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abstract

The oil and gas industry are an industry with complex and expensive equipment. Downtime from
equipment failures can cost companies millions of NOK eaghand pose a significant risk to

employee safety. Throughaimtenance and replacement of parts betoeg fail, companies can

ensure that the operation of assets remains safe, efficient, and uninterrupted. This approach can have a
decisive effect wheit comes to preventing catastrophic failure, costly downtand,damage to

machinery.

The way operatomnonitor their assets today is by visualizing processed data to rate performance,
track historical trends, monitor device health, and make operatitegrsypdates to increase overall
equipmentand the production Wwdow between requirethaintenance. Most assets today are equipped
with sensors, but the question is how can companies exploit the endless amount of information from
sensordocated on platforms and equipment? There is a gap between how the industigsdpeet
relative to he great opportunities that exist by digitizing maintenance systems. How can they be
utilized to do a better job, or improve the safety of those wgréimthe installations? The sensors

which are already installed gathers data, bistmot used for moréhan just checking for anomalies

and trends. The key lies in being able to utilize the data from the sensors to enrich and automate the
decisionmaking.

If the sensors are used proactively, there is a lot to gain from predictimgemaice. Thisanmalke it
possible to predict failures of assets before they fail. There is also a lot to save from not replacing
equipment when the warranty or the OEMssag, but only when needed, based on sensors and
historical data. There are costglications associatedith implementing a whole new system. Any
capital equipment is purchased and installed to generate productive output for a defined period. The
costof implemening predictivemaintenanceontainsof two partsi the fixed or acquisitio cost,

which includes the cost of the machinad systemiself and the commissioning cost. The second part
is the cost of running the machine. Due to these cost of implementing new maintenance system,
companies ussimulations models to assess the imgdchanging the business models or

maintenance policies.

By using a simulation software, a generic business model for PDM services with different
stakeholdersansimulated. The case study in this thesis iaggrocessing plant that export gas to
Eurgpa and the asset of interest is a centrifugal compressomathel will assess the current
condition monitoring and maintenance system and

The study revealed the potential for implementing a predictive mairdenérere the predicted
failures can be doret the same time as the scheduled maintenance. 8 out dfut€sfaould be
predicted resulting in over 90% availability for the equipment.

When the current chedkased monitoring was compared to the atbam& monitoring system, the
time spent on ch&mng went considerably down. Time spent on checking with ldrenebased
monitoring system is just 12 hours compared to 182.5 hours a 93.5% decrease in checking time.

The traditional maintenance system thatused now needs to be redeveloped, and gkeiblders
must be willing to implement new technology as iempentation of new technology is far wider than
just the technology.
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1. Introduction

This chapter describes the background of the studied field, problem description, scope, and
objectives. It also presents the limitations and delimitations.

1.1 backgrandand Problem description

Maintenance of equipment are crucial for all industriesisupart of business models for all
organizations. However, oil and gaslustryshould be given more priority sector because of
the highoperating cost and the comyity of equipment.

I n todaydés industry with compl ecanréedacéea astr uct
plant's overall production capacity by between 5 and 20 percent.

Chris Colemarbatish DamodarakMlahesh ChandramoulCoeman, stish, Mahesh , & Ed ,
2017Ed Deuel

Key findings from a research conducted by Baker Hughes showed that

A AOf f shor e rganizhtiorss axgerienee ®n average $38 million annually in
financial impacts due toanplanned downtime. For the vebiperfoamers, the negative
financial impact can be upwards of $88 million.

A Fewer than 24% of operators describe their maintenance ap@®agbredictive one
based on data and analytics. Over thqearters either takeraactive or timebased approach

A Opentors using a predictive, dataased approach experience 36% less unplanned
downtime than those with a reactive approach. This castii@, on average, $34 million
dropping to the (Hughest20lm) | i ne annuall yo

Most of theseunplanned downtimes is caused by difficulties in determining when and how
often an asset fails and when it should be taken offline to be repHireadil industry has
traditionally used oldfashioned types of maintenance systems, where thewiaslly used
maintenance methodologies have been reactive or preventive maintgQaheaman, satish,
Mahesh , & Ed , 2017)

One of the maintemace system tht have gained increased attention is Predictive maintenance, both
from the industry and in academia.

The goal of a predictive maintenance strategy is to extend the effective life of the equipment and
prevent failure. Deviatiodetection is a common apphbecause it detects when an equipment
behaves differety than expeted. Nonconformance detection solutions are often more accurate than
simple rulebased methods of failure detection and are useful in preventing costiggaild

downtime.

The oil and gas industry were initially reluctant to adopt newhigalogies wih particularly no long
term track record in the industiy was either too expensive or they were happy with the existing
maintenance systems. This emsvever changed in the fguag years with O&G industry digitalising
more of theiraintenance program@oman, 2017)

There arégwo main reasons why new maintenance systems and technologies are becoming
more and more accepted by the oil andigdsstry. The first reason is the decline in oil and
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gas prices thanh the industrywhich havecaused signifiant operating dedits for owners and
stakeholders. Theil and gas companiesalised it was important to reduce operating costs.
The second reasontisatmany of the equipment that are currently being used is getting old.
To let them fail before fixing them, will eventlyabecome very egensive as failures of the
equipment increases with age. These two factors, awareness of expenditure relatedeld outd
maintenance management and aging equipment, can push new technologis®te

accepted in theilband gasindustry. The beefits of the newechnologies are reduced cost of
maintenance and the ability to monitor old equipment that. This, together witbwiveave

of digitalization around the globe in general, means tieapttential for new ways of doing
maintenance have emt potential. Themai nt enance of compani esd as:
money but also creates enormous revenue by reducing theimi@whe way of doing
maintenance has changed a lot over the yearsl@amands of the engsers have increased
concerningundionality, content, and price. As a result, the costs related to development and
operation of these system are verghhiTo justify theprice, it is essential that the system
become successful, ea®y in-house personnel to use and it contributéadeeased

availability of the equipment.

Developinga business case for predictive maintenascmethinghat isimportantfor
companeés The most important question th#it@mpanies neetb be ab¢ to answer before
they even start prective maintenance is, how will | generate revenwarfrtis?

If this question cannot be answeral efforts to build an elaborate, predictive maintenance
solution will quickly stopKnowing the businessase of the&eompany and having a strategy
for making money on predictive maintenance will help to aoeethe company's
management and stakeholders to justify the investment in implementing a predictive
maintenance syster(\Wallner, 2019)

Although egiipment operators knothe fact that their equipment is less likely to failidgr
operation typically justifies the investment, the case for owners and other is a bit more
challenging.

