,

the model is sufficient to represent the structure and behaviotnreasystem for

policy analysis purposes. The model validation process in this cbsadopts the
guideline suggested by Coyle (1996). Coyle (1996) recommends a igeidiet
validation process as quoted in Maani and Cavana (2000) that includes:

1. Ensuring that the CLD corresponds with the statement of the problem.

2. The model must be dimensionally valid: the dimension is usually calited
‘unit of measurement’. Some simulation programs have features to automaticall
check the validity of the dimensions.

3. The model must not produce unrealistic values: in the case of maiogena
resource provisioning, unrealistic values can be negative awaitedoh-hours or
inventory, or the value of available man-hours being more than providad m
hours.

4. The model should maintain conservation flow: maintaining conservationvef fl
means that the total quality of such variables entering, depaatid remaining
in the system should be analysed. In an inventory system for insi&rbe
number of inventory is 10 units and 5 purchased units arrive at the tsam
and there are 8 units requested, the number of inventory should be 7funits le
the model indicates that inventory is not 7 units, the model could be c@uside

as not sufficiently valid.

5.3.1 Ensuring that the CLD corresponds with the statement of the problem

The first step of the recommended validation process is ensuringhtha
CLD fits with the statement of the problem. The main objectivahef system
dynamics modelling in this research is to represent the wtedbehaviour, and

interaction between variables in integrated maintenance aresdsrce-provisioning
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system. The CLD in Figure 5.2 presents the feedback structureeefgtib-systems:
maintenance, human resources, and purchasing & inventory. The CLD describes how
a maintenance system relates to human resources; and purchasmgnfory
system. It can provide a preliminary analysis of the effe@ pérticular policy on
the resources-provisioning system to the maintenance system, ca@ngevsa. For
instance, management shortens the interval for scheduled maintensomethE
CLD, a shorter scheduled maintenance interval leads to a highereraquat for
part/resources and a higher demand for part/resources from irnwértia condition
requires changing inventory policy on the number of order quantity.

Changing policy in human resources may also affect the maintesgatam, for
instance, policy in man-hours lay off. This policy generates &dawailability of
man-hours. When the number of provided man-hours is lower, the numbemnof
hours assigned to the maintenance jobs is also less. It mayodeadelaly of a
maintenance job, and/or higher asset failure to lower asset availability.

In general, from the aforementioned elaboration, it is concludedthieatCLD
provided in Figure 5.2 is capable of representing the structure, behaarmr,
interaction between variables in the integrated maintenance tandesource-

provisioning system as required for this research.

5.3.2 The model must be dimensionally valid

The system dynamics model in this research is developed Rseimgrsim Studio 9.
The software has the capability of automatically checkirgy dimension of the
equations. This feature enables receiving error messagestievere dimension of
the equations is invalid and the model could not be run. This process emsemgs

equation inserted in the model was inspected for dimensional validity.

5.3.3 The model must not produce unrealistic values

For this purpose, the model was run to discover the availability pattenan-hours
and inventory. The number of provided man hours inputted in this run is 32 man-
hours per day and the maximum level of inventory is 5 units. The gionutautputs
are presented in Figures 5.15 and 5.16. Figure 5.15 shows that the valagable

man-hours from the beginning to the end of simulation time varies froon32.
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There is no unrealistic value during the simulation. Also in Fidufes, which
provides the information about part availability during the simulatioa,vialue of
the inventory level from the beginning to the end of simulation i§icgeritly

realistic.
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Figure 5-16 Inventory Level
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5.3.4 The model should maintain conservation flow

To assess the conservation of flow in the model, the level of pbw@@-hours and
inventory are examined. The inflow and outflow of man-hours are peskent
Figure 5.15. It is seen that all values of outflown-man-hoursn®tas inflow man-
hours after every completion of maintenance activities. More detil the
conservation of flow are provided in Table 5.1, which presents valuesflowi
variable, outflow variable and available parts variable for maintenpaposes, and
is calculated every 1000 days. The values of the variables shawthdéra is

consistency in maintaining the conservation of flow for inventory level.

Table 5-1 Conservation of Flow in inventory level

day Accum part inflow | UM part Available | Accum part outlow

0 0.00 5.00 0.00
1,000 0.00 5.00 0.00
2,000 0.00 4.00 1.00
3,000 0.00 3.00 2.00
4,000 3.00 5.00 3.00
5,000 12.00 11.00 6.00
6,000 12.00 10.00 7.00
7,000 12.00 8.00 9.00
8,000 12.00 7.00 10.00
9,000 12.00 4.00 13.00

From all the analysis performed based on the guideline, it can blideddhat the
model is valid and capable for further analysis. As mentioned imiMael Cavana
(2000), a valid model is ready for further policy analysis purposes. The application of
the developed model and how it is used for policy analysis arenpedsiea Chapter

6.
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6 CASE STUDIESAPPLICATION FOR DEVELOPING INTEGRATED
MAINTENANCE RESOURCE-PROVISIONING POLICIY

6.1 Casestudy overview

This case study presents utilising the developtzghyrated model from system
dynamics simulation and LCCA to arrive at a comdimeaintenance and resource
provisioning policy for a wind farm. A wind farm abe composed of tens to
hundreds of wind turbines. In general, each winihe as an engineered complex
asset consists of several units: blades, gearlemergtor, nacelle, tower, and a set of
converter modules in the transformer, as shownigairé 1-2 in Chapter 1. More

details about how a wind turbine works are showhigure 6-1.

Rotor & blades

spin the main shaft (C)
: and gearbox (D),
Inflow of wind which spins the

activates rotor (A) generator (G), resulting
& blades (B) in electrical output

A
o \

Inflow of wind

Figure 6-1 How a Wind Turbine Works
(http://lwww.ecoplanetenergy.com/all-about-eco-ep&ngerview/wind/)

The blades are designed to capture wind energy.blddes spin at a slow rate of

about 6 to 20 rpm, but at the tip the speed caoviee 240 kilometres per hour. The

nacelle is a house of two main mechanical unite: gearbox and the generator.

These two units convert the rotation of the blafdesh 20 revolutions per minute to

more than 1,500 revolutions per minute in the gmtoer The rotations in the

generator produce electricity. The frequency of pheduced electricity varies and
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needs to be adjusted before it can be transmitted to the grid. Bgoufpose, a
transformer is set up and placed in the base of the tower. The iwevhite steel
cylinder, about 45 to 60 meters tall and up to 3 meters in diametewimtidurbine
starts operating at a wind speed of 9 kilometres per hour angesds maximum
power at 49 kilometres per hour. In conditions when the wind speed isimaré20
kilometres per hour, the wind turbine shuts down to avoid damage or fire hazard.
According to Hau (2006), there are five units/parts which estalthgh
mechanical-electrical functional chain in a wind turbine asemtesl in Figure 6-2.
From those five units/parts, three are inside the wind turbinéb@eagenerator, and

transformer.

A

©

Y

v

rotor gearbox generator  transformer  grid

Figure 6-2 Mechanical-electrical functional chain in a wind turbine
(adopted from Hau (2006))

In this case study, the developed system dynamics simulatoielnand the new
LCC model are tailored for each unit independently covering therrttajee units:
the generator, the gearbox, and the converter module in the transfarspectively.
Then, these tailored models for the units are merged togetheurding for all
identical units in all the turbines in the wind farm. This cdadyscovers a wind
farm that consists of 10 wind turbines which are considered as erggineomplex

assets. The schematic presentation of the case study is presented i6-Bigure
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Figure 6-3 the schematic model of 10 wind turbines in a wind farm

As the focus of the modelling is on the generator, gearbox, and conubger,
resource provisioning policy for the maintenance program for eaclsuaniialysed.
Three approaches to tailoring the developed model are presentggrerator,
gearbox, and converter. Each case includes case description, and dysstnics
simulation to generate possible scenarios in terms of maineramt resource
provisioning parameters/variables, that in turn establish a sdteafiaive options
reflecting the alternative combined maintenance and resourgesipning policies.
At the same time the developed model engages these resultergatite

options/policies through the LCCA and presents the results.

6.2 Case Study 1. Resource provisioning Policy for Wind Farm Generator
M aintenance Program

6.2.1 Case Description

A generator is a major unit in a wind turbine. Its functioroisdnvert kinetic
energy into electrical energy. Each wind turbine has one genemamtained in a
nacelle. Failure of the generator constitute a failure of tinel wurbine to produce
electricity. When the wind turbine is in a failure state, ante@ance job is required
to be performed. In regards to generator failure, it can be questidretter repair
or replacement is the better option. According to a comparison @b#ts of repair
and replacement, repairing a failed unit seems to be a bppryagh, because it is

usually cheaper compared to buying a new unit for replacement. vdgwe
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practically considering a cost-benefit analysis of all invdlveosts, such as
transportation and logistics over the longer period of the unit'siniée the
replacement option is more cost effective (Abb, 2006). Therefore mairde
activities in this case are limited to replacement of unitsthBscheduled and
unscheduled maintenance are done in terms of unit replacement. tiredhe
maintenance (UM) will be performed to replace the generatonahailure occurs

in the generator.

6.2.2 Assumptions in the Maintenance Program and Resource provisionirfgefor t
Simulation of the Generator Case

The aim of the system dynamics simulation in this case foilus on
generating scenarios based on different intervals of replatenhat reflect
alternative maintenance policies involving scheduled and unschedulecd maaice.
Tian et al. (2011) recommend scheduled replacement for generatoysdeyears.
However in this case study, the interval for the scheduled repdmtemssociated
with the model is extended to between 5 and 7 years. This assumptiaiecotise
lifespan of the wind turbines to be approximately 25 years. Byts®jes years and
7 years, there will be 4 or 3 times scheduled replacement dbengssets’ lifespan.
To replace the generator during scheduled maintenance, replaceitegiat ceed to
be provided. The unit is to be replaced if the unit reaches ayparttmumber of days
after the last replacement,)t which is calculated based on the interval of scheduled
maintenance and a threshold. The threshold is a variable to detelneimenimum
ts. In this case study, the threshold is determined to be 180 days and 365Fday
instance, if the scheduled maintenance interval is selected weigeeyears (1,825
days) with 365 days of threshold, then the valug @ 1460. Based on thig value,
all generators with agt more than 1,460 days will be considered for a new
replacement. All generators withis less than 1,460 days will not be replaced.

According to Tian et al. (2011), the lifetime of the generator®va a
Weibull distribution withh = 3300 days anfl = 2.

t
P =1—e @ e, Eq. 6-1
where:
Pr(t) : Probability of failure in time t
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A : Generator life span (days)
B : Welibull shape parameter

To generate a random lifetime of the generators, the value oélculated, where,

t=A(—1n (1= PO DYP oo Eq. 6-2

For the human resource provisioning policy, the model is neededddhie
optimum level of man-hours. Initially, 48 man-hours and 64 man-hours aretbet
scenario development. In the purchasing and inventory, initial inventprg-set as
2 units, likewise the safety stock level. When the inventory |leaathes 2 units, a
purchasing order will be released to fulfil the desired inventargllaccording to the
particular scenario. Details of the simulation input data ansoiisces are resumed
and presented in Table 6-1.

The number of man-hours in this case study is not only provided ioypart
for generator maintenance, but also for the maintenance for other typessaon tiné
wind turbine. The main issue is how to share the fixed cost of providaehours to
each type of unit in the wind turbine. To simplify the analysis, fixed cost for
man-hours will be distributed, based on the percentage of the eadtdbwn for
each types of unit in the wind turbine. Based on the data in Irena (20&2)
generator contributes approximately 5% in the cost breakdown for each winmaeturbi
This information will be used as a basis to determine the congositifixed costs
for man-hours for the maintenance of generator. The fixed man-hostrgoc the

generator is determined to be 5% of total annual salary for the provided man-hours.
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Table 6-1 Generator simulation input data, its sources, and assumptions

No Input data Value Source
1. | Generator life time/unit (days Weibull (3300,2) (Tian et al., 2011
2. | Generator price/unit AUD 16,250 (Fingersh et al., 2006)
3. Unscheduled maintenance AUD 187,500 (Tian et al., 2011)
cost/ event
4. | Scheduled maintenance cagst/ AUD 42,188
event
5. | Currency converter USD to 1 USD =0.8 AUD
AUD
6. | Inflation / annum 2.69 % Australian Bureau of
Statistics
Interest / annum 2.49 % Australian Reserve Bank
8. | Average Revenue / kWh AUD 0.075 (Lesmerises and Crowley,
2013)
9. | Stock keeping cost/ annum 0.5% (Tracht et al., 2013)
10. | Assumed operation time /day 8 hours (Lesmerises and Crqwley,
2013)
11. | Technician Annual salary/ per  AUD 55,000 http://www.payscale.com/
person
12. | Repair time distribution (days Normal (5,2)
13. | Wind Turbine Power Grade 2MW

6.2.3 Application of the Model Developed in the Generator Case

In this case, the application of the developed model involves tailoring the
system dynamics simulation developed in chapter 5 to generaitttenance and its
resource provisioning program. The application of system dynamiesajes some
scenarios to be run in the simulation model. The scenarios are convpénethe
LCC analytical model presented in chapter 4 in order to deterrhameptimum
alternative for maintenance and its resource provisioning policy.

Before developing the system dynamics model, it is negessgresent the
modelling logic. The modelling logic for generator maintenance andegource
provisioning is presented in the flowchart shown in Figure 6-4. Therene
generator in each wind turbine; failure of this unit makes theewholid turbine fail.
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In the beginning of the simulation, initial states of simulatimset. The initial set
parameters include initial lifetime for each generator; schddulgntenance event

and interval; initial unit inventory level; and initial man-hours level.

Start
A A
Generating life gzgzai';:g Generating initial Generating initial MH
time for each initial . replacement unit Man Hours (MH) P y
" Maintenance (SM) e available
units evertandl inventory level level
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=now is end 0
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Figure 6-4 The modelling logic of the generator maintenance and its resourc

provisioning

The first variable for which values are generated in the beginointhe
simulation for each generator as a unit in each wind turbireiifetime variable.
In the generator simulation model, only 10 random lifetime valukeigenerated
for 10 generators, as units in 10 wind turbines in the wind farm. The number of failed
units in the wind farm is monitored during the simulation as shownguw&i6-4. If
the unit fails, the wind turbine is considered not to be working, and ameshsded
maintenance job is required to replace the failed unit. Otherthisdailed units will
be replaced during the scheduled maintenance. This process contitiutdse wend

of the simulation time.
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The second variable for which values are generated in the inihalagion
state is the interval of scheduled maintenance. The value of sathedaietenance
interval variable determines when the scheduled maintenancéevékecuted. At
the instance of scheduled maintenance, data about the units requtaugmeent is
collected and also the man-hours requirements are determined.

This information is then used in the maintenance and resource prawsion
plans of the related functions. The scheduled maintenance is exefteteslifficient
amount of required resources is provisioned. Unscheduled maintenances proces
simulation is similarly done, however the order is only triggevhdn there is a unit
failure.

The third variable is the level of inventory. Generating valuesirial
inventory level determines the initial level of provided unitshie inventory. At the
time when there is an order to supply units for maintenance purposesgthied
number of units should be provided and withdrawn from the inventory. After the
units are withdrawn, the level of inventory may reach a safegk devel. Safety
stock level is a level where the number of units in the invengojyst enough to
fulfil the requirement during the lead time. When the safety d&eH is reached or
the number of required units to be provided is more than the availablaruttis
inventory, a purchasing order is issued. Values of variables in thbgsimg and
inventory process, such as safety stock and the number of units irorelechare
used for setting the provision policy.

The fourth value of variable to be generated is the level of provided man-hours.
A maintenance order will determine the number of required man-hours. In the model,
after a sufficient number of required units for the maintenancer ésdorovided, a
number of man-hours also will be provided. The number of provided man-hours will
be deducted from the number of available man-hours. Once the maintenancesaction i
finished, the number of provided man-hours will be returned and added to the
number of available man-hours.

After the modelling logic is presented, the system dynamicdeican be
developed based on the logic. The developed model in chapter 5 is talonedél
this generator maintenance and its resource provisioning prograen.tallored
model is composed of three sections. The first section deals imithaton of the

maintenance program. The second section deals with simulation plitbieasing
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and inventory provision programs. The third secii@als with the human resource
provisioning program. This model requires develgmome sub models assigned as
buffers to allocate maintenance resources for reaarice actions. The function of
the buffers is to temporary store the maintenaeseurces after being dispatched
from the inventory or human resource department ti,é maintenance jobs are
finished.

Starting with the first section of this model, anslation sub model for the
generator maintenance program is presented in &igtt. The Figure provides an
example for the maintenance program of two unitgesferators in two wind turbines

only: wind turbine 01 and 02.
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Figure 6-5 Simulation sub model for the generatamtenance program

The model in Figure 6-5 is a modified version o theeneral model developed in
Figure 5-6. The sub model in Figure 6-5 is a coratiam of the sub models in Figure
5-6 and Figure 5-7. The initial lifetime for therggator is set based on Eq. 6-2. In
Eq. 6-2, there is a variable for the probabilityfaifure in time t (Rt)), which has a
value between 0 and 1. By generating a random nubdieveen 0 and 1 to replace
Py(t) in Eq. 6-2, a random lifetime for the generatall be produced. The generated
lifetime is then assigned to a variable narmetial_AOx, where x represents the unit
number.

For the purpose of scheduled maintenance, one \erelble is presented in
each unit to store the information about the nundbelays after the last replacement
of the unit in each wind turbine. The variable afled part life AOx The value in this
variable is increased by 1 every simulation day decreased by the whole amount
in the part life level whenever there is scheddednscheduled maintenance, which

takes the value in the part life level back to zé&dew days before the scheduled
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maintenance event, the number of units required sfdreduled maintenance is
calculated based on this level variable, and accasetheSM part Req Arariable, as
shown in Figure 6-6 part 2. The number of unitsunegl for unscheduled

maintenance is accrued in Figure 6-6 part 1.

L~J L~J L~J L~J L~"J J J L~J
req part UM A06 req part UM AO7 req part UM AO8 req part UM A09 req part UM A10 req part SM A06 req part SM A07 req part SM A08 req part SM A09 req part SM A10

(1) (2)

Figure 6-6 Simulation sub model to accrue the nurobenit required for
maintenance jobs

The second section of the generator system dynasiicalation model is
purchasing and inventory. The sub model for puidgaand inventory is shown in
Figure 6-7. The purchasing and inventory sub maddifferent from the sub model
developed in chapter 5, as it is tailored to tlasecby introducing two types of
purchasing: purchasing for regular inventory to mtein the inventory level and
purchasing for scheduled maintenance requirements.

