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FROM EVIDENCE -BASED MEDICINE
TO EVIDENCE -BASED MAINTENANCE:
A MUCH -NEEDED PARADIGM SHIFT
FOR MIDDLE EAST COUNTRIES

BassamTabshouri*, BinsengWang?

*HTMA, Lebanon
tabshb@gmail.com

$Sodexo HTM, USA
binseng@alum.mit.ec

Abstract

The practice of Acritical appraisal o in ¢rbasdd ci ne st al
me d i oEBMrankedseventramongthe 15 mostimportantmilestoneshatshapednodernmedicinein a

poll by the British MedicalJournal in2007[1]. Drawingfrom the principlesof EBM, this paperdescribes

new approach for the maintenance of medical equipment: Evidelace e d Mai nt enance. Both EE
much deeper roots, i.e., the scientific method that started in the Renaissance (16th century) and first
revolutionized physics and then chemistry and, later, biology. Evideased Maintenance is based on the

same principle as Eviden@ased Medicine, i.e., use clinical outcomes to evaluate and improve the care of
patients. The only difference is that the fApatiento i

Keywords: EvidenceBased MaintenanceMedical Equipment.

1 Introduction

In additionto ensuringsafety themainaim of the classicabpproacto medicalequipmenmaintenancevithin

thehealthcare delivery organizatigdDO) isto reduce maintenanamstsandminimize capitainvestment
(CapEx).Thiscallsfor theclinical engineerind CE) professional$o maintainequipmentsrecommendedy

the manufactureas mandatetly Joint Commission Internation@lCl) andmanagehe equipmentifecycle

within the HDO.

However,CapExis only ~20%of total costof ownership(TCO), while the maintenanceostis only ~1% of
total hospital operatingxpens€OpEX). Thus, CEprofessionals neett look beyondequipmentafetyand
reliability in order to contribute more effectively the care of patients not only within the HDO but also in
the entire continuum of care, including ambulatory sites, clinics, and homecare.

Before explaining the EBM methodology, it is worthwhile to understand how CE professionals have been
maintaining medical equipment for the last few decades and why there is a need to adopt a new approach.

2 ClassicalApproachesto Medical Equipment Maintenance
2.1 Risk-BasedCriteria (the Fennigkoh& Smith model)

This approach assigns an Equipment Management (EM) number for every piece of equipment to determine
the maintenance strategy as shown in Table 1 [3].

EM = Function + Physical Risk + Maintenance Requirements)
IfEM 2 12 include into PM inventory and the frequency depends on value of EM
IfEM < 12 exclude from PM inventory and repair upon failure.

WherePM is theabbreviatiorfor preventivemaintenanc@aterrecharacterizedsschedulednaintenance).

Pagel of 7
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While initially usefulto stopperformingPM on everypieceof equipmentvith thesamerequencyandtasks
the RiskBased Criteria actually only considers risk severity, without contemplating risk probab
recommendedy the 1ISO1497 1standardwhich definesrisk asa combinationof probability & severity[of
harm]. A visualization offailure probabilityis providedin figure 1, which showsthatwhile multiple layers
of defensareusuallydeployed gachonehassomegapsandholesthatcanallow failuresto go through. The
failuresrelatedto humanactionsarecalledfi a ¢ f ia v & whilesttooser@latedto organizationaprocesse
are called Al atent conditions. 0

CRITERA CATEGORY SUBGROUF NUMERICAL
VALUE

Function Therapeutic | Life Support 10
Surgicalandintensivecare 9
PhysicalTherapy 8
Diagnostic Surgicalandintensivecare 7

Additional Physiological monitoring and
diagnostic

Analytical Analytical Laboratory
Laboratoryaccessories
Computerandrelated

Miscellaneous

Patientrelated
PhysicalRisk Patientdeath

Patientor operatorinjury
Inappropriateherapy
No significantrisks
MaintenanceRequirements Extensive

Average

Minimal

Tablel: Risk-BasedCriteriafor determinatiorof maintenancstrategy

RPWOAOINW|RAOIIN WA |OTO

Latent
Conditions

Figure adapted from Reason (2000),

Figurel: The Swisscheesenodelof risk

2.2 Reliability -Centered Maintenance (RCM)

RCMisdefinedasii @rocessisedto determinevhatmustbedoneto ensurghatanyphysicalassetontinues

to do what its users want it dTdis dpproadh imprbvessassetr e s e n t
performance and is able to contain and even reduce the cost of maintdh#rasethree basic elements:

Planning, Implementation, and Evaluation.

Page2 of 7
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* Planning
* Assetselection
* Characterizatioof function& failure patterns
* FailuremodeandeffectanalysigfFMEA)
* Decisionprocess
+ Developperformanceneasures
+ Definemaintenancecheduleg. work instructions
« Stafftraining
* Implementation
* Implementadoptedstrategies
* Maintenancalatacollection
+ Evaluation
* Evaluatemaintenanc@erformance
* Useevaluatiorresultsto revise& updatestrategies

RCM usesadecisionprocesso determinghebestmaintenancstrategyaccordingo ananalysisf thefailure
modes and effects as shown in figure 2.

Could the - Does the failure
Will the failure - failure harm a . impact No
be noticed? person or the operational
environment? capability?

Can PM reduce Is the cost of
the probability PM less than
of failure to an the operational

Can PM reduce

the probability

Is the cost of
PM less than

of multiple

acceptable impact plus the costof CM?

level? cost of CM?

failures?

Perform Check Perform Let it Perform Let it
PM for PM . PM fail PM fail
failure \\ N

/" VioltesFDA
regulation

Figure2: RCM DecisionProcesgAdaptedfrom [4])

While RCM has been very successful in many industries, e.g., aviation, manufacturing, and electricity
generation and distribution, it has significant challenges for application to medical equipment due to:

a) FailuremodeandeffectanalysifFMEA) is oftennotpossiblebecaus¢hemanufacturerdonotshare
the software embedded into the medical equipment.

b) WhenPM cannotreduceprobability of failure, RCM recommendsedesigninghe device. However,
this is almost always in violation of regulations of national medical device authority, e.g., the Food
and Drug Administration (FDA) in the USA.

c) Withoutma n u f a @adsistanegfrisslifiicult to definemaintenancechedules: work instructions.

3 EvidenceBasedMaintenancei EBM

EBM is a continualimprovemenprocesghatanalyzeghe effectivenes®f maintenanceesourcesstructure
and processes deployed in comparison to outcomes achieved previously or elsewhere and makes necessary
adjustments to maintenance planning and implementation [2].

Page3 of 7
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The EBM methodology is based on the analyses of maintenance data collected, not only from an individual
hospital, but also hundreds of others whenever those are available. The aim is to improve capital planning,
increase utilization, reduce unnecessary maintenance, delay premature replacement, enhance safety, and
protect against cyberattacks and thus increase productivity and revenue.

3.1 MaintenanceStrategy Selection(Planning)
Medicalequipmenimaintenancés composeaf two type of maintenancactivities:

(1) Scheduledaintenancg¢SM), whichis composef
a. Preventive Maintenance (PM): replacement of parts with predictable deterioration (e.g., O2
cell or rubber gaskets), and
b. Safety& Performancénspection(SPI): detectiorof hiddenandpotentialfailures.
(2) Corrective Maintenance (CM), which aims at restoring the equipment to its original safety and
performance specifications.

SM should be planned as a function of the technology used its construction (e.g., mechanical, pneumatic,
and/orchemical)andnotasafunctionof themissioncriticality or therisk of the deviceto individual patients.

This is because more frequent or elaborate maintenance cannot increase safety or reliability, unless there are
failuresthatcanbepreventedy PM or detectedby SPI. As mostCE professional&now by theirexperience,
maintenanc@eedshavechangedsignificantly with technologyevolution. For example changingfrom CRT

tubes to LED panels in patient monitors and fromra}t films to digital Xray detectors have dictated
completely the proper maintenance methods for those types of medical equipment.

In industrialized countries CM of the equipment is done as needed if the cost of repair is below a certain
percentagef replacementost(e.g.,25%);otherwisejt will bereplaced.However this maynotbeeasynow

with budgetproblemsor in othercountries Examplesof suchequipmentrepatientmonitorsbasedon solid-

state electronics and pulse oximeters.

The references used for the determination of SM freqt
manual (if available), the published recommendations by professional organizations, the past experience of
individual hospitals, and the shared experience among hospitals.

3.2 Evaluation of the Maintenance Strategy EB

In EB Medicine, a drug or medical procedure museba&uated for its safety and effectiveness before it can

be marketedIn EB Maintenance, we also need to evaluate the maintenance strategy for its safety and
effectiveness.To measure effectiveness, we use reliability because the availability of the equipment for use
whenever needed tells us how effective the maintenance strategy was adopted.

In other words, a maintenance strategy should be evaluated for its reduction of equipment malfunctions that
can negatively affect patients and clinical users (safety) and for the equipment availability when needed
(reliability = effectiveness)Thesewo dimensionsarelike thetwo sidesof thesamecoin. It is uselesso have

a safe equipment that is not reliable or to have a reliable piece of equipment that is not safe.

Like EB Medicine, EB Maintenance tries to find ways to address the root causes of the failures (diseases in
medicine) and uses the outcomes to determine which maintenance strategy works best. Root Cause Analysis
(RCA) of failuresis neededo know why a pieceof equipmenfailed andthen,determinevhatcanandneeds

to be donedo preventit. Full RCA is time consumindoutis necessary whengatientinjury occurred. On the
otherhand,a simplified RCA canbeusedfor routineassessmermf equipmenfailures. Thus,alimited setof

failure causes, called Failure Cause Codes (FCCs), have been developed and dépmy&tlCs are show

on Table 2.

UsingtheFCCs,onecanevaluatehe maintenancstrategyadoptedi.e.,maintenancactivitiesandrespective
frequencies) for safety and reliability as described below [2].

3.2.1 SafetyEvaluationUsingEBM

First, record al/l patient incidents (inclNegting finear
performaroot-causeanalysiSfRCA) andassigntheappropriatd=-CC. Thenfocusonincidentsrelatedto these
FCCs:serviceinducedfailure (SIF), hiddenfailure (HF), potentialfailure (PF)andpreventableandpredictive

Page4 of 7
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failure PPF, as these causes are related to maintenance. Finally, determine whether these failure causes are
related to individual actions or maintenance strategy, i.e.:

a) “‘unsafe acts” (or “active failures”) committed by individual staff (employed by hospital, original
equipment manufacturer (OEM), or third party), e.g., lapses or slips.

b) “latent conditions” created by the organization due to oversight or deliberate violation of regulations,
codes or standards.

How the results of safety evaluation are used to improve maintenance is described later in section 3.3.

Code | FailureCause Description SM/CM
NPF | No problemfound(or thereportedproblemwasnotduplicated). both

UPF | Unpreventabléailure, typically causedby normal wear and tear but is | CM

unpredictable.
ACC | Accessonyfailure, excluding batteriegypically causedy normal wear ang both
tear.
BATT |Batteryfailure, i.e., battery(ies)failed beforethe scheduledeplacement both
time. Does not include scheduled replacement of batteries.
NET | Failurein or causedby network, while the equipmentitself is working | both
without problems.Applicable only to networked equipment.
USE | Failuresinduced by use, e.g., abusénormalwear & tear, accident, or | CM
environment issues.
EF Evidentfailure,i.e.,aproblemthatcanbedetectedbutwasnotreportedoy | SM
the user, without running any special tests or using specialized teste

SIF Serviceinducedfailure, i.e., causedoy CM or SM thatwasnot properly | CM
completedor a part that was replacedand failed prematurely( i n

mortalityo).

HF Hiddenfailure,i.e.,aproblemthatcouldnotbedetectedy theuserunder | SM
normal circumstancesinlessrunning a specialtestor using specialized
tester.

PF Potentialfailure, i.e., failure is eitheraboutto occuror in the procesof | SM

occurringbuthasnotyetcausedquipmento stopworking or problemsto
patients or users.

PPF Preventablendpredictabldailure, typically causedy wearandtearthat | CM
can be predicted or detected.

Table2: FailureCauseCodegFCCs). Therightmostcolumnshowsin whichtypesof
maintenance activity (SM or CM) the FCC can be used.

3.2.2 Reliability EvaluationUsing EBM

First, collect all the service records with the following FCCs: service induced failure (SIF), hidden failure
(HF), potentialfailure (PF)andpreventabl& predictabldailure (PPF)found.Within eachof these4 FCCs,
determinghenumberof equipmengroups(i.e., samebrandandmodel,andsimilar agesutilizationlocation

and intensity, and usersiNext, look for the equipment groups with unusually high number of FCCs, especially
PPFs.

For these equipment groups, determine the underlying ca
by individual staff (employedby hospital, OEM, or third party),e.g.,lapsesor slips(individual) andii | at en't
conditionso created by the organization due to oversi
standardsl f >50% of the FCCs are due to fl atent conditi ons
adoption of a specific maintenance stratelfyso, revise it.

Pages of 7
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3.3 Useof EBM Evaluations

Resultof thesafetyandreliability evaluationshouldbeusedto reviseandrefineSM andCM strategiesi.e.,
to determine appropriate corrective and preventive actions that will notomgct but also prevent similar
failures in the future in the maintenance of those equipment groups but also in others, if needed.

Forfiu n s fi(@fda ¢ £ B v & commitedby individualstaffuseoneor moreof thefollowing actions:
training, revision of work instructions, and disciplinary actions.

For flatent conditionsodo created by the organizat
SM/CM strategiegproceduresrequencieswork instructionsgetc.),andsupervisiorof in-houseandexternal
service staff

4  Discussion& Conclusions
4.1 EBM Limitations
While EBM triesto imitatethemethodf EB Medicine,therearesomefundamentatlifferences:

T Equipment is designed by people and, thus, is less complex and better understood than human
beings

T Equipmendoesnotsufferfrom psychosomatieffects sodoubleblind approaclhis notneeded

9 Cannotblindfold CE professionalsvhenperformingservice

I n essence, it is noll iprod sr &n cko mioz ecdo nddluicrti chadlo utbrl iea |
EBM is more analogous to ficohort studieso in which

one having received a certain therapy while the other did not.

4.2 Lessond.earned

DataanalysisshowSlIFis veryrare[5]. Mostmaintenancerrorsarecausedy activefailures(human)nstead

of latent conditions (maintenance strategy)hus, there is no reason to follow OEM maintenance
recommendations, as these are typically overburdensome due to their desire to protect themselves against
lawsuits. True PM is becomingobsoletewith technologyadvanceandwill notprovidejob security. Artificial
Intelligence (Al) and Machine Learning (ML) will soon allow predictive maintenance and, thus, reducing
significantly CMs. Finally, relying solely on MTBF is misleading as many failures are not predictable or
preventable. Should focus only on MTBF related to failures caused by maintenance activities.

4.3 How canEBM improve equipmentmaintenance?

Why shouldCE professionalperformSM if it doesnotreducefailure or increasesafety? For exampleyoutine
electricalsafetytests(ESTs) havdeenabolishedn the USA. Thereforethereis noreasorto spend limited
resourcegtime, material, money,etc.) on unnecessamaintenancactivities. Instead, CElepartments should
reallocate its limited resources to:

Help planandselectbetterequipmenbeforepurchase

Help usergto understan@ndusebettertheequipment

Help usergo understanéndtakebettercareof theequipment
Helpto determinevhenequipmenneeddo bereplaced

Helpto investigatepatientincidentsrelatedto medicalequipment
Addresgecallspromptlyto reducerisksto patientsandusers
Addresscybersecurityssuespresentedby equipment

=A =8 =8 -8 -8 -4 -9

Theresultsof adoptingEBM in the USA havebeenreplicatedn Italy [6]. Othercountriesarealsostartingto
adopt it although their results have not yet been published.

For over 30 yearghe Fennigkol& Smith model wasdopted for maintenance of medical equipment at the
AmericanUniversityof BeirutMedicalCentefAUBMC). Duringthis periodof time,afailure codingsystem

more elaboratthanthe EBMmethoddescribedabove was usedAlthoughthedata thus obtained helpéul
improve the maintenance strategy, it was more labor intensive and did not allow evaluation of safety and
reliability as easily as the EBM method describe above.

Pages of 7
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Themainchallengedying aheadn gettingthefull benefitof this systenmin our MENA regionare:

a) Willingnessto adopthis methodand sharénformation across differermstitutions.

b) Marketing the advantagef applying this method within eachinstitution to the severalkey
stakeholders.

¢) ConvincingJClandnationalaccreditatiorbodiesof theadvantagesf thisapproachnsteadf using
the OEM recommendations and electrical safety checks.
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CERTIFICATION OR MATURITY MENTORING AUDIT -DRIVING THE
ASSET MANAGEMENT JOURNEY .

Authors: CMDRLinda Morris, RAN, CAANDeputyDirector, Maritime SysteniProgramOffice,
Governance

AlisonCourt, CFAM,CAMA ManagerAssetPerformancesroup, IndustryService
Provider

Jim Kennedy, CPEndg;FAM, CAMA; AsselanagemenSpecialist, MaritimeSystem
Program Office, Governance

Abstract: For many organisations around the globe, ISO 55001 certification has been a strategic component of

their Asset Management journey. However, not all organisations consider formal third party certification to be

necessary, feasible or in fact desirable for that journey. Other ways of achieving the growth required in asset

management capability are available, and for many organisations, may be a more productive journey than ISO

Certification alone. This paper will describe the why and how of an Asset Management maturity assessment that

drove the improving performance of a support organisation for maritime assets. The role and content of a
imentoring audito of the Asset Management maturity of t he
outcomesand lessondearned during the two year journey. Comparisonsof the results achievedwill be madewith

another similar program using frameworks drawn from national

Keywords: AssetManagement, 55001, Certification, Maturity, Audits

1 INTRODUCTION

| SO Certification is understood by many as demonstration of
a particular set of outcomes. These outcomes are often enunciated in the form of principles such as those that underpin

Asset Management. Thepenciples becoméhebasisof a formal management system against which organisatiays

test themselves. This test is like an athlete in a high jump that is concerned only that the qualifying bar was cleared, not

with how much the bar was cleared by.

Without a structured management system an organisation cannot claim an asset management capability. Without a

sufficiently mature management system for asset management, the organisation cannot claim a match between the
management system capability and the managed asset related
objectivesIn this context,formal certificationto theISO 55001standardor a managemergystemfor assetmanagement

is not aguarantee of requiretianagementapability.Cer t i fi cati on onl y geot 4 thfoidshed da singl
listed requirements in the standard.

The Maritime SystemProgramOffice (MSPO)involved doesot haveassemanagemeraccountabilityfor the physical
assetserviced Operationdelonggo the Royal AustralianNavy. Navy outsourceshe sustainmentunctionto Capability
AcquisitionandSustainmenGroupwho, for avarietyof reasonsputsourceheir coremanagemerfunctionto anindustry
service provider (ISP). Two key goals from the scope of work for the ISP were:

1 (2.2.3)The Contractor is required to deliver and manage the Services using an asset management approach
based on and consistent with ISO 55001:2014 Asset Management

1 (1.2.4c)TheObjectives........... are to implementa structuredassetmanagementrameworkto maximisethe
valueof t he Co massetamdénadingdodisimisethe Total Cost oOwnership;

As the program progressed, evidence from assessment of Project plans and related independent audits, indicated that the
requiredAssetManagementbjectivesandexpectationsverenotbeingachievedA numberof critical AssetManagement

I Management System Plans (AMSyPs) such as the Enterprise Management Plan had not been approved. While asset
management maturity in the organisation was anecdotally considered low, some formal means to assess the level of
maturitywasrequiredto determinehow low thatmaturitywasin the Managemengystenfor AssetManagementAMS).

An asset management maturity audit of some form was needed.

2 THE PROPOSITION

A brief to undertake an Asset Management Audit of the ISP was accepted on 3 March 2019. Three alternate approaches
to assessing the level of performance of an MSPO in establishing an asset management system framework were:

1 AnauditprocesdasedntheMaintenancdngineeringSocietyof Australia(MESA) original excellenceaward
in maintenanceand assetmanagemenpetween1996 and 2014, which was basedon the AustralianBusiness

Page 1
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Quality Awards Process. Development woulddugck and there is a successful provenancepafviding a
reasonable coverage of asset management capability.

T An AM maturity assessment using the Asset Management Council maturity tool. This approach uses a large
guestion set (158) to test an organisationés matu
knowl edge of asset management is also required to
workshops would be required and key staff would need to be made available.