This is someof the reason whgil and gascompanie$as not yet fully embracetthe
PredictivemaintermncéPDM). Many PDM prgrams that have been implemented across the
oil and gasndustry has failed to generate measurable benefits in terms of decrease in

maintenance cost or given any measurable plant peafaenimprovements.
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COMPARISON

(Benchmarking)

SHORT-TERM
TACTICS

CURRENT VARIANCE GOALS MEASURE
TP AL | PROCESS & >

(Maintenance il (Where you want to be
(Gap Analysis) IMPLEMENTATION (How we are doing)
Evaluation) and When) (How we get there)

LONG-TERM
STRATEGIES

IDEAL

(Duty-Task Analysis)

A 4

FEEDBACK

(Correction as required)

Figurel: businessmprovementprocess(Mobley,2002)

One approach to thhallenges a business improvement process to convince reluctant
stakeholdersA maintenance orgamation should start by measuring its own performaRge.
example by reviewingthe currentmaintenance sysins and policieBendmark

comparisons with similar organizations provide a basis for analysing performance on both
metrics and processes. The dtep in goal setting is to identify realistic ideal performance

levels. These objectives should have tiofving characteastics

1 written

1 measurable

1 understandable

1 achievable

The stakeholders who will be challenged to reach the goal should be thertpobcess.

Failure to secure the right kind of involvement from the people affected by the decision can
lead to some unpleastconsequences during implementation. Once the goals are set, one can
identify any gaps between where performance is now ancevithehould beThen both
shortterm plans and lonterm strategies can be implemented to achieveetteinedgoals.
Frequet measures and feedback will revise the performance to achieve the desired levels.
(Mobley, 2002)
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1.2 Scope and Objectives

The scope of this thesis is to develogiraulationmode| that will assesghe current maintenanead
monitoringsystemin a centrifugal compressor. The base for this study is a case study from a gas
exporting plant. The thespgesents the development of a madedrderto undersand thesystem
chosen and how' he main objectivesf the develogd modeis to simulat a generic business model
for predictivemaintenance serec

The research question igfioulated as follows:

Assessing the impaof business model for predictive maintenancenarios using multimethod
simulation: a case study oéntrifugal compressor.

1.3 Research methodology

The research methodology in this thesis is going t@ teeoretical part and praciigart where the
main objective is to simulat@aintenance system &gas plant. The theoretical part is based on
academic litemture, industry standards, journals, and interview witkxgert

The main objectives of this Research:

A literature reviewin the feld of maintenance strategies andintenance management.
An insight in challenges faced by the industry

Model develpment using multimethod simulation modelling tool.

P w DR

Evaluation of the developed models.

1.4 Limitations/delimitations

There wadime limit on this thesis set by the raland regulations of the university of Stavanger. The
given time frame for workingroand finishing the thesis during the fall is frofhof September t@™

of January
Delimitation of this thesis:

- This thesiss nd gang into technical detailsf the asset
- There were no companies involved providwigh information, assumptions hade to be made.
- Some uncertainties with the program, there are aleatargrtainties meaning that thedel

with, and unertaintyrelaedto the software itself.
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1.5 Qutline of the thesis

1 Chapter Janintroductorychapter describes the background of the studied field, problem
description, scope, and objectives. It gisesents the limitations and delimitations.

1 Chapter2 presentshe heoreical framework related to the maintenance of assets. This
includes preventive maintenance, preventive maintenance, and pediciintenance. This
chapter also outlines the asset management and the consequences of poor maintenance.

1 Chapter3 presentthe deps that the author foleed whendevelopinghe model anéxecuting
the simulation

1 Chapter $resentsystemanalysisof thechosersystem It presens the stakeholdergher
requirements and needs.

1 Chapter Hescribes the maintenance systemdthe nonitoring system ofhe asset stiied,
this describecdhelped v develop the modeThis chaptealsodeds with data ollection.

1 Chapter gresents thdevelopnent of themodelanddescriptionof variables parameters and
functions

9 Chapter 7s al abou the outputs of the modeHow predicive maintenancandalarmbased
maintenancean be used isxplaned in this chapter.

1 Chapter Gresents discussi@bout thesimuation conducte@nd thethesis Finally, a
conclusiondrawnon regardsd the thesis djectives and the formulatedsearch questioim
chapter 1.

13



2.0 Theoreticalframework

2.1 Maintenance

Thispresents the theoretical framework related to the maintenance of assets. This includes
preventive maintenance, preventive maintenaneedpredictive maintenance. This apter also
outlines theassetmanagementnd theconsequences of poor maintance.

Maintenance is the work performed to preserve an asset (such as a compressor or a turbine), to enable
continueduse and function, overrainimum acceptable level of perfoemce, over its designated

lifetime, without unforeseen renewal or major repair #otiw. (Albrice , 2016)

Maintenances a combination of everything technicatiminstrative,and managerialcions during

life cycle of an itenmintended to hold it or restore it to one condition where it can perform the require
function.In the past, maintenance was intended as an expense account which ndidagecare

for exceptwhen it was absolute nesesy Fortunately, this perceptioa changingNowadays,
Maintenance is recognized as an essential contriboiperformance and profitability for business
organizationsMaintenance managers, therefore, explore all ptiss#to boost profitability ad
performance, as well as dekie cost savings for tregganizationFigure 2 identfies the differentype

of maintenancenanagement§ he maintenance organizatigntasked with a broad number of
challenges including quality improvement, set up timauced lead times, cost reductiortapacity
expansion, management of complex technology and atiam improve the reliability of systems,

and related environmentiasues(Wan hazrulnizzzam, mohd nizzam, Mazli, & Deros, 2009)

|

prrmmmm— j i : |

[Reseve |

v

: | 3 }
| Failure-Based | | Age-Based | Condition-Based!
Too late Too early Right on time

Figure 2: different maintenance manageme{BREE, 2019)

Reasons for maintenance

1 Physical integrity: to keep the asgea good working condition andinimize the downtimes

and disruptions.
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1 Riskmangement: to keeptheassetmgd i n a state of good repairtr
safety and health

1 Responsible ownership: to keep the asset in good state so it careaishiel potential life
service.

1 Duty to mitigate: to keep the asset from eoesary damage that can resultle assets
premature failure(Albrice , 2016)

2.2 Reactve maintenance(orrectivg

Reactivemaintenancalsocalledcorrectivefollows asimpld ogi ¢ whi ch is &6drive i
No dforts or efforts are made to imgain the equipment initially designed by the designer to ensure
the design's service life. Recent studies indicate that this is still thieaat mode of maintenance.