The accumulation of requested units for maintendrm® the sub model in
Figure 6-6 is then inserted into the purchasingiamdntory sub model to determine
the number of units required for each scheduledusisg¢heduled maintenance event.
The UM order variable is the number of units required for urgtiied maintenance,
and theSM part req Avariable is the number of units required for sched

maintenance.
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Figure 6-7 Simulation sub model for purchasing exventory

On the top left corner of Figure 64dM order createdJM req level to store the total
amount of required units for unscheduled mainteeaAcsimilar process is applied
in the SM req level to store the total amount of required urfiis scheduled
maintenance. The next process is fulfilling theursgments of maintenance jobs and
purchasing following the logics presented in thedeioThen, the allocation of the
unit either to scheduled and unscheduled maintensngresented in Figure 6-8 and
6-9.

As discussed in the beginning of section 6.2.2f tha system dynamics
simulation model for generators requires buffersttwre the allocated maintenance
resources after being dispatched from their origimil the maintenance job is
accomplished. The variable shortcuts for replacing buffers can be seen in Figure
6-9; buffers are used as indicators: they indicabether the requirements for a
particular unit have been fulfilled.

Take unit AO1 for instance, the requirement fort D1 is stored in theeq
partAOl variable. If the value of this variable is 1, thmeans that the unit A0l
requires replacement. Then after the replacingswari allocated from the inventory,

the unit is temporarily stored inuffer AO1 Therefore, if the value dbuffer AO1
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shows 1, this means that the requirement for A6t has been fulfilled. Details

about the buffers for each maintenance resourcehanen in sub model 6-13 and 6-

14.
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Figure 6-9 Simulation sub model for allocating and each unit

The third section of the model is for human resesimmanagement. The basic

model in Figure 5-13 is tailored for the human tgse provisioning case by some

adjustment as presented in Figure 6-10. The fijststment is made to accommodate

a different random time to repair for each unitths generator model, the time to

repair is generated randomly for every maintenawant in each unit, as shown in

Figure 6-12. The second one is for the returning-maurs after maintenance event.

In the generator model, the returning man-hoursfiesecollected in theMH for A
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remainsvariable before being added irtH inflow. MH for A remainss a variable
to collect the rest of the allocated man-hours uedthish the maintenance job. The

process of generating this variable can be se€igure 6-11.
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Figure 6-10 Simulation sub model for human resoprogisioning

Similar to the sub model for purchasing and invgntthe dispatched man-
hours also need to be allocated to each requinig feigure 6-11 shows the process
of allocating man-hours into each requiring uniteTrequirement for man-hours in
each unit is based on the allocated replacementtarthe particular wind turbine.
The logic behind using the allocated requiring umieach wind turbine as the basis
for man-hours requirement is when a particular veguires a maintenance action,
the first thing that should be fulfilled is unit g@rement, then man-hours
requirement. Once a replacing unit is provided, 4inanrs have to be allocated for
the maintenance action to the particular wind tugbbeing replaced. As shown in
Figure 6-11, the allocated unit in the buffers sedi as a variable to determine the
man-hours requirement for each wind turbine.

As mentioned previously in the example for the wibcation in unit AO1,
after a replacing unit is allocated in buffer A@lien man-hours are required. In such

a case, it is assumed that every maintenance jeldh unit requires two technicians
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that each work 8 hours per day, or a total of 1&maurs per day. Then, after the
allocated man-hours are dispatched from the huresource sub model, the man-
hours are then allocated to each requiring unitetbasn its requirement. The
allocated man-hours in each unit are stored irMHKebuffer in every associated unit,

as shown in Figure 6-11.
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buffer AO1 buffer AO2 buffer AO3 buffer AO4 buffer A0S buffer AO6 buffer AO7 buffer AO8 buffer A09 buffer A10

Figure 6-11 Simulation sub model man-hours allecato each unit

Figure 6-12 shows a sub model for generating retpais for each unit and
defining when the maintenance action ends. As shiawfigure 6-12, the allocated
units for unit AO1 will trigger auxiliary variablettr gen AOlto generate a random
maintenance time. In the case where weather igaenesl in the maintenance job, an
auxiliary variable namedeather adjAO1s inserted into the modalVeather adjA01
is a variable used to adjust the time to repaihéf weather significantly affects the
time to repair. But in this model, the weather atipent is not considered, so the
value of this variable is zero. The generated tionepair is assigned in tmettr AO1
rate variable. The logic associated with miger AOLis:

IF(TTFinish A01>0,0,IF('part for AO1'>0, 'mttr ge AO1'+'wheather

adjA01',0))

The value in the mttr AO1 rate variable is thenredoin theTTFinish AOllevel.
TTFinish AO1lis a level which stores the random value of geedraime to repair. At
the same time after the replacing unit is allocatbd process for allocating man-
hours is performed. After unit AO1 is provided witte required man-hours stored in
the MH buffer AO1 maintenance action is started which triggersthEn Deductor

A0l to start working by deducting the valueTifFinish AOlby 1 day. When the
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value inTTFinish AOlbecomdess than or equal to zero, this is an indicatiat the

maintenance job for this particular unit has bemomplished.

mitr 205 TTFn Deductor AOS mttr 410 TTFn Deductor A10

Figure 6-12 Simulation sub model for generatingetim repair

The other addition sub models for this case aréelsifor replacing units and man-
hours, as shown in Figure 6-13 and Figure 6-14es/ely. When a replacing unit

or a number of man-hours is allocated to the r&wiunit, it fills the associated

level. The replacing unit or man-hours is tempdyastored in the associated level
until the maintenance action is completed. Thid bel indicated by the value of the
TTFinish variable. When the maintenance actioninsslied, this means that the
replacing unit has been installed, and the manshate then returned to the human

resource sub model to increase the number of dlailman-hours.
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Figure 6-13 Buffers for allocated replacing units
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Figure 6-14 Buffers for allocated man-hours
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6.2.4 Scenarios Generation in System Dynamic Simulation

Based on the research objective presented in chapter 1, thémoacateria
that should be considered in the simulation of scenario planning and part@Em
optimisation: efficiency of the resource provisioning, and the tdeyet of asset
performance. In other words, the selected scenario is an optienms df generated
values of a of set variables that achieve the desired assatnpante with minimum
cost. The simulation model output is a set of combined options for timemance
program and maintenance resource-provisioning. As shown in the framé&work
integrated maintenance resource analysis in Figure 3-1, the etdpe analysis
covers four divisions: maintenance, human resources, purchasing and ywvantbr
finance and budgeting. Therefore, in the model, the combined paigesomposed
of policies from maintenance, human resources, and purchasing and invéhiry
analysis also involves finance and budgeting relationships to perf@nbGCA,
which is promoted to the objective function of the model output in minmie
LCC through the combined policies of maintenance, human resources, pugchasin
and inventory.

In this case study, sixteen scenarios are generated. Tin@rieseare set as
alternative values of certain input variables for generatingipslin the simulation.
This set of variables for generating policies for the irgtegt maintenance programs
and their resource provisioning are scheduled maintenance interval onywikaviel,
provided man-hours, and threshold. The proposed scheduled maintenance interval
values selected as the set of alternative policy values inddelrare 5 years and 7
years. The inventory level variable affects the number of replace units
purchased for regular requirement, because the number of purchassextmegit
units is calculated from the desired inventory level subtractedhéyavailable
number of units in the inventory. The desired inventory level isntlagimum
number of units stored for inventory. Alternative values for desired iomsetevel
variable for this simulation are 5 units and 8 units.

The provided man-hours and threshold are the other variables to be set in
terms of alternative values for the simulation. In the scenaties,suggested
alternative sets of values for man-hours provided are 48 man-houré4anmn-
hours per day (equivalent to 6 and 8 people per day). The alterretvievalues for
the threshold variable is 180 days and 365 days. The threshold variaules #fle
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time span criteria of the unit for scheduled maiatece. There are also other initial

values that need to be set in the state as a g@elminary scenarios, namely the

initial inventory level and safety stock level. Thatial inventory level is set as 5

units, and the safety stock level is set as 2 umstailed combinations for all

alternative values of the set of variables fonatly generated scenarios are shown in

Table 6-2.

Table 6-2 Detail for suggested preliminary scenario

SM interval| Desired inv level Provided MH Threshold

Scenario
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The combination of all alternative sets of values the variables produces

sixteen scenarios, as shown in Table 6-2, whichsateas input for the simulation

model. The simulation model generates values fayutput variables, these being:

1. # of SM order

2. # unit performed SM

3. # unit performed UM

4. Total Part for SM

5. Total Part for UM

6. Total # of order

Total number of scheduled mainteean
order

Total number of unit perfodngcheduled
maintenance

Total number of wunit perforne
unscheduled maintenance

Total component required forheduled

maintenance

Total component required forsaheduled

maintenance

Total number of purchasing perfed

during the simulation

111



7. Total unit ordered . Total number of components ordered
during the simulation
8. Average daily available: The average available component in the
component inventory
9. Total time to repair . The total repair time for both scheduled
and unscheduled maintenance during an

asset’s lifespan

10. # turbines days loss . The total number of days the turbines
failed.
11. # backlog : The number of orders caused by

component shortage (available component
is less than required).

12. Accum BL . Total number of components purchased
because of the shortage.

13. Daily MH available . The number of man-hours available daily.

6.2.5 Simulation Model Output and Life Cycle Cost Analysis

The generated scenarios in the simulation are obtained from a ctiorbioia
different simulation inputs. These generated scenarios in termsetsf of
parameters/variables represent alternatives or options théctredlifferent
maintenance resource-provisioning policies. For example, a sedriaibles in a
scenario reflects maintenance and its resource provisioning polidgrins of
different scheduled maintenance interval (1), an order quantity R@Jorder Point
(ROP) in a purchasing and inventory program, and the number of man-hours
provided (MH) in a human resource provisioning program. The output variables of
the simulation constitute the input variables for the new devolved LGd&imThen,

EqQ. 4-14 can be tailored to this case study with the input provided $ysitem

dynamics simulation, as seen in Eq. 6-3.
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LCC (I, f-1(t),q,ROP,MH) =¥1!4,[C,(MTBF,MTTR)(m,t + s,t) + Fy( +
AsysCo tm + ZnSMt(FSMrt + CSM rt) +
n
Yot (Fumst + Cumse) + Nar Fspe +

t
Tq Cse + (nHRt Lt) + ant(3p615t Ly) +

INHRp,
[(ng Frye) + Zp 1(nNHR,p,t- 365pt-Lt)] +

[(nROt FROt)-l'EnROt oqt Coqt) +Fit+

(npt pt) + (nct 1t) + (nl;gCt Cinv,t) —

Saemt+s)](1+m A+t

To simplify the modelling, simulation approach and application, the LCC
model development is tailored to the case application to eliminatedst elements
that do not change or have no effect on optimizing the LCC. Therefore, the
integrated simulation and LCC model development approach is based on tailoring the
LCC model to the application, first to eliminate all unnecesgariables, and then to
develop the system dynamics simulation to account for the resownd
maintenance policy variables, in order to achieve the overall @s@uovisioning
and maintenance policy optimization.

In some cases, the scenario comparison purpose allows someegainathie
formula to be ignored, because in every scenario the values of thisglesmare
equal. Considering the acquisition cost for instance, all scenadosle the same
number of assets, resulting in the same value of acquisitiorioccat scenarios. In
the simulation, the proposed scenarios combine different mainterpoticges,
purchasing and inventory policies, and human resource policies. Forrigcena
comparison purposes in the simulation, the costs elements in Eq. 4tX&nhbe
ignored are: (1) Acquisition cost; (2) Fixed operating cost; (3)amual operating
cost; and (4) Salvage cost. After eliminating these cost elsnire Eq. 6-3, the cost
elements left in the basic LCC for comparison purposes arenditjtenance cost;
(2) stoppage loss; (3) human resource provisioning cost; and (4) purchading a
inventory cost. Eq.6-4 is the LCC equation derived from Eq. 6-3 bynalting the
four cost elements as stated.
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LCC (I, f-1(t),0,ROP,MH)=X{4, [% 5V (Fsmre + Comre) + Zomy™ Fumse +
CUM,s,t) +nge Fspe + Tgr Cse + (nHR,t- Lt) +
Ny, t 1
1p1t (%;-Lt) [(nRt FRt) +

t INHRp.t
Yo (nNHRpt vt Lt)] + [(Mrot-Frot) +

n
Zqiolt o,q,t- Co,q,t)] + FlI,t + (np,t- Cp,t) +
Nj¢+Nct

(nc,t- CI,t) + ( 265 Cinv)] A +m1 1+ 1)t

The LCC can be calculated during the asset life time (td) trdnto t=td, where the
cost components of LCC can be represented and elaborated as follow:
a. Maintenance costy " (Fsmrt + Csmrt) + Teey  (Fumst + Cums,)
The maintenance cost consists of scheduled maintenance (SMarmbst
unscheduled maintenance (UM) cost, and is calculated from the number of
scheduled maintenance events (r) and unscheduled maintenance evants (S)
the year t. The SM cost includes a fixed cost for every evestheduled
maintenance (y), and the variable cost of every event of scheduled
maintenance (&). The UM cost includes a fixed cost for every event of
unscheduled maintenancey(f}, and the variable cost of every event of
unscheduled maintenancey(®).
b. Stoppage lossngy. Fspt + Tgt. Cst
The stoppage loss is composed of fixed cost whenever a stoppage, and
a variable cost per measured time due to the asset failurdix@tecost for
every stoppagen(,. Fs;,+) can be calculated from the number of stoppages
which occur at time t, multiplied by the fixed cost of stoppagérs t. The
Variable cost per measured ting {. Cs ) is the duration of the asset failure

at time t, multiplied by the loss per measured time of duration.

c. Cost for human resources (Mugy.Li) + X5 (2’61; t) + [(ngy Fre) +

Rt t n
Zg 1 (nNHRpt N::pt Lt)] + [(nROt FRO t) + Z ROt o,q,t- Co,q,t)]
Basically, the cost for human resources can be divided into cqs¢ifeonnel

t . .
salary (npgp- Lt)+§]npt(3”615t Lt)); cost for recruitment at time t

INHR,pt L
- Lt

Py )]);and cost for outsourcing

,t
([(nryFrye) + 2321 (nNHR,p,t-
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([(nrot-Fro) +ZZ§2’t(no,q,t- Coqt)])- Details of this cost is presented in

section 4.1.3.

njt+Nct

d. Purchasing & inventory cosF;, + (np.Cpt) + (ner Cre) + ( == Cinv)

The costs that develop the purchasing and inventory cost are fixedanyve
cost at time tK;); purchasing COSI((lp't. Cp,t); which is the cost that occurs
at every purchasing event (e.g. handling and delivery cost, admiioistr

. n;++n
cost); cost for compone(ntc,t. CLt); and inventory cos(tl';TS”. Cinv.t)-

All scenarios are generated in terms of input values, as susatan Table
6-2. The number of replications is determined to be 30 replicatiorieeqrurpose
of this study. After the simulation is run, the output of the sirnarais tabulated.
The summary of the simulation output for all scenarios with a 5 yelaeduled
maintenance interval is shown in Table 6-3 and the summary fecalbarios with a
7 year scheduled maintenance interval is shown in Table 6-4.

The simulation is run for 25 years (9,125 days) of asset life, thtmé the
output values of variables are recorded annually, except for avaitalehours and
inventory level, which are recorded daily. Tables 6-3 and 6-4 prasematues of
average and standard deviation of several simulation output variable30for
replications of simulation.