1 An independent gap analysis conducted by a certifying agency such as SAI Global or Bureau Veritas. Such a
formalanalysispftenquitebasic,is meanto beagapclosureactivity followed by afull ISO Certificationeffort.
In the context of MSPO many independent and mandatory certification activity was already underway thus
challenging both the value and available resourcing for yet another independent formal audit.

The briefds recommendati on to adopt Approach 1 above w
would:

1 adapt the now obsolete MESA assessment tool from the 1896k would be upgraded to assess the ISO
55000/1 essentials.

beconductedy existinginternalstaffwith guidancerom the MSPOAssetManagemenSpecialist;
establistabaselindor thecurrentstateof AM maturity;

gain an understanding dhe potentialgaps in theSP assetmanagement capability allow for future AM
capability development programs;

assestheshapeandsizeof optionsto close,overthenextthreeyears theidentified AM capabilitygaps;and

provide a means of assessing the effectiveness of the AM capability defined in a suite of Asset Management
System Plans being the plans for the Management System (AMSyPs).

3 DEVELOPING AN AUDIT TOOL

As attainmenbf ISO55001Certificationwasnotastatedbjectivefor the MSPO thepriority wasprocesslevelopment.
A process audit tool was developed using the following list of sources:

1 I1SO55001:201Managemensystenfor assetmanagement;

1 AustralianQuality AwardsandBainbridgeAwardsassessmerttiteria;
1 MESA ExcellenceAwardsprocess 996to 2014;

1 AM CouncilAssetManagemen8ystemModel 2015;

1AM CouncilCapabilityDelivery Model 2005.

The views of what maturity in Asset Management might look like for an organisation in delivering a process gradually
evolved to reflect a combination of the following attributes:

1 Isthereadefinedprocessto satisfytheposedquestions?
1 Hasthatprocesdeenimplementedandatwhatlevel?
1 Aremeasuresof achievementollectedthatallow measuremerdf processuccessand

1 Isthisinformationusedto continuously improve thoseprocesses?

The developed audit process comprised:
1 101questions seeexamplesetat Tablel,
1 acros0Topicareasuchasii C o n § e i tti iSeegxampleat Table2 andfull Topiclisting atFigurel,
1 with eachquestiorbeingassessedgainsfour criteriai SeeexampleatTable3, and
1 markedonascaleOto9in 5 pairs(i.e.0-1, 2-3,4-5,6-7,8-9) i Seeexampleat Table3.

The audit tool was used for both the initial audit and the complete follow on Mentoring Audit. The largest difference
betweertheauditswasin theextendednvolvementof bothMSPOGovernancendISPovera 15 monthperiodafterthe
initial audit.

The initial audit required speed and a broad understanding of our current position. To achieve this requirement the
following approach was adopted:

1 The Auditor was to be certified at CFAM level with AM Council and a Certified Asset Management Auditor
(CAMA) with the World Partners in Asset Management.
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Only half of the 101 questions were posed in the intervieggestions were not asked if the general consensus
was that a score of zero was most likely.

Only 3 of the 4 assessment criteria would be valued
of documented processes to formally improve or measurements and results to provide data for improvement
action.

Only 15 of 19 Topic areas were assessed as 4 Topic areas were still at the stage of developing initial processes.
These 4 Topics were assessed some 6 months later to provide a complete baseline.

Interviews were conducted one on one by the Auditor with the responsible Lead Manager on the basis that results
would not be circulated outside the MSPO. An Observer from the MSPO Commonwealth Governance team was
present to assure probity.

1 All statementsvereassumedishonestlygiven (andno OQE wasrequestedr assessed).
1 All interviewsweredocumentedndpassedo the Intervieweedor afact check.
1 Lists of Issuesand Opportunitiesfor improvementwerenoted.
1 A final scorefor eachaudit Topic wasallocatedby the Interviewerin conjunctionwith the Observer.
9 TheAuditor produced aeporton theoutcomefor thefirstl5 Topicsanda second combineceportfor all Topics.
Topic 1 | Context Setting (7 Questions)
a . Doestheorganisatiorhavea definedlist of stakeholders?
b | Isthereanassessmendf theirimportance?
¢ | Hasanassociatedtakeholdeengagementegimebeendefined?
d | Is therealist of internalandexternalissuesdeterminedrom the stakeholdeengagemenprocess?
e | Hastheassetmanagemenportfolio of assetdeenidentified?
f | Is thatassescopeclearly identifiedin a documentunderquality managementontrol?
g Isthescopealignedwith the SAMP andAM Policy?
Table 1 Example Question Set
Topic 01 ContextSetting Topic 07 DecisionMaking
Topic 04 AssetManagemen©Objectives Topic 11 Resourcing
Topic 05 CultureandLeadership Topic 13 Outsourcing
Table 27 Example Tranche Topic Set
pereeneneas N e e EEAEENEAN RN EAEEaERaERERNEEESSEANESNESNESEsEasEasEasEanEs 1
Score Process Implementation Results Improvement
Practices& processesloi The process is nc¢ Ad hoc and/or poor No improvementshave
:0-1 not apply 1ISO 55000/ documented. There results achieved. been recorded. :
intent or meet ¢ little or no evidence o Goalsarenotidentified. : Improvementgoals are
: moderate amount of th any systematic not identified. :
Process Model achievemenbf purpose.
i 23 Descriptionhere Descriptionhere Descriptionhere Descriptionhere :
i 45 Descriptionhere Descriptionhere Descriptionhere Descriptionhere :
P67 Descriptionhere Descriptionhere Descriptionhere Descriptionhere :
i 89 Descriptionhere Descriptionhere Descriptionhere Descriptionhere :
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Table 37 Example Audit Assessment CriteriaSetand Scoring Levels

A key characteristic of the scoring matrix with its 5 levels, is thelimzarity of the scores. That exact level of
exponentiagrowth between scoringlockse . g-1 0 i@ & yetwosedeterminedRule of thumb wouldndicate
that each block is twice as har d-19o t2acc fivileerseu dsAbFialin §Teh uts
going from a score of 1 to a score of 6 is 4 times as difficult as frecor@ of 1 to a score of 3. This non linearity,

which creates an increasing cost of compliance as the assessment score rises, requires careful consideration of the
to be achieved by increasing levels of maturity.

4  MATURITY SCORESFROM THE INITIAL 2019AUDIT

The audit using the process described at Section 3 had some urgency. Accordingly, individual interviews of 9 Team
Leadsand theHead Managewereconducted between 24 Ap#D19 and 9 May019.Theresultswere documented
and circulatedor fact checking byeach interviewee. Alhterviewoutcomesveredocumented ansignedoff by the
interviewee. The final report of 71 pages, was submitted on 19 July.

The initial Asset Management Maturity Audit of the ISP in 2019, indicated the lack of an Asset Management
(management) System (AMS) as required by the contract. The performance produced low scores for virtually all
Topics assessed as shown at Figure 1. The i mpact
responsibilitie®nanumberof theinitial scoresvasnotedin thereportandit wasobservedhatthe AssetManagement
outcome is a team effort not just the effort of one party.

As shown at Figure 2 achieving I1SO certification would likely require at least an average score of about 4.5 out of a
maximum of 9 i.ea mix of scores between 4 and 5 as a minimum across all criteria . Clearly certification would not

be possible with the scores at Figure 1 where the average for each Topic was between 0.5 and 3.5. Additionally, as

noted in over a decade of AM Council Excellence Awards Audits using similar criteria, the Criteria scores for
immatureorganisationgenerallydegradeacrosghe quality managemerlan,Do, CheckandAct cycle. Thisis also

clearly evident from the marks at Figure 2 as the audit

then AResultsdo. As noted fAl mprovemento was measur ed.

not

Initial Audit 2019

—Process ——implementation ——Results —— Averagg3)2019 =----1S0O55001

ContextSetting
9

8

Achievingvalue AssetManagementPolicy

ManagementReview OrganisatiorDbjectives

Continuoudmprovement AM Objectives

\/ : \\‘
N
LI

/

Monitor, Meas, Anal& Eval g AM Leadershi@nd Culture

A

Information tManagementSystem

=7
vy

\
Competency N A DecisionMaking

Outsourcing RiskManagement
Levelof Assurancemd AM Plans
Alignment
R . AssetManagementSystem
esourcing Plans

Operations

Figure 1: Radar Plot for Initial AM Maturity Audit Scoresby Topic
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5 INITIAL AUDIT OUTCOME

Using Figure 1 as the performanseurce and noting that the scores for each Topic go froma gossible 9, the
currentAssetManagemenperformancewas clearly quite immature.As noted,a scoreof about4.5 for all Criteriain
all Topics would be indicative of a capacityto achievea formal ISO certification if desired.The outcomedid not
satisfy the contractrequirementdo establishan Asset Managementrameworkand supportingsystemthat achieved
the intent of ISO 55001. Something now needed to be done, and fast.

Based on the assessment outcomes, the MSPO leadership (including the ISP) accepted a program of follow up actions
focused on rapidly improving their asset management maturity by:

T conducting a progressive fiMentoring Audito with MS
which is intendedto encouragehe understandingnd adoptionof a managemensystemfor assetmanagement
in line with the principlesof ISO 55000 and the requirementsf the ISO managemensystem55001;

extendinghe coverageof theauditto the MSPOgovernancéunctionaswell thelSPin ajoint interviewp r o c e s s 0

encouragingengagement by includinghe first Tranche of the audit (Six selectedTopics) in the contract
Milestone payment for the next reporting periodn@imum average score of 3 across all criteria was to be
achieved), funded from past unclaimed Asset Management milestone payments; and

1 designing a low human resource impact audit program with progressive delivery that would grow capability
without adversely effecting MSPO output imperatives.

6 THE MENTORING AUDIT 2020/21

The full Asset Management System maturity assessment comprising three Tranches was constrained to the MSPO which
was only accountable for producing plans for the materiel system and contracting those plans out for delivery by other
Service Providers. Thus, the i Ma t €eSryise leompgrising maritime physical assetsoperatedby others outside the

MSPO, could not be included in the scope of the assessment. Only those aspects, which relate to the management system
being the people, processes and information necessary to satisfy agreements with stakeholders for the development and
delivery of the technical and management plans were included. Some of these stakeholder agreements are enforceable
contractssuch as thosewith the ISP and any outsourcedarrangement$rom the ISP to others.Other internal providers

had agreed Memorandums of Understanding or Agreementarhaitot enforceable at law..

The initial maturity audit outcomes recommended a number of
approach that was focussed on progressive continuous improvement rather than achieving a particular threshold maturity
score.The MA concept was nevbeing a combinationof an audit withthe key mentoringcharacteristics of:

1 Preparation: This required the Lead Auditor to meet with the two assessed parties ¢sps=ttations for the
completion of a praudit template. The template captures succinct responses to the questions to be asked and
progress with opportunities identified in the Initial Audit.

1 Negotiation: During the Topic Audit session with both Governance and ISP parties present and physically
together, discuss each of theimles when answering the listeguestion. Discussiorns to include processes
applied, measuresmade, results achieved and improvementsidentified and progressed.Objective quality
evidence is provided and opportunities for improvement sought.

1 Enable Growth: Opportunities are listed for all Topics. This produces a large number of potential improvements
which must befiltered for duplication, grouping, priority, andevelopment ofproject portfolios.

1 Provide Closure: Recognisewvhat hasbeenachieved Createa vision of what comesnextin the AM journeyto
a desired maturity.

The improved MA process(incorporating recommendationgor improvementsto the Initial audit progress)was as
follows:

1 The auditcompriseshreeseparatdranchesof 6 to 7 Topicsabout6 monthsapart. The 20 Topics (including a
9a and 9b) are depicted the radar plot at Figure 3.

1 Theleadresponsiblepersonfor the ISP and for MSPO Governancevould respondjointly in the sameroom at
the same time to each question;

1 Both lead persons responding to the Topicaudit are to provide a written response to the question set of about
one pagemaximumfor eachquestion.This is to prepareall partiesfor the audit responseand provide time for
the participants to prepare their evidence and any need for additional elaborating questions;

1 The preaudit response template is the basis of the conduct of the audit, with additional questions asked as
necessary and the provision of evidence to support claims of conformance during the audit;

1 The Tranche audits are conducted in two groups of three Topics, each at weekly intervals, with each group
separatedby a two week gap as shown at Figure 3. This intent mayl@hdary based on the availability of key

Page 5

© Copy rights reserved for The Arab Council of Operation and Maintenance U




OMAINTEC Journal

(Journal of Scientific Review)

personandMSPOevents;

TheAudit leadshallcreatea draftreportfor each topiaudit. Thedraftis verified by the assistingauditorsand
fact checked by both CoA and ISP participants; and

1 Thecompletedndividualreportsshallbeaggregateihto asingleTranchereport.

To encourage engagement, the first Tranche was linkad &xisting AM milestone contractual paymésgtrequiring
each of the 6 Topics to achieve an average score of 3 or greater. The remaining Tranches audits were not subject
milestonepaymentsHowever,the conductof Tranchel hadsuccessfullysetthe scenefor thefollowing Trancheswith
improved understanding of AM processes and the benefits. Financial reward closely linked to a measurable and achievabl
outcome achieved focus on the task at hand and the indicated the value assigned to AM maturity by the asse
owners/operators and the responsible MSPO Governance function

Theprogramdescribedat Figure2 wascompletedn theperiodallocatedwith thefirst auditinterviewconductednthe
26 June 2020 being Context Setting and the last audit interview conducted on the 14 April and the Final Draft Report
submitted on the 3 June 2021.

Maturity Audit Timetable — 12 months — 20 Topics

— S

I
' Jul20  Aug Sep Oct Nov Dec Jan21 Feb Mar Apr May Jun

-

]
' Tranche 1 Timetable — 2 months — 6 Topics

Weekl 2 3 4 5 6 7 8
Co T @& T & T7 7777 7T & T & 1T & 1]
Topica b c Rest Period d e f

Figure 2: 2020/21AssetManagementMaturity Audit

7 MENTORING AUDIT OUTCOMES

Thescoresachievedor eachTopic andeachcriteriaduringthethreeauditsareshowndiagrammaticallyn theradarplot
atFigure3. Theaveragescoreappliesto only thefirst threeCriteriato allow avalid comparisorbetweerthe 2019Initial

Audit andthe 2020/2021full audit. Thereductionin scoresascriteriatransitionfrom Processlefinedto Implementedo
Measuredo Improvedarereadilyevident.Also evidentis themodesscoreof arguablytwo of themostimportantTopics

after setting Objectives being Decision Making and Risk Management. Without the robust connective tissue between
OrganisationaDbjectivesand AssetManagemenPlansan effective assetmanagementapability will neverbe achieved.
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DivisionAudit 2020to 2021

——Process —=implementation =e=Results =e=Improvement Average (3) 2020/21

ContextSetting2020

Achieving Value 2021 AssetManagementPolicy2021

OrganisationObjectives2020

ManagementReview2021

Continuousimprovement2021 AM Objectives 2020

AM Leadership and Culture 2020

Monitor, Meas, Anal & Eval 2021

Information 2021 \/

Competency2020

AssetManagementSystem2020

DecisionMaking 2020

=7

Outsourcing2020 RiskManagement2020

Levelof Assuranceand Alignment2021 AM Plans 2020

Resourcing2020 AssetManagementSystemPlans2021
Operations2020

Figure 3: Topic Scoresfor eachCriteria andthe Topic Average

Theinitial 2019auditidentified 84 opportunitiesThe MentoringAudit producedanother226 opportunitiesacrosshree
Tranches. Many of these opportunities were duplicates effecting multiple Topics. One specific example was the large
number of quality management issues effecting multiple Topics as identified in Tranche 1. A summary of the
opportunities by Tranche is provided at Table 4 noting that the numbers shown include some duplicates. This table is
slightly misleading as Tranche 1 created a set of noted opportunities (100+) that would overwhelm the system both in
numbers and our ability to aggregate into a portfolio of projects of repeated in Tranches 2 and 3. S@yelatii

during the subsequent Tranche audits kept the opportunities in Tranches 2 and 3 to manageable bounds.

Initial Maturity Audit(lssuesand Opport) 84
Tranchel Opportunities 101
Tranche2 Opportunities 73
Tranche3 Opportunities 52
TrancheTotal 224
GrandTotal 310

Table 4: Identified Opportunities for Improvement by Tranche

Based on the Topic scores and the overall improvements achieved byreache listed at Table 5, the following
interpretations for the differences are advanced:

9 Thecompletesetof 101questiongocussesnoreontheassetnanagemergystemandits processnaturity.

T Improvementctionsgreworganicallyin MSPOwith no formal projectplanor overarchingesourcellocation
to resolve the identified opportunities from the initial program (a form of gap identification).

T  The MSPO rate of change from the initial 2019 scores to results achieved in Tranche 1 to 3 stad& the
accelerating aftefranchel then decelerating aftdranche2 asshown inthe following Table5. This reflects
the increased timavailablefor Tranche2 improvements from thmitial audit increasing and the difficultyf
achieving improvement as the audit scores increase from 0 to 8.

Tranchel - %Improvementfrom Initial Audit 45.8%
Tranche - %Improvementfrom Initial Audit 78.4%
Tranched - %Improvementfrom Initial Audit 87.0%

Table 5: Percentagdmprovement of Topic Scoresfrom Initial Audit

Tranchel auditwas12 monthsafterthe2019auditwith Tranche2 being18 monthsafterandTranche3 some22 months
after the initial auditAs Table 5 demonstrates this essentially organic growth, withoas#igtance of outsidesources,
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was changing the business. As time progressed figetti
Managementruly meantwaspercolatingacrossthe MSPO,notfrom high costworkshopstrainingor targetegporograms
of change, but from leadership:

1 Takingaccountabilityfor auditdelivery;

1 Involvementwith staff in developingpre-audit responsedocumentsand

1 Factcheckingthereportsandlists of opportunitiesdentified.

Doing the audit and the hard work of management commitment to improvement including the involvement of a large
numberof personneéngagingwvith the MSPOAssetManagemenSME while completingthe pre-auditquestionnaires
reviewing prior opportunities createbange,ivas ndét j ust abbdet t leteoumdythdtlmdtters,0 6
not just the end score.

8 COMPARATIVE CASE STUDY

Audits mustdelivervaluefor moneybeyondustthecomfortgiven.While thisvaluemaybedifficult to measurelirectly,
acomparativeassessmemtf resultsachievediy anothelike sizedorganizatioroverasimilartime periodfrom asimilar
startpointcanprovidesomeinsightinto theadvancesnadeduringtheentired e to@ n grocessFortunatelyjustsuch

a case study was published recently by the Asset Management Council. In 2018, Southern Rural Water (SRW)
commencea twoyear maturity journeyollowing an initial maturity assessment. The négedmprove asset management
maturity was driven by the requirements of the Victorian Government Asset Management Assurance Framework (AMAF)
mandated by Victorian Treasury to enforce compliance with a number of financial Acts of Parliament.

The SRW audit process applied public domain questions sets such as those from the Institute of Asset Management or
the Global Formon Maintenancand AsseManagementhich have much itommon with MSPGauditprocessThe
assebaseds lessexpensivaat A$1.3Billion butthewidespreadatureof anetworkof irrigation pipes,ditchesweirsand

SCADA for flow measurement plus seven major dams requiring compliance to ANCOLD (Australian National
Committee on Large Dams) safety and risk management guidelines, creates a complex mix of requirements.

In comparingesourcesffortsof internalstaffthedirectinvolvementin thematurityassessmentsere:
1 SoutherrRuralWater(SRW)i 16 half dayworkshops;

1 MSPOiI 20by oneto two hourquestiorandanswer audisessionaind20 pre-audittemplatecompletedoy Team
Leaders.

Figure4 belowshowsa comparisorof thetwo improvemenbutcome®nasimilarradarplot whereGreenrepresentghe
starting point and Orange represents the end point. MSPO is on the Left Hand side and SRW on the Right Hand side.