The adwantages of collapse maintenance be agidedswod. If we are dealing with neequipment,

we can expect minimal incidents of failure. If our maintenance program is purely reactive, we will not
use labour or incur capltaosts until something breaks. Sinwe do not see any associated
maintenance cts, we can see this period a/sgy money. During the time we think we are saving
maintenance and capital costs; we spend more money than we would have had under any other
maintenance approach. We spend nmoomey on capital costs because, while we vegitie

equipment to break, we aften the life of the equipment and result in more frequent replacement. We
may incur costs of failure of the primary device associated hétligtult and causing the failure af
secondary device. It is an increased costwedd not have experienced itiomaintenance program
weremore proactive. Our labour costs associated with repairs are likely to be higher than usual
because the failure fkely to require more extensiveaimtenance than it would require had the
equipnentnot been run to failure. Thehances are that the equipment will fail within hours or near the
end of the typical working day. If it is a critical device that must bé& batine quickly, we will have

to pay overtime costs for maintenance. Since wesetp run equipment to failureye will require a

large inventory of repair parts. This is a cost that we can minimize under another maintenance
strategy(Singhal, 2018)

2.3 Preventive Mantenance

What is meant by puentivemaintenance?

Accordingtothegp r o f e s guidedormaidtedagce and reliability terminology preventive mainteriance
Aan equi pment mai nt en angooereswring, antassgtptabxads ed on

interval regardless of its conditio®cheduld restoration tasks and repkment tasks are

15



examples of preventive maintenance task&ulati, Kahn , & Baldwin, 2010Yetrieved from
(Ramesh Gulati, 2019)

Preventive maintenance is a type of m@mne done at regular inteals while the

equipment is still functioning to prevent failure or reduce the likelihood of failure.

Preventative maintenance can be tibased, ie, every week, evenonth,or every thiee months.

However, preventative magtarceis often based on usege every 150 cycles, every 10,000 hours or
like cars: service every 10,000 km.

This typeof maintenance is a means of increasing the reliability of their equipment. By using only, the
resources necessary to perform mainteaantivities designed by thequipment designer, the life of

the equipment is extended, and reliability is increa@éulpjé, 2018)

2 4 Predictive maintenance

Predictivemaintenance has been given many definitions. Soméhagy e¢dictive maintenance i

monitoring the vibration of rotating machinery to detect initial failures and to prevent that detected

problems into catastrophic failure. Others say it is to detectanel failures in motors, electrical

switchgear by momdring the infrared image dhe components. So, what is predictive maintenance?
Predictive maintenance (PdM) is a concept, which is applied to optimize asset maintenance plans

through the predictionf asset failures with dat@driven techniques. instead relying on statistics

from industrial or in plant average life like metme-to-failure to schedule maintenance activities,
predictive uses direct moni t teemcyamdotherindidatbretotalls set 6 s
the actual mean tinte failure for the asset.

Basically, predictive maintenance differs from preventive maintenance by basing maintenance on the
actual state of the machine rather than on any present schedule. Preventive maintenanbagedime
Activities such as changirgbricants are based omte, such as calendar time or equipment run time.

For example, most of the oil in the vehicles changes every 3,000 to 5,000 miles. This effectively bases
the oil change requirement on the equipment running time. No concernngagtiie actual condition

and performance of the oilt is changed because it is tireechangeThis methodology will be

analogous to a preventative maintenance task. If, on the other hand, the driver discounted the vehicle's
running time and had analybsé#e oil for a certain paod to determine its actual condition and

lubrication characteristics, it may be possible to extend the oil change until the vehicle had run 10,000
miles. This is the fundamental difference between predictive maintenance aentigesmaintenance,

where pedictive maintenance is used to define the required maintenance task based on quantified
material/equipment conditions. There are many benefits to predictive maintenance. A well
orchestrated predictive maintenance program Witli@mate catastrophic equigent failures. A plan

for maintenance activities can be made to minimize or erase overtime costs. It is possible to minimize
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inventory and order parts as needed well in advance of downstream maintenance needs and optimize

equipmet gperation, save energysts, and increase plant reliabilitginghal, 2018)

2.5 Maintenance mx

There is great difference in maintenance strategies in different industries. Some of them have

equipment that cannot be remalr® often, or theirequipmentuns into failure without being costly

for organizations. While some other organizati on
operations and business to f@bnsequentlythese organizations spend largeoantof money on

predictive andpreventive maintenance. The majority organizations have mixture of the all three

maintenance strategies.

The maintenance manager must consider the cost when they are choosing the best strategy. Figure
illustrates how theostfor the differentstrategies is connected shows thapredictive maintenance

has the highest maimtance cost, buhe repair cost is lower. Corrective maintenance has lower cost;
however, the repairs cost is much higher compared to the prevertisienance(Albrice , 2016)

20

Repair Cost

15

$ 10

5
2 Maintenance
Cost
0
Reactive Preventive Predictive
Maintenance Maintenance Maintenance
(CM) (PM) (PdM)

Figure 3: comparison the cost of different maintenance systéihsice , 2016)

2.6 Maintenance Cds

Maintenance costs are a large part of thal tperating experes for all production or production

plant. Depending on the specific industry, maintenance costs can be between 15 and 60 percent of the
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cost of manufactured goods. For exde) in foodrelaed industries, average maintenance costs
accauntfor about 15 pearent of cost goods produced, while maintenance costs for iron and steel, pulp
and paper, and other heavy industries represent up to 60 percent of total production @msts. The
percentages cabe misleading. In most US plants, mainteeamported includegxpenses for many
norrmaintenance related fees. For example, many plants include modifications to existing capital
driven capital systems factors, such as new productse Bxgenses are hmaintained and should be

allocated at nomantenance costs.

However, correct maintenance costs are significantly and represents-tesindrhprovement that

can directly affect the plant profitability. Recent studies on the effeebgeof maintenaec

management indicate that a thir@3 centut of every dollar- of all maintenance costs are wasted
because of unnecessary or improper maintenance. When considering the US industry spending more
than $ 200 billion each year on plantigriant maintenare, the effect of productivity and profit

represetted by the mainance operation becomes evident. The result of ineffective maintenance
management represents a loss of more than $ 60 billion every year. Perhaps more important is the fact
that inefficientmaintenance management significantly affélatsability to prodwce quality products

that are competitive in the world market. Losses of production time and product quality as a result of
poor or inadequate maintenance management draimgéct on US indstries' ability to compete

with Japan and o#r ountries (Mobley, 2002, s. 1)

2.7 Asset management

In the developed countries there is broad agreement that the essential service is preserved,
environment is protected, and the safetyhefpeople is safiarded. Thd has led to wide

range of regulations and laws to be enacted by governments in these countries. In addition to
these factors some equipment cannot fail due to its importance for the production process for
the organization. Theompressor examed in thiscase is of this at, if it fails it will result in
shutdown of the entire plant. Defectsrap,and inefficient use of material will lead to

sources of pollution and failures.