The analysis to find optimum scenario is performed based on twdbesria
(1) Total cost and (2) Asset availability. In this case stty,performance of the
wind farm is based on asset availability. Higher asset di#jais reflected by a
lower number of days loss of the wind turbines in the wind farm. Theéewuwf
turbine days loss variable is used to calculate the lost phaditto unavailability of
the turbines, which is included in the developed LCC model in Eq.6-4. Bydingl
the lost due to the unavailability of turbines, the criteria fomapation becomes the

minimum LCC.
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Table 6-3 Simulation summary for all scenarios Véityear scheduled maintenance interval

S yearly SM scenarios
Scenario 01 Scenario 02 Scenario 03 Scenario 04 Scenario 09 Scenario 10 Scenario 11 Scenario 12
variables unit of measure Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev
SM order times 4.00 0.00 4.00 0.00] 4.00 0.00 4.00 0.00| 4.00 0.00 4.00 0.00| 4.00 0.00| 4.00 0.00
SM exe times 29.00 3.52 29.00 2.89] 30.00 2.83 29.00 2.75 30.00 3.41 30.00 3.31 30.00 2.67 29.00 3.09
UM exe times 17.00 460 17.00 3.52| 16.00 414 18.00 3.46 17.00 490 16.00 3.61 16.00 3.78' 18.00 421
Total part SM pcs 26.00 5.10 25.00 5.30] 27.00 5.39 26.00 4.98| 25.00 6.22 27.00 467 27.00 5.01| 24.00 6.38
Total part UM pcs 17.00 463 17.00 3.50] 16.00 410 18.00 3.35 17.00 484 16.00 3.66 16.00 3.78' 18.00 425
#order times 9.00 1.70 9.00 130 7.00 0.76 7.00 0.52 8.00 161 8.00 1.68| 7.00 0.75 7.00 0.83
acuum order pcs 42.00 3.33 41.00 3.57| 43.00 3.84 43.00 3.67 40.00 4.45 42.00 3.34 43.00 4.20| 42.00 4.36
average daily available component pcs 5.00 0.60 5.00 1.25] 6.00 124 6.00 0.66 6.00 173 5.00 0.90 6.00 1.78| 7.00 1.80
Time To Repair days 209.87 22.85 206.93 2471 20457 19.48 207.80 20.62| 200.60 21.24] 209.13 20.44] 204.30 17.60] 203.27 28.17
#turbines days loss turbine days 294.17 36.13 291.67 24.86] 283.00 29.92 294.40 23.60 294.27 67.47 287.27 29.32 282.70 25.27 290.63 32.49
#backlog times/30 replications 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Accum BL pcs/ 30 replication 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Table 6-4 Simulation summary for all scenarios witpear scheduled maintenance interval
7 yearly SM scenarios
Scenario 05 Scenario 06 Scenario 07 Scenario 08 Scenario 13 Scenario 14 Scenario 15 Scenario 16
variables unit of measure Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev
SM order times 3.00 0.00 3.00 0.00 3.00 0.00| 3.00 0.00| 3.00 0.00| 3.00 0.00 3.00 0.00 3.00 0.00|
SM exe times 17.00 2.69 15.00 3.68 16.00 3.19 16.00 3.46 16.00 3.25 16.00 3.64 16.00 3.05 15.00 3.24
UM exe times 19.00 3.87 21.00 5.00 21.00 4.39 21.00 4.65 21.00 3.98 21.00 463 20.00 441 21.00 3.72
Total part SM pcs 16.00 3.28 14.00 3.93 16.00 4.07 15.00 3.98| 15.00 3.73 14.00 4.14 15.00 3.57 15.00 3.46
Total part UM pcs 19.00 3.83 21.00 498 21.00 441 21.00 4.57[ 21.00 401 21.00 464 20.00 4.40 21.00 377
#order times 8.00 1.28 10.00 1.92 7.00 0.60| 7.00 O.88| 10.00 1.52 10.00 1.56 7.00 0.78| 7.00 0.68|
acuum order pcs 34.00 2.20 34.00 3.54 36.00 2.82 36.00 421 34.00 2.58 34.00 2.45 34.00 2,90] 35.00 3.09
average daily available component pcs 5.00 0.25 5.00 0.32 6.00 0.45 6.00 0.69 5.00 0.27 5.00 0.28 6.00 O,SSI 6.00 0.55
Time To Repair days 172.27 20.48 172.47 20.37 171.00 15.16] 17197 23.37| 17253 15.81] 171.03 19.21] 167.47 1518] 171.40 18.06
#turbines days loss turbine days 264.23 32.99 276.70 38.12 274.10 25.72 277.37 40.11 275.17 28.22 275.77 35.50 264.87 32.67 274.20 30.15
#backlog times/30 replications 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Accum BL pcs/ 30 replication 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Tables 6-3 and 6-4 are accumulations of simulation values based on the
lifespan of the asset. As stated, the output of the simulationdsassbe input in the
LCC equation. The developed LCC model is developed to accommodate the
simulation but not all variables in Eq. 6-4 are generated from thensydynamics
simulation in this case study. In addition, in some cases ths tarfq. 6-4 need to
be tailored to the case. This circumstance leads to adjustmém CC to fit the
output of the system dynamics simulation presented in Tables 6-3-&nth @his
case study, the inventory cost component is adjusted based on estimatamnual
inventory cost as 5% of the value of the average number of storedasmstavind
farm (Tracht et al., 2013). Based on this information, the adjustraktés back to
the inventory cost in Eq. 4-9 which is adjusted and presented in Eq. 6-5d& s
the output variables from the system dynamics simulation and inyesdst in Eq.
6-5, the LCC analytical model for this case study is presented in Eq. 6-6.

TR (€% 0.05) oo Eq. 6-5

LCC (I, f-1(1),q,ROP) =X [¥ M (Fopre) + Toon™ (Fumse) + TaeCse +

(Mpe- Cpe) + (N Cie) + (Fo. €. 5%) ] (1 +

L+ Eg. 6-6

In the studies in this chapter, the value of interest and miflas assumed to be
constant. The data of the interest rate is obtained from thevied3ank of Australia
(rba.gov.au), and the data for inflation is obtained from rateioflatom. The data
obtained for this model development shows that from September 2013 to March
2014, the interest rate is steady at 2.49%. The latest dataflédion is 2.69%. As
mentioned in the previous chapter, the value of the discount rateegu# to the
interest rate, so in this LCC calculation the value of the discount rate is 2.49%.
Eq. 6-6 is used to calculate the LCC for each scenario, so Hreye
compared to find the optimum scenario based on selecting the itmenimimum
LCC. As an example, the average values of output variables andsbatiaied cost
for Scenario 01 are presented in Tables 6-5 through Table 6-7.6Falpeesents the
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average values of the output variables for scenario 01. The values are chfcatate
30 replications and presented on an annual basis. Table 6-5 also presents fbe costs
each year for associated output variables. The cost increasedygrandlconsiders
the annual inflation. Table 6-6 presents the annual cost for sc@arfte values in
this table are calculated from the multiplication output variaafestheir associated
costs in Table 6-5. Then, the present value cost is calculated fabie §-6 and
presented in Table 6-7. The result of the LCC calculations is lo&sEd. 6-6 for all
scenarios are obtained and presented in Table 6-8. The values in Téaldee6
presented in a chart form in Figure 6-15.

The results obtained from the LCC analysis shows that scendras Bhe lowest
LCC. This indicates that scenario 5 is the optimum alterndtiveintegrated

maintenance and its resource provisioning policy for this case study.
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Table 6-5 Average values of output variables and its associated cost for Scenario 01

Year I 2 3 4 J B 1 8 g 10 I 2 13
a | # Scheduled maintenance (unit) 0 0 0 0 1 0 0 0 0 1 0 0 0
¢ | b | #Unscheduled maintenance (unit) 020 | 050 | O70 | 103 | 073 | 033 | 083 | 077 | 083 | 087 | 020 | D47 | DE7
_?ig ¢ | #order (times) 000 | 000D | D30 | 120 | 770 | 030 | D70 | 07O | (20 | 767 | OM0 | OGO | D70
= 14 |# component ordered (pcs/year) 493 | 436 | 410 | 386 | 388 | 382 | 392 | 387 | 383 | 407 | 382 | 383 | 380
e | # days of stoppage (days) 1.97 ald | 723 | 1077 | 777 | 4000 | 530 | 783 | 830 | 927 | 3627 | 433 | 7.00
| | Scheduled maintenance Cost ($1000/unit) 4219 | 4332 | 4449 | 45B3 | 4682 | 4BI8 | 4947 | 5081 | 5217 | 5358 | 95.02 | 5650 | 58.02
2 | Unscheduled maintenance Cost ($1000/unit) I87.50 | 192.54 | 197.72 | 203.04 | 20850 | 2401 | 219.87 | 22579 | 23186 | 238.0 | 244.50 | 25108 | 257.83
E 3 | Component Price ($1000/pcs) 625 | 6B | 1704 | 1760 | 1807 | 1856 | 19.06 | 19.57 | 20.03 | 2064 | 2113 | 276 | 22.35
4 | Inventory Cost ($1000/pes) 008 | 008 | 009 | OO | 009 | 003 | DI 0.10 0.10 0.0 1] 1] 1]
3 | Stoppage Loss (§/day) .20 123 127 1.30 1.33 .37 .41 .45 .48 .92 .96 LBl .63
Table 6-5 Average values of output variables and its associated cost for Scenavittili€d)
Year 14 15 I6 [7 I8 19 20 2 22 23 24 20 | Aggregate
a | # Scheduled maintenance (unit) 0 1 0 0 0 0 1 0 0 0 0 0 2847
e | b | #lnscheduled maintenance (unit) 083 LD3 | 06D | 040 | 080 | Q77 | 107 | 033 | 0&7 | 070 | 080 | 083 6.77
.?g ¢ | #order (times) 080 787 | 020 | 0a0 | D40 | DaD0 | 813 00 | 040 | D50 | 020 | D30 417
= 4 |# companent ordered (pcs) 407 384 | 48R | 4BD | 4B7 | 449 412 B.17 B.ON | 575 | 528 | 456 [11.34
e | # days of stoppage (days) 943 983 | 3307 | 387 | 47 | 737 | 187 | 2800 | &0 | BB7 | 887 | (0D 28417
| | Scheduled maintenance Cost ($1000/unit) | 59.58  BLIB | 6282 | B4al | B6Z25 | 6B.O3 | BH.86 | 7074 | 7367 | 7aBa | T1B3 | 7878 | 147712
2 | Unscheduled maintenance Cost (51000/unit) | 28477 27183 | 278.21 | 286.72 | 294.43 | 302.35 | 31048 | 31B.83 | 32741 | 336.22 | 349.26 | 354.00 | B5B4DT
+z | 3 | Component Price (51000/pcs) | 2285 2356 | 2420 | 2485 | 7552 | 2620 | 26491 | 2763 | 2838 | 2814 | 2882 | 3073 | G5BBA3
=y Inventory Cost ($1000/pcs) 0 0.2 0.2 0.2 0.13 0.13 0.13 0.14 0.14 0.15 015 0.15 2.84
9 | Stoppage Loss (§/day) .69 174 179 1.83 1.88 194 | 189 | 204 | 210 215 221 | 277 42.01
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Table 6-6 Annual cost calculation Scenario 01

Year [ 7 3 4 g B 7 8 g I 12 13
la | Scheduled maintenance Cost $I000) | ooo | 000 | ooOD | 0OOD [ 337800 OO0 | 000 | OO0 | 000 [ 37324 | 000 | o0O0 | OO0
9% | Unscheduled maintenance Cost | (81000) | 3750 | 9627 | 13841 | 209.80 | 15280 | 737 | 0727 | 173/0 | 21640 | 23046 | 4880 | 1747 | (7189
— | 3¢ | Purchasing Cost o0y | ooo | 00O | s | 202 | 1904 | 557 | 133 | 1370 | 240 | 5820 | 212 | 1306 | 1564
E [ 4 | Inventory cost ($1000) | 040 | 038 | 035 | 035 | 035 | 035 | 037 | 038 | 040 042 | 043 | 044
3 | 3p+4g | Purchasing & inventory Cost $000) | 040 | 038 | 543 | 2147 | 13943 | 582 | 7 | 408 | 2450 | 5862 | 253 | 1348 | I6.08
co | Stoppage Loss $1000) | 236 | B28 | 905 | 1389 | 036 | S48 | 746 | 1083 | M0 5675 | B96 | IL55
£ | HR Cost ($1000) | 650 | 1694 | 1740 | (787 | 1835 | 1884 | 1835 | 1987 | 2040 | 2085 | 2152 [ 2209 | 2269
Annual Cost: | (§ooo) | S7/B | 12026 | 175.84 | 28480 | 79840 | 15687 | 750 | 232.02 | 29992 | 95572 | 13224 | 17320 | 238.28
Table 6-6 Annual cost calculation Scenario 01 (continued)
Year 14 15 I6 7 I8 9 20 /A 22 23 24 20 | Aggregate
la | Scheduled maintenance Cost ($000) | 000 | 42620 | 00D | OO0 | OO0 | OO0 | 5233 | 000 | 000 [ 000 | 000 | OO0 | (64958
% | Unscheduled maintenance Cost | (8I000) | 24702 | 280.85 | 16752 | M468 | 14720 | 23180 | 33118 | I0B.28 | 185.53 | 235.35 | 23I0.74 | 33081 | 447044
— | 3c | Purchasing Cost ($I000) | 2085 | 18537 | 484 | 1242 | w2 | 1300 | 2888 | 276 | M35 | 1457 | 598 077 | 92047
£ [ 4d | Inventory cost ($i000) | 046 | 046 | 059 | 057 | OGO | 059 | 055 | 0B | 085 | 084 078 070 1290
3 | 3p+4q | Purchasing & inventory Cost ($1000) 200 | 18583 | 543 | 1300 | 1080 | 1363 | 21941 | 362 | 1220 | 154 578 087 | 83337
co | Stoppage Loss ($1000) | 1598 | 1729 | 6266 | 728 | BO8 | 1425 | 2358 | 5908 | 1069 | 435 | 1959 | 22827 | 49554
| HR Cost ($1000) | g5 | 1854 | 1658 | BB | IGB4 | IBE7 | BT | 1674 | IBT7 | IGBO | IGB4 | 1687 | 41205
Annual Cost: | ($1000) | 21793 | B45.99 | 17554 | 10545 | 12390 | (7945 | 68106 | 1760 | 13840 | 167.38 | 20365 | 21355 | G5783.94
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Table 6-7 Annual cost after present value projection for Scenario 01

Year | 7 3 4 5 B 7 8 9 0 I 12 13
7 | Soheduled maintenance Cast ($000) | 000 | 000 | 000 | 00D | 2887 | 000 | 000 | 000 | 000 | 29186 | 000 | 000 | 000
_ 8 | Unscheduled maintenance Cost | (91000) | 3658 | 9165 | 12856 | 180M5 | 13521 | GLSB | 8872 | W2 | 17343 | 888 | 731 | 8122 | 12485
Z [ 9 | component Price ($I000) | 000 | 000 | 478 | 1904 | 12304 | 480 123 25 | 1833 | 37 | 162 977 | 138
£ | 10 | Purchasing Cost $I000) | 039 | 036 | 50 | 1845 | 12335 | &l 1154 057 | 1964 | 12404 | 183 004 | 168
=1y Stoppage Loss $ioo00) | 230 | 5898 | 850 | 1288 | 906 | 4723 | 6.8 894 | 30 | D4 | 4330 | 58 CRE
2 | HR Cost B1000) | ygum | a3 | WBUB | 1609 | 623 | 1826 | 1629 | 1632 | 1835 | 838 | WB42 | 1G4S | 1648
Annual Present Value: | (3I000) | 5538 | 403 | 15833 | 23848 | 58266 | 13024 | 13283 | (9.0 | 22072 | 62330 | 9898 | 1889 | (BL4D

Table 6-7 Annual cost after present value projection for Scenario 01 (continued)
Year 14 ] 16 7 I8 19 20 2l 22 23 24 20 | Aggregate
7 | Scheduled maintenance Cast @ooo) | ooo [ 29472 | oo | o000 | ooO0 | o000 | 3327 ] oo | ooo | ooo | ooo | OO0 1198 55
5| 8 | Unscheduled maintenance Cost | ($1000) | 1753 | 18427 | 0302 | 7550 | 9455 | 14527 | 20050 | B34 | 10800 | 13367 | 17220 | 178.93 | 314390
E1 9 | component Price ($I000) | 1484 | 12808 | 327 | 88 | B56 | 82 | 13382 | 1ES BB | 828 | 332 | 498 RR7.ES
= | 10 | Purchasing Cost ($i000) | 1496 | 12850 | 366 | B55 | B94 | 858 | 346 | 20 70 | 875 | 375 | 5.3B B76.69
Il | Stoppage Loss $iooo) | 033 | n9s | 4228 | 479 | 577 | 893 | w42 | 3530 | 622 | 845 | BB | 1239 352.75
2 | HR Cost ($1000) | g5t | BS54 | 1858 | WGB!l | IBB4 | BET | BT | 874 | 877 | B8O | 1884 | IRBT 42.05
Annual Present Value: | ($I000) | 21793 | B45.99 | 17554 | 10545 | 12390 | 17945 | BBLOB | 760 | 13840 | (G7.38 | 20365 | 21355 | 5783.94
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Table 6-8 LCC for all generator’s scenarios

5 yearly SM scenarios

SC01 SC02 SC03 SC 04 SC09 SC10 SC11 SC12

Scheduled maintenance Cost ($1000) 1198.55 1191.17 1259.85 1216.16 1224.51 1239.92 1239.13 1190.94
Unscheduled maintenance Cost ($1000) 3143.90( 3160.07 2892.41 3252.64( 3131.88| 2924.83 2940.74 3263.23
Purchasing Cost (51000) 667.65 655.37 689.66 689.25 643.89 666.45 688.21 669.63
Inventory Cost (51000) 9.05 9:51 12.27 11.91 10.40 9.47 12.27 12.89
Stoppage Loss ($1000) 352.75 349.95 339.60 353.51 353.41 344.83 339.30, 348.85
HR Cost ($1000) 412.05 549.39 412.05 549.39 412.05 549.39 412.05 549.39

Total PV| ($1000) 5783.94 5915.47 5605.84| 6072.86| 5776.14| 5734.88| 5631.69] 6034.93

7 yearly SM scenarios

SC 05 SC 06 SC07 SC08 SC13 SC 14 SC15 SC 16
Scheduled maintenance Cost ($1000) 698.81 630.03 667.26| 648.67 658.14] 636.86 656.91 621.13
Unscheduled maintenance Cost ($1000) 3468.04| 3884.09| 3823.40| 3920.57 3844.28| 3918.86| 3626.07| 3829.70
Purchasing Cost (51000) 541.13 540.36 578.33| 572.04 548.14 544.93 552.31 557.94
Inventory Cost ($1000) 8.40 8.67 11.19] 1111 8.39 8.52 11.12 11.35
Stoppage Loss ($1000) 317.51 332.25 329.00| 333.18 330.70 331.40 318.05 329.46
HR Cost ($1000) 412.05 549.39 412.05( 549.39 412.05 549.39 412.05 549.39

Total PV| ($1000) 5445.93 5944.79 5821.23| 6034.97 5801.70[ 5989.95 5576.51 5898.97

LCC comparison for all scenarios

= @ = 5 yearly SM scenarios @ 7 yearly SM scenarios
6,300.00
SC12

6,100.00 sCo4 SC14

5,900.00

5,700.00

v
v
=}
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=}

5,300.00

Total LCC Present value (x51000)

5,100.00
SC01/SC05  SC02/SC06  SCO03/SCO7  SC04/SC0O8  SC09/SC13  SC10/SC14  SC11/sC15  SC12/SC16

Scenario number

Figure 6-15 LCC comparison for all scenarios

After determining the optimum scenario, it IS neegyg to explore the
relationships between variables and to identify padicy variables which have
significant impact to an asset’s performance. R purpose, a statistical analysis is
performed to identify the variables that have niwgtact on the criteria of minimum
LCC. The statistic used in this analysis is the&:ttwo sample for means. This test
will compare the means of the turbine days lossviar different scenarios in order
to find the effect of different inputs. In regartts different policies of desired
inventory level, man-hours provided and differdmeshold, the LCC model is able
to find how significantly the different policiesfatt the LCC.

The first step in the analysis to find the sigraft variables is to compare the

LCC of all scenarios in different scheduled maiatere intervals. The analysis
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compares scenarios in 5 and 7 year scheduled mamte intervals. The employed
statistical method is the t-test for small samplé® hypotheses used in this test are:
Ho: There is no mean difference between the LCC lo§@narios in 5 year
and 7 year scheduled maintenance intervals.
H1l: The mean of the LCC for a 5 year scheduled teaance interval is
different to a 7 year scheduled maintenance interva

Using the t-test in Microsoft Excel with=0.05, the results are shown in Table 6-24.