Audit Comparisor2019to 2020/21
- Average(3)2020/21 _ Average(3)2019  ----1SO55001

ContextSetting
Achieving Value 9.00 AssetManagementPolicy

ManagementReview OrganisatiorObjectives

Continuousimprovement AM Objectives

Monitor, Meas, Anal & Eval AM Leadershimand Culture

Information = —— AssetManagementSystem

Competency ~ DecisionMaking

Outsourcing RiskManagement

Levelof Assurancand
Alignment

AM Plans
AssetManagementSystem

) Pl » L. L L2
Operations ans a2 5 0

Resourcing E

AW P M e T S gt W S v

Figure 4: Comparative Radar Plot of 2 Year AM Maturity Improvement Programsi MSPO and SRW

The 39 assessment points for Southern Rural Water reflect their origins in the Institute of Asset Management and the
Global Forum on Maintenance and Asset Management (GFMAM) Asset Management Landscape including Subject
Areas.Someof the 39 pointsarenot specificallyrequiredin an AssetManagemengystemby the SO standard suchs
AShut drdd@uiageSt r aoré Ry d i BEb g1 n eggarasubgetthatmaynotberequiredby all industries.

The Subject Areas are described in the GFMAM docuretAsset Management Landscape Second Edition.

In comparingthetwoo r g a n i sutcomesihe ®lfbwing statisticson the two-yearimprovementeffort at Table 6 are
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noted. In both MSPO and SRW, the ISO certification points are simitara scoring midpoint being a 4.5 f&MSPO
and at 2.5 for SRW. Key observation for SRW is that for 59% of the assessment points had no change in score.

Score lmprovement Southern Rural Water Topics DDGSPO Topics
(39) (20)

Less than O 0 5%

0 0

0to50%

50% to 100% 21% 50%

100% plus 5% 30%

Table 6 Comparative Improvementsin Maturity Score

Based on these scores and the overall improvements achieved by each Tranche shown at Table 6, the following
interpretations for the differences are advanced:

1 The MSPO set of 20 topics and associated questions better focusses on the asset management system and its
process maturity.

1 Improvement actions grew organically MSPO with no formal project plaor resource allocatioto resolve
the 100 identified opportunities from the initial program (a form of gap identification)

1 TheMSPOrateof improvemenfrom thenitial Audit scorego resultsin Tranchel to 3, showtherateof change
decelerating after Tranche 2 as shown in Table 5. This reflects the increasing difficulty of improvement as the
maturity scores increase.

9 OBSERVATIONS

Five core observations were noted when summing up the results of the MSPO Asset Management maturity assessment
program:

1 Many advances in maturity were achieved over the two years. However, they are from a low base and likely
unsustainable beyond current scores of 5 to 6 out of 9 using existing ad hoc approaches to change.

1 As observedin the slowing of improvement as scores rise and as advised in the initial audit, the marking is not
linear in effort but exponential in nature. Moving beyond an average score of 4 to 5 will become increasingly
difficult and clear priorities and targets will become necessary to allocate resources appropriately.

1 Step advances in performance can be best achieved byhausa capability that is well led technically and
culturally.

1 The Mentoring Audit was a drawn out process with much effort and time spent preparing responses. It should
only need to be done once to establish a baseline that is broadly compliant with ISO 55001. Notwithstanding, a
defined measure of required AM maturity will be required in the future to asses status and inform continuous
improvement efforts.

1 The MSPO is close to a level that would achieve an Independent ISO 55001 certification for its scope.
Certification to the ISO though is not considered good enough for the criticality of the operations supported nor
the requirements of their stakehol ders. The challenge t&h
physical assets being supported would also need to be addressed.

This result would not have been achieved during the short burst of formal Certification. The large numbers of
opportunities (200+) discovered, if identified in a formal audit, would have overwhelmed the participants and challenged
growth. The mentoring approach created an audit that was the AM Journey itself not just a measure.
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MIRCE SCIENCE: MAINTENANCE IS THE MANAGEMENT
OF FAILURES AND PROVISION OF WORK

KnezevicJezdimir

MIRCE Akademy, Exeter, EK
jk@mirceakademy.com

Abstract: The main objective of this paper is to introduce the global maintenance
management and engineering community to the body of knowledge contained in MIRCE
Sciencdor theinnovativeapproacho maintenanceyhichis perceivedasthe managemernf
failuresandprovisionof work. Thus,maintenancenanageshe consequencesf the complex
interactionsbetween failureevents and maintenance actionstaieen that drivehe behavior

of functional systems, which can be quantified by the MIRCE Functionability Equation.
Hence, in the future maintenance managers will be able to perform quantitativeffeade
between feasible failure management options to determine one that would yield the greatest
benefitmeasuredhroughthe expectedvork. To illustratetheadvantagesf applyingMIRCE

Science to the maintenance management process a numerical example is provided, where
several feasible maintenance options are considered and quantified.

Keywords: MIRCE Science, MIRCE Functionability Equation, quantitative maintenance
management

1. Introduction

The philosophy of MIRCE Science is based on the premise that the purpose of the existence
of any functional systeiis to do work. The work is done when the expected measurable
function is performed through time. The best way to achieve that is to increase the revenue
generating work done while reducing the resources consumed for it. One way towards that
target is to improve the reliability of consisting parts by using appropriate engineering and
production methods. Another way is to reduce maintenance time by applying appropriate
condition monitoring and data management technologies proposed by maintenance 4.0.
Althoughthereareaninfinite numberof combinationdbetweerthe numbeof improvements

in reliability and reduction in maintenance time, it is necessary to recognize that the work
done by a functional system is driven by their combined impact. Their impact on the amount
of work done by a functional system could be quantified through the following two
approaches:

1 Measuringhework doneduringtheoperatiorprocess
9 Predictingthework duringtheplanningprocess.

Measuring the work done is a rather straightforward process where the operational hours are

counted together with the resources consiémieldwever, collecting data regarding the past

performance of functional systems does not have any impact on the past revenue, reputation,

l oyal ty, and other measures of a functional Sys

Predicting future performances, at the planning stage, gives an opportunity for any changes
necessaryo createfunctional systemswith desirableperformanceo be made,within the

1 Functionablesystem isoperationally defineduinctionalsystem[2]
2 Boeing 747, registration number N747PA, which belortggdlan Am airways, hawtelivered the work of
80,000flying hoursand receive®06,000 maintenance mdwours,during the22 yearsof in-service life.[2]
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given budget. In return, it will generate the expected return on their investment (e.g. profit,
reputation, loyalty, public benefit, and similar). However, to achieve that, it is necessary to
have a mathematical modehat would facilitate that, as mathematics is the only body of
knowledge that enables quantitative predictions to be made in all natural sciences, from
guantum mechanics (the motions of subatomic particles) to astrophysics (the motion of
spacecraft).

Although reliability engineering and maintenance engineering arer@egnized disciplines

i n their own rights, best to t he aut hor 6
predicting their combined impact on the work done and resources consumed, in a quantitative
and comparative manner.

The main objective of this paper is to introduce reliability and maintenance engineers to
MIRCE Science, a body of knowledge that enables quantitative prediction of the complex
interactions between reliability and maintenance options on the work done and resources
required [2]. Hence, by making use of the MIRCE Functionability Equation it is possible to
perform a quantitative tradaff between feasible reliability and maintenance options to select
the compromising solution that would yield the greatest effectiveness, measured through the
work done or expected profit.

2. Brief overviewof MIRCE Science

According to MIRCE Scienceat any instant of calendar time, a givemctional system
could be in one of the following two macro states Knezevic [2]:

1 Positive Functionality State (PFS), a generic name for a state in which a functional
system is able to deliver the expected measurable function(s),

1 Negative Functionality State (NFS), a generic name for a state in which a
functional system is unable to deliver the expected measurable function(s),
resulting from any reason whatsoever.

In MIRCE Science work done by a functional system is uniquely defined by the trajectory
generated by its motion through MIRCE SpgfacEhat motion is driven by functionality
actions, which are classified as:

1 Positive Functionality Action (PFA) is a generic name for any natural process or
human activity that compels a system to move to a PR®ical examples are
servicing, lubrication, visual inspection, repair, replacement, final repair, examination,
partial restoration, inspection, storage, modification, transportation, sparing,
cannibalization, refurbishment, health monitoring, restoration, packaging, diagnostics,
and similar

1 Negative Functionability Action (NFA), is a generic name for any natural process or
human activity that compels a system to move to an NB®ical examples are
thermal aging, actinic degradation, acid reaction, bird strike, warping, abrasive wear,
suncupsformation on the blue ice runway, fatigue, pitting, thermalbuckling, photc

3 Newton, Maxwell, Lagrange, Boltzmann and other well know and applied equations used as the mathematical
models for the predictions of the physical behaviour of natural world.

4 MIRCE Space is a conceptuabiBnensional space containing infinite set of possible discrete functionability
states that a functionable system could be found in, at any instant of the calendar time, and corresponding
probabilities. [2]
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oxidation, production errors, strong wind, maintenance error, hail dargigeing
strike, COVID-19, quality problems, hard landing, sandstorm and so forth.

The time evolution of a functional system through MIRCE Space is physically manifested
through the occurrences of functionality events, which are classified as:

1 Positive Functionality Event (PFE), a generic name for any physically observable

occurrence in the calendar time that signifies the transition of a functional system

from an NFS to a PFS.

1 Negative Functionalitfevent(NFE), a genericmamefor any physicallyobservable
occurrence in the calendar time that signifies the transition of a functional system
from a PFS to an NFS.

Consequently, the concept of time evolution in MIRCE Science is conceptualized as the
motion of a functional system through functionality states, resulting from any functionality
actions whatsoever and the actions required to generate any functionality motion.

3. Mathematical Principles of MIRCE Science

The ability to fAnormalizeodo all competing optiao
to be made between them and finally select the best one, in accordance with a given criterion.

Hence, MIRCE Science is a body of knowledge that enables quantitative assessment of the

impact of the multidimensional interactions between:

consistingof componentgmechanicalelectrical,electronicsandsoforth)
systemarchitecturgactiveandpassiveredundancies)
naturalenvironmen{temperaturewind, humidity, fog, andmanyothers
humanrulesregarding:

1 operatiorprocesglevelsof stressfrequencie®f use,andsimilar)

1 maintenancgolicies:preventive conditionbasedppportunisticetc.
1 supportstrategiesin-housesupportandoutsourcingcombined.

=A =4 =4 =9

According to the MIRCE Science Philosophiaositive work is done when a functional
system is delivering a functionality performance, which means that it must be in a PFS.
According to Knezevic [2] the expected positive work to be done by a functional system
during a given interval of calendar timie PFW4T), measured in calendar hours, Hr, can be
calculated by making use of the following equation:

T

PFW,(T) = fys(at  [HT] (Y

where: ys(t)is MIRCE Functionability Equation[3] that quantifiesthe probability of the
event{systenis beingin a PFSat theinstantof calendartimet}, thus:

y(0=P{PFS 0} =& Y= &30 FOg 20 ()

i=1 i=1

5In Greek,philosophia'love of knowledge pursuitof wisdom;systematidnvestigation,'from philo- "loving" +
sophia“knowledge,wisdom
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where: O['(t) = P(TPE.* ¢t) and F.(t)=P(TNE,¢t). It is necessaryto point out that
0,,(0) =1, in accordanc¢o the 1*' axiom of MIRCE ScienceKnezevic[2].

The infinite sum of positive and negative functions represents a mathematical scheme that in
MIRCE Science defines the sequential occurrences of the functionality events in the direction
of the calendar time, for each feasible variation of the functional system considered. In the
languageof mathematicstheseare systemsof convolutionintegrals. Thus, the sequential
positive functionality function, Q/(t), which defines the probability that the life of a

functional system, will take place before or at the instant of calendat, tisméefined by the
following convolution integrals [2]:

O\(t) = P(TPE.¢ t) = P(TNE,+ TPE,, ¢ 1)
=P(TNE ¢ X £TPE ¢t- x)=P(TNE ¢ X)3 P(TPE ¢t- X) 3)
S S| S Sl

=fF. (X0 (t- X)dx = fF.(¥XdO, (t- x), i=1,2,.,8,t20

In order for thei™ sequential positive functionability everRFE, to take place before, or at
the instantof calendartime t, it is necessaryhat the previousfunctionality event,which in

this case iNFE, takes place sometime before titpelenoted by in the above expression.
Then, the sequenti®@FE has to take place during the remaining interval of calendar time,
which in this case is denoted witlx.

The process of defining the negative sequential distribution Function, which defines the
probability that thé™ sequentiaNFEs of a functional system will take place before or at an
instant of calendar timé, follows the same mathematical principle. Thus, the sequential
negative functionality functions are fully defined in the following way:

F!(t) = P(TNE, ¢ t) = P(TPE.* + TNE,, ¢1)
=P(TPE' ¢ x ETNE ¢t- X)=P(TPE ¢ x)3 P(TNE ¢t-X) (4)
S Sl S SI

t

= P00 T, (- WAk = FPLAIR, (t- ), 121,28, 12 0

0

This multidimensional set of convolution integrals defines the motibra functionable

system through MIRCE Space, depicting and passing through each sequential functionality

state in the direction of calendar time, generating a trajectory unique tofactional

system, [5]. Thus, the same set of generic equations, when applied to different operational and
maintenance policies generate different trajectories of the motion through MIRCE Space,

which means different functionality performance, namely different work done and different
resources consumed. Hence, Knezevic [2] has created a generic platform on which each
feasible plan for the operation and maintenance policies and strategies would generate its own
future Atrajectoryo for a system under consi de

4. Maintenancemanagementoptions: An illustrative Example
To illustrate the applicability of MIRCE Science to the reliability engineering design
process the quantitative assessment of the combined impact of reliability and

maintenance on the performance of a functional system, a hypothetical example will be
used.
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The simplest possible functional system consists of one component that exists in two

functional states, namely PFS and NFS. Even further, a single positive or negative action

causes the occurrences of positive and negative events at which the functional system change
its functional states.

It is necessary to stress that this example is chosen, not because the real functional syste
consist of a single component, but because it is extremely useful for the understanding of the
mathematical scheme that defines the motion of a functional system through MIRCE Space.
This knowledge, in turn, quantifies its expected functionality performance, namely the
expected work done, and corresponding resources consumed.

To demonstrate the applicability of the MIRCE Science mathematical scheme to the

guantitative assessment of the combined impact of reliability engineering and maintenance
management decisions on the performance of a functional system the following three options
for the future system are addressed:

Option 1: Basic engineering designThe functional system under consideration is
expected to experience an occurrence of an NFE during a continuous operation with
the expected value of E[TNE =1080 Hr. What is the amount of positive work
expected to be delivered during a calendar year of continuous operation, without
performing any maintenance action?

Option 2: Adding Maintenance actions What would be the additional work done if

the system is designed in a way that maintenance actions could be performed after
occurrences of failures? Assume that the designaintenance action that returns a
functional system to PFS has the expected value of EJFRE8 Hr.

Assuming that options 1 and 2 are not satisfied system engineering requirements, an
additional amount of money has been allocated to the project. Contributing
engineering departments have been asked to make the proposal for the increase of the
expectedwork done, for a given extra budget.The following two proposalswere

made:

1 Option 3: The Reliability Engineering department submitted a proposal in which
they were stating that by investing the additional funds allocated into new
technology in the manufacturing process it is possible to extend the basic design
expected life of component A by 50%.

1 Option 4: The MaintenanceEngineering departmensubmitted a proposain
which they were stating that by investing the additional funds allocated into new
testing and diagnostic equipment it is possible to reduce the duration of a
maintenance task defined for component A in option 2 by 50%.

Which optionshouldbe adoptedandwhy?

Best to the authorés knowledge today there is
knowledge that isable to provide a quantitative justifiable answer to the above

questions. In the remaining part of the paper, it will be shown how to apply MIRCE

Science equations to provide the quantitative answer to the question posed, to maximize

the return on investment like profit, reputation, loyalty, public benefit, and so forth.
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5. MIRCE Science based solution for analysis of maintenance management options

Option 1:

Based on the information available the only possible conclusion regarding the probability
distribution of the TNE of component A is that it is fully defined by the exponential
distribution, which is uniquely defined by the expected value, which in this case is equal to
scale parameter ¥ E[TNEs]=1080 Hr. The expected positive functionality work from this
design option could be determined by obtaining the numerical solution to Eq. 1.

A genericexpressionfor an exponentiallydistributed cumulative distribution function of a
randomvariable TNE; isFs;(t) = P(NFEs; ¢t) =1- e[-(t/ Av)], i=1,2. Basedon the data

available,the probability of the first negativefunctionability eventof a system,taking place
before of at a given instant of time t is:

t

FS(t) = P(TPEg, + NFEg, ¢ 1) = [Ps,()dFs ,(t- X) = Fs,(t) =1- e[-(t/1080)], 0¢t ¢x

In this specific case, where it is decided not to take any action after the occurrence of the first
negative functionability event, the MIRCE Functionability Equation is defined as:

Y =50 (©- F ()2=0()- F (t) =1- F(t) =e& (t/1080)o.

€ s s S S S e u
i=1

Finally, by makinguseof Eq. 1 it is possibleto derive the expressiorfor the expectedwork
done, as follows: )
PFW(T)=T[e¢t/A)]dt=A €é- o by
~ c -
Fo T
% Y
For the planned continuous operation of the functional system during a calendar year,
T=24x365=8760 Hr. Hence,the amountof expectedpositive functionality work to be done
by the design option considered is:

PFW(8760)=108¢ &(1- e(- (8760/1080)) /£=1079.68Hr

In summary,a functional systemdefinedwith the availabledatais expectedo deliver
1079.68 hours of work during the available 8760 calendar hours.

Option 2:

Following the logic used in the analysis of option 1, in this particular example, the
exponential theoretical distribution with the expected value of E§][PBr= 168 Hr, is used

to describe the motion of a system through PF&us, according to the data available, the
cumulative distribution function for the time of occurrenceggbasitive functionality event is
definedas Thus,the MIRCE Functionability Equation(Eq. 2) becomedully definedby the

setof convolutionintegralswhich are of the form of the Gammaprobability distribution, as

the convoluting functions are defined by the identical exponentially distributed random
variables, TNEand TPE; in the following way:
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‘ (-t Ap)
00 = PTPE o9 = A A A R etz
0@ (I 1)' CU

te -1 (-t/4y) &
F'(t) = P(TNE ¢ t) = (ﬂp’v)(tlp’v)l € Ut i=1,25,t20
oé (l 1) L\'U

Dubi [1] has proven that a generic expression for the MIRCE Functionability Equation
for equally exponentially distributed time to negative and positive functionability evet
defined above, is equal to:

= iAPAv
=6 A A STy 5)
A A, AtA y

The amount of the expected positive work to be done by the system defined by option 2 could
be calculated by substituting the functigt) into Eq. 1, thus:

T Te &AP+AN
PFW(T) = fiydt=pg_ "N +_7* S

. oéépr AR, o
a- AAP+ANG s
T A: é eaaA—A—c'r w

PN+

(6)
_aasl
AtA g A AHA R %

After substituting the values for the parameters in the above expression the expected positive
functionality work will be 7600.34 Hr.

Thus, by designing a system in a way that it is possible to return it in PFS after the occurrence
of NFE by performing specific maintenance activities, the expected work done by a system
will increase by 6520.66 Hr, in respect to the expected work done by option 1.

Option 3: By implementing proposed changes in design, originatedthey reliability
engineering team, the expected time to the occurrendd-& will increase from 1080 Hr to
1620 Hr, while maintaining the same probability distribution for JPtus:

PFW(E760)=- AA & ' - ™ & enn &
AtAgs Ao AHAE oy
_1620°168§ 8760 168 & ey 07_
=-1620+168 - 168~ 1620+168 &= 7951.21Hr
€ ¢ ﬂ‘u

Option 4: As a result of improved testing and diagnostics equipment, proposed by the
maintenance engineering department the expected time in NFS will be reduceeBboH,
while maintaining the same probability distribution for TdNEhence:
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PEW(ETE0)=- AA & | - @ ea«pf%'
Aot Ay A Aot AR 4

_. 1080842 8760 __ 84 & o OO

1080+ 84 84 1080+84 A
& ¢

Basedon the predictedexpectedwork done by the systemunder considerationby applying

the MIRCE Science equations the final solution to be recommended for the adoption for the

future system is option 4. This feasible maintenance solution provides additional work of 351

Hr in respect to option 3 (improved reliability) and 533 Hr in respect to option 2, as illustrated

by Figure 1.