These thing are often the result of plants ojrggainder less #m optimalcondtions.

Breakdavn of missioncritical equipment will interrupt production. In chemical production
processes, a common cause of contamination is the waste material produced during the start
up period after the interruption$ production. Apéa from providing waste matea,

catastrophic faults in plant and machinery operations are also a significant cause of not
reaching the essential service level, industrial accidents, and health hazards. Asset

management is all about kepgifacilities inoptimal coritions while at te same time
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preventing critical failures. This will promotdfective means of managing service

interruptions, pollutions risk and accidents.

The way to meet the issues raised above, is to focus on theamgoof asset magement.

This canbe achievedfithere are clear strategy, the right system and people are used and
controlled work through planning, scheduling process, process engineering and optimization.
(Jardine & Albert Tsang, 2006)

2.8 Maintenance Exallence

Plant engineering & maintenance magazine conducted a survey where it was suggested that
the maintenance budgets ranged from 2 to 90 % for the total plant operating budget with the
average maintenancedyget being 20.8t can be justified that opations and maitenance
represent an important cost expense in equipinégisive industrial operations. But by

making the right and opportune maintenance decisions these operations can achieve serious
cost saings in operatios and maintenance (O&M). Mdanarte manageent excellence is

when many things are done well. These things are:

U The plant is working and performing to the designated standards and the equipment is
operating smoothly when it is functioning
U The cost of maintenance of equipment arénivibudget andhe investment of new
asset is seen as economically reasonable
U The service levels of equipment and plant are high.
U The Turnover of maintenance, repair and operation materials is fast
The moses®ntial part of Asset management is to foondancing rsk, performance and
the resources that are put in to achieve optimal asset managglasthne & Albert Tsang,
2006, ss. 31)
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3.1 Modelling and simulation methodology.
The goal of this chapter is ppresent thesteps that thewuthorfollowedin building the model

and simulate the dynamic behavior.

Modelling and simulation (M&S) are the use of models (e.g., physical, mathematical, or
logical representation of a system, entity, phenomenon, or pr@aseasasis fa simulations

to develop data utilized for managerial or technical decision making.

Several modelling methods are described in order to ask which tasks are expected and the
input / sources and resources to target. It should lead to thd amnple prgect plan.

According to john harts there are to rules for good modelling:

- nClearly define the question to be answer
- and make the model no more compl(E-x than n
Thalji, 2019)

The simulation software used in thiesis isAnylogic. It supports agerbased, discrete
event, and system dynamics simulation methodologigsre4 displays the difference
between the various simulation methodologies.

Agent based modiing: i A g e n t modedlisgalses on the individbiactivecomponents
of a systemo.

With agentbased modelling, agents also known as active entities are identified and thei
behavior defined. They can be people, households, vehicles, equipmenttgroduc
companies, what is relevant to the system. ddreectiam of these agent is den set,
environment variables defined, and simulations run. The system's global dynamics then
emerge from the interaction of the many individual behavidgisThalji, 2019)

State chartss mostused in ageAbased modelling to define the betaurs ofthe agents.
They are also often used in discrete event modelling, e.g. to simulate machine failure.
System dynanes a method which allows theser to study the dynamic behavior of a
casually struttired system with feedback loops and consequéatk ofequilibrium in the

system.
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System dynamics is a very abstraidellingmethod. It ignores the fine details ofygstem,
such as the individuaharacteristics of people, products, or events, aodges a general
representation of a complexssgm. Thee abstract simulation models can be used forlong
term, strategienodellingand simulationStock & Flow Diagramsre used for System
Dynamics mdelling. (EI-Thalji, 2019)

Discrete event modellingrhis is a methodolgy which the system would be considered as a
process, with contains a sequence of operations.

Discrete event simulation focuses on the processes ofearsysth a medim abstraction
level. Specific physical details, such as car geometry or train eaitehe are not represented.
Industry, logisticeand heahcare often uses discrete event simulation.

Anylogic describes nicely how discrete events is uBgding discrée modelling of event
simulation, the movement of a train from point A to point Badetied with two events,

namely a departure anah arriva | (EléThalji, 2019)

System Dynamics Perspective Discrete Event Perspective
Key aggregate variables, Processes: sequence of
Global feedbacks operations, resources

EEDJ q@b =
<7

Individual parameters
and state variables,
Personal decisions

RARLk®

Agent Based Perspective

Figure4:the different simulationmethods
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Tablel: Methodologies fobuilding models

Randers

Forrester

Sternman

11. Conceptualise

1. system description

1. problem articulation

2. Formulate 2. quantify (converting the | 2. dynamic hypothesis
description into level and rat{ 3. formulate
equations)

3. Simulae andtest 3. simulate 4. Simulate

4. design alternative policies

and structure

5. debate andducate

5. policyformulationand

policy

4. implement

6. implement changes in

policies and structure

There are differences in the methodologies, but all the basic steps are thelwgaeat@ps

are important irall methodologies; the conceptualising of the problem, the simulation of the

model, testing and implementing. Concept phadeesysem analys and architecting the

model structure and interfaces. The next part is formulattooh deals with preparinidpe

computational model and its inputs. Simulation and testing include the running the reference

and alternative scenarios s@ timodé structurecan be verified and validated. The last step is

the implementation. This is theeptwhere the solution is plemented if the model gives

adequate and satisfying results. The different steps are presefiteole 5.
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conceptuliaze on the
phase: Reality and
problem modelling

( modeller's

2. Model formulation

3 simulation &

onfidence building

understanding of the phase ltesting phase
Real situations: 1A real situtations and the

conceptuliaze on the problem
« requirements phase: Reality and
« structures problem modelling
« behaviours ( modeller's
» l3E case understanding of the

scenarios real situtations and the
problem
4 implementation

Phase

Figure 5: implementation of the models

However, inthisthesis these dteps are gointp be subdivided intd stepsas shown in figuré so the

reader may get a clearer picture of the process.