Table 6-9 t-test: Two sample assuming Unequal naga

5 years SMI 7 years SMI

Mean 5819.468194 5814.257237
Variance 30148.46579 42313.02436
Observations 8 8
Hypothesized Mean Difference 0
df 14
t Stat 0.054753126
P(T<=t) one-tail 0.478554417
t Critical one-tail 1.761310136
P(T<=t) two-tail 0.957108834
t Critical two-tail 2.144786688

The result in Table 6-24 shows that the resulthef ¢alculation (t Stat) is 0.0547
which is between —t Critical two-tail and t Critidavo-tail (-2.144<0.0733<2.144).
Also, the P(T<=t) two-tail is 0.957 which is greateana. From this result, it can be
concluded that kicannot be rejected. This reflects that the meanthe LCC of the
scenarios in 5 and 7 year interval are statisticjual.

After the LCC comparison for all scenarios, eachudation input variable is
tested to find the impact to the simulation outpkor this purpose, the mean
comparison with the hypothesis test is employede Thean comparison test
assessments follow the hypotheses:

1. There is no mean difference between the turbine diags for different man-
hours provided in the scenarios.

2. There is no mean difference between the turbine ttzgs for different desired
inventory level in the scenarios.

3. There is no mean difference between the turbings dass for different
threshold in the scenarios.
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4. There is no mean difference between the turbine days loss forediffe
scheduled maintenance interval in the scenarios.
The formula to test the means comparison is adopted from Wa0e8B), and is

presented in Eq. 6-7. The test is also utilised hypothesis test.

A Eq. 6-7
=2 =2
Jﬁ;,ﬂ
nqg nz
where
X, : Mean for sample 1
X5 : Mean for sample 2

(u1 — uz)n, - The difference between the hypothesized means of the population

62 : Variance for sample 1
67 : Variance for sample 2
Ny : the number of samples for population 1
n, : the number of samples for population 2

For example, the means of the turbine days loss of scenario 1 araticce are
tested. This test is to answer the question whether differealsl®ef man-hours
affect the turbine days loss. In those two scenarios, the valire @tther variables
are kept the same, except for the provided man-hours, whereiscehas 48 man-
hours provided and scenario 2 has 64 hours provided. The simulation output data for

scenarios 1 and 2 is provided in Table 6-10.
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Table 6-10 30 replication data of the turbine days loss of scenario 1 and 2

No | SCO1 SC02 No | SCO1 SC02 No | SCO1 SCO02

1 | 303.00 | 332.00|] 11 | 269.00 | 329.00| 21 | 355.00 | 308.00

2 | 291.00 | 269.00f 12 | 264.00 | 295.00| 22 | 286.00 | 270.00

3 | 241.00 | 274.00( 13 | 294.00 | 339.00| 23 | 272.00 | 270.00

4 | 327.00 | 303.00| 14 | 289.00 | 312.00f 24 | 343.00 | 256.00

5 | 235.00 | 295.00] 15 | 280.00 | 328.00] 25 | 360.00 | 262.00

6 | 309.00 | 304.00] 16 | 361.00 | 300.00] 26 | 279.00 | 277.00

7 | 286.00 | 268.00f 17 | 262.00 | 253.00| 27 | 277.00 | 296.00

8 | 269.00 | 326.00( 18 | 279.00 | 294.00| 28 | 245.00 | 275.00

9 | 289.00 | 256.00] 19 | 275.00 | 300.00f 29 | 334.00 | 268.00

10 | 337.00 | 277.00] 20 | 263.00 | 303.00f 30 | 351.00 | 311.00

Scenario 01 Scenario 02
Mean : 294.17 Mean : 291.67
Variance : 1305.25 Variance : 617.95

In the beginning of the testoldnd H are presented as follows:
Ho : There is no mean difference between the turbine days loss of
scenario 1 and 2.
H, : The mean of the turbine days loss for scenario 1 is diffévent
scenario 2.
With a = 0.05, H cannot be accepted if -1.95Z < 1.95; otherwise, klis rejected.

Since the null hypothesis is to test no different méan;— u,)y, = 0. Inserting the

value to each variable into Eq. 6-7 will show the calculation as follows:

(294.17-291.67)—0

1305.25 | 617.95
30 30

7= 2.5
~ 8.006
The value of Z is between -1.95 and 1.95, because there is not enough prigat to re

7 =

= 0.312

Ho. It can be concluded that in scenarios 1 and 2, the different manyrovided
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do not affect the number of turbine days loss. dther means comparison tests for
the same purpose are performed using Microsoft I[Eaod the results are shown in

Tables 6-11 and 6-12.

Table 6-11 Mean comparison result for scenariol wiyears SM interval

z-Test: Two Sample for Means

SCo1 SC02
Mean 294.1666667  291.6666667
Known Variance 1305.25 617.95
Observations 30 30
Hypothesized Mean Difference 0
z 0.312239908
P(Z<=z) one-tail 0.377429102
z Critical one-tail 1.644853627
P(Z<=z) two-tail 0.754858205
z Critical two-tail 1.959963985

SCo09 SC10
Mean 294.2666667  287.2666667
Known Variance 4551.86 859.93
Observations 30 30
Hypothesized Mean Difference 0
z 0.52118055
P(Z<=z) one-tail 0.301120501
z Critical one-tail 1.644853627
P(Z<=z) two-tail 0.602241002

z Critical two-tail

1.959963985

z-Test: Two Sample for Means

SCo3 SCo4
Mean 283 294.4
Known Variance 895.24 556.87
Observations 30 30
Hypothesized Mean Difference 0
z -1.638572722
P(Z<=z) one-tail 0.050651139
z Critical one-tail 1.644853627
P(Z<=z) two-tail 0.101302277
z Critical two-tail 1.959963985

SC11 SC12
Mean 282.7 290.6333333
Known Variance 638.36 1055.62
Observations 30 30
Hypothesized Mean Difference 0
z -1.055752675
P(Z<=z) one-tail 0.145540612
z Critical one-tail 1.644853627
P(Z<=z) two-tail 0.291081225

z Critical two-tail

1.959963985

Table 6-12 Mean comparison result for scenariol Wiyears SM interval
(continued)

vo Sample for Means

z-Test: Two Sample for Means

SC05 SC06 SC07 SC08
Mean 264.2333333 276.7 Mean 274.1 277.3666667
Known Variance 1088.12 1453.32 Known Variance 661.54 1608.45
Observations 30 30 Observations 30 30
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0
z -1.354475158 z -0.375537643
P(Z<=z) one-tail 0.087792417 P(Z<=z) one-tail 0.353630328
z Critical one-tail 1.644853627 z Critical one-tail 1.644853627
P(Z<=2) two-tail 0.175584834 P(Z<=2) two-tail 0.707260656
z Critical two-tail 1.959963985 z Critical two-tail 1.959963985

SC13 SC14 SC15 SC16
Mean 275.1666667  275.7666667 Mean 264.8666667 274.2
Known Variance 796.42 1259.98 Known Variance 1067.57 909.06
Observations 30 30 Observations 30 30
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0
z -0.07246997 z -1.149832852
P(Z<=z) one-tail 0.471113952 P(Z<=z) one-tail 0.125106361
z Critical one-tail 1.644853627 z Critical one-tail 1.644853627
P(Z<=z) two-tail 0.942227903 P(Z<=z) two-tail 0.250212722

z Critical two-tail

1.959963985

z Critical two-tail

1.959963985
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Other means comparison tests are also conductedtithe effect of different
desired inventory level to turbine days loss, défe threshold to turbine days loss,
and different scheduled maintenance interval tbitgr days loss. The results are
shown in Table 6-13, Table 6-14, and Table 6-1paetvely.

Table 6-13 Result of mean comparison for diffeegired inventory level

Sco1 SCo3 SC02 SC04
Mean 294.1666667 283 Mean 291.6666667 294.4
Known Variance 1305.25 895.24 Known Variance 617.95 556.87
Observations 30 30 Observations 30 30
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0
z 1.303840539 z -0.436784843
P(Z<=z) one-tail 0.096143979 P(Z<=z) one-tail 0.331133696
z Critical one-tail 1.644853627 z Critical one-tail 1.644853627
P(Z<=z) two-tail 0.192287957 P(Z<=z) two-tail 0.662267392
z Critical two-tail 1.959963985 z Critical two-tail 1.959963985

Table 6-14 Result of mean comparison for diffetaneéshold

Sco1 Sco9 SCo6 SC14
Mean 294.1666667 294.267 Mean 276.7 275.767
Known Variance 1305.25 4551.86 Known Variance 1453.32 1259.98
Observations 30 30 Observations 30 30
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0
z -0.007156801 Z 0.098140552
P(Z<=z) one-tail 0.497144874 P(Z<=z) one-tail 0.460910344
z Critical one-tail 1.644853627 z Critical one-tail 1.644853627
P(Z<=z) two-tail 0.994289748 P(Z<=z) two-tail 0.921820687
z Critical two-tail 1.959963985 z Critical two-tail 1.959963985

Table 6-15 Result of mean comparison for diffesatiteduled maintenance interval

Sc11 SC15 5C12 SC16
Mean 282.7 264.866667 Mean 290.6333333 274.2
Known Variance 638.36 1067.57 Known Variance 1055.62 909.06
Observations 30 30 Observations 30 30
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0
z 2.364898748 z 2.030674802
P(Z<=z) one-tail 0.0090175 P(Z<=z) one-tail 0.021143997
z Critical one-tail 1.644853627 z Critical one-tail 1.644853627
P(Z<=z) two-tail 0.018035001 P(Z<=z) two-tail 0.042287994
z Critical two-tail 1.959963985 z Critical two-tail 1.959963985

From the mean comparison analysis above, it catoheluded that the input
variable that has the most significant impact am dkset’s availability is scheduled
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maintenance interval. The other variables: the different numbemaoi-hours

provided, desired inventory level, and threshold from the generated scelmariot

significantly affect the asset’s availability. For the ices$ inventory level, another
analysis should be performed because different policies of inversoey lead to

different numbers of purchasing orders each year, which leaddféoedi cost.

Different policies of desired inventory level also produce diffenevéntory levels,

which lead to different inventory costs. Different purchasing casts inventory

costs may in turn lead to different annual costs leading to different LCC.

6.2.6 Case Study Results and Findings

In this case study, the developed integrated model: system ghgam
simulation and the life cycle model is applied, and results vérfbe maintenance
resource-provisioning policy setting for wind turbine generators wiral farm.
Sixteen scenarios are generated and run by system dynamitatgn, and the
optimum scenario selected based on minimum life cycle cost tnrivegdeveloped
LCC model

The LCC analysis shows that increasing asset availability, requoesling
more resources to support the maintenance job, and thereforesesctba cost. The
optimum situation results from a trade-off between the cost of prayidiore
resources to support the maintenance job and the stoppage loss sadt afre
insufficient provided resources. Application of the developed model is foaable
of analysing this trade-off, and the result of the LCC indictitasscenario 5in a 7
year scheduled maintenance interval has the lowest totaldoosty the asset’s
lifespan. The result of the LCC comparison of all scenarios siwatsli scenarios
in 7 year scheduled maintenance intervals generate betteraasdebility than
those scenarios in 5 year scheduled maintenance intervals, buféhendé is quite
small some in instances, as shown in Figure 6-16. But therecm® stenarios as
shown in figure 6-16. The results presented in Figure 6-16 araieaglby the high
number of turbine days loss in 5 year scheduled maintenance inteviaalb is due
to asset unavailability; high stoppage loss caused by unit repdaten scheduled
maintenance, more units purchased; high purchasing and inventory cost land hig

scheduled maintenance cost.
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However, in a situation where availability is notentral concern and unscheduled
maintenance cost is significantly high; in otherrdgthe ratio of UM cost to SM
cost is considerably high, the decision may shiftsélecting a 5 year scheduled
maintenance interval to reduce unplanned failur@nv@rsely, in situations where
low ratio of UM to UM cost and availability is thmain issue, this will strengthen
the decision to select a scenario from the 7 yelaeduled maintenance interval.

Turbine Days Loss Summary
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Figure 6-16 Turbine days loss summary

The statistical analysis performed on the resuliafyes of the various variables
shows that there is impact of the variables of thsource provisioning and
maintenance alternative policies on asset perfocmaut the variable that has the

most significant impact is the scheduled mainteeanterval.

The selection of scenarios 5 in 7 year scheduladterence as the optimum
scenario for the combined maintenance and its resqurovisioning policy can be
explained in terms of its minimum LCC resultingrfro
1. low stoppage loss
2. less maintenance activities

3. low purchasing and inventory cost
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6.3 Case Study 2: Resource provisioning Policy for Wind Farm Gearbox
M aintenance Program

6.3.1 Case Description

The second case study in this research is the wind turbiresagye The main
function of a gearbox in a wind turbine is to convert slow rotation sfyeedthe
blade to a faster speed of kinetic energy to be transferrée tgenherator to generate
electrical energy (Meng-Na et al., 2012). As shown in Figure 6€l gearbox is
located between the blade and the generator. The common spéed ddde is
between 5 to 20 rotations per minute (rpm) and the structure of thedsem the
gearbox convert the rotation speed to 750 — 3600 rpm. According to Lesvaare
Crowley (2013), the structure of bearings in the gearbox cordidtigh Speed
Shaft; Intermediate Speed Shaft; Low Speed Shaft; Planet Carrier;zared Bkars.

In this case study, the lifetime of the wind turbine is also pldufme25 years.
During the lifetime, some replacement may occur during scheduladssheduled
maintenance. The main issues in gearbox replacement are: (lhewhbe
replacement of the faulty gearbox is for the whole gearbox or onliaillbd bearing
(Lesmerises and Crowley, 2013, Meng-Na et al.,, 2012); and (2) theusetie
maintenance interval related to maintenance policy. For theidgge, Lesmerises
and Crowley (2013) compared the LCC for these different policiesfamtl that
replacing all bearings (the whole gearbox) generates lower, lcG@pared with
replacing only the failed bearing for either a 20 year oreZf lifetime. In line with
this result, the case study in Meng-Na et al. (2012) also reeadsreplacement of
the whole gearbox. In this case study, replacement is made fovhmie gearbox,
which is regarded as one unit asset in the wind turbine. In tloemdessue, the

developed model will simulate the effects of different maintenance infeoliaies.

6.3.2 Assumptions in the Maintenance Program and Resource provisionirgefor t

Simulation of the Gearbox Case

The simulation model used in this case study is similar to ithalation
model and sub models used in the generator case study with diffgrahtdata.

Details of the data input in the model are given in Table 6-16.
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Table 6-16 Gearbox simulation input data and its sources.

vley,

wley,

n/

No Input data Value Source
1. | Generator life time/unit Weibull (3750,3.43) | (Lesmerises and Crowle
(days) 2013)
2. | Gearbox price/unit AUD 140,000 (Lesmerises and Crow
2013)
3. | Unscheduled maintenance AUD 252,500 (Tian et al., 2011)
cost/ event
4. | Scheduled maintenance cagst/ AUD 46,750
event
5. | Currency converter USD to 1 USD =0.8 AUD
AUD
6. | Inflation /annum 2.69 % Australian Bureau of
Statistics
Interest / annum 249 % Australian Reserve Bank
8. | Average Revenue / kWh AUD 0.075 (Lesmerises and Croy
2013)
9. | Stock keeping cost/annum 0.5% (Tracht et al., 2011
10. | Assumed operation time /day 8 hours (Lesmerises and Crag
2013)
11. | Technician Annual salary/  AUD 55,000 http://www.payscale.con
per person
12. | Repair time distribution Normal (5,2)
(days)
13. | Wind Turbine Power Grade 2MW

Similar to the generator case study, there are 10 wind turbbsssved in the wind

farm. Each wind turbine has one gearbox. Thus, in this case studynitenare

observed. To calculate the fixed cost of man hour provided, the percefittye

cost breakdown is also applied. Irena (2012) indicates that a geeobtributes

approximately 10% of the value of a wind turbine.

6.3.3 Application of the Model Developed in the Gearbox Case

In the generator case study, a modelling logic flowchartesented in Figure

6-4. The modelling logic provides a guideline to tailor the systgnamiic model
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developed in Chapter 5 to the case study. Genetialymodelling logic of the

gearbox case study is similar to the generator sas#y. This leads to a similar
system dynamics simulation to that of the generedise study. The same simulation
logic is used in this case study with differentues of input variables. Therefore, the
system dynamics simulation modelling for the geanmaintenance program and its

resource provisioning is the same as the modebegd in Section 6.2.3.

6.3.4 Scenario Generation in System Dynamic Simulation

For this gearbox case study, sixteen preliminagnados are generated. The
ranges of input variables covered in the scenaepeation in this model are:
scheduled maintenance interval; desired inventewgl| provided man-hours; and
threshold. Lesmerises and Crowley (2013) indicaia the optimum scheduled
replacement for the gearbox is 10 years. In thisecatudy, the scheduled
maintenance intervals assessed by the developedratéd model are 7 and 10
years. The desired inventory levels consideredlard 6 units. The provided man-
hours and threshold are 48 and 64 man-hours; a@dat8 365 days respectively.
Details of the generated scenarios from the contibbmaf those ranges of input are
shown in Table 6-17.