8760
8322
7884

7446 {———|  m—Optrion 1 = Option2 -z
7008 1| Al
7

6570 +—— = = Option3 === Option 4

6132 )
5604
5256
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3942 ‘;"/

3504 -
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2628 ~~
P
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0

0 438 876 1314 1752 2190 2628 3066 3504 3942 4380 4818 5256 5694 6132 6570 7008 7446 7884 8322 8760

Calendar time [Hr]

Figure1l: Expectedwork doneby all four feasiblemaintenancenanagemenbptions

The impact of all feasiblesolutionspresentedaboveon: revenue,cost and profit could
be easily computedby making use of the MIRCE Profitability Equation presentedn

[4].
6. MIRCE Sciencebasedphysical analysisof maintenancemanagementoptions

The mathematical analysis of the four feasible design options, considered above, has
shown that is expectedthat option 4 will provide the highestamountof work done

during the year of operation, with the same monetary value of resources invested in
design as the other three. This conclusion was made by quantitatively evaluating the
MIRCE Functionability Equation for each design option using the available input data.

From a mathematical point of view, the obtained results are correct as none of the
mathematical equations violate any mathematical laws. However, as these are
engineering design options, it is the duty of design engineers and reliability analysts to
select the input data into mathematical predictions. This is primarily related to the
selectionof mathematicalmodels that define physical mechanismghat generatethe
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motion of functionable systems through functionability states, as the MIRCE
Functionability Equation is presented in a generic form, suitable for any application.

However, the specific probability functions have to be selected by the designers of
specific systems.

In the above example, exponential probability distributions are selected for random
variables, TNE and TPE, purely for ease of the calculation of corresponding
convolution integrals (Eqg. 3 and 4).

From a reliability point of view, the mathematical assumption made had the following
physical consequences, thus component A cannot:

1 experienceany manufacturing transportationand installation actionsthat
would generate an NFE,

1 experienceany time or usagerelateddegradatiormechanismslike corrosion,
fatigue, thermal deformation, creep, wear, and similar,

1 experienceany maintenanceor storageinducedaction that would generatean
NFE

1 beexposedo seasonalperationalpr geographicavariability.

From a maintenance point of view, the mathematical assumption made had the
following physical consequences; no maintenance action applied to the system can have
fix duration of time required for its successful completion, like:

1 24hoursfor thepaintto dry

1 12 hours for a physical/chemical analysis used as a part of the troubleshooting
process,

1 7 dayscontractuaprovisioningof spareparts

The above statements of reliability and maintenance are a physical reality known and
experiencedby engineersmanagerstechniciansandothersinvolvedwith the operation
process of functional systems. Based on the above analysis of the observable physical
reality excluded by mathematical assumptions of exponentially distributed times of the
evolution of functionality of a system through MIRCE Space, [5], presented in the
numerical example used in this paper, the following two points must be made:

1. Equations 1 and 2 are generic expressions applicable to any functional system,
operating in any natural environment, and exposed to any himparsed rules.
In orderto be utilized duringthe designprocesst is necessaryhatreliability and
maintenance professionals are involved to identify mathematical laws that
adequatelyescribedhe physicalreality of their systemsandthenseeka method
for evaluation of convolution integrals defined by Eq. 3 and 4.

2. Equations 5 and 6 provide accurate predictions of the expected work to be done
during the inservice lives of functional systems given that operational and
maintenance limitations, some of which are listed above, and many others, are
not applicable to their systems, otherwise the predictions would be incorrect.

7. A fewwords more about the useof MIRCE Functionability Equation

The numerical example used in this paper is related to a system that consists of a single
componentwhereboth positive and negativefunctionality actionsare mathematically

© Copy rights reserved for The Arab Council of Operation and Maintenance -
31




OMAINTEC Journal

(Journal of Scientific Review)

represented by corresponding exponential probability distributions, for a very simple
reason. This combination is the only case for which an explicit closed mathematical
solution exists.

In view of the fact that realistic systemsinvolve more than a single componentwith
more than one functionality event generating mechanisms the possibility of finding an
analytical solution for multidimensional convolution integrals defined by Eq. 3 and 4 is
seldom possible due to the inability of mathematics to deal with a large number of
convolution functions and their interactions. These types of problems are not
specifically related to MIRCE Science, they are common to all scientific disciplines of
this nature, as it is a known mathematical fact that integral equations do not have
analytical solutions. [1]

The most suitable way forward for any real functional system, of any complexity of
operational reality, is to apply tHdonte Carlo method as the only viable approach with
which solutions for the MIRCE Functionability Equation and thereby for the system
performance may be obtained. It is applicable to systems with multiple interacting
components, aging mechanisms, and any operation, maintenance, and support rules.
Thus, the Monte Carlo method provides the performance function of a system for any
given scenario and witliny form of resources, but it is beyond the scope of this paper.

8. Conclusions

The main objective of this paper is to introduce the global maintenance management and
engineering community to the body of knowledge contained in MIRCE Science for the
innovative approach to maintenance, which is perceived as the management of failures and
provision of work. Thus, maintenance manages the consequences of the complex interactions
between failure events and maintenanceactions are taken that drive the behaviour of
functional systemswhich can be quantified by the MIRCE Functionability Equation.Hence,

in the future maintenance managers will be able to perform quantitativeoffadeetween
feasible failure management options to determine one that would yield the greatest benefit
measuredthrough the expectedprofit. To illustrate the advantagesof applying MIRCE

Science to the maintenance management process a numerical example is provided, where
several feasible maintenance options are considered and quantified.

To illustrate the advantagesof applying MIRCE Science to the reliability engineering
decisionmaking process a numerical example is provided, where the-dffideetween
reliability improvements by increasing the expected time to failure by 50% or decreasing
maintenance time by 50%, is addressed.

The challenges related to the applicability of MIRCE Science to the future maintenance
management process, mainly driven by the mathematical inability to analytically deal with
multidimensional convolution integrals, are highlighted in the paper and the use of the Monte
Carlo method is recommended.
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Abstract

Humanerrorsaresignificantcontributorsto theoverallrisk in theindustry.In fact, 80% of marinefailuresandshipping
accidentarecausedy humarerrors.Humanerrors,additionally,areoftenarootor significantcauseof asystenfailure

which could lead to tremendous undesirable consequences such as fatalities and financial losses. Currently, most
industriesusethelatesttechnologiesn orderto maximisetheavailability andreliability of theirequipmenandminimise

human interventions. However, the human role is still vital in different phases of a plant life cycle, especially during
maintenanceTraditionalReliability, Availability andMaintainability (RAM) methodologyawell-knownmethodology

for optimisingmaintenancstrategiesn anorganisationgdoesnotincorporatehumanreliability analysis Thereforethis
research aims to develop a novel framework for improved maintenance engineering deaisiog, which can be
achievedy fusingprobabilistichumanandhardwareavailability assessmenéchniquesTheproposedrameworkhasa
systematigprocesshathelpsanalystsengineersanddecisionmakersconsidemandmanageisk effectivelyin acomplex
systemA publicly availablecasestudyin anoffshoreoil andgasplatformis selected aanexamplefor demonstration
purposesThevaluesof humanerrorprobabilities(HEPs)for maintenancactivitiesarecalculatedy usingthe Human

Error AssessmerandReductionTechniqug HEART). Thesemaintenancectivities'reliability valuesareimprovedby

using a novel Humabased DecisioiMaking Grid (HDMG). This framework, including HDMG, can improve a
system's availability, reduce downtime cost, and reduce human errors.

Keywords: Reliability Availability and Maintainability; Human Reliability AssessmentDecisionMaking Grid.

1 Introduction

There hadeen a significant change over thesteight decadeB maintenance engineering practices. Tdfiange has
affectedmaintenance n g i n e emceptsigchrsquesandtechnologyIn addition,organisationbyavebecomemore

aware of the significant impact of maintenance engineering on businesses. Historically, Maintenance engineering is
dividedinto threegeneration$l]. Simplecorrectivemaintenancd,e.6 o p eandh t \@hénfails, wasconsideredsthe

first generation. Preventive maintenance, which was considered as the second genetatieloped during the Second

World War. Preventive maintenance aims to increase equipment reliability, extend an asset utilisation, and reduce
maintenance cost. Later, when equipment has become more complex, maintenance techniques and technology such as
Failure Mode Effect and Criticality Analysis (FMECA), Reliabilitgntred Maintenance (RCM), conditibbased
maintenance (CBM) were developed. This was the beginning of the third generation. Recently, a fourth industrial

revolutionhas begun. Industry 4.0, which was first mentioned in Gerrga@yl 1 [ 2] , can be defined 6t h
complex physical machinery and devices with networked sensors and software, used to predict, control and plan for better
business and societal outcomeso6 [ 3]. Anot her -physcéli nes | ndus
systems (CPS) i n t h &hispevotution lcas mamynasspaated termsswhich[cduld include-cyber

physicalsystemgCPS),Internetof Things(loT), Industriallnternetof Things(lloT), big data,smartmanufacturingetc.
Industry 4.0 could changtaditional maintenance practices by digitising and automating production systems and
introducing a new connectivity method in the whole supply chain [2].

Althoughthesetechnologieiaveadvancednodernmaintenanc@racticesn theindustry,humanerrorsin maintenance
activities are still inadequately assessed. In fact, human and organisational factors (HOF) have a significant impact on
assetalue.Still, someorganisation:eglectconsideringor reviewinghumanerrorsthatcouldcauseas y s t failomé s

[5]. As a result, this research aims to address this problem.
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1.1 Researchpurpose

Humanerrorsareconsiderecimajorcontributorto therisk in theindustry.In fact, over37%of the US railwaysaccidents
are caused by human errors [6]. Also, 80% of offshore oil and gas failures are caused by human errors [7, 8]. Furthe
80% of thesefailurescanoccurduringmaintenancectivities [9]. This hasled to catastrophiconsequencebaturgethe

need to study, understand, analyse, and evaluate human errors to help designers and engineers eliminate or reduce
Traditionally, a reliability, availability, and maintainability (RAM) analysis does not consider human reliability
assessmerfHRA). This couldbedueto thelack of datain aparticularindustry[10]. Althoughsomemethodologiesould
considethumanfactorswithin a designprocess [11tollectingandassessinghe necessarglatacanbe challenging [12].
Further,althoughthereareseverabptimisationtechniquesor maintenancstrategiesuchDecisionMaking Grid (DMG)

[13 - 17], these DMGs do not provide actions or measures to reduce human errors in maintenance activities. Thereforg
new techniques and models are required to tackle this gap, and this research aims to address this problem.

This researctaimsto developa novel frameworkfor improvedmaintenancengineeringlecisionmaking,which canbe
achieved by fusingrobabilistic human and hardware availability assessment techniques. This framework can help
analysts and decisiemakers to identify, manage and reduce potential risk in a complex system effectively.

This paper is structured as follows. Section 1 introducesthe problem statementand objective of this study.
Section 2 reviews briefly common HRA methods, human error classification, and some of the denisiking grid.
Section3 illustratesthe developmenbf the framework.Section4 illustratesthe applicationof the developed framework.
Section 5 concludes this study.

2 Literature Review
2.1 Availability

There is a significant demand in many industries to produce and operate to the level of free defects or free failures. In
addi tion, todaydos demand expects to functionally operate
catastrophic consequences. In order to achieve the previous targets, there is a need to study and assess equipment
reliability as well as human reliability. Reliability engineering is a vast discipline of system engineering, and it is
becomingmoreinvolved withthe emergencef Industry 4.0.The mainobjectiveof reliability engineering iso identify,
assessandpreventthelikelihood of failuresby applyingengineerindknowledgeandtechniquesReliability of a pieceof
equipmentanbe definedasthe successfuprobability of this equipmento performatask,underoperationakonditions,

without failures,duringa specifictime [18]. It is importantto mentionthatfailurescanbeidentifiedwhenthereis atotal

loss of production or a complete shutdown. Howeagpartial loss in production ordelayed trainfor example, can be
considered dailure in somehigh-reliability organization [19]. Generallyhe availability of a pieceof equipmentcan be

affected by several factors: the reliability of th@iece of equipment, maintainability, supportability, maintenance
strategies, and accessibility, as showfrigure 1 [20]. So, in order to estimate the actual availability of a system, there

is a need to calculate the theoretical availability, first, which is affected by the reliability, maintainability and
supportabilityof thatsystem Oncethetheoreticahvailability of asystemhasbeencalculatedpothmaintenancstrategies

and accessibility factors, which includeaman factors, can be considered to estimate the actual availability of a system.

Reliability Maintainability Supportability
Accessibility Theoretical Availability Maintenance Strategy

[
A 4
Actual Availability

Figure 1 Factorsaffectingactualavailability [13]
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2.2Human Reliability Assessment

Therearemanyareasvherehumanreliability assessmeifHRA) canbeused First,in thedesignphaseof asystemwhen
humans are involved, their behaviours can affect the overall system. Second, during the licencing discussion, a syste
can meesafetyor legislationrequirements. Third, HRA can hesedduringthe modification of asystem [21]Finally,

HRA can be considered as a robust assessment in any plant life cycle stage [22]. Although most industries are movin
toward fully automated production or process, still there is a need for a human element to interact with equipment
specifically during anaintenance task. Traditionally, the influence dfuanan being on system reliabilityasitted from
aquantitativeperspectiveThis hasmotivatedmanyresearchert studyanddevelopseveraimethodghatassessiuman
reliability in aMan-MachineSystem(MMS). Figure 2 illustratestheinteractionbetweera humanbeingandatechnical
component (e.g., a pump ocampressor) and how can some factors influence the reliability of both.

Op_era_tor/ Machine
Maintainer
it E output—-
Influence
Factors
Reliabilityof
Relaibilityof Machir?:e0
Hurmar

Figure 2 Humanandtechnicalreliability in MMS [23]

Humanreliability assessmerfHRA) canbeconsideredisa subsectiorin thefield of reliability engineeringlthoughthe

founders of the most utilised human reliability assessment methods are psychologists. A human reliability assessment can

be defined as 6a systematic identification and evaluati or
mai ntenance personnel, and ot her personnel in the systemi
workforce's performance, which will improve the overall effectiveness of an organisation and minimise the impact of
potentialrisks. Therefore reliablehumanperformancas when individualgperforma task,makea decision,or respond

to action according to their organisations' expectations [25]. In literature, researchers classify HRA methods into two
generationsThe HRA first generatioris developedasedn the studyof humanerrorprobabilityanddoesnot consider

the cause of behaviour [265ome of these methods are: Technique for Human Error Rate Prediction (THERP) [27],

Accident Sequence Evaluation Program (ASEP) [28], Human Error Assessment and Reduction Technique (HEART)

[29], andSimplified PlantAnalysisRisk HumanReliability Assessmern(iISPAR H) [30]. Thesemethoddreakataskinto

componenpartsto calculatehumanerror probabilities(HEPs)andlater considempotentialimpactof modifying factors

such as pressure and stress [23]. The segendration methods consider the context as a factor affecting human
performancédailure andlaterevaluateherelationshippbetweerthe contextandHEPs[8]. Someof thesemethodsare: A

Technique for Human Event Analysis (ATHEANA) [31], and Cognitive Reliability and Error Analysis Method

(CREAM) [32]. Thesemethodsconsidercognitivebehaviourof the human.The activitiesof thehumanareassumeds

performed for specific purpose. Somesearchers have added a third generation in HRA methods, which considers

dynamic simulation system with a virtual representation of human to determine challenging human performance situations

[26].

2.2.1HRAprocess

There are sevemain stepsto performa completéhumanreliability assessment study, illustratedrigure 3. Thefirst
stepis formulatinga scenariovhich couldbe performinga maintenanceéaskin aseparatorThe secondstepis to collect
therequireddatafor theformulatedscenarioThethird stepis to analysehetask.TheHierarchalTaskAnalysis(HTA),
which isa topdown approach, brealestask into sultasksand multiple levelsn order toachieve the desiregbal (i.e.
top-level task) [33].

sconro | [0t | v | f e | | v | e ]| e
definition collection analysis identif. madelling quantif. reduction

Figure 3 A generichumarreliability analysigprocess

© Copy rights reserved for The Arab Council of Operation and Maintenance U




OMAINTEC Journal

(Journal of Scientific Review)

It shouldbe notedthatcritical tasksshouldbeidentified duringthis step.A critical taskis ataskthatif it is notperformed
adequatelyandaccordingto a standargrocedureit couldleadto highly undesirableonsequences [25Thefourth step
is to identify thehuman errors. The fifth step e model thadentified humarerrorsby using, for example, FTA, Event
Tree,etc. This sixth stepis to quantifyhumanerrors.Someof the publishedmethodsonly quantify humanerrorsandfail

to provideareductiontechniqug34]. Thelaststep,andmostimportantly,is to performahumanerrorreductionactivity.
Thehumanerrorprobability (HEP),whichis estimatedy Equationi 1, canbedefinedasthe numberof errors(z) which
are caused by human over the total number of potential errors (n) during tasks [35].

Bo000o0000aaEd00000EET00D
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(Equationi 1)

2.2.2Humanerror classification& causes

The previous sections have mentioned the tduman Errorsseveral times. Therefore, there is a need to define it and
understands classificationsThus,humanerrorcanbedefinedasfi aattionthatgoesbeyondtheacceptabldéimits, those
beingdefinedby thes y s t[Z7herearethreemainclassificationfor humanerrorin literatureincludinga) the Skill

i Rulei Knowledgeclassification36], b) commissiorandomissionerrors[27], c) errorandviolation classification37].

Also, thereis aneedto understandvhatthe possiblecausedbehindthemare.Initially, unlike equipmentahumanbeing's
behaviouris hardto predict.Similarly, humanerrorscould occurduringany phaseof the systenlifecycle. Therearethree

main aspects where human errors are linked to [32]. First, individual aspects are linked to the ability, psychological and
physical characteristics of a person. Some of these aspects cannot be changed; however, some could be improved by
learning and training. Second, technological aspects are linked to the interaction bketweean and a machine. Last,
organisationahspectarelinked to anorganisation'sulture,andtheseaspect$iavea significantimpacton bothprevious
aspect$21]. It shouldbenotedthatthe performancef individuals,organisationshardware andsoftwarecanbeaffected

by environmental factors as well. These environmental factors are classified into external, intersakialodical

factors. External factors could include wind, temperature, rain, and time of day. Internal factors can include lighting,
ventilation, and noise. Sociological factors could include values, beliefs and moral.

2.2.3Humanerror in maintenance

Theimpactof humanrerrorsin maintenancarereviewed38]. Thisreviewaimsto increaseheawarenesef maintenance
practitionersontheimpactof humanerrorsin maintenancanddevelopmitigationactions.Generally the studysuggests

six classificationof humanerrorwhich couldincludeoperatingerrors,assemblyerrors,designerrors,inspectionerrors,
installation errors, and maintenance errors. Often, maintenance error could occur due to inadequate repair or preventive
actions. This paper can be a useful reference for researchers who are concerned about human error in maintenance.
Similarly, 78 publications on human factors in maintenance are reviewed in order to identify critical human error
influencingfactors[16]. Thestudyfinds thatequipmenteliability andhumanerrorarea primaryconcernn theindustry.

This studyreportsthatfatigue,lack of experienceandinadequateommunicatiorarethe mostcritical humaninfluencing

factors related to maintenance. The study concludes that some future directions could include predicting human error in
maintenancandhow they can affecthereliability of a system. Anothestudy suggestthathuman errorganaffectthe
availability andperformancef equipmentaindproductsguality [39]. A pieceof researchs conductedo identify critical

human error influencing factors in maintenance activities within a petroleum facility [40]. They consinattared
interviewwith 38 maintenanceechniciansThe studyfinds thatthe mostcritical humanerrorinfluencingfactors,which

could lead to maintenance failures, are flawed assumptions, poor design and maintenance practices and poor
communicationAlthough maintenancéechniciansanswerthe survey,it would be beneficialif theycouldhaveaccesdo
supervisors or top management. In addition, this study is limited to a single facility, and it would be beneficial if more
organisations are included.
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2.3DecisionMaking Grid

Thefirst decisionmakinggrid (DMG), which canbe seenin Figure 4, wasdevelopedy Labib in 1996[13]. Later,this
DMG hasbecome a goodecisionmaking technique to improve maintenance practiceraddcedowntime. A DMG's
objectiveis to providea systemati@andconsistentnethodologyto selectanappropriatenaintenancstrategyfor agiven

piece of equipment to reduce both downtime and failure frequency [41]. These maintenance strategies ate-operate
failure (OTF), conditiontbasednaintenanc€CBM), total productivemaintenanc€TPM), skill levelupgradgSLU), and
designout maintenancer maching(DOM). Simply, the objectiveof the DMG is moving problematicmachinesnto the

top-left corner. a detailed explanation of how to use these maintenance strategies are explained in [42]. Although the
DMG considersupgradingd o p e r skills to pesfdrmsomemaintenanceasks,it doesnotconsidersomeimprovement
measures to reduce human errors in maintenance. Therefore, this research aims to address this problem.