Step 3 Model
step 2 conceptual Step 5
Real world situtations ——— g:;‘ll ;igystem ——» modelling and g?;eull{;?g:"t e — Verification and
¥ exploring validation

experiments

Figure 6: 5 steps bimplementing the mod€l¢éEI-Thalji, 2019)

3.2 System Analysis

As it was mentioned in chapt8rl, simulationsareused to:

9 Understand behaviosir

1 evaluate different behaviours

1 compare different behaviours and optimise desigriffardnt management scenario
1 predict the impactef interventions, changes in design and ofeggpolicy.

Thus, it is very important to understand the challenges/proliatsimulations are going to deal with.
The problemhighlightedin this thesisvere discussed with an expertdatie supervisor dhis thesis.
Additional research was donearder to fully understand the challenges the industry fakiel the
challengs faced are highlighted and become clearer, then the system going to be modedksisdo

be understood.

3.3 Conceptual mdelling

The conceptual model sections deal witbrgthing that has to do with Industrial asset that are going
to be modelled antheir productions and maintenance operatitmghis modellingthe following

issLes are required:
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1. Define all paces, layouts (predtion facilitates), sites (Gas processinanp), networks
(agents) and routes which is the productions processes andmaageservices.

Modell all processerelated tamaintenance services aaduipmenfailure.

Define what modeils going to predictwhich in this thesis is to see if

Identify the key stakeholders who have interest for your scenario and would use #mgoscen

Then the intetinkages should be determined and relationships that wéltaffie system

S T

Identify key wncertainties

3.4Modeldevelopmenand simulation experiments
This chapter describes hasenario modellingan help to develop an understaridhe system

behaviour, influencing factors and uncertainties. It shall helpg@igxor interpret observations and
real measuments.lt started with a hypothesis that weoebe evaluatedlhe hypothesis in this thiss
was toseeif a predictive mainteance anbe implementedn a gas exporting planthe modelling
toolschoserwereAnylogic and the simulation method to @e€ombination of agent based and system
dynanics. Thegoals where then defined and indegent and dependent variables whdemtified.
Within the model deterministic values were assigned for the variables arickdeparameters
assignedor the entities that arelefined.They are well defined arekplained in tables in chapter 6.
Propertief chosen design are validatedahgh interview with an expert. In the model the expected
model outcomes (model purpose® linkedwith specific functions. Mainteance events, events/
failures, cost per houemnd if there are spare part cost are linkeethe outcomedAfter these

requrements were fulfilled the experiment was conducted.
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Identify project goals 1x
Select and invite stakeholders ]

Choose modeling tools

A. Qualitative k

Development
Phase

B. Quantitative k

Development Phase

Figure 7: designing an experime(El-Thalji, 2019)

Quantify and run model )\
Discuss model results }

Analyze model, discuss

improvements
Discuss and define scenarios ]\
Present results to other

stakeholders and decision makers

C. Qualitative
Delivery Phase
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Table2:intervertion types

Interverion type

Potential effects

Illustrations method

Operating or maintenance |my

Changes in the process of intere
(Pal). Pol includes process
sequences, process iriteres.The
policy of interest may be
modelled.

Functional diagram or sequentig

diagram

Technologyintegration

Technology of interest (Toi) may
be modelled in adton to system
of interest (Sol) and the links
between Sol and Tol

N2 diagram or IDEF diagm

Design concepts/configurations

Systen of interest changes that
can could be spatiabace, asset
deterioration process, physical
interfaces. Design of interest

(Dol) can be modelled.

IDEF diagram and N2 diagram

3.5 Verification andValidation
Verification and validation of data simtilan models is carried out during the development of a

simulation model witlthe goal of creating an accurate and reliable model. JHd@ordingto Sargent

" a Simuldion models aréncreasingly used to see problems and help make decisions. The

develmers and users of these models, the makers who use information deriveusfresutts of

these models, and the people affected by decisions based on such modelse éveghtly

concerned about whetharmodel and its results are "corre¢Bargent, 2011)

This concern is addressed through confifaraand validation of the simulation model.

Simulations models never mimic the real systdray are just gproximate imitationsfathe real world

meaning a model should be ved and validated to a degree that fulfil some standards requirements.

How the system analysis, conceptual modelling, scenario modelling and verification and validation
model linked isshownfigure 8 (EI-Thalji, 2019)
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Figure 8: Verification and validation circl€El-Thalji, 2019)

The decision miiods to determine if a simulation modeVaid usedin this thesis are:

1. The resiis of the various test and evaluations performegart of the model developed
processarevalidated by the develepitself.

2. The secondvay of validating waso let anexpert which knowledge about the reairid
scenarios that where modakgdcidethe vdidity of the model. This approach is useful wika
size of the team that develops the simulation is small

3. The third approacthat were used is tliedependent verifiddon and validation (IV &V)
method where tle main objective is to use a tthindegndent party to decide whether a
simulation is vat or not A fellow Anylogic modeler where asked to look over the model

itself and checked that the state chart and coges used correctly.
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4.0 System Aalysis

This chaptempresentsystemanadysis of thechosersystem It presens the case ompany
stakeholdergher requirements and needs.

4.1 Case company

In this thesis the case company that are going to be studied is the processing gakelaatessing
plant is in county in western Nway, was operational in 2007. It was originallyilbas onshore
facility for processing and exporting gas extradiggipeline fromafield in the Norwegian Sea. After
extensive upgrading, the plant can now preas from other Norwegian fields bountbithe polar
line pipeline.The facilitiesexportcapaity is currently 84 million standard cubic meters of gas per

day. The plant is owned by the joint venturas technical service provider and an operator.

4.2 stakeholder and business needs

There aranultiple stakeholders involved in this systemeiiéhae the owners of the facility, the
operator, and the Technicg@rvice provider (TPS). All these stakeholders have different needs and
requirements to the maamance system in place and the mainteadnat are going to be suggested.
That means thesnustbe consulted, and they should have a say when implementingystsm since
they are the one who is going to use the product. In this thesis the requiremestdstiave been
provided byanexpert wio is affiliated withthe case company.

Most of gas plans inNorway isjoint ventures who owns the transportation infrastructure aaitithe
e g ui p nmehe fadlites Themain concern for th ownerds increagd profit. The operabr is
responsible fothe facility to work without interruptionshile the technical servicgrovide is

responsibleforte f aci |l ityds daily operation and mainten

The associated needs and requirements from the mentioned stekstn@summarisedhoroughlyin
table 3
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Table3: stakeholder analysis

Inspectors

Easily accessible, equipment,
good visibility

Equipment ready for operations,
System update data frequently,
can store data

Stability, reliability

Monitoring crew

Monitoring system, azeptable

values, correct values

Equipment will beableto detect
minor damages, show deviation

quickly to monitoring crew

Easy to use, Sensitivity, reliability

CMS Provider

Communication with inspectors
and monitoring, eqpment,
correct values from the

monitoring crew

Reliable equipment, can detect

andanalyse valuesjuickly

Reliability, Accuracy

maintenance team

Dependent on information from
the onsite maintenance crew
and/or fabricator of the
component they are dgjn

maintenance on.