Table 6-17 Detail for suggested preliminary scemari

T SM interval| Desired inv level Provided MH Threshold

years unit man hours/day days
! L 4 48 180
2 L 4 48 365
= g o 64 180
s L 4 64 365
> U 6 48 180
6 L 6 48 365
g g 6 64 180
8 U 6 64 365
2 L 4 48 180
10 L . 48 365
= i s 64 180
1 20 4 64 365
= L 6 48 180
14 L 6 48 365
= = 6 64 180
18 L 6 64 365

Other fixed inputs applied in the model for evecgrgario are initial inventory level
and safety stock level, which are predetermined asits. Also, 13 output variables

are generated, as elaborated in Section 6.2.4.
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6.3.5 Simulation Model Output and Life Cycle Cost Analysis

All the input values of scenario variables are run for 30 repisitby the
system dynamics simulation. Each scenario is executed foy@a2Simulation time
or 9,125 days. A summary of the output for all scenarios is givenhle Bal8 and
Table 6-19.
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7 yearly SM scenarios

Table 6-18 Simulation summary for all scenariohwityear scheduled maintenance interval

Scenario 01 Scenario 02 Scenario 03 Scenario 04 Scenario 05 Scenario 06 Scenario 07 Scenario 08
variables unit of measure Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev
SM order times 3.00 0.00 3.00 0.00 3.00 0.00 3.00 0.00 3.00 0.00 3.00 0.00 3.00 0.00 3.00 0.00
SM exe times 22.00 2.85 22.00 2.99 23.00] 2.85 22.00 2.71 23.00 3.58 22.00 2.78 23.00 2.76 22.00 2.96
UM exe times 11.00 3.89 11.00 3.68 10.00| 3.93 11.00 3.77 11.00 4.71 11.00 3.83 11.00 3.33 11.00 3.69
Total part SM pcs 21.00 4.64 20.00 4.40 22.00 3.85 20.00 4.25 21.00 6.14 21.00 4.08 20.00 4.20 21.00 4.03
Total part UM pcs 11.00 3.82 11.00 3.66 10.00] 3.87 11.00 3.75 11.00 4.79 11.00 3.88 11.00 3.26 11.00 3.70
#order times 7.00 1.16| 7.00 1.77| 7.00 1.54 7.00 1.42 5.00 0.68 6.00 0.80 5.00 0.73 6.00 0.86
acuum order pcs 25.00 2.67 29.00 2.40 29.00 1.39 25.00 1.96 30.00 3.07 31.00 1.81 30.00 1.94] 30.00 2.61
average daily available component pcs 5.00 0.73 5.00 0.80 4.00 0.37| 5.00 0.88| 5.00 0.58| 5.00 0.55| 5.00 0.80 5.00 0.69
Time To Repair days 149.13 15.44| 147.90 17.95 152.23 10.50| 147.37 13.78| 142.40 16.30, 151.07 13.15] 139.90 15.80 153.33 14.83
#turbines days loss turbine days 202.77 13.45 200.23 24.11 201.53 21.39] 200.50 17.85 195.70 18.55 203.53 24.27, 191.50 19.93] 203.50 20.89
#backlog times/30 replications 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Accum BL pcs/ 30 replication 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Table 6-19 Simulation summary for all scenariohwvilid year scheduled maintenance interval
10 yearly SM scenarios
Scenario 09 Scenario 10 Scenario 11 Scenario 12 Scenario 13 Scenario 14 Scenario 15 Scenario 16
variables unit of measure Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev
SM order times 2.00 0.00 2.00 0.00 2.00 0.00 2.00 0.00 2.00 0.00 2.00 0.00 2.00 0.00 2.00 0.00
SM exe times 7.00 2.65) 7.00 2.73 8.00 2.16) 7.00 2.30 8.00 2.33 8.00 2.46) 8.00 2.47 7.00 2.22
UM exe times 18.00 3.35 18.00 3.87 17.00 2.81 18.00 3.63 17.00 3.38 17.00 3.27 18.00 3.24 18.00 3.22
Total part SM pcs 7.00 2.66 7.00 2.99 7.00 1.93 7.00 2.30 7.00 2.39 8.00 2.79 8.00 2.59 7.00 2.32
Total part UM pcs 18.00 3.37 18.00 3.75 17.00 2.79 18.00 3.57 17.00 3.24 17.00 3.29 18.00 3.24 18.00 3.22
#order times 10.00 1.77 10.00] 1.89 10.00 1.59 10.00 1.72 7.00 0.85 6.00 0.76 7.00 0.87 6.00 0.91
acuum order pcs 23.00 1.72 23.00] 1.67 23.00 1.65 23.00 2.01 24.00 1.86) 24.00 1.77, 24.00 2.00 23.00 2.30
average daily available component pcs 4.00 0.20 4.00 0.24 4.00 0.24 4.00 0.19 5.00 0.36 5.00 0.24 5.00 0.22] 5.00 0.26)
Time To Repair days 118.80 13.09] 118.33 11.23] 117.13 11.48] 118.60 12.01] 121.50 12.92| 117.13 8.83] 117.50 10.37| 117.93 12.75]
#turbines days loss turbine days 204.97 25.21] 206.63 25.35] 201.57 20.17] 206.27 26.76] 207.30 25.32 199.93 20.65| 203.57 20.38 205.40 25.54
#backlog times/30 replications 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Accum BL pcs/ 30 replication 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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After the simulation outputs are generated and samazed, Eq. 6-6 is used in the
calculation of the LCC for a comparison for the tvadternative scheduled
maintenance intervals. The results of the calautator all scenarios are shown in
Table 6-20 and charted in Figure 6-17.

Table 6-20 Present value cost for all gearbox st@na

7 yearly SM scenarios

SC 01 SC 02 SC 03 SC 04 SC 05 SC 06 SC 07 SC 08
Scheduled maintenance Cost ($1000) 1274.01 1256.50] 1290.09 1280.45) 1295.03 1276.50 1288.22] 1254.84]
Unscheduled maintenance Cost ($1000) 2685.16 2615.65 2438.01 2675.66) 2654.24 2556.51 2599.56 2536.56
Purchasing Cost ($1000) 3952.17 3974.73 4027.31 4003.29 4114.21 4237.10 4132.33 4202.12
Inventory Cost ($1000) 74.91 74.84 69.18 74.51 86.15 81.96 86.22 84.36
Stoppage Loss ($1000) 243.86 240.70 242.31 241.11 235.49 244.78 230.25 244.61
HR Cost ($1000) 824.09 824.09 1098.79 1098.79) 824.09 824.09 1098.79| 1098.79
Total PV| ($1000) 9054.20 8986.50 9165.70 9373.79 9209.21 9220.95 9435.37 9421.28

10 yearly SM scenarios

SC09 SC 10 SC11 SC12 SC13 SC14 SC15 SC 16
Scheduled maintenance Cost ($1000) 405.50 403.37 415.59| 405.73 411.30 354.75 421.47 387.90
Unscheduled maintenance Cost ($1000) 4354.76 4440.43 4259.38| 4376.98 4304.49 4683.98 4344.09 4429.80
Purchasing Cost ($1000) 3108.82 3103.82 3093.76 3122.11 3251.11 3397.81 3293.35 3193.69
Inventory Cost ($1000) 67.33] 66.92 66.42| 65.55 80.12 79.17 80.04 79.67
Stoppage Loss ($1000) 246.65 248.66 242.44( 248.07 249.45 258.37 244.91 247.10
HR Cost ($1000) 824.09 824.09 1098.79| 1098.79 824.09 824.09 1098.79| 1098.79
Total PV| ($1000) 9007.15 9087.29 9176.39 9317.23 9120.55 9598.17 9482.64 9436.95

Present value cost comparison for all gearbox's scenarios
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Figure 6-17 Present value cost for all gearbox a&gen

Figure 6-17 shows that scenario 2 has the lowesE.UE also indicates that the
results of the calculation of both interval of sghked maintenance are close to each
other, with only a slight difference. However,stdifficult to say that one scheduled
maintenance interval is better than another. Thgblights that the impact of the
scheduled maintenance interval on the LCC is myptifscant.

Having determined the optimum scenario and seenclibse tie between
scenarios in both scheduled maintenance intervalss necessary explore the
relationships between variables and to identify fludicy variables which have
significant impact on the asset’'s performance.tRtx purpose, a statistical analysis
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is performed to identify the variables that havesmonpact on the criteria of
minimum LCC. A t-test statistical analysis is ugedthis purpose and the result of

the test is presented in Table 6-21.

Table 6-21 t-test result for comparing mean ofgtesent value
7 years SMI 10 years SMI

Mean 9233.37578 9278.295546
Variance 27742.1448 45148.07497
Observations 8 8
Hypothesized Mean Difference 0
df 13
t Stat -0.47059555
P(T<=t) one-tail 0.32286379
t Critical one-tail 1.7709334
P(T<=t) two-tail 0.64572758
t Critical two-tail 2.16036866

The result of the test shows that the value ofat & between the acceptance
intervals. This result shows that the cost gendrhte7 year scheduled maintenance
scenarios is similar to the cost of a 10 year saleedmaintenance interval. Although
a 7 years scheduled maintenance interval prodessstlirbine days loss and higher
asset availability as shown in Figure 6-18, theumagl cost to produce the asset
availability makes it generate a similar cost to yiars scheduled maintenance
interval. From Table 6-20, in 7 year scheduled nesiance interval scenarios, the
cost is dominated by purchasing and inventory cdststhe 10 year scheduled
maintenance interval scenarios, the dominant sastscheduled maintenance cost.

As performed in the previous case study, a Z-tstfean comparison is also
performed to find the effect of different policy nables on turbine days loss, as
shown in Section 6.2.5. Based on this analysighersystem dynamics simulation
output data, it is found that a combination of ahles in terms of scenarios impacts
on the turbine days loss; no single variable candeatified as having the most
significant impact.

A further analysis is done to support policy setecdespite the similarity of
the LCC for both schedule maintenance intervalss Tight be the case as a trade-
off for high availability with high LCC. The turb&ndays loss output are separated
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and plotted into two groups: 7 and 10 year scheduhaintenance interval. The

result of the plotting is shown in Figure 6-18.

Turbine Days Loss Summary for gearbox failure
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Figure 6-18 Summary of turbine days loss causegelaybox failure

From Figure 6-18, most 7 year scheduled maintenaoemarios have a lower
number of days loss. To support this judgementatistical analysis is performed to
compare whether the turbine days loss from 7 yeanarios is different to 10 year
scenarios. Because the data is less than 30, st tsteused. The result of the
comparison is provided in Table 6-22.

Table 6-22 t-test result for comparing mean of ge&’s turbine days loss
7 years SMI 10 years SMI

Mean 199.9083333 204.4541667
Variance 17.95960317 6.693313492
Observations 8 8
Hypothesized Mean Difference 0
df 12
t Stat -2.58955028
P(T<=t) one-tail 0.011838759
t Critical one-tail 1.782287556
P(T<=t) two-tail 0.023677518
t Critical two-tail 2.17881283

The result shows that the value of the t Stat%8%) is outside the acceptance area,
which is between —t Critical two-tail and t Critidavo-tail (-2.178<T Stat<2.178).
From this analysis, it is verified that the turbidays loss of the 7 year scheduled
maintenance scenarios is statistically differemhpared to the 10 year scenarios. It
indicates that scenarios in a 7 year scheduledterance interval provides higher

asset availability.
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6.3.6 Case Results and Findings

In this case study, the developed integrated model: (systamanulgs
simulation and the life cycle model) is applied, and results gdritor maintenance
resource-provisioning policy setting for turbine gearboxes in a wimmd. feéSixteen
scenarios are generated and run by system dynamic simulatiotheagtimum
scenario selected based on minimum life cycle through the devel§pednodel.
The result of the application on the developed integrated modelergsybgnamic
simulation and LCC model) indicates that scenario 2 has loweSt &l is the
optimum alternative for maintenance and its corresponding resourcesipniwy
policy in this case study.

The statistical analysis done on the resulting values of theugavariables
shows that there is impact of the variables on resource provisianthghaintenance
alternative policies on asset performance, but no variable catehified to have
the most significant impact.

The result of the cost comparison analysis between scenaraifeyent scheduled
maintenance intervals shows that both scheduled maintenance intervdise
similar cost but different asset availabilities. Therefohés case study tends to fit
situations where low ratio of UM to UM cost and availabilitythe main issue.
Hence, the result tends to strengthen the decision to seleehari® from the 7 year
scheduled maintenance interval. However, in a situation where l@lgiles not a
central concern, decision may shift to selecting from the 10 geheduled

maintenance interval.

6.4 Case Study 3: Resource provisioning Policy in Wind Farm Converter
M aintenance Program

6.4.1 Case Description

The converter is a unit within the transformer in a wind turbings tsed to
convert electricity from AC to DC or vice versa, and from onéaga or frequency
to another (Rivkin and Silk, 2013). Each wind turbine has a transformezahsits
of 14 basic converter units (Zhang and Zain, 2010), and is abtdetate 2 failed
units at the same time. The failure of three converter uaiises failure of the

converter subsystem that takes the wind turbine into a failure. gtat shown in
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Figure 6-19, model 7-7, converters are present in each wind tuiModel 7-7
means that there are 7 converter modules in the generator side amerter

modules in the grid side (Zhang and Zain, 2010).

/

Wind
Turbine
04

Wind
Turbine
05

Wind
Turbine
01

Wind
Turbine
02

Wind
Turbine
03

- Gearbox
- Generator
- Converter

Wind Farm Model 7-7

Wind
Turbine
09

Wind
Turbine
10

Wind
Turbine
06

Wind
Turbine
07

Wind
Turbine
08

Figure 6-19 Converter 7-7 model in overall wind farm schematic model

6.4.2 Assumption in the Maintenance Program and Resource provisioning for

Simulation of the Converter Case

According to records of the wind farm case study considered, aidele
maintenance (SM) action is required in general. The assumptifor ischeduled
maintenance (SM) to be performed either every 6 months (180 diag2) months
(365 days) to replace failed converter units found in the transformer. All maintenance
is performed as required as long as some maintenance resaereasitble. It is
assumed that each unit has a different random lifetime (hours)falh@avs an
exponential distribution with. = 10° (number of failures per operating hour). Two
maintenance resources of human resources measured in man-hoursuiilidpare
parts measured in pieces (pcs), are involved in modelling. In moddiknguman
resource, it is assumed initially there are 8 persons avaihatile8 working hours
per day. Thus, this results in 64 man-hours available each day. Omtemaace task
(SM or UM) requires 2 persons for 2 hours for one transformeadh @ind turbine.
To ensure the availability of maintenance resources in termspafe parts,

purchasing is regularly done based on their safety stock |&/aksn the stock level
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is less than 15 units, a purchase order will be sent to the eypid the new parts
will be received within 30 days after (Cahyo et al., 2014). In ths® study, a unit

refers to a converter component.

6.4.3 Application of the Model Developed in the Converter Case

In this case, the application of the developed model involves tailoring the
system dynamics simulation developed in Chapter 5 for converteremaitte and
its resource provisioning. The application of system dynamiasiaiion in this case
study results in some scenarios. The scenarios are andigsed on the LCC
analytical model presented in Chapter 4 to find the optimum scenario.

Similar to the previous case studies, a modelling logic is [@ssented as a
guide for the system dynamics model development. The case desciipti the
converter maintenance and its maintenance resource systeimows sn the
flowchart in Figure 6-20. It shows the logic in the systemadtyics modelling. In the
beginning of the simulation, an initial condition of the systemeis $he initial
condition set in the model consists of several variables: Ueiintie, scheduled
maintenance interval, inventory level of the unit, number of man-hours pdovide
After the initial values for input variables are set, the simulation is reaghout the
lifespan of the wind farm.

Overall, the logic is similar to the logic of the generatase presented in
Figure 6-20. The differences are the number of units in eachasgbséhe cause of a
unit’s failure. In the converter maintenance program, each tnansf (within the
wind turbine) has fourteen units, and the failure of three units catmgsage of the
wind turbine. These differences are reflected in the procesdtioigsaitial lifetime
and decisions concerning simulating unit failures. The process putbbasing and
inventory and human resource system is similar to the processnexbla section
6.2.3.
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Figure 6-20 Model Flowchart

The developed model in Chapter 5 is adjusted to fit this converter emaite
program and its resource provisioning. As mentioned in the case desgriptia
wind turbine there are fourteen converter units. The right hand sigigufe 6-21 is
the configuration of these converter models in a wind turbine (pgrtTBe system
dynamics simulation model representation of each converter ima turbine is
shown on the left hand side of Figure 6-21. In a wind farm, theremterbines and
therefore the representation for each is identical to the ongumeF6-21. Since the

simulation sub models for converters are identical, replication logic is used.
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Figure 6-21 Converter simulation sub model

The developed simulation to generate the requimats dfor scheduled and
unscheduled maintenance action is as shown in &ig#2. The figure only shows
the representation of one wind turbine as an exampl
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Figure 6-22 Simulation sub model for creating reggiicomponent and replacement
for each scheduled and unscheduled maintenanam dotiwind turbine A
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Determining the number of units that need maintenance actions depehédsstatus

of the number of failed units in each wind turbine. As described in Ghapiiethe
status shows “1” this means that the unit has failed. For an exampligure 6-22,

the status of all units in wind turbine A is accrued into an aryilinamed
#Failed_A. If the amount in #Failed_A is equal to or more than three, this generates a
failure status of the wind turbine in the auxiliary named statu3h#s failure status
indicates that the wind turbine unit A is in failure condition, and ascheduled
maintenance order (UM_order_A) will be issued with the required number of units to
complete the unscheduled maintenance for unit A as in #Failed_A. $tatialso

used to calculate the number of failure days of the wind turbins.ifffarmation is
stored in #days failed A level. Similarly, once a scheduled nrante order is
issued, the number of required components to complete the schedulecharaate

for unit A is also found from #Failed_A.

The simulation model in Figure 6-22 is also intended for distrigutie replacement
units in scheduled and unscheduled maintenance. After the number of upés to
replaced is obtained from the inventory, each unit will be at&twtith initial
lifetime values. These replacements are distributed to the edoqronverter modules
as Replacement_AO0X, where X is the unit number. The replacensntsecseen in
Figure 6-21 to add the components time to failure level.

Before every maintenance action, information about the required etuofb
units is collected. The process of acquiring information about thereeguumber of
units in the whole wind farm is presented in a sub model in Fig@® Bs shown at
the top of Figure 6-23, after a scheduled maintenance ordsuegdisthe system will
generate the required number of units based on the number of failsdruegch
wind turbine. For instance in wind turbine A, the data is colleatmah f#Failed_A.
From #Failed_A, the required units for scheduled maintenance willabsférred
into SM_req_A, which is a level to store unit requirements for schddul
maintenance at unit A. Similarly, in unscheduled maintenance, the eemgunt will
be stored in UM_req_A. The accumulation of units required eftrescheduled or
unscheduled maintenance for all units is calculated at the bottéigwe 6-23 and

named Req_for_SM and req_for_UM respectively.
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In the maintenance sub system, there is only a minor adjustmeptuaano
the general simulation sub model presented in Figure 5-8. Theseepagon of the
maintenance program simulation sub model to generate converteremaaiog
orders and actions for all units in a wind turbine is shown in Figu?d. The
adjustment of the general simulation model for tailoring to tise ceadone only for
the number of wind turbines covered by the maintenance progransifiaétion
sub model is used to generate the number of performed schedulednanraetand

unscheduled maintenance as shown in the Total SM exe auxiliary variable.
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Figure 6-23 Simulation sub model to accrue required component for each
maintenance actic

The simulation sub model for purchasing and invgntsed in this case study
is the same as the simulation sub model presemte#figure 5-10. Also, for
distributing the components from inventory to salled or unscheduled
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maintenance purposes is as indicated in Figure.5Fhé complexity issue in this
case arises from distribution of components to eacfuiring converter unit either
for scheduled or unscheduled maintenance. Theettulis in developing logic for a
simulation sub model to distribute components 6 modules.