Downtime
Low Medium High
07 10Hrs | 117 20Hrs >20Hrs
Low
& | 0i 5failures OTF \ PM CBM
c N
7] Medium M
% 67 10failures TPM TPM
i High DOM
> 10failures SLu TPM A

Figure 4 Original DMG

3 Method Development

This researchdevelopsa frameworkby fusing probabilistictechniquesor humanandhardwareavailability assessment,

as shown irFigure 5. This framework's novelty can be seen in the integration process of probabilistic techniques and
providing a humatbased decisiomaking grid (HDMG), which can help reduce human error probability (HEP) in a
given maintenance task.

RAMS
Techniques

Decision A HRA

Maki
el Techniques

Techniques

A Novel Frameworkfor ImprovedMaintenanceEngineering DecisionMaking

Figure 5 A Venndiagramfor thedevelopedramework

3.1Developinga Human-basedDecisionMaking Grid (H-DMG)

Theoverallobjectiveof thisH-DMG is to reduceheprobabilityof humanerror(HEP)andminimisetheassociatedctive
repairtime (Ha-MTTR). This canbeachievedy implementinghe humanerrorcontrolmeasure¢HECMSs)identifiedin

the literature review. The MG can be divided into thremnes Critical, Critical T Moderate, and Moderate Low.

First, the critical zoneequiresat least three HECMs, akown inFigure 6. These HECMs are: i) improwaipervision,

ii) reduce task complexity, and iii) improve or design out procedure. These measures are incredibly vital to reduce the
probability of humanerrorfor agiventaskandminimisethedurationof anasset'sctiverepairtime. Secondthecritical

to moderateonerequiresatleasttwo HECMs.Forexample supposéhehumanerrorprobabilityfor agivenmaintenance

task is high, and the associated active repair time is moderate. In that case, the required HECMs are i) improve man
machine interface and ii) control time pressure. Finally, the moderate to low zone requires at least one HECM. For
instancejf the HEPfor a given taskis moderateand theHa-MTTR is low, therequired HECMcan beimprovetraining

and enhance competence.
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ThisH-DMG istestedn asimulatecdtasestudyin thefollowing section Sincethisresearchvill usetheHEART method,
described in [29].

Ha-MTTR

Low Moderate High
071 8 hours 971 24 hours >24 Hours

Improveteam Reducetaskcomplexity
communicatiorand Improve supervision &
documentation Improvesupervision

Low
0.0017 0.01

Improveteam
communicatiorand
Moderate Improvetrainingand documentation

0.01i 0.1 enhanceompetence &
Improvetrainingand
enhanceompetence

HEP

Improve training and

High enhancecompetence
0171 e .
’ Improve /Designout
procedure

Figure 6 ThedevelopedH-DMG

3.2Developinga Frameworkfor ImprovedMaintenanceEngineering DecisionMaking

This sectionintroducesandexplainsthe developedrameworkfor improvedmaintenancengineeringlecisionmaking.
The framework, which is illustrated Figure 7consists of four main phases: a) asset selection and data gathering, b)
system modelling and simulation, c) criticality analysis, and d) sensitivity analysis and risk reduction.

Phaseone:Asseselectioranddatagathering

The first phase consists of scope definition, asset(s) selection, data gathering, and conducting a feasibility study. First,
scopedefinition canincludetheanalysisobjectivestheavailabletime,t e a mlss@ndresponsibilitiesandthebusiness
requirements. Second, asset selection can include identifying the boundaries of selected assets and stating any critical
analysis assumptions. Third, data gathering includes historical failure rates, failure modes, repair times, spare parts,
maintenance crew and logistics. These data can be retrieved from a computerised maintenance management system
(CMMS) if possible Alternatively,if thesedataarenotavailablein the CMMS of anorganizationtheycanbeextracted

from original equipment manufacturer (OEM) catalogues. Last, there is a need to check the feasibility of an intended
study. Analysts should ensure that all the previous steps are completed before proceeding to the next phase. This is a
critical stepin thisframeworkbecauséf, for examplethe scopeis insufficiently defined,the outputof the analysiswill
probablybeinadequateandinaccuratedecisionsnight betaken.If the studyis feasible|t is possiblenowto proceedo

the next phase.

Phasewo: Systenmodellingandsimulation

The secondgphaseconsistsof systemmodellingandsimulation.Initially, Systemmodellingcanbe constructedy using

reliability block diagram(RBD). Therequireddatafor this subprocesis themeantime to failure (MTTF) andmaintime

to repair (MTTR) for theselected assets. Simultaneously, an HRA carobhducted fothe maintenance procedures of

the selected assets. The HRA's objective in this phase is to generate a HEP value for each activity of a maintenance
procedureandthenincorporatehisvalueinto thesimulationprocessThesystensimulation wherethemeanavailability

of asystem came estimatedcan consideboththereliability of an asseaind thereliability of amaintenanc@rocedure

for that asset. This step can be carried out by aneetignised approach such as Monte Carlo simulation.
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Figure 7 TheDeveloped-rameworkior ImprovedMaintenanceé=ngineeringdecisiorrMaking

Phasethree: Criticality analysis

Onceasystemhasbeensimulated andthe meanavailability is estimatedgriticality analysisshouldbe conductedDuring

this phase,analysts can identify critical asset(s), component(s) or failure mode(s) that significantly impact the
unavailabilityof the system Similarly, maintenanc@rocedure(s) osubtask(sjhatcould causeatotallossof production

or undesirable events can be identified.
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Phasefour: Sensitivityanalysisandrisk reduction

The last phase is sensitivity analysis and risk reduction, where improvements and actions are needed to reduce failur
andincreasesystemavailability. First, analystscancheckif the conductedstudy'soutputmeetsthe statedobjectivesand

the RAMS target. If the output of the study does not meet the RAMS target, maintenance policies can be revised, an
certain decisions for improvement regarding equipment redundancy, for example, can be taken. At the same time, if th
HEPvalue(s)for agivenmaintenanc@roceduras notaslow asreasonablyracticablg ALARP), analystscanapplythe

novel HDMG in order to reduce the probability of errors. A good practice when conducting this framework is creating
different scenarios and assumptions to determine which one haseffeative and safe impact on the availability of a
system. Lastly, conducting this framework can be complex and has a significant amount of information. Therefore,
analysts can document the output of this framework, and it is important to state the recommended improvements a
actions adequately.

4 Application of the framework: A casestudy

Thisresearch considers a typical offshoieandgas production facility as a case study. Generally, there are five stages
in which oil andgascanbeprocesse3]. Thefirst stages theexplorationof oil andgas,includingprospectingseismic

and drilling activities. These activities are carried out before the development of an oil and gas field. The second stage,
whichis knownasthe upstreamis the productionof oil andgas.Productiorfacilitiesin this stage catbelocatedonshore

or offshore. The third stage, known as midstreaomsists of transporting oil and gas via pipelines, chips, or tanker
vehicles. Midstream can include the storage of crude oil and gas. The fourth stage, which is known as downstream, is
refining oil andcondensatinto marketablgroducts.Thelaststageis processingandproducingpetrochemicaproducts

such as plastic and fertilizer.

4.1 Casestudyscopepoundaries assumptionsand limitations

This section definethe scopeboundariesandassetselection foranoffshoreoil andgasproduction facility.Thisis the
first phase when applying the novel framework for improved maintenance engineering degiog.

Scopeandboundaries

A typical offshore oil and gas production system consists of power and heat generation system, process plant, produced
waterandseawatetreatmensystemandsubseaystemsThis casestudyconsiderghe procesplantsystemsonly. The

process plant can include production manifolds, a separation train, export pump(s), recompression train, gas treatment
train(s), and fuel gas system. This production facility can be considered a rsdeuroffshore platform, seen in

Figure 8. It hasoneseparatiorirain, onegas recompressidnain, andonegastreatmentrain. The producedil ratecan
be40,000BPD aftertheseparatioprocessPartof theprocessedasis usedto powertheplatform,andtherestis injected

to the well. At this stage, the processed gas is not exported.

Casestudyboundaries
1 Thiscasestudyconsiderghe procesglantof anoffshoretopsideplatform.
1 Thiscasestudyconsidersorrectivemaintenancéasks.
1 Thiscasestudyexcludesnspectiortasks preventivemaintenancéasksandmajorshutdowns.
Thiscasestudydoesnotconsidetthe powerandheatgeneratiorsystemsprocessensorsfire andgasdetectors,

pipelines, valves, and logic controls.
9 Eachequipmenunit hasa predefinedsystemboundarywhich canbeseenin AppendixC.1.
1 Thereliability dataareextractedrom the publicly availableOffshoreReliability DataOREDA [44].
Assumptionandlimitations

It is imperative to identify relevant assumptions and limitations of a production system when conducting a RAMS

Anal ysi s. The RAMS analysisds quality can beoptenstgni fi cant]
assessmentmndresultscanbedrivenby unrealisticorinadequat@assumptionsAlso, theaccuracyf aRAMS assessment

depends on the quality of the reliability data in order to reflect a realistic operational scenario. Therefore, the RAMS
assumptions should be measurable, unambiguous, and easy to understand. A list of assumptions and limitations
considered when conducting this analysis are listed below.
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Figure Error! No text of specifiedstylein documentA typical offshoreoil andgasprocesplant[45]

I Thiscasestudy assumes thabnsidered failurenodesarecritical. This meanghatif afailure modeoccurs,an
equipment unit will shut down and cause a total loss of production.

9 This case study assumes that failure rates are constant, i.e. the failure rates are exponentially distributed. This
means that the simulation is conducting during the useful life phase of an equipment unit.

9 This case study assumes that all failures are independent. This means that if a failure occurs in one system, it
does not trigger another failure.

1 Thiscase study assumes that all equipment @mgsnot deteriorating, which meattst arepaired component
is as good as new after repair.

1 The simulation time of this case study is limited to 10 years. This is mainly because new investment decisions
for offshore oil and gas platforms can be taken evetf years [22].

1 Thenumberof simulationsis limited to 1,000runs.Thisis mainly becaus¢he desiredresultscanbe presented

as the average results over these multiple runs.

This casestudyassumeshata maintenancerewis availableon-sitein orderto avoidbackloganddelays.

This studyassumethattherearesomelogistic delaysfor eachfailure mode.

This casestudyassumeshatthedowntimecostis £20,000perhour.

= —a —a

Systenoverviewandobjectives

This simulation aims to determine the mean availability of the process plant, uptime, total downtime, MTBF, MTTR,
expected number of failures, failure downtime, number of corrective maintenance tasks, corrective maintenance
downtime, and system downtime cost. This simulation's mean availability target is 95%.
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4.2Modelling, simulating, and improving the selecteccasestudy

The second phase is system modelling and simulafioere ardour scenarios whickvill be modelled and simulated.
The first scenario is modelling and simulating the selected process plant based on equipment critical modes only. It shoulg
be noted thahumanreliability assessment %ot considered in the first scenario. T$exond scenario imodelling and
simulating the selected process plant based on critical failure modes and HEPs. The objective of modelling and simulating
thesetwo scenarioss to demonstrat¢he effectof humanerrorson a systemavailability. Thethird scenarids improving

the selected process plant by reducing the HEPs in order to demonstrate how a system can be improved by using t
developedH-DMG. Thelastscenarids improvingtheselectegrocesplantby reducingthe HEPsandimplementinga

system redundancy in order to demonstrate how a system availability can be improved. In general, when modelling a
offshore oil and gas process plant, the RBD is presented in a series configuration [22]. This means that if a piece o
equipment fails, the overall production system will be stopped.

ScenarioOne: Modellingandsimulatingtheprocesgplantbasedonequipmentritical failure modedevel

As introduced above, the first scenario is modelling and simulating the selected process plant based on equipment ¢
modesonly. andthesimulationresultscanbeseenn Table 1. It canbenoticedthatthemeanavailability of the procesplant

is 95.50%o0vera periodof 10years.In addition,thetotal downtimeduringthesetenyearsis 3,547hours,andthe numberof
failures is 108 failures. Based on the simulation, the estimated total downtime cost is almost £71 million. Ibshould
mentioned that this is not an adequate assessment of a system availability because it did not consider HEPs.

Table 1 Simulationresultsfor thefirst scenario

SystemOverview

MeanAvailability 95.50%
ExpectedNumberof Failures: 108
Corrective MaintenanceDowntime (Hr): 3,547
SystemDowntime Cost: £71m

ScenarioTwo: Modellingandsimulatingthesystenbasedonequipmentritical failure modesandhumanerror
probabilities

As mentioned above, the second scenario is modelling and simulatisgléoted process plant based on critical failure
modesandHEPs.Theobjectiveof this scenarids to demonstrat¢he effectof humanerrorsonas y s t avaiidbugity. Also,
theHEART methodis usedto estimatehevaluesof HEPsfor a hypotheticamaintenanceéaskfor repairingtheexportpump.
Thismaintenancgéaskincludes35activities,whichis basedn[46] and[7]. Thismaintenancéaskincludesp u m psdlation,
connecting and reinstating activities. It should be noted that the generic HEP is 0.001, and the Assess Proportion of Affect
(APOA) for all activities is assumed to be 1. The reliability values of these activities are shBigore 9-11.

Human reliability for pump isolation activities
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Figure 9 Theestimatedeliability for thepumpisolationactivities
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The simulation results can be seermable 2, and it can beoticed that the mean availability of the process plant is reduced

to 91.30% over a period of J@ars. Additionally, the total downtime during these ten years is almost doubled to 6,852 hours,

and the number of failures is 110 failures. Although the number of failures has increased by two failures only, these two
failurescouldhavea significantandadversémpacton the platform.In fact, it canbe noticedthatthe estimatedotal downtime

cost has been increased to almost A137 million. This scenar
availability. Further, the simulation results do not meet the targets of this study.

Table 2: Simulationresultsfor the secondscenario

SystemOverview

Mean Availability (All Events): 91.30%
ExpectedNumberof Failures: 110
CM Downtime(Hr): 6,852
SystemDowntime Cost: £137m
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ImprovementOne: animproved offshoreil and gagopsidesystem$y reducingHEPS

Since the previous scenario did notet thetargetof this studythere is aneed to improve the system by, identifying critical
assets and maintenance procedures, and then providing some recommendations usiMte THe most critical
maintenance activities that have a significant impact on the process plant unavailability are:

1 Performpressurdest& isolationvalves
Testpressure

Opening valvedlling pump, and testing foteaks
Performarisk assessmewf activity
Perform and document initigbastest
Workforcesuperviso(WFS)hold toolboxmeeting

= =& —a —a -9

Theseactivitiesareinfluencedby several erroproducing condition$EPCs) definedby [29].F o r e x Ambjyuitgn, the fi
required performance standami&PC 11 has influenced 33 out of the 35 activities. Therefore, in order to reduce the HEP
values and increase the process plant availability, these EPCs should be reduced or eliminated. Since the HERatalues are
ALARP, these HEP values will be reduced by using thB M G . For example, the MRaformtena
pressure test & isolation valves, i s | oaitecdl mde In order tolregluce the HEP value of this activity, there is a
need to improve the supervision of this task, reduce the task complexity, and improve the procedure.

The simulation results can be seerTable 3, It can be noticed that the mean availability of the improved process plant is
increased to 93.1% over a period of 10 years. Additionally, the total downtime during these ten years is reduced to 5,440
hours, and the number of failures is reduced to 105 failures. This can be considered as a good improvement of the
recommended HECMs are followed. In fact, it can be noticed that the estimated total downtime cost has been reduced to
almost £109 million. A total of £28 million can be saved if human errors can be reduced. Further, in order to meet the target
of this study, some further technical improvements are required.

Table 3 Simulation result$or the firstimprovement

SystemOverview

MeanAuvailability (All Events): 93.1%
ExpectedNumberof Failures: 105

CM Downtime(Hr): 5,440
System TotaCost: £109m

ImprovementTwo: Improvedoffshoreoil andgastopsidesystem$y reducing HEPandimplementing systeredundancy

Althoughthe previousscenariamprovedtheprocesg | a avhilabdity, this study'stargetsarestill notmet. Therefore, there

is aneedto improvethe systemby identifying critical assetshathavea significantimpacton the procesplantunavailability.

According to the simulation results, a single compressor is responsible for 11% of the process plant unavailability. This is
followed by the export pumps which are responsible for 9.02% of the process plant unavailability. Several maintenance
strategiesand decisionsan betakenb a s e d o n  a n availabferesourceshudgetsamdisvestment improvethe

system. For demonstration purposes, an active redundant gas compression train is added, and active redundant export pumps
are added.

The simulation results can be seerTable 4. It can be noticed that the mean availability of the improved process plant is
increased to 95.4%ver aperiod of 10 yearsAdditionally, the total downtimeduring thesden yearss significantly reduced

to 3,635hours,andthenumberof failuresis reducedo 70 failures.Further,it canbenoticedthatthe estimatedotal downtime
costhasbeenreducedo almostE73million. A total of £63.3million canbesavedf bothhumanerrorscanbereducedactive
redundant systems are included.
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Table 4 Simulationresultsfor the secondmprovement

SystemOverview

Mean Availability(All Events): 95.4%
ExpectedNumberof Failures: 70
CorrectiveMaintenanceDowntime (Hr): 3,635
SystemTotal Cost: £73m

4.3 Validation of the framework

Based on the previous assumptions and assessmentestsch has simulated four different scenarios for an offsho
and gas process plant. In order to validate the developed framework, comparative analyses were carried out to ¢
proceed plant. It is a standard practice in industry to perform a RAM study by using simulation methods for a
equi pment during the design or operation phase. The
available similar study and then validated by subjeatter experts.

5 Discussion

The RAMS analysis objectives are: providiag predi cti on of a sy s tsgenifitationd) @askeasing our t o n
the life-cycle costs of a system; and identifying critical systems or components that can cause undesirable consequences.

Based on thénding of theliterature review and sonieformal interviews with senioreliability engineers imndustry,human

errorsin maintenancarenotconsiderediuringa RAM analysis [22] Thisissuehasbeenconsideredisoneof the motivations

to conduct this research. Although a RAM study can have several advantages, analysts might face some limitations when
conducting a RAM studyf19]:

1 Thereis adegreeof uncertaintywhenestimatingreliability values

1 Reliability modelsdepencheavily on historicaldata

1 A tremendousimountof datapointsis requiredto form a statisticaldistribution

1  Whenpredicting future events, there is a need to assume that operating conditions of sigysiztied are similar

to the current situation

Often, failure andrepairrates arassumedo be constantThisis notalwaysthe case

A RAM studymight requirea tremendousimountof resource

1 Thereis a possibility to underestimateor overestimatefailure and repair rates which can affect the predicted
availability of a system

= =

In addition,whenapplyinga humanreliability assessmengnalystamight face somelimitations, suchas[10]:

1 Reliableinformationanddatamight be lacking
PSFscanbeinsufficiently selected.
Cognitivebehavioursareinadequatelyestimated.

Thereis a greatfocusingon humanerrors,notthe causes.
Experimentabatais not sufficientfor validationandmodelling.

= =4 —a =9

It can be noticed that the top five HECMs are: improve supervision, improve team communication and documentation,
improve training and enhance competence, reduce task complexity, and improve /design out procedure. This outcome was
consistent with the findings of the literature review. In fact, organisations should invest in implementing these improvement
measures imrderto reducethe probability of humanerrors inmaintenancectivities. Therefore the H-DMG canbe usedas

a map to improve maintenanaetivities by selecting the appropriate HECMs based on the magnitude of HEP-MTITRa
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Initially, the developed framework was theoretically validated by using a simulation case study. This case study has used
publicly available data to simulate an offshore oil and gas process plant. The output of this simulation has proven that the,
developed framework can reduce human grrobabilitiesin maintenancactivitiesand improvehe availability of asystem.