Excellent comranication source
between orsite and hired
mainteranceteam, avoid
component replacement during

full production

HSE (Health, Safety and
Environment), reliable

communication

Operator A reliable system that meets the| Fulfil the production ordefrom Costeffective, reliability
criteria of the clients that relies ol power company, profitability,
gas from the facility. follow the regulations

Owners More profit Less downtime Maximizing possible profit
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N2 diagram below illustrates the interfadetween production, asset and maintenance services and

the owner and CMS provider.

Figure 9: N2 diagramdescribingtheinterfacebetween different parts the systemanalysed

Own e out put
profit
Operator/
P Load
opport
Fai |l orses Asset rémi melainte
Noti fildat a
Perfor
manag €
Mi ni mi s Heal t PredicServiec
Rel i a Mai nt e .
Unneces|recover mai nt eused
produ . ser vi
downt i n
Rel i a CMS Al ar
soft w prdeir| tri1gg
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5.0 Conceptual modelling

5.1 The asset ohterest:Centrifugal Compressor

The fundamental purpose afimcompressor is to enable the operator to sell gas to consurhers. T
compressor #in receies first rich gas from one of the connected offshore facilities which it separates.
It separates into lighter hydrocarbons and heavy hydrocarbons. The lightecdiydns are sold to

the costumers. Then, the sales gas is felda@éntrifugal ompressothat compresses it from 62 barg

to 185 barg by dynamically increasing its velocity, which enables transporting the sales gas through
the Langeled subsea pipelineddo its endusers in the UK.

The thesis is not going to delveartechnical deits of thecompressor but focus more on

maintenance managemenhe purpose of the thesis is to:

When processing, storing, and transporting gas it is often necessaryetsnhe pressure of the gas

in the oil and gas industry. To compsegas, there atwo different principals are used. The two
principals are intermittent or discontinuous flow mode and the continuous flow mode. The continuous
flow mode is related to dynaic and the ejector compressors while the intermittent flow mode is

related positie displacenent compressors. The figuté shows the classificationf compressors

(Massala, 2018)

Compressor
[
Intermitient Confinuous
Flow Flow

Positive .
Displacemnet Dynamic Ejector
|—|—| I
[ _ 1 ]
Reciprocating ‘ Rotary ‘ Radial Flow Mixed Flow Axial

L Mixed L Aoial

Diaprhragm ‘ Sliding Vane t .
Compreszar Helical Lobe Centrifugal

Straight Lobe

Mechanical
Piston

Figure 10:classification of compressqMassala, 2018)

The centrifugatompressor became popular in the 1950 and 1960 beafitsefficiency and lower
maintenance compared to the reciprocating compressor the most used compressor umhie1960.

centrfugal is these days used as the main compressor ingélengi and procs industries. The main
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reason for using the centrifugaompressor is the advantages like compactness, lightweight and low
energy consumptions. A centrifugal compressorfeéagsr weaing parts, resulting in lower operating

costs in termsfaeplacement pi#s, repairs, and downtiméMassala, 2018)

The fundamental purpose of the centrifugal compressor is to enable the operator to sell gas to
consumers.The compressor train receives first rich gas from one atdheected offshe facilities
which it separates. It separates intdlegy hydrocarbons and heavy hydrocarbons. The lighter
hydrocarbons are sold to the costumers. Then, the salesfgdgo the centrifugal compressor that
compresses it from 62 barg185 barg by dyamically increasing its velocity, which enables
transpoting the sales gas through the Langeled subsea pipeline and to-itsezadn the UK.

The thesis wilhotdelve irto technical details of the compressor, but focus more on maiginan
management ahmaintenance cost can be reduced using PDM and by pisdicted failures
implement opportunistic maintenance, review and calculate time used on checking and gsmifose
the model can be used to enhance the monitoring system. gdl thieg if donesorrectly have a

positive impact on the operation tietfacility.

5.1.1 Data collection

The collection of data in this thesis is based on interview, values demraddientific books and
some assumptions made by the author. In tieisisha facg¢o-face interview where conducted, where
the interviewer deed a series of questions to the interviewee in person and through telephone and
noted down the responses. Thasmh d data collection is suitable when there are only a few
respondentdnformation orhow the facility is operated and monitoring and maiateee management

is provided by an expert.

The repair times and failure times are derived from the bookarghsilreliability engineering
modelling an analysis by Eduardo Calixtaladreda offshorand Onshore reliability Datdlean
maintenance and rigze time for different components where provided by an expert affiliated with a

gas processing plant.

The cost of rpair, maintenance and cost of working crew are assumed basedoah ¢pgt estimizon
in the industry. These data are sensitive forrthpération and considered a trade secret making it

difficult to obtain them from the case company.

It was difficultto estimate daily revenue, service crew cost, replacement cast,cest and

maintenance cost of the asset. Specially the daily reweaseomplicated since the asset of interest

is a compressors in a complex and enormous facllitisis however a gneric model, so the end

users can chandkose parameters and phe desired vak that fitstheir need.
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5.2 Currentasset monitoringystem

Now the compressor has to some extent sensor technology and condition monitoring. The purpose o
the currentmonitoring system is to gain control of the critical compressistegy since itsunction is
important for end users to get the gas theyght Knowing the criticality of the system when it

comes to operational availability the maintenasystem shoulé@stablish the technical integrity for

the life cycle of the system.