IS N IS N
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i : IS oLl
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- o
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Figure 6-24 Simulation sub model to generate cder®rmaintenance
orders and actions for all unit wind turbines

To simplify this allocation issue, the unit disttfibn to each requiring
converter unit is developed in a hierarchical foiithe logic is started by distributing
the unit replacement to the requiring wind turbitien distributing to the requiring
units. The simulation sub model for allocating weijplacement to requiring units is
shown in Figure 6-25. In a condition where schedladed unscheduled maintenance
occur at the same time, the unit allocation to bedaled maintenance is prioritised

in the simulation.
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Figure 6-25 Simulation sub model for allocating gament replacement to requiring

units in scheduled and unscheduled maintenance

The allocation of the replacements to each winditgris based on the number
of required units either for scheduled or unschedluhaintenance. For example, unit
allocation for scheduled maintenance unit A is dase SM_req_A (see Figure 6-
23). According to this hierarchy, the priority fonit replacement is from unit A, B,
C respectively to J. After the replacement units distributed to the requiring wind
turbines, the number of required units is temptyatored in an auxiliary variable
associated with the type of maintenance. Auxiliaayt for SM_A for instance, is an
auxiliary to store the number of required unitsstgoport scheduled maintenance
action for wind turbine A. The formula to determite number of required units for

the scheduled maintenance of wind turbine A is:

IF(part for UM_A'=>3,0, IF(SM_req_A=0,0, IF(part SM
dispatched'>=SM_req_A,SM_req_A, 'part SM dispatthed

As discussed, there is a possibility that at ametthat scheduled and unscheduled
replacements are performed at the same time. In thae, fulfilments for
unscheduled replacement are prioritised. Thereforethe formula above, the
calculation starts after considering the requiregnienunscheduled maintenance. If

the number of allocated units for unscheduled neaemice is more than or equal to
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three, no scheduled maintenance will be allocatethé particular wind turbine.

Then, if the requirement for scheduled maintenamcezero, no scheduled
maintenance is allocated either. Otherwise, thebmurof allocated units for unit A is

based on the minimum number between the part Sphatiked and SM_req_A. A
similar formula is applied to all auxiliary varias to determine the number of
allocated units for scheduled and unscheduled eraamice for all associated wind
turbines. After the units are distributed to thquieing wind turbine, then it will be

distributed to the requiring modules as shown guFe 6-26.

In Figure 6-26, the simulation sub model to disttédbreplacement units to the
requiring units in a wind turbine is presented. Wiarbine units A and C are chosen
as an example. Allocated units are temporarilyestan an auxiliary variable name
part for SM_XYY where X is the wind turbine numbserd YY is the unit number.
For instance, part for SM_AOQ01 is an auxiliary torstallocated units to fulfil the
requirement for scheduled maintenance in unit Oddwturbine A. The formula
applied in the part for SM_AO01 is:

IF(status_A01=0,0,IF('part for A'>0,1,0))
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Figure 6-26 Simulation sub model for allocatingtamequiring modules of

_I

converters

The first step is checking the failure status ot &®1. If it has not failed then no

replacing unit will be allocated Otherwise, if thigit has failed then a new unit is
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allocated for maintenance purposes. The simulation checks whetbptaaement
unit is allocated for wind turbine A, if that is true the mainteeaaction is to be
done in unit 01. The simulation logic is also applied to other units ialtbeation
auxiliary. The allocated units stored in every auxiliary sgat to the maintenance
program simulation sub model. As shown in Figure 6-22 for instance, aoulné t
replaced in wind turbine A unit 01 in a scheduled maintenance (p&tMoh01l) is
given a random initial lifetime attribute and distributed to thglaement_A01
variable. In Figure 6-21, the replacement_AO01l variable is addedet@ Th_AO01
(time to failure for unit A unit 01). Therefore, module AO1 has a osit/with new
time to failure attribute.

The simulation sub model for human resource provisioning used in this model
is similar to the simulation sub model presented in Figure 5-13, aadsdef its
logic has been explained in Section 5.2.4. In this converter case #tedguman
resource sub case is simple. The task here is to find out the optewehof man-
hours that should be provided by adding or reducing the number of tectmichis
can be done by using the simulation sub model as in Figure 5-13 witldingany

other variables.

6.4.4 Scenarios Generation by System Dynamic Simulation

The purpose of using system dynamics simulation in this reseatohallow
for generating alternative scenarios in terms of generatedsvialua set of variables
that reflect different maintenance and resource provisioning polisgtasf policies.
In order to select the optimum policy, different output options ofsiheulation
model are generated from different scenarios and analysed badeCCA to find
the best scenario for implementation.

For each policy, alternative sets of values for the input variaseeselected
and initial values for simulation variables are set in order ltwalor generating
values for scenario output variables. The scenarios cover differkrdgsvaf the
variables set as alternative values for generating pslici¢he simulation. These set
of variables for generating policies for the integrated maintmarograms and their
resource provisioning are the interval of scheduled maintenancel, imigatory,
safety stock level (or re-order point), maximum order quantity andiggdvman-
hours. There are two alternative values to set for the variablecloéduled

maintenance interval in this case: six monthly and annually.
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For the purchasing and inventory policy, three variables are sklecital
inventory, safety stock level (or re-order point), and maximum ordettityan this
case study, initial inventory value is estimated by running thelation to forecast
the average annual requirement of the component. On average, the annual component
requirement is 12 (twelve), pieces and therefore the initial inventory in tlasion
is determined as 12 pieces to fulfil the requirement for theviallg year. This
number is also selected as the number of safety stock oreesqudint. For the
maximum order quantity, four different alternative numbers are5€epieces, 30
pieces, 20 pieces, and 10 pieces. For the human resource division, ¢rexisajeut
for simulation is set as provided man-hours to support the maintenance Tdrde
combinations of alternative values for all the above variabletabtgated in Table

6-23 to lay out all possible scenarios.

Table 6-23 Tabulation of all input variables

Input Initial Safety Stock| Max. Order | Provided Man-
. SM Interval .

variables Inventory Level Quantity hours

Unit of : . .

measure (days) (piece) (piece) (piece) (hours/day)
Scenario 1 180 12 12 50 64
Scenario 2 180 12 12 30 64
Scenario 3 365 12 12 50 64
Scenario 4 365 12 12 30 64
Scenario 5 180 12 12 20 64
Scenario 6 180 12 12 10 64
Scenario 7 365 12 12 20 64
Scenario 8 365 12 12 10 64

The combination of all alternative set of values for the varigireduces eight
scenarios as shown in Table 6-23, which are set as input for theatsimuhodel.
The simulation model generates values for 12 output variablesaberated in
Section 6.2.4, except the total time to repair variable. The consmtetateliminate
this variable is because the time to repair for a converiasignificant and can be
ignored. Also in the previous case studies, the policy for inventolydes the
desired inventory level variable, but in this case study thishlaria replaced by
maximum order quantity. This is because in converter purchasingptineum order
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guantity is preferred instead of minimising theentory cost. The price of each unit

of converter is relatively small, so the inventopst can be ignored.

6.4.5 Simulation Model Output and Life Cycle Cost Anagysi

In this section, the output values of simulatioae analysed. As a result of the
simulation in terms of 30 replications for eachrer@ which represents 25 years of
the wind farm lifetime, the outputs are presentedable 6-24 and Table 6-25. The
simulation output values of variables in all scavgmare accrued throughout each
replication and adopted as an input into the LCfnfda in Eq. 6-9 for LCCA to

determine the optimum integrated maintenance asoluree provisioning policy as

one outcome of these simulation output scenarios.

Table 6-24 Output summary for all scenario withrsienthly SM interval

input unit of measure Scenario 1 Scenario 2 Scenario 5 Scenario 6
Scheduled Maintenance interval days 180 180 180 180
initial inventory pcs 12 12 12 12
Safety stock level pcs 12 12 12 12
Max. Order quantity pcs 50 30 20 10
MH hours/day 64 64 64 64
variables Scenario 1 Scenario 2 Scenario 5 Scenario 6
unit of measure average | stdev | average | stdev | average | stdev | average | stdev
# of SM order times 50.00 0.00 50.00 0.00 50.00 0.00 50.00 0.00
# unit performed SM times 215.00 11.47| 216.00 12.30] 217.00 9.64| 215.00 9.86
# unit performed UM times 12.00 3.85 12.00 3.90 11.00 3.12 12.00 3.38
Total part for SM pcs 270.00 14.73| 269.00 18.10| 268.00 15.26] 267.00 16.50!
Total part for UM pcs 35.00 11.64 35.00 11.70| 33.00 9.39 35.00 10.14
Total # of order times 7.00 0.47 10.00 0.76 14.00 0.88 25.00 1.70
Total unit ordered pcs 329.00 25.04| 318.00 25.27| 311.00 20.47| 307.00 2143
average daily available component pcs 37.00 1.14 27.00 0.68 22.00 0.55 17.00 0.36
#turbines days loss turbine days 34.67 12.21 34.17 11.53 32.23 9.25 34.23 10.18
Table 6-25 Output summary for all scenario withwally SM interval
input unit of measure Scenario 3 Scenario 4 Scenario 7 Scenario 8
Scheduled Maintenance interval days 365 365 365 365
initial inventory pcs 12 12 12 12
Safety stock level pcs 12 12 12 12
Max. Order quantity pcs 50 30 20 10
MH hours/day 64 64 64 64
variables Scenario 3 Scenario 4 Scenario 7 Scenario 8
unit of measure average stdev average stdev average stdev average stdev
# of SM order times 24.00 0.00 24.00 0.00 24.00 0.00 24.00 0.00
# unit performed SM times 151.00 8.19| 148.00 7.37| 149.00 7.98| 149.00 7.80
# unit performed UM times 28.00 4.92 28.00 4.80 28.00 537 30.00 4.52
Total part for SM pcs 208.00 11.10f 203.00 11.02| 204.00 12.15[ 205.00 12.72
Total part for UM pcs 84.00 14.77 82.00 14.39 82.00 16.11 89.00 13.19
Total # of order times 6.00 0.37 10.00 0.61 13.00 0.81 23.00 1.40!
Total unit ordered pcs 319.00 21.74] 300.00 21.16] 297.00 18.29] 299.00 18.16
average daily available component pcs 38.00 1.57 28.00 0.79 23.00 0.82 18.00 0.85
#turbines days loss turbine days 83.23 15.17, 81.80 14.23 83.87 21.47 88.73 13.30
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The simulation output from all the scenarios are analysed and rurmghtioe
LCC model. The result of analysis indicates that scenario 3 andrsa 5 turn out to
be the best two scenarios. To illustrate the process aflaatm, comparison and
finding the optimum scenario through the LCC model, those two sceremeos
selected.

On some occasions, it is difficult to obtain data or information frleenactual
system to be inputted into the LCC model. To cater for such sihgata cost ratio
method is proposed. It is based on using sensitivity analysis @nediffcost ratios.
The key point of using sensitivity analysis is observing how diffevaties of
observed variables affect the decision. According to (Pannell, 1997) atieeesteps
for sensitivity analysis:

a. ldentify the parameters to be varied and the range for each parameter.

b. Perform sensitivity analyses for each parameter individwatly the determined
range. Then, record the result

c. On the basis of results so far, find a tentative optimum strategy.

d. Repeat steps b and c for every parameters.

e. Summarise these results, then identify the optimum scenariose vdaah
strategy is optimal.

f.  Attempt to draw conclusions.

The steps for sensitivity analysis are adjusted for the L@sDledon. The cost
components in the LCC are considered as the parameters and #hésraalgulated
based the pre-determined ratio of the cost based on one selectetbfiasehen
instead of repeating the steps for each cost component (or pargraéitpossible
combinations for ranges of the cost components are calculated apdredmin this
research, the proposed adjusted approach for sensitivity analysifeid the cost
ratio method.

As mentioned in the cost ratio method, each associated cost witinbgared
based on one promoted cost. For instance, the promoted base costleaprime of
the unit to be replaced. Then all the costs are defined aaadtie unit price. In

general, the steps of this proposed method are detailed as follows:
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1. Firstly, the base cost comparison is selected. It is arthatcvery associated
cost can be selected as the base. However, it is impootaeidct the cost
that has a more stable value.

2. The second step of this method is determining the ratio for essdtiated
cost to the base cost. The ratio for each associated cds¢ cain terms of
several ratio values to generate alternative options. For paarme unit
price is selected as a base cost to determine maintenastcd loe estimated
ratio values for maintenance cost to component price are 10; 12; 15. This
means that the ratio range of maintenance cost is between 10, 1#roed5
the unit price, and 3 ratio values are selected for the catoylathich are 10
times; 12 times; and 15 times of the unit price.

3. All cost ratio values for all associated costs are inseméal the LCC
formula. In regards to the use of LCC in the scenario comparisonein t
system dynamics simulation, the cost ratio values are inputtdtetaCC
formula along with the output data from the simulation model.

4. The last step of this method is performing a sensitivity @malyor a range
of cost ratio values, sensitivity analysis needs to be done. In sereditivity
analysis is to find out how differently values of independent variaifest
the output. The result of this analysis may help a decision makedtthe
optimum scenario that should be selected in a particular conditioasts c

ratio.

To compare the promoted scenarios in this case study, the LCC doneedls
to be tailored to this case. In this case study, tailorintss @one by removing cost
elements which have the same value in all scenarios. It caedpethat the number
of provided man-hours for the associated scenarios is the same. @ns tiat
human resource provisioning cost can be removed from the LCC foro#te c
comparison. Starting with Eq. 6-4, and removing the human resource provisioning
cost, and considering the total cost formula in Eq. 4-10, the totdlocosila for this
case study scenario comparison is presented in Eqg. 6-8. Then, ¢thedtdiCC in
terms of detailed variables after removing the human resquosgsioning cost is

presented in Eq. 6-9.
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TC = GOt Coltd Gopt ceeiee e e e Eqg. 6-8

LCC (I, f-1(t),q,ROP) =X 3 S (Foyre + Comrt) + Joer" (Fumse +

r=1 s=1
CUM,s,t) + ng Fspe + Tqe Cse + Fie +

(np,t- Cp,t) + (nc,t- Ci,t) + (%-Cinv,t)] 1+

LA+ 1) e, Eq. 6-9

In this case study, the cost ratio method is used rather thay theiractual

value of cost elements. Following the steps of the cost ratio metmodirst two

steps are discussed in this section. First, the unit price afrthe¢o be replaced is

selected as the base for the cost ratio. All cost elements are themi@das terms of

a ratio to the price of the unit. Then, the cost elements in eaciarso need to be

determined as a ratio to the unit price. Based on the simulatiutptihe cost

elements that need to be considered are: scheduled maintenanaeasoséduled

maintenance cost; delivery cost; purchasing cost (purchasing dindrylecost);

stoppage loss.

The unit price is selected as the base of the cost ratioharefdre the price of

1 unit is considered as 1 unit-price. The ratio of other cost elemsarge in value as

follow:
1.

Ratio ranges for the scheduled maintenance cost/unit price (SNbEIBeen 3
unit-cost and 5 unit-cost. For example, SMC/C = 3 unit- cost meanghé
scheduled maintenance cost is 3 times higher than the unit price.

Ratio ranges for the unscheduled maintenance/unit price (UM&&@)een 10
unit- cost and 20 unit- cost.

Ratio ranges for the stoppage lost/unit price (SL/C) betweemit-Ocost and 15
unit- cost.

Ratio ranges for the delivery cost/unit price (DC/C) between 10 ecost and 20

unit- cost.

All the values of the cost ratio of all scenarios are usedpag into the LCC model.

As stated, scenario 5 and scenario 3 are selected to ikuteaprocess of finding

the optimum scenario in the LCC model with the cost ratio methoapBlying the

combination of all ratio ranges of the cost elements to the élexted scenarios

(scenario 3 and scenario 5) produces 32 unique combinations (32 runs) tatealcul

the LCC cost. The detail combination is presented in Table 6-26.
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Based on the given data for the cost ratio, discount rate, ardidnfl the
formula in Eq. 6-9 can be simplified. The result of the simplifsa®f Eq. 6-9 is
shown in Eq. 6-10.

LCC (I, -1(t),q,ROP) =X, [0 (Fsmrt) + Zoot " (Fumse) + TaeCse +

(npe-Cpe) + (e )] A+ 1A+ 1)t

To simplify the calculation of the LCC, it is presented in thenf of tables
(Table 6-27 to Table 6-29). The formula in Eg. 6-10 accrues the cost dbang
design lifetime of the assets. In this casg,st determined for 25 years. The
simulation is run in daily time steps for 25 years or 9,125 dagsdigcussed, the
required simulation output values are generated annually. Then, all anlugs aee
used to find the average value for calculation purposes. The averages\seiexted
to represent the output values for the associated year. Run#l itededscan
example. Run#1 is scenario 5 with maximum order quantity of 20 pekC/G: 3
unit-cost, UMC/C : 10 unit-cost, SL/C : 10 unit-cost, and DC/C : 1 unit-cost.