The results of this simulation can be benchmarked against a publicly available similar study [47]. Also, the framework was
validated by subjeanatter experts in the field of human factor and reliability engineering. The first two human factor
specialists are HRA authors and have an experience of 25 years in-@skigitdustry. The other four experts are senior
engineers and managers in the field of reliability engineering. This validation process was conducted by using several
interviewswherethe research wafully presentedo them. Theyhavehada chanceto ask question$or further clarification
if needed. Then, the experts completed a feedback form, which can be used as a means of validation.

5 Conclusion

Human errors can be significant contributors to the overall risk in the industry. Human errors, in fact, are often a root or
significant cause of a system failure which could lead to tremendous undesirable consequences. Although most industries use
the latest technologies in order to maximise the availability and reliability of their equipment and minimise human
interventions, the human role is still vital in different phases of a plant life cycle, especially during maintenanis activit
Traditional RAM methodology did not incorporate human reliability analysis. Therefore, this research developed a novel
framework for improved maintenance engineering decisiaking, which was achieved by fusing probabilistic human and
hardware availability assessméathniqueslnitially, the proposedrameworkhasa systematic procegisatcan reducéiEPs

in maintenance activities and improve the availability of a system. A publicly available case study in an offshore eil and ga
platform was selected as an example for demonstration and validation purposes. Thef thigpease study has proven that

the developed framework caeduce HEP by 35% and reduce the downtime cost by A, the framework was validated

by subjectmatterexpertsin thefield of humanfactorandreliability engineeringTheseexpertshavefoundthatthe developed
framework can be easily applied and has great potential applications in the industry. Finally, it was not possiblerid apply a
validate thedeveloped framewor&n afield case studglue totime constraints; howevethis research recommendetlising

this framework on a fulscale case study for further validation and enhancement.
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Abstract

Remaining Useful Life (RUL) estimationis a crucial factor of Predictive Maintenance.Through the predictive
maintenance the maintenance departments of the industry field are able to increase the efficiency of the maintenance
process, planning well in advance all its aspettss researchwork proposes a datdriven RUL estimation approach

based on the Long Sherferm Memory (LSTM) algorithm, which is a type of Recurrent Neural Network. LSTM is a
supervised method that requires a sizeable amount ofodailure historical data, which, in most real industrial
environments are hard to obtain as the-efilife or failure incidents of the critical equipment are rare. To alleviate this
issue, we proposa data ovesampling approachto artificially increase the number of rdo-failure-data. Inorder to

enable the RUL estimation approach to output results in the form of remaining Product Cycles (PCs), we also propose an
automatedPC detectiontechniquebasedon a motif detectionalgorithm. For the evaluationof the approacha real

industrial scenario is used.

1 Introduction

The RemainingUseful Life (RUL) analysiscan provide valuableinformation regardingthe deteriorationrate of assets,

as the former is defined as the length from the current time to the end of the useful life. Accurate RUL estimation plays a
critical role in the improvement of the quality of the produced products and in theD&érot Manufacturing process in
general.Providing accurateestimations othe remainingworking hours ofa machine orthe remaining numbenof items

that the machinecan produce(i.e., remainingproduct cycles), enablesthe productionand maintenanceengineersto be

well prepared, scheduling in advance the production plan, or obtaining the required parts for maintenance, in order to
minimize the downtime of the machine.

RUL estimationcan be approachedwith different techniquesthat rely on two main families, the modetbasedand the
databasedtechniqguesModelbasedtechniquegely on statistics,like distributionfitting, in orderto map the distribution
of the actual data to a known distribution and provide the probability of a failure based on a survival fasctiois,
depicted in the example below (Figure 1).

.Survival Function Plot

Probability
o

0 s L A L i
58 &0 88 70 ke &0

Life Time Variable (cycles)

Figure 1: Survivalfunctionplotindicatingat theendof 75 cyclesthe probability of a battery'scontinuingto operateis 0.1,0r 10%.

The exampleof the figure presentghe remainingusefullife of a battery,showingits deteriorationof its life time.

1 source: https: //www.mathworks.com/content/dam/mathworks/ebook/estimating -remaining -useful -life -ebook.pdf
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Data-driven techniques like similarity models, Figure 2, capture degradation profiles (blue) based on run-to-failure data.
The distribution of the asterisks (or endpoints) of the nearest blue curves gives a RUL of 65 cycles for the current data
(red).

Similarity based RUL Estimate ~ 65 cycles

Condition Indicator Value

0 50 100 150 200 250

Life Time Variable (cycles)

Figure 2: Similarity modelscapturedegradatiorprofiles (blue)basedon run-to-failure data. Thedistributionof the stars(or
endpoints) of the nearest blue curves gives a RUL of 65 cycles for the current data (red). Source: rathworks

More advanced datdriven techniqueske the one of thiswork, proposethe useof NeuralNetworks(NNs) algorithms
trainedwith run-to-failure datain orderto estimatehecurrentRUL, eitherin remainingworking hoursor productcycles.
Properlytraineddatadriventechniquesanoutperformthe modetbasednes,asthey areadjustedo specificusecases
anddonotrely onfixed distributions However thistype of analysigequiresalargeamountof run-to-failure datafor the

training of the network, that in real industrial scenarios are difficult to obtain. To address this issue, the present work
proposesnover-samplingtechniqueto increasehe numberof run-to-failure datageneratingartificial databasedbn the

real ones.

For thescenaricshowcased ithe experimentagvaluationsection, theutputof RUL estimation is required toein terms

of ProductCycles(PCs),indicatingthe remainingnumberof itemsthatthe machinecanproduceuntil theoccurrencef

a failure. To be able to output the RUL estimation into PCs, the model needs to be trained in a dataset that is split into
PCs. However, the number of PCs at a given time point needs to be extracted for the data itself as it is not provided
explicitly. To achievethis task,a patternrecognitionmechanisnis proposedasedn motif detectionwhichis ablenot

only to compute the number of PCs in each time point, but also to identify the exact point where a PC is started and
finished.

To summarizethecontributionof thiswork is threefold:

1 It presentanoversamplindechniqueo increasehenumberof run-to-failure-data.
1 It proposes patternrecognitionmechanisnto countandidentify thePCs.
1 Andfinally, it appliesandevaluatesa RUL estimatiorapproactbasednNNs.

The remaining of theaper isorganized as follows. Section 2 presents an overvierelafed works from the literature
onthefields of RUL estimationanddatagenerationSections3 to 5 presenthetheoreticabackgroundf thetechniques
thatareutilized to implementthe proposedsolution.Section6é showcasetheintegrationof theRUL estimatiorapproach

into a Predictive Maintenance Platform, while Sections 7 and 8 present the experimental evaluation and conclude the
work, respectively.

2 Related Work

Theliteratureis rich of studiesconcerningooth theRUL estimation andhe artificial datageneration fieldsPlethoraof

worksutilize the LSTM algorithn?, asin the currentwork, for the RUL estimationdueto its performanceSomepapers
utilize simpleLSTM architecturegor RUL estimationsuchas[4], [5] and[6], wheretheyachieveperformancef 85%
or scorehigherthanthe SupportVectorMachinemodelaccordingly Specificallyin [6], theauthorgproposetheuseof a

2 https//www.mathworks.com/content/dam/mathworks/ebook/estimatmgainingusefutlife -ebook.pdf
3 Hochreiter, Sepp, and Jirgen Schmidhuber. "LSTM can solve hard long time lag problems." In Advances in neural
information processing systems, pp. 473 -479. 1997.
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customfeatureextractiontechniquan combinationto the LSTM algorithmto enhancéts results.Combinationswith the
LSTM algorithm are popular in the literature. In a variety of papers, the LSTM is combined with other ML techniques
for optimization purposes. To mention a few, the authors in [7] utilize a Restricted Boltzmann Machine (RBM) with an
LSTM to estimate the RUL and Genetic Algorithms for t
partially (under40%)labelleddata.In [8] theydevelopadeeplevel LSTM andConvolutionalmodel,whichis compared

with the model of [9] and is considered satisfactory. The authof$0pfcombine a Convolutional and LSTM neural
network via a Directed Acyclic Graph to estimate the RUL. [11] proposes Bidirectional LSTMs combined with Linear
Regression, while the authar§[12] utilize a BidirectionaHandshakind-STM with Asymmetric Squared Erras the

cost function. Last but not least, [13] uses an LSTM for RUL estimations combined with a mechanism of detecting the
cause of error. In our case we propose a simple LSTM model that considers internal motifs (i.e. Product Cycles (PCs))
for optimized results

A common challenge in reapplicationsof RUL estimation, ighelack of a significantamountof properlylabelledand
suitabledata.This canbe explainedto thetransientstateof theindustry.whichis still in the procesf familiarizing with
theMachinelLearning(ML) technologiesindtheirrequirementsThus,it is notuncommorto observealackof substantial

dataor imbalancedlatasetshathaveagreatimpactontheperformancef thesupervisedML techniquesForthisreason,
multipleworksfocusonthegeneratiorof artificial datawith varioustechniquesuchasGenerativeAdversarialNetworks

(GAN) [14]i[16] and DTW, [2] and [17]. [15] utilizes a new variant GAldsed framework called auxiliary classifier

GAN (ACGAN) to learn from mechanical sensor signals and generate realistdimansional raw data, while [14]
utilizes a Conditional GAN (CGAN) to learn and simulate data. In [16] the authors aim to synthesize ECG signals to
preventthere-identificationof individuals,while addressing A N @reblemof lack of suitableevaluatiormeasuresvith

the introducing of two evaluation metrics specific to their case. Despite their results, GAN networks knewaisfor
trainingissuessuchasvanishinggradientsfailuresto convergeandmodelcollapsé. To avoidtheseissueswe basedur
datageneratiormechanisron [2], wheretheauthorsutilize D T Wavarpingpathandateachersamplefor artificial data
generationHowever,our approactdeviatedrom theirsby utilizing classicDTW andno standardeachetbutalternating
samples as base sampl es. Finally, the authors of [17] wutil]

3 RUL estimationusing Neural Networks
FortheRUL estimationasupervisedL techniques utilized andmorespecificallyatypeof RecurrentNeuralNetworks
(RNN) called Long ShofTerm Memory neural networks][

34

Figure 3: Decomposition od nodein an RNN.

A RNN allows the persistence of information using inner loops. As it is depicted in Figure 3 the output of a node of a
RNNintimeo @sre-fedonthesamenodealongwith theinputintimed & 1. Thiscreateasequencefrecurrenfeedings.

LSTMs, unlike thetraditionalRNNs,canefficiently handlethe problemof long-termdependenciesyhichmeanghatfor

a given timeseries, the problem of recognizing a dependency between points that are far in time, or simply the problem
of being able to remember old values along with the new ones. To achieve that, LSTMs maintain a cell state for each
neuron and a set of three gates that control the cell state: forget, input, output.

To estimatethe RUL of apartof amachineusingLSTMs, run-to-failure dataarerequiredfor thetraining of thenetwork.

Then foreach poinbf time, itsprecedingn-1 pointsareconsideredcreatinga sequencef total n-points.n canbe quite

large since LSTMs can do well at big sequences. These sequences are the training data of the network. Its sequence is
mapped to a specific Label (prediction target) which is expressed in the appropriate units (i.e., product cycles, or time
units) left till the failure from the last point of the sequence.

Thefull procesdor theRUL estimationis presentedin Figure4.

4 https://developers.google.com/machine -learning/gan/gan_structure
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Data Prowvider = Raw Data=—# Product Cycle Calbculation = Product Cycles—# Mormalization

MOTT Publish i Predicted RUL value — M— Preprocessed Data = Bucket Creation

Figure4: RUL estimatiorprocess

The initial step is the data fetching, which is achieved through an implemented service called Data Provider, which
communicates with the servers in the shopfloor and fetches the latest sensor measurements to the RUL estimation tool.
The data are then forwarded to the component responsible for PC detection that transforms the raw signal to a PC oriented
structure. The structured data are pipelined to a transformation process, which includes Normalization, Aggregation and
Bucket Creation tasks before being directed to the trained LSTM model for RUL estimation. The result of the tool is
circulated back to the plant through a publish in a MQTT broker.

4 Oversampling run-to-failure data

One of the main requirements of RUL estimation with supervised ML techniques, such as the LSTM algorithm, is the
need for asignificantamountof dataof both normal and faulty behaviour. However, in real industrial environments the
requiredamountof run-to-failure datais notalwayspossibleto be obtainedsinceit is anunwantedstatethattheindustries

striveto avoid.Forthisreasonanalternativemethodfor obtainingandincreasingheexistingamountof datais proposed.

More specifically, an artificial datgeneration technique is implemented that exploits historicatcdailure data to
generataewdatawith similar characteristicg-or the generatiorof data,the DynamicTime Warping (DTW) metric [1]

is used.Thedevelopedechniquereceivessample®f existingfaulty dataandcomputesteratively auserdefinednumber

of similar runto-failure sequences.

Given two sequences, DTW is used to determine a global distance between them, by matchiggarprtimeseries
elements in the time dimension to match features and remove time distortions. To achieve that DTW calculates the
minimal pathonanelememwisecostmatrix usingdynamicprogrammingThis minimal pathis referredto asthewarping

path and it provides a mapping of one series to the time steps of another.

The warping path, according to [2], can then be used to produce a warped version of the initial timeseries. This method
is called Guided Warping technique and it utilizes the dynamic alignment function of DTW to warp the elements of a
referencepattern to thelementof a teacher patterheresultis agenerated pattern thabntainsfeaturesof theinput

sample at the time steps of the teacher sample.

In our use case, we utilize two distinctive fault instances, and we alternate them as the teacher (base sample). As it is
presented in more detail in the next subsection, the information regarding the start and the end of a PC is not provided
explicitly, hence it needs to be extracted from the values of a specific measurement that the production engineers had
indicated.Thatmeanshattheartificially generatediataneedto retainascloseaspossiblethe shapeof the PCsin order

to allow our algorithmic solution to identify the PCs in both the original and the generated data.

The following two figures present a PC from the original data (Figure 5), which is a recurrent motif that signifies that a
new product is being processed in the machine and a PC from the generated dat®)Figuoh although it does not
maintainthe exactshapeit maintainssomecharacteristicespeciallyat the beginningandtheendof the PC,which allow

the PC detection algorithm to work properly.

The first samgie for PC

Figure5: Theoriginal data ProductCycle.Thismotif reappearghroughoutthe datasetanddepictsthe processingfa newproduct.
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Figure 6: A ProductCycleasobservedn a newlygeneratediataset.

In the figures above we have removed the axes with the magnitute and the time respectively, along with the d
of the ploted measurement for confidentiality purposes.

5 Product cyclesdetection

In order to estimate the RUL in terms of remaining PCs, it is important to implement a reliable mechanism for PC
identification. In the original dataset, we have used a conediimed mechanism to identify the PCs in the raw signal,
however thegenerated datpresent slight alternations bdilom theoriginal data andhe differentgenerategequences,

so use of the conditiebhased approach is not possible.

For this reason, we have implemented a more reliable PC detection technique, which is based on a similarity search
algorithm.TheMu e e Algbrithm for Similarity SearcfMASS) algorithm[3], calculateshe DistanceProfile (DP) of
aquerywith atimeseriesn anefficientway. A DPis avectorof theEuclideandistancebetweeragivenqueryandeach
subsequencia atimeseriesThe subsequenceareobtainedby sliding awindow of lengthm or thelengthof the query.

The MASS algorithm computes the DP with a complexity of O(nlogn) by exploiting the fast Fourier Transform (FFT)
algorithm tocalculatethedot productshetweerthe queryandall subsequencesf thetime seriesas,depictedon Figure

7.

(nln|nfnlofofofo] |e]ofolofofofofof  Tnpu

[, S G S G- -
S /S ) ] [ oum

o1, | orror | or+or | or+or [or]olololololofo]o]o]o]

Figure 7: An example otonvolution operatiorfor the sliding productand consequentlyhe DistanceProfile calculation.

§ https://  www.cs.unm.edu/~mueen/FastestSimilaritySearch.html
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In our implementation, we calculate the DP of a historical sample of a single PC with the fully generated dataset, locating
the start of a potential match and thus the beginning of a new PC. In the example of Figure 8 we provide the first motif
as the representative sample and detect the following ones that are depicted with the red line.

=
10000 4

)

E 5000 4

z

o 10000 20000 30000 40000 50000 60000 70000

Figure 8: A MASS based PC detection example that utilizes the first motif as a historical profile and detects the upesniihg on
detected motifs are depicted with the red lines.

In this paper we utilized the PC depicted on Figure 9 as the representative sample. The PCs are detected with a distance
threshold thatanbedefined by theuser.This distance threshold contralse amount ofhe detectedCs based on their

similarity level. The higher the distance threshold the more PCs are detected due to lower similarity constraint. For
example, setting the distance threshold to 4, as depicted in the upper plot of Figure 10, detects more PCs (red dots) than
the other two cases (i.e., middle and bottom plots) with distance thresholds 3.5 (blue dots) and 3 (orange dots),

respectively.

The first sample for PC

Figure9: ThePCthatwe utilizedasa historical samplefor PC detection.
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Figure 10: ThedetectedP Csfor differentdistancethreshold. Thered dotsdepictP Cswith a distancethresholdof 4, thebluedotsPCs
of distance threshold 3.5 and the yellow PCs with distance threshold of 3.

6 Integration to predictive maintenanceplatform

The proposed algorithms are encapsulatedto a predictive maintenanceplatform, which allows the maintenance
engineering to configure and instantiate the RUL estimation process and monitor its results through a visualization
dashboardThe platformimplementation is based on a migervices architecture. The user interface is implemented on
the angular framework and the mieservices can operate either through the web interface or through the provided API
endpoints.

The platform offers forms for parametrization of the various mc®r vi ces, a Taskd status page, a
integratedvisualization dashboardgo enableeasy data and results monitoring. The following figures, Figure 11 and
Figure 12 depict two pages that fetahata and initialize a RUL estimation model accordingly.

Data Provider

Danobat
Uping e folfonimg Fomm you cae seect wivkl massavemeal Jou want 13 extract and fament

Foton Dats Periodcaly Every (seconds) Hest Fort
300 B CHost LT

Pumduity of data iebteg v smzhs M 5w Tt bt o 1wy w13 s ) et roamts

Data Target Yope Datacate

il ta/detaut/canat

Userrame Passmird

Figure 11Smartmaintenancelatformform for datafetchingconfiguration.
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Figure 12 Smartmaintenancelatformform RUL estimatiorprocessconfiguration
7 Experimental Evaluation

7.1Training - Testing Datasetformation

Our experimentation focuses on the RUL estimation of a specific component of a grinding machine from a big grinding
andlathermachinesnanufacturer. Thgoalis to provideaccurateRUL estimationto this critical partof themachine, to

achieve ZereDefect Manufacturing and to satisfy customer quality requirements by systematizing quality control. The
selectegart,whichis presentedh Figurel13,is agrindingwheelwith high productivityandconstantvorking conditions,

which has a higher probability of failure than the other components, hence its close monitoring is crucial. Deviations or
variability in theworking conditionsof themachine mightbeanindicationof high deterioratiorof themachinecondition,

that could affect the grinding process and cause geometry or quality defects, which in turn, caesd theextensive

rework and increase of the produced scrap.

Figure 13: Grinding wheelusedfor the RUL estimationanalysis.

Theprovideddatasespansacrossl1 monthsof constanproductionwherethereareonly two occurrencesf failure into
the specific component, thus the dataset is highly unbalanced with an influx of normal behaviour data and only scarce
appearances of faulty behaviour data.

To compensate this behaviour, we applied our data generation technique to oversamphécHf@iitwe data. For this
purposewe utilized two setsof 12-hourdatacloseto eachreported failureandgeneratedgimilar datasetshatmimic the
behaviorof the grindingmachinewhenit is closeto thereported failures. Througthis processve havecreated Sadded
run-to-failure datasets.

Next, followed thedetectiorof thePCsusingtheimplementedechniquebasednthe MASS algorithm,settingadistance
threshold tad in order todetectas similar PCaspossible. The distance threshold \sas after an iterative experimentation
process with different parametrizations. After some steps opmeessing that transform the generated data to
compatibleformats, the training and testing sets were ready to be forwarded Rithestimation tool with the LSTM
algorithm for evaluation.
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Thearchitectureof theutilized NN is adoublelayeredLSTM model,wherethefirst layercontainslO0Ounitsfollowed by
20% dropout ratand asecond layer 050 units and 20% dropouate. Thdast network layer is dense output layer of
asingleunit. Themodelusesalinearactivationfunction,themeansquarecderrormetricfor thelossfunctionandthemean
absolute error metric for the LSTM6s performance.