The scenariodr monitoring use case illustrated in Figure 4 is basethput from discussions and
interviews from PHBstudent at the case company. In short, the monitolsegscenaristarts with

TSP, which obtains both process and health paramedensSTS, whichs mainly analysed through
trending.The operational deation is then revealed when the trends measurements deviate from
historical trends. In such a case, &P informste operator who successively informs the owner. In
the following, TSP and the opet@r study the best operating window to perform the seamgy
maintenance action based on the forecasted production plan and perceived the severity andtriticis
the abnomality supported by the trend measurements. When a specific fafiméesnance aain is
planned, TSP generates a work order in its owR System and begins acquiring the necessary
resources. In addition, TSP and the operator must deveisip analysise.g. safe job analysis (SJA)
before the maintenance phase. In seiteations, thex is no time to analyse and plan for maintenance,

and the equipment is therefore immediately turned off and remedial measures.
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5.3.0 Current maintenance architecture

5.3.1 Preventive Maintenance

The operator and technical service provides linost orgamiations try to prevent faite before it

occurs by performing regular checks on their equipment. Onehbienge gaprocessindacility is

facing with preventive mintenance is determining when to do maintenance. Since they do not know
when failure is Ikely to occur, they mustebconservative in the planning, especially since they are
operating safetgritical equipment. But bycheduling maintenance very earlyeyhare wasting

machine life that is still usable, and this adds to the costs

5.3.2 Corretive maintenance

In certan situations, there is no time for analysing and planning for maintenance, thus the
equipment is immediately shut down and correctiveoastare executed. With reactive
maintenance, the machine is driven to nisitiand repas are performed oylafterthe

machine failsDealingwith a complex system with some very expengigds, theoperatos
cannottakethe risk ofrunning the equipmetrto a failure as it will be extremely costly to
repair damaged parts arebulting in shtting down of theentire gant. But, more importantly,
it is a safety issuelheoperatothasovercome this issue by having redundancy system with
additional compresors.The current maintenance artéct isdescribedn figure 11
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6. Modeldevelopnent

Chapter 6presents thelevelopment of thenodeland descriptionsof variables parameters and
functions.

Agent basé modellingis mostlyused when developinge model for this thesisut some

system dyninic modelling were also used.

AAgent based model l[ualg dotciuse scomparment sr1do fvi
agents also known as active entities are identified and their behavior defined. fiise age

relevantfor this gystem are main agent, service crewragand equipment unit. They are

thoroughly described in this chapterthvstate charts, transitions, parameters, functions and

variables.

6.1 Main Agent.

It is very easy and straight forwarddesign Any bgic model In the agenbased modelling, whag
important is object in the real system that are going to be modeitedtudied.

There are three agents in this model.

- Main Agent, the everything is defined.
- Equipment unit(compressor) Wiaissociatedtate chas.
- TSP Crew Agent (the service agent

The main agent is the tdpvel object of the model where all gldlithing is defined such as space and
request qgueue management for the service.@ee equipment unit class and 3 service crews are
embealded intathe main agent. This is somethingtthan be changed by the eunsker of the model.
The layout and space sags of tre model are defined in the environment object embedded in the

main agent.

6.2 Service crew agent

Figure 3 illustrated how thechnicalservice crew agent is modelled. T8ezrvice crew is a mobile

agent, unlike the stationary equipment unitrageo moving in the space is part of agent behaviour.

The behavior of this agent is to take a request tf@requipment unit, drive the equipnent that

needs to be repaired or teped, do the assigned work. After the task is successfully done Wieeser

crew is programmed to return home unless there is another equipment that needs to be worked on or a

maintenance order outstandirithe maint@ance crew are dispatched from théntenance centre,
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called home in service crew agent model. The sequeageachon figure 12llustrates and visualises

how the servicerew.

Service crew agent and equipment unit agepedds on each other. Wheo@mponenfails a

message is sent to the mamdace centre who will notify the TSP crew, which takes the assighm

and drives to the failed component. If the service crew are in a working state doing repair, replacement
or mantenance and another componsend rquest for service the message is igb since the

service crew is in working state. This is the daigere is only one service crew personell available,

otherwise the maintenance centre will dispatch anotheicseckew member.

The 4 stats of theservice crew are shown in figui8 ard the corresponding transitions triggers of

and actions of thesstates is summarized in takle

Equipment Equipment Equipment
Central dispatcher TSP Crew component 1 component 2 component 3
PR . request for _s_e_rg.r_ir_.e____‘ Failure
Check
................ }'I
Take
Driving
arriving
request for service
T - ——— — 9 ----------------- . Failure
> repairfreplace
finish
Driving
arriving N
request for service
L L. e S R EEEERREEEE  EEEEE CI ................ . Failure
finish Replace
e > I
Check and take
arriving >
repairfreplace
" finish

Figurel2: how theservicework
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Table4: service crew Agent

Transition

Triggered by and explanation

CheckLaidOff

Message

Message type: string

Message: "CHECK IF LAID OFF"

This transitions checks if the worker

do. So instead of him walking aroumdthe mo@& | , he i s fil aido o

Arrived

Triggered by the ageamtrival.
Action:
Send(this, equipmentUnit) mull;

When tte job is done the equipment, unit releases the service crew.

Finished

Message

Message Typestring

Message: Finnished

Action: equipmentUiit = null;

equipment unit releases the service créarget it

This transition is triggered by theguipment unit, it releases the service crew and the ac
code then erases the reference to the equipmént u

Arrived Home

Triggered by thegent arwal.
No conditions.

It is triggered by the arrival afervice crew

Request waiting

Conditional:
main.thereAreRequests()

identifies request in the ques
Action:

equipmentUnit = main.getRequest();
Gives toppriority to the request

moveTo( egipmentUnitgetX() + 5, equipmentUnit.getY()

Drives the crew tolte equipment unit.

Equipment unifunction

Gets data from equipment unit. It is a reference to the equipment unit which handles
request from therew, and it is null at other timeseRuest irthis context means failed,

replacement or maintenance.

HomeParameter

Other
shape Polyline

It defines where the service crew is placed in the main agent.
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6.3 Equipment uniagent

This chaper descriles the equipment uragent. The equipment unit and tb@responding state chart
is something that is of great interest for us. After all it is the equipment who generates revenues for our

facility. Theequime nt 6 s f ai | s f thevemarateeddioereparing ot repradg wanen it

is due The modeincludes the annually maintenance scheduled every summer

6.3.1 Monitoringof the asset
The compressor is in operational state (Normal) and is chegk€B provider 30min evey day

and ty TPS once every montfihis is in line withhow the monitoring ysstemof the studied cass
described in th@revious conceptual chapt&MS providerchecks for anomalies arige result of that
check will result inwo things. If there is potential falure, they will reach out too TSP so they can
conduct their owrthecking. If theCMS providercheck does not show any anomalies it goes back to
the normal working statéf. here isno failure after TSP check it widlso go back to normal working
state.

It is crucial to understand the functions, parameters, transjtevents, and variables of the model.

These things are explained thoroughlyahle5,6 and 7

6.3.2 Failures in the equipemnt unit.

If there is a failure, theansition goes from wéing State tdhe different failure states, which
will message the service evedescribed in the previous chapter, to arrive. When the TSP
crew arrives, they will determine if the equipment reeeblacement or repair. The
replacemat of the component wibe based oneaching a certain age for the component or a
probability for replacement of the components. When the service crew has replaced or
repaired the failed component, they will go bazkhe dispatcleentre waiting for thenext

time the equipmerfails. The sapshot of the equipment unit agent in figldeshows the
statecharts of the equipment unit in the model and how everything is connected. Different
coloursare used for the stateasémphasize the meaning of the staissally. The same
colourscheme is wed for the visualization of statistics in the various plots.