In the simulation, 30 replications are run for simulation output values
generation. For instance, output from run#l replication 01 is seleatecaldulate
the LCC, 5 types of output data are generated annually:

1. Required units for scheduled maintenance (#scheduled maintenance)
Required unit for unscheduled maintenance (#¥unscheduled maintenance)
Number of order (#order)

Number of components ordered (¥component ordered)

o bk~ 0N

Number of stoppage days (#days of stoppage)

The annual output values are presented in Table 6-27 in terms of adeilsl
and the cost ratio rows. Cost elements are determined fronogheatio. All cells in
the variable rows are then multiplied by associated cells indkierows. The results
of these multiplications are annual cost, and are presented inG-2BleThe annual

cost is composed of annual cost for each output variable.
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Table 6-26 Detail combination of ratio range to selected scenario

Run# SMI 0Q SMC/C | UMC/C | SL/C DC/C
1 180 20 3 10 10 1
2 180 20 3 10 10 3
3 180 20 3 10 15 1
4 180 20 3 10 15 3
5 180 20 3 20 10 1
6 180 20 3 20 10 3
" 7 180 20 3 20 15 1
g 8 180 20 3 20 15 3
< 9 180 20 5 10 10 1
@ 10 | 180 20 5 10 10 3
11| 180 20 5 10 15 1
12 | 180 20 5 10 15 3
13 | 180 20 5 20 10 1
14 | 180 20 5 20 10 3
15 | 180 20 5 20 15 1
16 | 180 20 5 20 15 3
17 | 365 50 3 10 10 1
18 | 365 50 3 10 10 3
19 | 365 50 3 10 15 1
20 | 365 50 3 10 15 3
21 | 365 50 3 20 10 1
22 | 365 50 3 20 10 3
n 23 | 365 50 3 20 15 1
§ 24 | 365 50 3 20 15 3
< 25 | 365 50 5 10 10 1
A 26 | 365 50 5 10 10 3
27 | 365 50 5 10 15 1
28 | 365 50 5 10 15 3
29 | 365 50 5 20 10 1
30 | 365 50 5 20 10 3
31 | 365 50 5 20 15 1
32 | 365 50 5 20 15 3

The next step is calculating the present value for each anosiabased on a
predetermined interest rate of 2.49%. Table 6-29 shows the annual prakent
projection. Then, the annual present value projection is accumulated thé LCC
for run#1 replication 01. The result of the LCC calculation for run#1la&gubn 01 is
1,262.50 unit-cost and can be found at the bottom right of the continuation of Table
6-31. The total LCC is 1,262.50 times the unit price because it is loasadcost
ratio to the unit price. Beside the LCC, the last column of contati Table 6-29
also provides the total amount of each cost element. This calcufatboess is
repeated for all 30 replications in the simulation. The averagjeecdnnual cost and
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annual present value projection for 30 replications are presentedblie G-30 and 6-
31 respectively. After 30 replications of run#1, it can be concludedahein#1 the
average LCC cost after present value projection is 1,403.46 unit-cds4@8.46
times the unit price.

The calculation process is repeated with different cost bats@d on the run
number. The total cost for each cost element and the result ot&lcdation for all
runs of scenario 5 and 3 are shown in Table 6-32 and 6-33 respectiedynexXt
step is to plot the LCC from Table 6-32 and 6-33 into a chart to fiegattern of
LCC in each scenario. The calculation results of the LCC fromuh6 m each
scenario is shown in Figure 6-27. The figure indicates that in all combinationd of cos

ratio, scenario 5 has the lowest LCC.
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Table 6-27 LCC calculation for run#1 replication 01

Year | 2 3 4 ] B 1 8 g 0 I 2 13
a | # Scheduled maintenance (unit) 700 | 1000 | 900 | 900 | 8OD | 900 | 700 | BOD | 500 | 700 | 1200 | 100 | 7.00
¢ | b | #Unscheduled maintenance (unit) 000 | 00O | DOO | OOD | OODO | 1DO | DOOD | 10D | DOO | OOO | OO0 | 00O | (LDO
_?;3 ¢ | #order (times) (00 | 000 | 100 | DOO | 100 (00 | 000D | 100 | ©0OO | 000 | 100 100 | 0.00
= | 4 # component ordered (pcs) 2000 | 000 | 200 | 00D | 2000 | 2100 | 00D | 2300 | 00O | 000 | 2000 | 2200 | 0.00
e | # days of stoppage (days) 000 | 00O | DOO | DOD | OO0 | 300 | DOO | 300 | 00O | 0OO | 000 | D00 | 300
| | Scheduled maintenance Cost (unit cost/unit) 300 | 308 | 3I6 320 | 334 | 343 | 382 | 3 3 3.8 39 | 402 | 41
92 | Unscheduled maintenance Cost (unit cost/umit) | 10.00 | 1027 | 1085 | 1083 | 12 142 | 073 | 1204 | 1237 | 1270 | 13.04 | 1333 | 13.75
E 3 | Ordering Cost (unit cost/times) | .00 .03 .05 1.08 L 114 117 1.20 1.24 127 .30 .34 .38
4 | Component Price (unit cost/pes) 1.00 .03 .05 1.08 L 114 117 1.20 1.24 127 .30 .34 .38
5 | Stoppage Loss (unit cost/days) | 10.00 | 1027 | 1003 | 1083 | 12 142 | 073 | 1204 | 1237 | 1270 | 13.04 | 1333 | 13.75
Table 6-27 LCC calculation for run#1 replication 01 (continued)
Year 14 (5 6 (7 18 19 20 2l 22 23 24 23 | Agaregate
a | #Scheduled maintenance (unit) 800 0D | 1200 | 000 | 8OO | NOOD | (00D | 1200 | 8OO | 8OO | BOD | 4.00 224.00
¢ | b | #lnscheduled maintenance (unit) 0oo 100 | 200 | DOO | OOD | DOO | OOD | O0OO | OO0 | OOD | 00O | 100 7.00
_?g ¢ | #order (times) 00 000 | Loo 00 | 000 | 100 00 | 000 | 100D | 0OO | 100D | OO0 4.00
= |4 # component ordered (pcs) 2100 000 | 2200 | 2300 | 00O | 2000 | 2200 | 00O | 2000 | O0OO | 2100 | 00O | 24700
e | # days of stoppage (days) 000 300 | BOO | DOO | OOD | 0DOO | OO0 | DOO | OO0 | DOD | 00O | 3.00 21.00
| | Scheduled maintenance Cost (unit cost/unit) | 424 433 | 447 | 438 471 484 | 497 2.0 924 | 538 | 852 | 0A7 105.03
9 | Unscheduled maintenance Cost | (unit cost/unit) | 1412 1450 | 1483 | 1228 | 1270 | IBM3 | I6.S6 | 1700 | 1746 | (783 | 1841 | 188l 3501l
.-_-,E 3 | Ordering Cost (unit cost/times) | 14l .45 .43 1.3 .97 1.6l .66 170 178 179 1.84 .89 30.01
4 | Component Price (unit cost/pes) L4l .45 .43 .53 .57 L6l .66 170 178 179 1.84 .89 30.01
5 | Stoppage Loss (unit cost/days) | (412 1450 | 1483 | 1523 | ©J0 | 1603 | 165G | 1700 | 1746 | 1793 | 184l | 83 3501l
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Table 6-28 Annual cost calculation for run#1 replication 01

Year I i 3 4 J B 1 8 g 0 I 12 13
la | Scheduled maintenance Cost (unitcost) | 2100 | 308! | 2847 | 2924 | 2669 | 3083 | 24B3 | 7880 | 1855 | 2667 | 4694 | 4419 | 2888
%b | Unscheduled maintenance Cost | (unitcost) | 0.00 | 0.00 | 000 | 000 | 0.00 I1.42 000 | 1204 | 00O | OO0 | OOD | OOO | 1873
g 3c | Ordering Cost (unitcost) | 100 0.00 1.05 0.00 ] 114 0.00 1.20 0.00 | 000 1.30 .34 0.00
;é. 4d | Component Price (unitcost) | 2000 | 000 | 2204 | 00O | 2335 | 2398 | 000 | 2770 | 00O | 00O | 2608 | 2946 | 00O
3c+4d | Purchasing Cost (unitcost) | 2100 | 000 | 2320 | OO0 | 2446 | 2502 | OO0 | 2880 | 00O | 00O | 2738 | 3080 | 000
Se | Stappage Loss (unitcost) | 000 | 000 | 000 | OO0 | OO0 | 3426 | 000D | 3603 | 000 | OO0 | OO0 | OO0 | 4125
Annual Cost : | (unitcost) | 4200 | 3080 | 5167 | 2324 | olla | IDIB3 | 2463 | 105.87 | 1853 | 2667 | 7433 | 7493 | 8388
Table 6-28 Annual cost calculation for run#1 replication 01 (continued)
Year 14 19 I6 7 I8 9 20 /A 22 23 24 20 | Aggregate
fa | Scheduled maintenance Cost (unitcost) | 8a.89 | 4783 | 936l | 4387 | 3769 | 5320 | 4368 | G122 | 4180 | 4304 | 4413 | 5L06 | 943.00
% | Unscheduled maintenance Cost | (unitcost) | 0.00 | 1430 | 2878 | 000 | 0.00 0.00 000 | 000 | 00O 0.00 0.oo | 18Aal 100.40
:_g 3 | Ordering Cost (unit cost) 141 0.00 149 .53 0.00 LBl .66 0.00 .73 0.00 .84 0.00 19.44
;é. 4d | Component Price (unitcost) | 2963 | 000 | 3276 | 35M7 | 000 | 3220 | 3643 | 000 | 3482 | 000 | 3867 | 0.00 412.97
3c+4d | Purchasing Cost (unitcost) | 8107 | 000 | 3425 | 3870 | 000 | 3386 | 3809 | 000 | 3667 | 000 | 4030 | 000 | 43202
S¢ | Stoppage Loss unitcost) | 000 | 4350 | B335 | 000 | 0.0 0.00 000 | 000 | 00O 0.00 000 | 5673 30121
Annual Cost : | (unitcost) | 6436 | 10086 | 20688 | 8257 | 3763 | 8708 | 8776 | G122 | 7858 | 4304 | 8470 | 12663 | 221465
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Table 6-29 Annual cost after present value projection for run#1 replication 01

Year | Vi 3 4 a B I 8 g i I 12 13
B | Scheduled maintenance Cost | (unitcost) | 2043 | 2933 [ 2645 | 2650 | 2380 | 2660 | 2073 | 2374 | 1487 | 2085 | 3382 | 3280 | 2097
| 7 | Unscheduled maintenance Cost | (unitcosty | 000 | 000 | 000 | 000 | 000 | 885 | 000 | 989 | 00O | 000 | 000 | 000 | 999
2 | 8 | Ordering Cost (unitcost) | 098 | 000 | 088 | 000 | 088 | 0839 | 000 | 089 | 000 | 000 | 089 [ 100 | 000
= | 8 | Component Price (nitcost) | 1980 | 000 | 2087 | 000 | 2085 | 2089 | 000 | 2275 | 000 | 000 | 1880 | 283 | 000
= | 10 | Purchasing Cost (nitcost) | 2043 | 000 | 255 | 000 | 283 | 288 | 000 | 237 | 000 | 000 | 2083 | 2283 | 000
I | Stoppage Loss (unitcosy) | 000 | 000 | 000 [ 000 | 000 | 285 | 000 | 2867 | 000 | 000 | 000 | 000 | 2986
Annual Present Value : | (unitcost) | Y098 | 2833 | 4800 | 2650 | 4523 | 8763 | 2073 [ B7.04 | 1487 [ 2085 | BT [ 5582 | 6083
Table 6-29 Annual cost after present value projection for run#1 replication 01 (continued)
Year 14 1 16 17 18 19 20 il 22 23 24 23 Aggregate
B | Scheduled maintenance Cost (nitcost) | 2402 | 3308 | 367 [ 3020 | 2420 [ 3335 | 3038 | 3652 [ 2440 | 2444 | 2443 | 276 B71.70
| 7 | Unscheduled maintenance Cost | (uitcost) | 000 | 1003 | 2008 | 000 | 000 | 000 | OO0 0o0 | ooo | 000 | o000 | 122 | 70.08
S | 8 | Ordering Cost (nitcosy) | MO0 0.00 .00 Lol 0.00 Lol Lol 0.00 102 0.00 102 0.00 13.98
= | 8 | Component Price wniteos) | 202 | 000 | 20 | 235 | 000 | 2020 | 2228 | 000 | 2033 | 000 | 243 | 000 | 29652
= 1 10 | Purchasing Cost nitcost) | 2202 | 000 [ 230 | 246 | 000 | 222 | 2329 | 000 | 235 | 000 | 245 | 000 | 3040
I | Stoppage Loss (wnitcost) | 000 | 3008 | BO28 | 000 | 000 | 000 | 000 | OO0 | 00O | 00O | OO0 | 3067 | 2023
Annual Present Value: | (unitcos) | 4608 | 7320 [ 13885 | 8436 | 2420 | 5457 | 5386 | 3652 | 4074 | 2444 | 4684 | BBS0D | 126250
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Table 6-30 Average annual cost calculation for run#1 all replications

unit cost

Year I i 3 4 J B 1 8 g 0 I 12 13
la | Scheduled maintenance Cost (unitcost) | 2270 | 2700 | 27/0 | 2826 | 2881 | 2878 | 7896 | 7986 | 2943 | 3441 | 3221 | 3663 | 3575
%b | Unscheduled maintenance Cost | (unitcost) | 2.67 274 477 3.2a 2.59 4.95 3.4 163 8.66 0.a0 4.3 B.48 6.42
g 3c | Ordering Cost (unitcost) | 100 0.2 0.77 0.40 0.84 0.712 0.4l 0.712 054 | 080 0.6 0.80 0.73
;é. 4d | Component Price (unitcost) | 2020 | 452 | 1786 | 845 | 1950 | 1603 | N34 | 1642 | 1208 | 1786 | 1465 | 1832 | 16.27
3c+4d | Purchasing Cost (unitcost) | 2120 | 472 874 | 884 | 2033 | 1673 | 1184 714 [2B1 | 1867 | 1530 | 1833 | (7.0
Se | Stappage Loss (unit cost) | 8.00 822 | 1285 8.75 778 | 1483 | 173 | 2288 | 2638 | IRl 261 | 2544 | 19.25
Annual Cost : | (unitcost) | 9797 | 4268 | B2Z70 | 5000 | 5368 | B5.32 | 0644 | Tial | 7708 | 7aD3 | B44E | B394 | TBA3
Table 6-30 Average annual cost calculation for run#1 all replications (continued)
Year 14 19 I6 7 I8 9 20 /A 22 23 24 20 | Aggregate
fa | Scheduled maintenance Cost (unitcost) | 8912 | 3886 | 4169 | 37892 | 4240 | 4064 | 4670 | 4404 | 4453 | 4853 | 4704 | 4746 912.18
% | Unscheduled maintenance Cost | (unitcost) | 9.8 6.28 7145 14 3.66 9.68 8.28 137 0.24 Al 9.82 | 10.08 [52.70
:_g 3 | Ordering Cost (unitcost) | 0.7 0.92 0.74 087 | 068 0.97 0.83 1.08 0.8l .02 0.80 113 .30
;é. 4d | Component Price (unitcost) | 1043 | 2088 | (742 | 2008 | 1676 | 2086 | 1889 | 2370 | 1908 | 2360 | (743 | 2ol | 43238
3c+4d | Purchasing Cost (unitcost) | (619 | 2180 | 1817 | 2080 | 1644 | 2183 | 1982 | 2483 | 1983 | 2463 | 1823 | 2628 | 4alB3
S¢ | Stoppage Loss (unitcost) | 103 | 1883 | 2234 | 2040 | 1047 | 2803 | 2333 | 2267 | 1630 | 2032 | 3008 | 3020 | 45868
Annual Cost : | | ) | 7602 | 8389 | 8364 | 8737 | 7237 | I0M27 | 00M8 | 9890 | BOA | 10072 | 10527 | 1408 | 242693
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Table 6-31 Average annual cost after present value projection for run#1 aktiepkc

Year I Vi 3 4 a B I 8 g i I 12 13
B | Scheduled maintenance Cost | (unitcos) | 2508 | 2570 | 257 | 2562 | 2557 | 2483 | 2438 | 2453 | 2853 | 2681 | 2457 | 27131 | 2547
_ | 7 | Unscheduled maintenance Cost | (unitcost) | 280 | 281 | 382 | 28 | 228 | 427 | 323 | 626 | B84 | 430 | 332 | B3 [ 4B
2 | 8 | Drdering Cost (nitcost) | 098 | 020 | 072 | 03 | 079 | 062 | 043 [ 058 | 043 | 083 | 050 | 080 | D053
£ | 3 | Component rice (nitcos) | 87 | 430 | 1BB8 | 7BE | M24 | 1383 | 354 | (348 | 988 | 1397 | W8 | 1879 [ W82
= | 10 | Purchasing Cost (nitcos) | 2088 | 450 | 14D | 8OC | 1803 | 445 | 887 | 408 | M | M4BD | BT | 1433 [ 1235
I | Stoppage Loss witcst) | B | 782 | W75 | 883 [ 688 | 1281 | 987 [ B73 | 24 | 1280 [ 882 [ 894 | 1398
Annual Present Value : | (unitcosy | 0617 | 40B4 [ 5825 | 4541 | 5277 | 5636 | 4752 | 6367 | BI7 [ 5872 | 4918 | G695 | 569
Table 6-31 Average annual cost after present value projection for run#1 aktiepbocontinued)
Year 14 1 16 17 18 19 20 il 22 23 24 23 Aggregate
6 | Scheduled maintenance Cast (nitcost) | 887 | 435 | 502 | 470 | 235 | BOE | G508 G40 305 | 40T [ 54k 545 | 10738
| 7 | Unscheduled maintenance Cost | (unitcost) | 080 | 084 | 080 [ 057 | 04 | 08 0.5l 084 | 047 | 058 | D44 0.6l 13.88
S | 8| Ordering Cost witcos) | 1087 | W& [ W75 | @@ | w2 | 13K 111 7| 108 | 134 | 986 | 1360 | 3i.08
£ | 8 | Component Pice wiitcost) | 48 | B | 1228 | 1876 | 086 | 1874 | 1202 68 | 155 | 1383 | im0 | 142 | 32398
= | 10 | Purchasing Cost wiitcosy | MO0 | 1804 | 07 | 409 | B72 | BN | (553 | 1353 | 843 | 154 | IBB7 | 1638 | 32239
I | Stoppage Loss (nitcost) | 567 | 435 | 802 [ 470 | 235 [ BOB | SOB | 440 | 305 [ 407 | 544 | 545 | 10735
Annual Present Valug : | (unitcost) | 9387 | 9838 | G048 | 5750 | 4687 | G348 | BI26 | 5900 [ SO0 | 5720 | 5834 | BUBY | 140346
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Table 6-32 LCC result of scenario 5 for all runs