Once trained the model Isaded ina TensorFlow server (TFX). A TFEX & Googleproductionscale machinéarning
platform, based on TensorFlow. It provides a configuration framework and shared libraries to integrate common
components, needed to define, launch, and monitor a machine learning system.

7.2 Experimental Results
The presented experimental results of this seaienderived through a cresalidation process, where the 5 st
failure datasets are split into 4 datasets for training and 1 for testing, producing all the 5 different combinations.

Tablel: MeanAbsoluteError results derivedhroughthecrossvalidationprocess.

1stiter. 2nditer. 3rditer. 4thiter. Sthiter. Average Std.
MAE 59.92 67.8 42.76 81.67 82.91 67 14.8

As it is depicted in the Table the average Mean Absdtuter (MAE) is 67. Since the estimation is between 1 and 300
Product Cycles that means that our estimation is off22%. However, as we observe in Figure 14 and Figure 15 as
the machine approaches the end of life the estimation becomes more accurate.

ing Useful Life Estimation with PCs

350 1 — Estimated RUL

= Actual RUL

300

Remaining PCS

Buckets

Figure 14 : RUL estimation resulichieved on th&* iteration of the crossvalidationprocessThegreen lineindicatestheactual
value while the blue the estimated one.
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ining Useful Life Estimation with PCs
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Buckets

Figure 15 : RUL estimation resulachieved on thd" iteration of the crossvalidation process Thegreen lineindicatestheactual
value while the blue the estimated one.

8 Conclusions

RUL estimation assists thmaintenance departments to increase the efficiency of the planned maintenance process
decreasing the downtime of the machines, by planning all the aspects of the maintenance well in advance. This work
proposesa RUL estimationtechniquebasedon the LSTM algorithm,in combinationwith a datageneratiorapproachn

order to oversample the ruo-failure data, needed for theccurate training of thenodel. In order to provideesults in

the form of remaining PCs, an automated approach of PC detection is implemented based on the MASS algorithm.

The presented algorithmic solution was encapsulated into a predictive maintenance platform, offeririgiendiser
graphical interface to the maintenance engineers in order to instantiate and monitor the RUL estimation process.

Fortheevaluationof the proposedapproachdatafrom arealindustrialenvironmentreusedandmorespecificallyfrom
a grinding machine. The results obtained fromfal8 cross validation process, indicate that the model is able to learn
the RUL based on the provided artificially generated data, especially when the machine approaches its end of life.

As afuturework, asthe productioncontinuesthe occurrenceof morefailure incidentswill assisthegeneratiorof more
accurate artificial data and RUL estimation models.

9 References
[1] T. Gi orgino, AComputing and visualizing dyha&tati c ti me w
Softw, vol. 31, no. 7, pp.i124, 2009, doi: 10.18637/jss.v031.i07.

2] B. K. Il wana and S. Uchi da, ATi me series data augment a
di scri minatiPRraee. - tleta cCbonér Paltern Recognit. pp. 35583565, 2020, doi:
10.1109/ICPR48806.2021.9412812.

[3] C. C. M. Yehet al, ATi me series joins, moti fs, di scords and shap
p r o f Data #in.&nowl. Discoy.vol. 32, no. 1, pp. 8323, Jan. 2018, doi: 10.1007/s1061B7-05199.

[4] 0. Aydin and S. Gul daml asiogl u, AfiUsing LSTM networ ks
processind r a me vinR@1K4thénternationalConferencen ElectricalandElectronicsEngineering] CEEE
2017, May 2017, pp. 281285, doi: 10.1109/ICEEE2.2017.7935834.

5] H. Wu , A. Huang, and J. W. Sut herl and, AAvoi ding Envir
LSTM-Bas ed Mo d e | for P r ébéedida Manaf. voM &3, rpp. 566678, c2620,0 doi:
10.1016/j.promfg.2020.02.131.

© Copy rights reserved for The Arab Council of Operation and Maintenance U




OMAINTEC Journal

(Journal of Scientific Review)

9 References
[1] T. Gi orgino, fiComputing and visualizing dyastati c t
Softw, vol. 31, no. 7, pp.i24, 2009, doi: 10.18637/jss.v031.i07.

[2] B. K. Il wana and S. Uchi da, ATi me series data aug
di scri mi natiPRrae. - tleta cConér Paltern Recognjt. pp. 35583565, 2020, doi:
10.1109/ICPR48806.2021.9412812.

[3] C. C. M. Yehet al, ATi me series joins, moti fs, di scords and
p r o f Data &in.&nowl. Discoy.vol. 32, no. 1, pp. 8323, Jan. 2018, doi: 10.1007/s1061B7-05199.

[4] O. Aydin and S. Gul daml asiogl u, AUsing LSTM net wg
processing r a me vin2@1K4thdnternationalConferencen Electrical andElectronicsEngineering) CEEE
2017, May 2017, pp. 281285, doi: 10.1109/ICEEE2.2017.7935834.

[5] H. Wu , A. Huang, and J. W. Sut herl and, AAvoiding
LSTM-Bas ed Mo d e | for P r éPrbéedia Mang. voM &3, rpp. 666678,c26820,0doi:
10.1016/j.promfg.2020.02.131.

[6] Y. Wu , M. Yuan, S. Dong, L. Lin, and Y. Liu, fiRemai nir
vanill a LSTM n e Meumdomputng tval.o R76,s ppd 167179, Jan. 2018, doi:
10.1016/j.neucom.2017.05.063.

[7] A. Listou Ellefsen, E. BjRBrlykhaug, V. TsRy, S. Ushako
turbofanenginedegradatiorusingsemisupervisedleepa r ¢ h i t Reliab.Eng. Byst&af, vol. 183,pp. 240
251, Mar. 2019, doi: 10.1016/j.ress.2018.11.027.

[8] A. Z. HinchiandM. Tkiouat,i R o | dlementyearingremaininguseful lifeestimationbasedn aconvolutional
longshortTer m memor y RrecedimoColnputér Sciemce2018, vol. 127, pp. 12332, doi:
10.1016/j.procs.2018.01.106.

[9] E. SutrisnoH. Oh, A. VasanandM. Pecht Estimationof remainingusefullife of ball bearingsusingdatadriven
methodologies?2012.

[10] J. Li, X. Li, and D. He, AA Directed Acyclic Graph Net
Usef ul L i f EEBAccessvolc7t pp.d546406475, 2019, doi: 10.1109/ACCESS.2019.2919566.

[11] C.G.HuangH.Z.Huang,andY. F.Li, i MidirectionalLSTM PrognosticdMethodUnderMultiple Operational
Condi t iEgm sTrams. Ind. Electron. vol. 66, no. 11, pp. 8798802, Nov. 2019, doi:
10.1109/TIE.2019.2891463.

[12] A. Elsheikh,S.Yacout,andM. S.Ouali,i Bi d i r leandshalking STM for remainingusefullifepr edi ct i on, 0
Neurocomputingvol. 323,pp. 148 156,Jan.2019,doi: 10.1016/j.neucom.2018.09.076.

[13] M. Yuan, Y. Wu, and L. LinfFault diagnosis and remaining useful life estimation of aero engine using LSTM
neural network2016.

[14] R. Fu, J . Chen, S. Zeng, Y. Zhuang, and A. Sudjianto,
Adv er s a rint. & NeufdleNetwodks Adv. Applol. 7, pp. 133, 2020, doi: 10.46300/91016.2020.7.4.

[15] S. Shao, P. Wang, and R. Yan, fiGenerative adversarial
di a g n@ompus Inddvol. 106, pp. 8693, 2019, doi: 10.1016/j.compind.2019.01.001.

[16] A. M. DelaneyE.Brophy,andT.E.Ward,i Sy n tohReaisticECGusingGenerativéAdversariaNet wor ks, 0
pp-1i 16,2019,[Online]. Available:http://arxiv.org/abs/1909.09150.

[17] M. Akyash, H. Mo h a mma d z a-Mlexge: Ad\ovel Dita Audnertatiom dechnigue foD T W
Ti me Series CIlig 2021, fOnlineh Availabhehttp://apxip.arg/ahs/2103.01119.

© Copy rights reserved for The Arab Council of Operation and Maintenance “ U



http://arxiv.org/abs/1909.09150
http://arxiv.org/abs/2103.01119

OMAINTEC Journal

(Journal of Scientific Review)

88

Maintenance of Solar Energy Systems Using
Autonomous Unmanned Air Vehicle with the Novel
I-Sweeping Technology

MohammedAbdulaziz

Chief Technology Officer at Ressol Enefggermanymohammed.abdulaziz@ressolenergy.com
Chief Executive Officer at Ressol Enefg@audi Arabia

Honor Professor at NortfHesse Universitpf Applied ScienceésGermany

Honor Professor at BBW University of Applied Scieric€ermany

Abstract

Dust and hot spots are the most challenging topics facing the maintenance of solar systems
including photovoltaic flat panels, concentrated solar power systems, and concentrated
photovoltaic systemsThis challenge raises especially for the companies providing aftersales
services and the contractors providing maintenance guarantees. The cost of such type of
maintenance in solar energy contacts is an important number added to the value of energy
production. Industy regionslike SaudiArabia,this topicis mainly in the solarenergymarket

and categorized in the same importance and priority with-teigiperature challenges. The
currentpaperdiscussea noveltechnologyownedby the GermarncompanyRessoEnergy.The
discussed technique uses the attraction force between ions to collect the dust on the surface of
photovoltaic (PV) solar panels as well as the mirrors attached to the concentrated solar power
(CSP)andconcentrateghotovoltaiol CPV) energysystemsTheresultsshowtheimprovement

of energy production.

Keywords: solar,UAV, loT, digitalization,cleaning photovoltaic,concentrateghotovoltaic,
CPV, CSP

Disclaimer

All informationanddataprovidedin thisdocument argroperty ofRessol Energy Germany

and protected by the law. Any copy of the mentioned product or process will lead to a legal
process.

The document is therefore allowed to be published as a research paper in the OMAINTEC
Conference.

Introduction

A photovoltaic panel generates electricity from solar radiation. Photovoltaic panels consist of
semiconductors, with the help of solar radiation it is converted into direct current. As this
technology is pollutiotfree, renewable, and safe, it has achieved rapid growth in the recent
past. Mega solar power plants have already been installed in different countries such as
Australia,Middle East,the USA, Europe,andChinaHe etal. [1]. Hugesolarpowerplantsare
installedin desertsvhere thesun'sraysarebrightestat lower altitudesOn-site problemsthat
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areusuallyoverlookedarebird droppingsdustdepositionandwaterspots which reducethe
efficiency of solar panels drastically. Also, there is a25% reduction in efficiency due to
lossedn wiring, unit contaminationandinverter[3]. It wasanalyzedhat dustaccumulation
mainly depends on the slope, direction, type of coating, surface roughness, etc. The factor
affectingduststability areshownin Figurel. Itis reportedthatthe energylossis largein the

fixed horizontalpanels, whichs about8-22%,thencomparedo theinclined panels(45 °C),

here the losses are only abot®%. Also, other external factors such as humidity, temperature,
wind speed, and regional characteristics such as traffic, air pollution, and vegetation pla
important roles in dust deposition. Moreover, the biological, electrical, and chemical properties
of thedust,aswell astheshapesize,andweightof thedustparticlesaffecttheaccumulation

of dustonthe surfaceof thepanelqd4]. A largenumberof studieshavebeenconductednthe
proces®f dustdepositionon PV moduleslt is observedhatthe densityof dustaccumulation
mainly depends on the angle at which the PV module is installed [5]. The penetration of sunligh
through the glass cover of the PV module was hindered by dust deposition, which greatly
affectedthe arrival of sunlightto the solarcell [6]. Energylossdueto pollution may vary based

. WindVelocity

\

. Glazing Characteristics
|

‘ PVTiltandOrientation

I
. Air TempreatureandHumidity

‘ SiteCharacteristics
/4

on the physical and chemical properties of dust particles, and it may also vary depending on
geographicalocations[7]. The procesof cleaningthesolarcellswill produceslurry residue

dueto sticky dust,cleaningfluids, etc.[8]. With the helpof awind cleaningprocess,Jianget

al.[9], concludedhatthewind speedangedrom 0.82m/sto 2219.8m/sandthattheratio of

shear speed to wind speed ranged between -0.06. They calculated particidiameters
ranging from 0.1 m to 100 m. Hussein et al. [10] did a comparative study of seven different
typesof dustsamplen photovoltaicpanelsunderthethreedifferentradiationlevelssuchas
650,750,and850W/m2. Theynotethatthe smallerparticlesblock the moresunlight.

Figure 1: Factorsinfluencingdust settlement$3]

Saidan and others. [11] | recommend that the scheduled cleaning of the solar panels is very
important,otherwise theimpactsizeof dustwill betoo high. Margaretk. S.andothers[12]
Discussthe robot cleaningsystemwherethe robot'scontrol systemconsistsof an Arduino
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microcontroller. Gayer and others. [13] He experimented to find out the effect of Ma

particles on photovoltaicells at varying wind speeds (83116 m/s)The superbhyperbolic
shell Polydimethylsiloxane (PDM&pated PV solar panels will reduce the efficie
degradation of solar panels by airborne dust [14]. Figure 2 [15] shows different dust |
methoddor solarcollectors.Thedry-cleaningmethodremovesiustparticlesfrom thesurface.
butthewetcleaningmethodhasbeenobservedo bemoreeffective[16].

Natural Cleaning Passive Surface -Hydrophilic
.Wind - Treatment )
.Hydrophobic
-Melting Snow
.Water-soft cloth
Cleani t wiping
.Microcontroller-based eaning Agents
surface brushing .Detergent/Water
rinsing
JAutomatic water Aut o Manual
omatic
spra .Surfactance
pray Cleaning Cleaning
.Cleaning robots .Water jet/ surface
brushing
.Emerging methods

Figure 2: Differentcleaningmethodgor removingdustfromsolar collectors[15]

Dust buildup on solar panels affects performance. As a result, it was observed that the
performance ofhe PV panel decreased by up to 8%%7]. Compared with flapanel PV, the

360° automatic cleaning and solar tracking system generate 30% more energy [18]. Both
anionicandcationicsurfactantareusedto removedustfrom solarpanelsFortheprecipitated

sand particles, the anionic surfactant is the most effective compared to the cationic surfactant
[19]. Spraying wateon photovoltaiccells increases thefficiency ofthe photovoltaisystem

[20]. Gheitasietal. [21] He madeanexperimentasetupconsistingof awirelesssensonetwork

to collectdataondirt levelsfrom eachsolarpanel.Thentherobotscleanthedirty platesystem

with the help of the collecteddata.Electricblinds canbe usedwith standingwavesto remove
particles from the surface [22]. Carlson et al. [23] Studied inorganic hyperbolic coatings for
selfcleaning surfaces. Chen et al. [24] Invented multifunctional coating with different
propertiedrom antireflective,ultra-hydrophobicgtc.to solarPV sheeglasscoverusesrio2

/ Si02 compound to reduce dirt accumulation [25]. PV panel tilt angle affects the density of
dustdepositiondustdepositiondensityrangesrom 15.84to 4.48g/m2[26]. Kao etal discuss

the possibilities of antireeze coated surfaces that are wteterproof and change surface
texture. Jagila et al. [28] With their empirical analysis they calculated an average annual PV
efficiency of 8.7% under outdoor conditions in Athens, Greece. To resolve cloud cover over
photovoltaicpanelsGandomaretal. [29] Suggesamodelthathastheadvantagef supporting

cloud cover throughout all seasons. Ganesh et al [30] highlight the peeling effect-on self
cleaning surfaces. Due to the regional weather in Brighton in the UK, the effect of dust
deposition on the solar PV module was found to be smaller. But the performance was greatly
affectedby thelocal problemof bird droppingg31], whichwould leadto lower efficiency. The
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performance of nanoscale solar cells decreased with an increase in air mass. They are abo
94.18%,81.86%,and37.47%for direct,global,anddiffuse solarradiation,respectively{32].
Johnandothers [33] Demonstrateénti-reflectiveandhighly hydrophobigphotovoltaiccells

with large energy conversion efficiency using highly hydrophobic nanogram glass.

Methodology

As mentioned, and discussed in the introduction above, there are many technologies used t
cleansolarpanels Onanothethand,severalfactorscaninfluencethe accumulatiorof duston
the solar panels. The same situation can be applied to the CSP and CPV mirrors and lenses.

The research and development team of Ressol Energy Global was focused in its research o
finding a costeffective method to remove the dust efficiently. The concept of the current design
wasbuilt onthe physicalphenomenoiof ions'attractionforce. Figure3 showsthe processin

which the dust particles coagulate to the positive ions to form heavier particles.

> O
bre
. n %0 e
) c@; 2 c
; T S €

Figure 3: dustcollectingprocess

Theheavilypositiveion contentof thefluid solutionmadeby RessoEnergycanforcethedust
accumulated othe solar panel to be swept iffteavier flocs. Theositiveions fluid is to be
spayed by a big drone using the draft force produced by the rotors. Figure 4 shows the used
drone.Theinjectorscouldbeseenclearlyunderthe propellerswherethedoubleinjectorsare

used.

Thedroneusedn theexperimentvasproducedn cooperatiorwith thed r o rcampanyDJI.

The drone can fly 3.8 km without recharging to cover a long range of solar panels at once.
Furthermoreit canfly autonomouslyr remotelycontrolled.The hightechnicalspecification

of the drone ensures a highly efficient cleaning process.
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In further stepsof the cleaningprocessthe flocs resultedfrom the physicalreactiondescribec
abovemove downward.The motion of flocs is a resultof gravity, surfaceproperties,andtilt
angle.

Figure 4: thedroneusedin the sprayingprocess

The experiment was done to measure the effectiveness of the mentioned cleaning method is
simple. A flat solar panel was subjected to natural dust covering in aggressive dusty weather
conditions in North Africa. The energy production was decreased by 43% compared to the
cleaned panel in the same position and under the same solar conditiomsoi@dlew over

the panel at its rated speed and sprayed the fluid at a height of 30 cm of panel upper tip. The
following figure 5 shows a side view of the experiment setup. In the following section, the
results are shown.

Figure 5: a sideview of the experimensetup
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Results

The mentioned experiment was done several times to ensure the correctness of the gathere
data. The power production was improved by 52% compared to the power produced before the
cleaning process takes place.

Conclusions

The present paper discussed a novel concept of cleaning technology developed by the resear
team of the German company Ressol Energy. The research was done in north Africa where th
factors affectinghe dust accumulatioon solarpanels are significant. Thexperiment was done

in a repeating process to ensure the precision and accurateness of the readings.

The discussed technology shows an improvement in the production of energy compared to the
uncleaned situation by 52%.

Since the product is already offered on market by Ressol Energy Global, the company took this
research and development activity as further development over the old version of the
technology. That opens doors for further research will be done shortly to bring this technology
to the top of performance and to provide a significant research contribution.
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Abstract

Currently, the benefits of adopting and using building information Modeling (BIM)

methodologies are still an issue that researchers have not fully explored in the design and
construction phase. The cost associated with maintaining a structure is significantly huge,
especially when a precise mechanism and methodology of care do not exist. On many occasions,
the cost of maintenance is never taken into consideration during the design phase. Therefore, the
research evaluates workers' efficiency to reduce the time to complete maintenance requests and
work for more outstanding qualitat King Faisal University housing projects in Saudi Arabia.

The study will use building information modeling BIM and studying the areas of weakness in the
Extend program. There will be a need to access frequently used information hubs such as
material, equipment, supplier, and maintenance history information. Therefore, to facilitate the
operations and maintenance, each statement will be embedded in the BIM model to help convey
prompt feedback. The studying anticipates that adding two experts shall increase efficiency in
identifying the problem, guiding workers, and making a digital program to follow up on requests.

It is also expected to increase worker productivity and reduce the time to solve University Staff
housing maintenance problems.

Keywords: The Efficiency Of Workers, Building InformationModeling, simulation,

1. Introduction

The Kingdom of Saudi Arabia comprises one of the most robust construction sectors in the
Middle East region. The rapidly growing construction industry results from increased domestic
and public needs. The revenues generated from the oil industry benefited the construction
industry. It was projected that the Saudi Arabian construction industry is expected to experience
an accelerated growth rate for the nextI®years. An increase in the lifecycle of an installation
calls for an increase in the build's age. It is achieved by building maintenance such as painting,
plumbing, repairs, and sanitation.