The failures of the components in the model are based on failure rates. Failure data is a
fundamental element of pretiice maintenance. Yet this data may egist if maintenances
performed e frequently that no failures occur. Simulation tools cap data engineers

generate these necessary failure data. One can also use mathematical models to calculate the
probability of occurrence for situations usingtferns. In this wayt is possibldéo predict

impending errors or determine optimal maintenaryaes- without any need to happen first.

Three components can fail, and two of them can either be replaced or refaimgazbnent 2
is just replaced.

The failure rate for compome 1 is one fdure for every 4.49 years, the failure rate of
component 24 one failure every 4.1 years, and failure rate for component 3 is one failure
every 6 years.
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Table5:parameters ged

Parameter Value Explanation
Maintenance mean Time 3 hours The average time the
service crewise on
maintenance
Replacement meantime 3 3 hours The average time the
service crew use on
replacing component 3
Replacement meantime 2 43 hours The averagéime the
service crewise on
replachg component 2
Replacement meantime 23 hours The average e the

service crew use on

replacing component 1

Repair typical Time

5 hours(SINTEF &

Repair time for component

NTNU, 2015) 1
Repair typical Tima 5hours Repair ime for component
3
ProbabilityReplacementNeeded 0.1 The piobability needed of
replacement for the
components.
MaintenancePeriod 90 days Maintenance period for the

asset
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Table6: Variables, functiomnd event of the model

Name

Type

Codeand explanatins

Time Last Replacemen

Variable

Doublepublic: this variale represents the last time the components were replaced

Time Last Maintenanceg

variable

uniform (-MaintenancePeriod, 0)

Service Crew

Variable

Gets crewsrbm the service crew agt

Age

Functon

return time () - TimeLastReplacement;
This function is a age function that control the age of the components, so the model can replace

components when time for replacement is due.

Colo

function

if (inState(Working ) ) {
if( MaintenanceTimersiActive() )
return deepSkyBlue;
return gold;
} elseif(inState( Failed ) ) {
return orangeRed,;
} else{

return limeGreen;

The colour function shows the states of the components. Depending on the coloul theydvservice

crew D do maintenate, repair or replacement.

Maintenance Timer

Event

main.,equestMaintenancéis );

/Imtce is due request mtce

When maintenance is due, this event will request maintenance and send crew to do maintenanci
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Table7: transition

CMS providercheck

Triggered by ree
Rate: 0.5hour per day

Check failures

Condition
Condition: randomTrue(PotentialFailureProbability

NoFailure

Default meaning if there are no failure it will go back to working

TSPCheck

Triggered by rate

Failure Comp
FailureComp2
FailureComo3
This areflow rates.

Componentl (pulseTrain{6390.166,539,7304)
Componen®( pulseTrainl497,0.166,1497,7304)
ComponenB( pulseTrain21910.1662191,7304)

Failure br component 1, 2 angl

Condition: FailureCompl >0
FailureComp 2 >0
FailureComp 3 >0

Action: main.requeService(this );
A failure has occurred, request service from the service crew

SCAarrivedforRepair for component 1and

Triggered by message
Message typeSaviceCrew, notifies swice crew in he service crew agent

Action: serviceCrew = msghis acton remembers the service crew that arrives

Finnish repair for component 1 and 3

Triggered by timeouttriangular(RepairTypicalTime(1,3) * 0.5, RepairTypitmhe(1,3), RepairTypi Time(1,3) *
25)
(1,3) means the different repair times for componemtdl3a

Action: main.WorkCost += main.RepairCost; this action updates balance

Start Replacement for component 1,2 and

Condition:

main.ReplaceOldEquipmesi& age() > main.MtceBriodsToReplac& MaintenancePeriod

Il

randomTrue( ProbabilityReplacementitied )

a component is either replaced after chosen age for replacing the @rhpoif there is probability tha
replacement is the only option

Start repai

It is a default trasition linked b the replacement transition through a branch. If there isplacement,
then the service crew will do repair.

Finish replacement for caponent 1,2 and 3

Timeout: triangular(ReplacementMeanTime(1,2,3)*0.5,
ReplacemstMeanTime(1,2,3),ReptementMeanTin{&,2,3)*1.5)
(1,2,3) refers to replacement mean times fomgikken components.

Action:
send( "FINISHED", serviceCrew );
serviceCrew = null;

TimeLastReplacement = time();
TimeLastMaintenance = time();
MaintenanceTner.restart( MaintenaePeriod );

main.WorkCost += main.ReplacementCost;

MaintenanceDue

Condition: | MaintenanceTimer.isActive(), maintenance is due, saehéce crew will do the
maintenance

FinishMaintenance

Timeout: triangular( MaintenanceMeanTirh8.5, MaintenanceMedrnme, MaintenaneMeanTime *
1.5)

Action :
send( "FINISHED", serviceCre)y
serviceCrew = null;

TimeLastMaintenance = time();
MaintenanceTimer.restart( MaintenancePeriod );

main.WorkCost += main.MaintenanceCost;

PlannedReplaceemt

main.ReplaceOldEdpment && age()> main.MtcePeriodsToReplace * MaintenancePeriod
When a choseage for component 1 is reached it will be replaced
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7.0 Simulation findings
This chaptershowsthe outputs of the modeHow predicive maintenancandalarmbased
maintenancean beused isexplaned in this chapter.

This chapter will provide aollection of the output from the model.

The value on the-axisof the failure and checking plots are days. Thergknts thatdescribes the
availability of the Asset, the profit, and thesmciatd expenses and reventiealso shows the time

spent orchecking and monitoring and the failures of the components.

Equipment availability [annual averages]

100% —— — —

50%

0%
2021 2023 2026 2029 2031 2034 2037

Working On Maintenance On Service @ Failed

Figure 15: Availability of theasset with the failureand nopredictivemaintenance

Revenue & Expenses [annual, nok]

100,000

—R———

50,000

2021 2023 2026 2029 2031 2034 2037
. Revenue . Expenses . Profit

Figure 16: profit, revenue,and expenses wibut predictivemaintenance
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Figure 17: failures of the comporms

Figure 18: checking timavith currentcheckbasedmonitoring system

Figure 19: failure and scheduled maintenance
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