SM Period | RUN# SM Cost UM Cost Ordering Cost Compaonent Price Purchasing Cost Stoppage Loss Total
[ 649.76 107.35 13.88 310.08 323.96 322.39 1403 46
i 649.76 107.35 463 310.08 3al7l 322.39 143121
3 649.76 107.35 13.88 310.08 323.96 483.59 |a64.65
4 649.76 107.35 4163 310.08 3al7l 483.59 1592.41
g 649.76 21470 13.88 310.08 323.96 322.39 1al0.8l
B 649.76 21470 4163 310.08 3al7l 322.39 1538.56
a0 7 649.76 21470 13.88 310.08 323.96 483.59 1672.00
days 8 649.76 21470 483 310.08 Jal 7l 483.59 1699.76
g 1082.93 107.35 13.88 310.08 323.96 322.39 1836.63
0 1082.93 107.35 483 310.08 Jal 7l 322.39 1864.38
Il 1082.93 107.35 13.88 310.08 323.96 483.59 1997.83
12 1082.93 107.35 483 310.08 3all 483.59 2025.58
13 1082.93 21470 13.88 310.08 323.96 322.39 1943.98
14 1082.93 21470 4163 310.08 3al7l 322.39 1971.73
5 1082.93 21470 13.88 310.08 323.96 483.59 2105.18
B 1082.93 21470 4163 310.08 3al7l 483.59 2132.93
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Table 6-33 LCC result of scenario 3 for all runs

SMperiod | RUN# SM Cost UM Cost Ordering Cost Compaonent Price Purchasing Cost Stoppage Loss Total
[ 430.09 279.63 0.99 318.32 324.30 832.20 1886.22
i 430.09 279.63 [7.96 318.32 336.78 832.20 1898.20
3 4a0.09 279.63 0.99 318.32 324.30 1248.30 2302.32
4 430.09 279.63 [7.96 318.32 336.78 1248.30 231428
g 4a0.09 0ad.26 0.99 318.32 324.30 832.20 2165.85
B 430.09 0a9.26 [7.96 318.32 336.28 832.20 217783
7 4a0.09 0ad.26 0.99 318.32 324.30 1248.30 2a81.95
385 8 4a0.09 0ad.26 [7.96 318.32 336.28 1248.30 2393.93
days g 7Ta015 279.63 0.99 318.32 32430 832.20 2186.28
0 Talla 279.63 [7.96 318.32 336.28 832.20 2198.25
Il 7Ta015 279.63 0.99 318.32 324.30 1248.30 2602.38
12 Talla 279.63 [7.96 318.32 336.28 1248.30 2614.35
13 7Ta015 0a9.26 0.99 318.32 324.30 832.20 246591
14 7a015 0a9.26 [7.96 318.32 336.28 832.20 247789
5 Talla 0ad.26 0.99 318.32 324.30 1248.30 2882.01
B 7a015 0a9.26 [7.96 318.32 336.28 1248.30 7893.98
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LCC result for all run of scenario 5 and 3

===Scenario 5 ==l==Scenario 3
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Figure 6-27 LCC result of all runs for scenarionl &cenario 3

6.4.6 Sensitivity analysis

In general, this process is to analyse how differanges of cost ratio values
affect the LCC. To start the process, all assodiatest elements in the LCC in Table
6-30 and 6-31 are charted in Figure 6-28 and Figt28 respectively. In scenario 5,
the policy to perform the six-monthly scheduled mb@nance causes maintenance
cost to contribute most to the LCC. Conversely ¢erario 3, annual scheduled
maintenance policy generates a high number of iagbdays loss, which impacts
more on unscheduled maintenance cost and stoppagecbmpared to scenario 5.
The cost that contributes most to the LCC of sdertars stoppage loss, as shown in
Figure 6-29.
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Cost breakdown for scenario 5
=4=Scheduled maintenance Cost  =li=Unscheduled maintenance Cost === Ordering Cost ==é=Component Price
w=e=Purchasing Cost «=&==Stopage Loss w=t=Total
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Figure 6-28 Scenario 5 cost breakdown

Cost breakdown for scenario 3

=4#==Scheduled maintenance Cost ==lll=Unscheduled maintenance Cost === Ordering Cost == Component Price
e Purchasing Cost «=fStopage Loss et Total
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cost (x$1000

Figure 6-29 Scenario 3 cost breakdown

Both Figures 6-28 and 6-29 indicate that the LC@dmposed mostly of 2
dominant cost elements: scheduled maintenanceaomsstoppage loss. Because a
scheduled maintenance job is required to maintaenasset, it does not make sense
to remove the scheduled maintenance cost from @ for this sensitivity analysis.
Conversely, in some cases where the stoppage #sde ignored, an interesting

result of the LCC after removing the stoppage Isstiscovered and shown in Figure
6-30.
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LCC without stopping loss

=f==Scenario 5 «=l==Scenario 3
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Figure 6-30 LCC plotting after removing stoppageslo

In Figure 6-27 scenario 5 generates lower LCClinuals than scenario 3 but it is not
dominant. The figure shows that different combimasi of cost ratio values generate
different LCC, which in turn leads to different optum scenarios. To support the
decision making in Figure 6-30, we should refefl&dle 6-34. For instance, at axis
numbers 1 to 4 in Figure 6-30, scenario 3 is béi@n scenario 5, because they have
smaller total cost. Then, at axis numbers 5 toc8nario 5 is better. We concludes
that for SMC/C=3, UMC/C= 10, and DC/C = 1 or 3,rs@ma0 3 is preferred. But
when the ratio’s value UMC/C turns to 20, scen&ris more feasible. Details can be
found in Table 6-34.
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Table 6-34 LCC cost after removing stoppage loss

Axis 00 SMI LCC PV
No Run# SCE 1 SC3 | S5 | 503 SMC/C | UMC/C | SL/C | DC/C ST —
I [ (7 | 20 | ab | 180 | 36a 3 0 0 | 1081.07 1054.02
2 |2 (@ |20 | a0 | 180 | 36& 3 0 0 3 1108.82 |066.00
3 3 119 | 20 | a0 | 180 | 3B& 3 0 0 | |081.07 1054.02
4 | 4 {20 | 20 [ o0 | 180 | 363 3 0 0 3 1108.82 I066.00
515 | oz |20 | a0 | 18O | 365 3 70 0 | [188.42 1333.65
E | g | 22 | 20 | o0 | 180 | 365 3 70 0 3 1218.17 [343.63
I 7 | 23 | 20 | 50 | 180 | 3B5 3 20 0 | [188.42 1333.65
8 | 8 | 24 | 20 | a0 | 18O | 365 3 70 0 3 1218.17 1343.63
g g | 25 | 20 | a0 | 180 | 3B& g 0 0 | [al4.24 [394.08
0| o | 26 | 20 { 80 | 180 | 364 g 0 0 3 154199 [366.08
Il |27 | 20 | &0 | 180 | 3B& g 0 0 | 1514.24 [394.08
12 | 12 {28 | 20 [ 50 | 180 | 864 g 0 0 3 1a41.99 [366.06
B3 3| 79 | 20 | 50 | 18D | 365 g vl 0 | 1621.59 1633.71
4 | 14 30| 20 [ 80 | 180 | 864 g 70 0 3 1649.34 I64a.69
B P45 | 31 | 20 | a0 | 180 | 365 g 20 0 | 1621.59 1633.7
B | 15 | 32| 20 [ 80 | 180 | 365 g 70 0 3 1649.34 1645.69

In Table 6-34, some axis numbers have the same value in all oelisstance axis
number: 1 and 3, 2 and 4. In the original runs, those axes have diewppage

loss. Those runs are kept in the table although the values are similar.

6.4.7 Case Results and Findings

In this case study, the developed integrated model: system dynamic
simulation and the life cycle model is applied and results ardiederfor a
maintenance resource-provisioning policy setting for wind turbine ctargein a
wind farm. Eight scenarios are generated and run by systermdayasnulation and
the optimum scenario is selected based on minimum life cycleticasigh the
developed LCC model

In contrast to the previous case studies, cost ratio values tiadineactual cost
values were used to calculate costs in the LCC model due to the unavaitdluitst
details. This calculation process is repeated on all 30 replicatiahg simulation.

The average of the annual cost and annual present value projection for 30
replications are presented. The result of the LCC indicatestleatrio 5 has the

minimum LCC.
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For the decision making purposes, the result shows that SMC/C;/@MC
DC/C are external uncontrolled variables, and maximum order quaatity
scheduled maintenance interval are controlled variables. Based amnthlkation
result, a decision can be made with reference to the uncontrollebleari The
decision contains the interval of scheduled maintenance and maximum order quantity
variables. For instance, when SMC/C=3; UMC/C=10; and DC/C=1, theesiagh
scenario is the policy; in terms of annual scheduled maintenatewal with a
maximum Order Quantity of 50 units. When the delivery cost raticeased to 3 or
the cost ratio of the scheduled maintenance increases to 5,cib®m&emains as
scenario 3. If the unscheduled maintenance increases to 20, thatm$tecomes

uninfluential, and the suggested decision turns to scenario 5.

6.5 Linking the simulation result with the CLD

The results of the simulation for three case studies werenebdtaA brief
analysis should be presented to gain a better understanding Ay t;& scenario
provides better results compare to the others. This can be donibyg lihe result
of the simulation with the feedback structure in CLD. In thee¢hcase studies,
different ranges of four input variables are incorporated into theermsydynamics
model. Those variables are: (1) Maintenance interval, (2) deswvedtory level, (3)
provided man-hours, and (4) Threshold.

The different values of input variables have different impacts oet ass
performance, but this impact can be significant or insignifiddotvever, the result
of the statistical analysis of the simulation result indicatest only different
scheduled maintenance interval variables have a significant tmpacasset
availability. From the CLD in Figure 5.2, the lower assetilability comes from a
higher value of asset failure and repair time. To increasadset availability, asset
failure and repair time should be reduced. Reducing asset fadarde done by
performing more frequent scheduled maintenance, but this will senmegair time,
and vice versa. This circumstance required optimisation of the selkedul
maintenance interval to achieve optimum asset availability.

In the first case study, 5 year and 7 year scheduled mainteinéersels are
assessed. The result shows that a 7 year scheduled maintenancd mrovides
higher asset availability. The reason for this is thatyedr scheduled maintenance
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interval requires more accumulated repair time, and hence redisssagailability.

It may reduce asset failure and leads to lower number unsctedalatenance, but
in general it could not significantly reduce the total number g$ di@ss. It should be
noted that higher loss of days means lower asset availabilipvetsely, a 7 year
scheduled maintenance interval may lead to more unscheduled maacge
intervals, but it can reduce the accumulated repair time fodskdee maintenance.
The accumulation of the number of days loss caused by asset,faihgcheduled
maintenance and scheduled maintenance in a 7 year scheduled mainiteieaveale
is significantly lower compared to a 5 year scheduled maintenateeal, and

provides higher asset availability.

In case study two, 7 year and 10 year scheduled maintenancelstare
assessed. The result shows that a 7 year scheduled mainteriancd generates a
lower number of loss of days compared to a 10 year scheduled mac&entenval.
In a 10 year scheduled maintenance interval, the accumulated tepairis
significantly reduced; however it also generates more frequssdt dailure and
unscheduled maintenance.

The different values of other input variables do not have a significgrdct
on asset availability. This means that by providing a minimuhloevan the case
study may not affect asset availability. However, the mainctifage of this research
is not just maximising asset availability, but also in miningsihe total LCC.
Hence, all values of the output variables should be integrated into thesg@ation
to find the combined policies with minimum LCC.
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7 CONCLUSION AND RECOMMENDATION

7.1 Introduction

A new modelling method has been established as an integratedouecisi
support model for maintenance resources provisioning management to support
decision making to achieve optimum performance of engineered assetsplex
technical systems.

The integration of system dynamic simulation with a lifeleyast model is
capable of overcoming the modelling complexity associated with réteéed
maintenance programs of engineered assets in a complexcedcdystem, and is a
suitable modelling approach for providing an integrated decision supyale! for
maintenance resource-provisioning management. It has been vdniftegyht case
studies that system dynamics simulation when integrated Wit @/cle cost model
provides a suitable integrated model that is capable of genesdt@ngatives for a
maintenance resource-provisioning policy, and capable of determirargagives
associated with optimum performance for engineered assetemante programs in
acomplex technical system.

A model for complex asset maintenance and a maintenance resource-
provisioning management policy has been developed. The modebiskanation of
the system dynamics simulation model and the Life-Cycle Qualytecal model.
The developed system dynamics simulation model successfully senpdpose to
model the cause-effect relationships between the resource provisvamialles and
maintenance programs variables involved in managing engineere¢ assat
complex technical system and its related supporting functions. nczse study,
several scenarios are generated and applied into the system cb/rsamilation
model. Utilising the output of the simulation, the developed LCC modal wa
employed and proved to be capable of assisting in the selection ofptineum

scenario.

7.2 Case Study Findings Related to the New Application

The purpose of the case studies was to verify that the newljodedemodel

can be tailored to different situations depending on the natureafgneered asset
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and its units functioning within a technical system. Having the msudetessfully
tailored for these case studies was then verified by tleands it was found to be
capable of generating alternatives for the maintenance regmasioning
policies, and in determining alternatives that provide optimum perfoenahthe
overall set of assets in the technical system. As an ovindihg, the newly
developed models were easily tailored for application in thre= staslies selected;
however in each case the model required different adjustmentdutibytmiitable for
each case study. In each of the case studies a set of aleerse¢narios was
successfully generated by the newly developed models to reptesealternative
maintenance resource-provisioning policies, and then the alternativey pol
associated with optimum performance was determined.

The ranges of values in terms of the input and output variabteg igenerated
scenarios provide the basis for identifying those variables hhae the most
significant impact on the selection of resource provisioning or nmante policy
for achieving optimum asset performance. ldentifying these &gnif variables
indicates the impact of variables and the alignment betweemtanance and other
support functions.

The newly developed model is capable of handling large fleetsnolas
assets. Simplification of the simulation logic, including the oddriction of a
temporary intermediate buffer to store temporary information, sttke an efficient

modelling process.

7.3 Implication of Research Findings

The capability of system dynamics simulation has been exderie
incorporating life cycle cost models. This has been shown to #flewnodelling of
resource provisioning policy implications given their interrelaghip with the
maintenance program. Such an enhancement is required pargiculaen
considering complex technical systems which have been found to be inatiequa
modelled by other techniques, including analytical modelling, geakgarithms, or
the discrete event simulation method. The newly developed model pravideans
of analysis to identify variables that have the most significargact on asset
performance and achieving optimisation. It can model, in a gefmraht, the

interrelationships and interdependences between many functions within a
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organisation which makes it easily exploited for further retegmerposes and
tailored for application to assets with different attributesoordifferent industries

while accounting for changes or adjustment for adaptation to each case.

7.4 Practical Implication of Research Finding

The newly developed models can be adapted as a tool to genefatendif
resource provisioning and maintenance policies and selecting the oppiotiggnfor
any set of assets in a complex technical system. It sanb& useful as a basis for
sensitivity analysis to determine significant factors whigchpact an asset
performance.

The developed model is also capable of adequately representing the
interdepartmental interaction in an organisation, and therefore sighiasmanaging
the interface between these departments. In this respect, #glemkx model can be
used to support decision making processes in asset managemenodeigrovides
a representation of integrating the maintenance department anduoitigsns in an
organisation, and can provide a basis for information management to mamnipula
management plans and to determine the strategy and required redbatdead to

an appropriate decision based on efficiency, effectiveness and optimum cost.

7.5 Research Limitations
Although the newly developed models are able to serve the purpoke of t

research there are some limitations:

1. The system dynamics simulation has not covered all maintemasources. For
the purpose of developing a simulation approach that can be followeshyor
number of resources, only the interrelationships with the main idusctof
maintenance resources have been studied: purchasing, inventory and human
resources. In purchasing and inventory, only one type of component is
presented. In human resource provisioning, only general man-hours is gaesent
regardless of the type of skill that should be provided. The mores tgpe
maintenance resources involved in the model, the bigger the regeakch
becomes in terms of time, and software capacity, due to the oreenbife buffer

variable to be provided in the model. The impact of this limitatiorhenvalue
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of the results of this research are significant because tiwy rieveloped
models are developed and verified based on those selected resolnit=st w
provides a basis for further research on covering other resacina@esre not
covered by this research. The research covered only one typgsoafce from
purchasing, inventory and human resource department. Confirming thé mode
results with actual practice supported the validity of the madel provides
confidence for adapting it for further research or application talifyn and
extend the model to include more resources that may exist in e copiplex
asset maintenance resource-provisioning program.

The model has not included the combination of different sources artdiWep

for human resources such as recruiting, sub-contracting, or outsourbiese
constitute data related to input variables and do not impact on the otitpet
model, but has limited the human resource scenarios that ardyirggakrated
from the input variables. These input variables: recruitment, sub-conga
outsourcing or combination were not included in the case studies but can be
easily included in the model if those mentioned constraints are removed.

It is possible to include the algorithm of the newly developed L@&tel
directly into the system dynamics model, but this will increase the cautgmal
burden. In order to reduce the computational burden, the LCC calculation i
performed separately outside the system dynamics model. dimisrdy affect

the accuracy of the result but has no impact on the validity omtigel or its

result.

7.6 Directionsfor Future Research

The direction for future research is mostly related to furtlemelopment of

the newly developed models to handle the various complexities thaexmstyin

managing more resources or relationships. A number of recommersdiatidature

research can be based on some of the limitations as identifieghotential

continuation of this research in the previous section.

The developed model has the potential to explore interrelationshipsdretw

various life cycle and support functions or management systenternms of

identifying the variables that have significant impact and polefdiainterface
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management. The model also can be used to study alignment of meznisewith

objectives, and requirement at the low levels with those at higher levels.

More detail of future research that might be initiated based ometearch

limitations are:

1.

To develop a new integrated model with more maintenance resourifese(di

skills of human resources and different types of inventory). Asdstat8ection

7.5 that at this stage, the newly developed model provides gemieraiction
among maintenance, purchasing & inventory, and human resource provisioning
systems with one type of maintenance resource from each suagporti
department. There is a good opportunity to develop a model with extended types
of maintenance resources. However, this model should also to adjusetopde

a new algorithm to be included in the model, to cater for the highe
computational burden and higher model complexity.

The newly developed model in this research has not included combinations of
different sources or combined provisioning policies. In the purchasing &
inventory department, different sources of spare parts may aomedifferent
suppliers and different policies of purchasing & inventory canterdeferent
levels of safety stock or different inventory levels. In human ressur
provisioning, a combined policy such as sub-contracting, outsourcing, can be
elaborated upon.

This research was initiated from the result of a literateveew that showed the
combination of system dynamics and LCC model is suitable for agatighor
improving performance of a complex system of engineered aksstbased on

an analysis that the nature of the system dynamics masédbfrepresent the
system and the LCC model is capable of supporting the cost calnuthteach
policy. However, the comparison of this modelling approach with othérade

in the literature review was not thoroughly discussed. Furthemandseo

compare the capabilities and benefits of those methods is recommended.
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