0
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Accordingto Addai(2017) facilities'maintenancandmanagemerdrethepracticaland
organizedmaintenancaystemof establishedctivities tohandleproblemsassociatedvith the
building's upkeepHowever,building maintenancés not theindustry's priority(CAT, 2020).
Ensurethatabuilding continuedulfilling its objectiveswvhile alsoappealingrom its exterioris
essential for maintaining the facility is a proposal by Sylva & Kulatunga (2018),

2. Literature review

Taraniuk,Kobyzskyi& Thomson2018)give avariedtranslatiorof variouscategorie®f
maintainingandmanaginghe building. Irrespectiveof this, eachof themexplainsthatthe
process with multiple operations like planning, plangrigolementation, control, support,
decisionmaking,andmanymoreis essentiafor carryingout successfypbroceduresTo create
moreefficient onsitelaborworkflows, constructiorfirms mustusea standardlatabacked
formulastreamlininganecessarympactof the workflowtheycanconsultacrossall projects
(CAT, 2020). Thetermmanagesndsupervises aactivity basedonthe owner'sobjectives,
strategyandeconomicprinciples(Lucas2016). Wheranalyzingvarious scientifierelated
articlesfrom variedperiods,Bhaskan2016)noted thatt is easyto identify developmentrends
andthe functionslinked with a processManagemenheedgo reviewmodulationtechniques
quicker and more efficiently, allowing individualements to be constructed onsite.

Building maintenancés work to keep, restore, or improeach building section. It
consists omaintainingthe building performance fabricservices, andurroundings to
accommodatéehebuilding'sstandardandsustenancef utility andvalue.Thesecondourposés
to ensurahatfacilities arefit for utilization. Thethird purposaés to providethefulfillment of the
requirementbasedon the statutoryneeds Anothergoalis to ensurehe maintenancef the
necessaryvork to preservehe assetsphysicalvalue,while thefifth purposes to providethe
supervision of the building's quality.

Building maintenance and management usually share a relationship with innovative
strategyandfuture sustainability(Lucas,2016).Variouswork methodologiesre incorporated
whenit comesto the performancef building maintenance anitk managementccordingto
Lucas (2016), two things amevolved: managing thassets and building maintenance
managementCostevaluatiorof all aspectandtheallocationof budgeto attaintheirrespective
activities'successConstructiorindustryproductivity ratesrisewhen companiedo not haveto
managesverything onsite; they must consider which construction components qan be
togethemeforehandfabricatedn outsourcedactories,andthentransportedo thebuild (CAT,
2020).Interior maintenancés keepingtheinternalsectionsf thebuilding securepleasantand
usable.Factordike surfaceplusthefinishing, windows,anddoors,fixing of equipmentfire
safetymustbe consideredBhaskar(2016)identified preventivemaintenancendstressedts
vital roles.Hence the bestpracticesassociatedvith preventativenaintenancsuggested are
quitebroad. Consequently, the second case is buildingapabilities for ranking the
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maintenance projects and evaluating their respective costs (Bozorgi, Gao, Eastman & Self,
2018). An essential part of this framework is equipment management administration, which
closely monitors the data generated from machistalled software; it frees site supervisors to
focus on the business and the overall operation (CAT, 2020).

2.1. Building ManagementSystemsand Economics

Renovation and maintenance can be evaluated scientifically. The technique of arriving at
decisionsneedsto be doneto guaranteghe house'snormalfunctioningfor its longevity. The
idea behindthe besthousingmaintenancesycle is characterizedy its maintainability and
definesrepairand renewalstate. They suggested systemof managementegardingthe safety
of the building then highlighted in the pap@&iherefore, the system entails several aspects:
regulating the industry of government, laws linked with the building's management, and
departmental leadership. Others include the technical specifications for regular evaluation of
facilities, technicaldesignstandardsgconstructionand maintenanceof information systemson
the building, measures linked with the emergency, and internet or intranet. It is also essential to
include outstanding education on the building's safety, technical decision making, coupled with
managing the facility. Lastly, project management software helps managers sequentially design,
prepare and do onsite tasks, schedule daily tasks, and activities into appropriate project phases
(CAT, 2020).

In their research in this field, it was established that often the planned preventive
maintenancéad high failure ratesbecauseof the poor managemenbf information(Bozorgi,
Gao, Eastman & Self (2018) and PishdBarorgi, Gao, Eastman & Self (2018). Management
controls like budgeting, programming, costing, and reporting are challenges in implementing the
contract's selection, procurement, and varied aspects of service contracts and agreements.
Housing maintenance and paying attention to buildings repairs have recently employed three
dimensional modeling. Information management for building maintenance depends on action
planning considered and the finalized work. The 3D model associated with the database
connected with care creates a virtual environment that can be manipulated by parties with
interest in consultation, creation, transformation, and evaluation of data to obtain results and
arrive at decisions. 3D use is considered the main breakthrough towards the closure of the gap
between the client's needs and what is seen by the designer as those constituting the client's
needs.

Lastly, the use of BIM is one of the most significant breakthroughs in the construction
sector. The tool can reduce rework by bringing high to a very high vathe faroject.
Consequently, Architects have recommended the software because it improves productivity, as
seen in their technology investment return. BIM significantly reduces conflicts in performing a
task and whem change of design is necessary (Fadeyi, 2017). Besides, BIM provides pre
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programmed portrayals of how a construction project should look across its entire lifecycle and
provides a resource to check and follow a project's given schedule (CAT, 2020).

2.2.  Building Re-engineeringand work scheduling

Universities and other public facilities have been shared increased maintenance costs to
improve the lives of buildings. Processamrgineering is an excellent strategy for cutting
operational costs. Therefore, BIM use in University's building maintenance is likely to bring out
the quality resultln our case study, BIM shall be employed for this purpaseas (2016)
states, "the private sector was efficient and effective in their service delivery because they
applied reengineering processes in building management.” Work orders mainly drive
maintenance operations. A logical work order reduces maintenance costs. As such, BIM use
focuses on increasing maintenance operations efficiency.

3. Methodology

Staff Housing288 Villas, located at King Faisal Universiofuf in Saudi Arabia, is the
research area. It followed the following overall scojpguts, processes, and outputs, as shown
below:

Inputs

- The use of some statistics from the MAXIMO program for maintenance operatic
during two years at the university
- Data to be collected by using both structured and-samnitured form of the interview
guide to get primary data.
- Use secondarglatathatshall be obtainedfrom publishedarticleslike websites,
newspapergpurnals,andbooks.
- Case study on Staff Housi&88 Villas located at King Faisal Universitjofuf, at the
moment is under construction and maintenance.

Processes

- Useof BIM simulationto sortthe databy ( extend) program
- Data analysis can establish any weaknesses, identify improvement opportu
and analyze all available assumptions attached to employee inefficiency
- Useof simulationsfor the optimizationof resources.
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Output

- Maximum performancef thewholemaintenanc@erioddueto efficientwork order
process and increased productivity among workers.
- Optimal utilization of resourcesmaximizeasseadministration.
-Completedmaintenancerojectsandleverageconstructiortechnologiegor more

efficient fleet management.

3.1. Input
| plan to achieve my goal by using the following two inputs: previous works and a case
studyat University-Hofuf in SaudiArabia. Thetechniqueon how otherstudiesareusedwill also
be taken into consideration. The primary data used in the investigation shall have its collection
done by using a structured and sestnuctured form of the interview guide (Terrell, 2012). The
permission to conduct this project will also be sought from the University'skamcellor.

3.2.  Process

For the maintenance process to occur, there will be the need to award contracts to a
contractor.The BIM software will also bgrocured.Theright staffwill be put in placdo runthe
software to supervise the project through simulations to enhance monitoring, managing, and
controlling resources. The use of BIM shall be essential in reducing the project's complexity that
directly affectstime, performanceandcost.BIM adoptionchallengesnclude;low availability of
skilled staff, the high priceof BIM implementationandconstructiomrmanagersnustdetermineaf
necessaryo completea project efficiently.If implementedBIM softwarecreates3D visualsthat
provideclarity onthe product to varioustakeholdershus providing them sufficient visibilitgf
the practical challenges (Dashore, 2020).

3.3.  Output
Upon analyzing the results we get from the studies, we will compare what we will obtain
afterapplyingBIM softwareandthe old maintenancenethods. Irthis mannerwe shall establish
the optimal scheduling that gives the best yield. BIM guarantees a better certainty of the end
product over traditional CAD technology and helps the user check on a project's progress across
all construction project operations (Dashore, 2020). Figures 2.4 and 2.5 below shows typical
logical work order process flow that may be adopted by the university management:
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4. Data Collection

The primary data used in the study had its collection done by the use of-strsemoired
form of the interview guide. The structured questions were preferred to save time, costs, and for
the sake of ensuring easy analysis because the questions were in their immediate nature. On the
other hand, according to Knowles & Cole (2008), unstructured questions assisted in encouraging
the respondents to give detailed and felt feedback without hiding any content of information.
Again, there was the supplementing of the primary data with the secondary ones obtained from
publishedarticleslike websites,newspapersjournals,and books. The respondentthat were of

the target during the study were four senior site contractors involved in-#regireering and
maintenance work at Staff Hous#2§8 Villas in King Faisal UniversitiHofuf in Saudi Arabia.

The research first asked for permission from King Faisal UniverBifyf's ViceChancellor

before embarking on the process of collecting data. This is done by writing an introductory letter
to King Faisal UniversityHofuf University,

—_—
Call center EXPERT |
10

5%

208
Maintenance Head
S
95%
! ! }
> electricity worker ical worker gvilian worker
lmgmllm:mllm%:wm | L || r || as |
|
p 0% oedee store 10%
F el = 1 - % 1=)=
e o
TS =D
— End
Figure2.4:A typicallogicalwork order Figure 2.5: A typical logical work order
process flow processlow As Proposeto add2 Expert
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In the current situation / the
proces®f receivingtransactionss
done through administrative
communications (incoming and
outgoing section) and this section
is working on studying
transferring the transaction to the
Technical Affairs Department,
which in turn is studying the
transaction and transferring it to
the maintenance department.

In the proposed situation / the
proces®f receivingtransactionss
done through an expert in
maintenancea contact igeceived
and a work order begins and all
the details needed by the
maintenance department are
identified, which determines the
location of the problem,

In the current situation / the
problem isexamined by sending
teamof workersthroughwhichthe
problem is studied and then a
description of the problem is
written and then the problem is
transferred to the supervisor to
provide spare parts and then the
maintenance process is completed
and work is finished.

In the proposed situation / the
transactiorexaminatiorprocesss
carried out through an expert 2,
where the work order is read
accordingto thedescriptiorof the
problem and then go to the site to
determine the spare parts and
determine the method of repair
andalsothecompetentlepartment
to finish it according to the
technical principles
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1. Findings
N | current Missio | UTILIZA | proposedsituation | Missio | UTILI | NOTE
O | situation ntime | TION ntime | ZATIO
by BY N
MINU MINU
TES TES
1 | Receiving 45 0.86 Receiving tasks | 10 1
tasks ( BY call center(
Administrativ EXPERT 1)
e
Communicatio
ns)

The papersystemis usedthroughthe outgoingandincoming departmentwhich is not
technical in an administrative employee. Administrative matters are used only to transfer
transactions. Simultaneously, a communication base, an expert person, and a model hav
set up to receive maintenance requests via a unified number, which conveys the problem
identifying all requests, preparing orders, and describing problems, and 100 have been
exploited. % According to the results in the program

2 | TaskTransfer | 45 0.86 NO NEED-JUST | 0 0
(Technical REPORT
Affairs)

The paperwork is transferred here to the Director of the Technical Affairs Department, wh
increases the workload on him and takes 86% of his time to study the issue and then sen
the concerneddepartmentwhile this procedurewas canceledin the proposedsituationand
only a report was sent to him for follewp and knowledge, which increases his production
efficiencyin Otherbusiness

3 | Maintenance | 45 0.86 MaintenanceHead | 5 0.49
Head

Through the current system, the transaction is transferred to the head of the maintenance
department to start the study, determine the problem and its location, and study the transi
In contrast,in the proposedsituation,the transactionsare sentby the experton themwith all
the data to study the possibility of their implementation and refer them to the competition
This gave more generous access to transactidaoee, the occupancyate is now only 49%.
Thereis time to endadministrativework or receiveadditionalrequestghatincrease
productivity.

4 | Decisionl 80%o0k and 20% Decisionl 95% ok and5%
back back
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We note here that the current situation was the percentage of inquiries up to 20%, whilg
the organization and the presence of an expert person, the data is completed, leaving ¢
privateor legalinquiriesfor the possibility of working accordingo theconcludedcontractas
the inquiries do not exceed 5%

5 | SiteMonitor | 45 0.21 SiteMonitor ( 20 0.98
EXPERT 2)

Here, the task of the site supervisor, who was only working to send the team of technic
from all disciplines and study the site each according to its specialty and determine the
problem, was transferred to an expert person with experience to be examined when ne
then determine the materials and the person responsible for the repair process, along v
providing him with the method of repair. Through simulation, the percentage of expert
employmenivas98%,unlike the previousone,whichwasonly 21%,which contributedo the
speed of completion and accuracy of work and complementary falow

6 | electricity 45 0.96 electricityworker | 20 0.41
worker

In thepreviouscasethe employee'sitilization ratein thetaskwas96%.At thesametime,

after reengineering operations for maintenance orders, greater accuracy occurred. The
worker's occupancy rate was 41%, which gives the worker a more remarkable ability to
completeamoresignificantnumberof transactions.

7 | Mechanical 45 0.96 Mechanical 20 0.41
worker worker

In the previouscasethe employee'sitilization ratein thetaskwas96%. At thesametime,

after reengineering operations for maintenance orders, greater accuracy occurred. The
worker's occupancy rate was 41%, which gives the worker a more remarkable ability to
complete a more significant number of transactions.

8 | Civilian 45 0.96 Civilian worker 20 0.41
worker

In the previouscasethe employee'sitilization ratein thetaskwas96%. At thesametime,

after reengineering operations for maintenance orders, greater accuracy occurred. The
worker'soccupancyatewas41%,which givestheworkeramoreremarkablebility to
complete a more significant number of transactions.

9 | Decision2 70%o0k and30% Decision2 90%0k and10%
back back
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In the current situation, the need for materials is known by the workers. However, after
studyingthesituation,the sparepartsaredeterminedy expert2, whois familiar with the
method of solution and the materials needed to finish the work.

10 | Store 50 0.35 Store 15 0.05

In the currensituation,a papeform is madeand itis doneby the methodof administrative
procedures for approvals to exchange spare parts, but through the proposal submitted,
operations are done electronically, which works to determine the existing spare parts th
require making a purchase order with a final inventory

11 | Order 30 0.04 Order 10 0.018

In the current situation, the purchase requisition processes are carried out via an advan
require paper procedures and approvals of the authorized holders. In the proposed situ
approvalsaremadeelectronicallyand donotrequireeffort to find outthe problem.Thereis a
technical report by experts to describe the problem with the availability of materials in th
warehouse or request additional materials. According to the technical opinion of it
Average | 621.55MINUTES/ Averagetime to 272MINUTES/
timeto ORDER completethework | ORDER
complete
thework

We note that the time to complete the process in the past is about 621 minutes, either t
theprocesof re-engineeringoperationsandaddingexperts twaandimprovingthedistribution
of tasks with the same previous technical and administrative staff contributed significant
reducing the time to finish work to 272, which means about 60% so that now a more
significant number is accomplished Of transactions in addition to the presence of techni
reports to contribute to future reforms while preserving a copy of the preventive mainter
operations and also for the technical body respaméilnimaintenance work.

2. Discussionand conclusions

Tracking of the maintenance operations may be quite hectic. To manage operational costs
associated with maintenance, BIM could help enhance work order practices' efficiency and
accuracyHowever,it is prudentto notethatit will only beeffectiveif operatedy theright people
with knowledge of using it, just like any other software. No matter how useful BIM can be,
university management is likely to face accessibility problems.

- Diagnostic expert: the webmaster manager must see the problem and identify when there is a
lack of clarity in locating the problemand visiting the problemlocation. The diagnosticexpert
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must also make a corrective decision and treatment by identifying the type of workers,
mechanisms, tools, and the time of repair for the problem to determine the pain when they need to
make several decisions depending on the problem's type and size. The investigation of upkeep
activities and the development of exchanges made accessible by straightforward arrangements
come noteworthy outcomes as it decreased the administration conveyance by just two changes b
60% comparable to tending to the advancement of work productivity on the site, and it likewise

straightforwardly adds to enormous arrangements through fundamental changes and handy
arrangements that add to offering Faster support, more prominent quality and lower cost, by

utilizing crafted by an electronic framework to get issues and furthermore to characterize the issue
all the moredecisively and to dispenseorework materials and the term of work and the quantity

of laborers, which has become the work under the oversight and those with industry resources and
the guidelines of an accomplished manager, notwithstanding similar staff and similar Mechanisms

and techniques for arrangement just an association has been made to move the exchange precisely
andrapidly to theconcernedlivision andthe capablespecialisto makethe administratiorsimpler.

We recommend that an incorporated connection be rhatieeen offices, chiefs, stockrooms, and

buys about crafted by a framework that offers more to offer the assistance with full fulfillment to

the recipients and incredible reserve funds.
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Abstract

Industries across the world arealizing the benefits of Industry 4.0 and digital transformation. The University of South
Carolina(UofSC)hasbeenusing digitaltransformatiorto transformprocessef multiple industries andhasdefineda clear
roadmapfor implementingdigital transformatiorthathasbeenvalidatedby usecasesUofSChaspartneredvith TheBritish
University in Egypt (BUE) to develop a framework for applying digital transformation to advance the water desalination

industry. This coll aboration utilizes BUEG6s experi-ence in
pressure pump and Uof SCbébs experience in applying digital 1
systems.

Keywords: Digital TransformationWaterDesalination|ndustry4.0
1 Introduction

Freshwatershortages threateninglevelopmenandprosperityin manyMiddle Easterrcountries aswell asseveralareasn

theUnited StatesSeawaterandgroundwaterreverseosmosigiesalinations fastbecominga dominantechnologyfor facing

water shortage threaty cost effective production of frestater formultiple purposes. Water desalination applications extend

not just for desalinating drinking water, but also impacts various types of industries. With the rapid growth in the
pharmaceutical industry, desalinated water is used for drug testing and diluting certain solutions, and in the oil and gas
industry, fresh and low salinity water supplies are essential for enhanced oil recovery (EOR) applications. Offshore and
onshore petroleum platforms in remote areas require gallons of freshwater every day, while shipping to these platforms is
costly and inefficient. Furthermore, low salinity water injection is required to maintain reservoir pressure and stabilize th
productionrate.Consequentlyon-sitewaterdesalinatiortechnologycanbenefitthe oil andgasindustryasit is efficientand

less expensive.

This paper will present a methodology for applying digital transformation and the impacts it can have on the wateratlesalinati
industry. The next two sections of the paper present an introduction to digital transformation, industry 4.0, and the water
desalinatiorindustry.Following is the methodologydevelopedy UofSCfor digital transformatioranda waterdesalination

use case focusing on a single component, a-pighsure pump, will highlight the challenges and outcomes of digital
transformation. Future work could include the expansithis use case to additional components, subysemissystems.

2 Digital Transformation and Industry 4.0

Digital transformation is more than just a singular tool, it is an entire process that takes advantage of new techrblogies an
techniques such as artificial intelligence and augmented reality while also utilizing and optimizing the human factor in a
workflow. It is a shift in the way people think about technical challenges that combines systemic mobiegy cost
reduction, product creation, and decentralization to approach the problems of the future with new methods, new mindsets,
and a finely tuned drive to do better. Implementing digital transformation will lead to a decrease in cost, a decrease in tim
spentandanincreasedn overall quality. An effectivedigital transformatiorimplementatioris not only aboutusingstateof-

the-art technologies but also includes the training and education of all users.

Thefollowing technologiesrekeyto the successfuimplementatiorof anindustry4.0 or digital transformatiorprogram.

1 Cyber Physical Systems:Integrateccomputationahndphysicalcapabilities

9 Internet of Things: Network of physicalcomponentghat are digitally connectedand can sense monitor, and
interact

1 Digital Twin: Developedn conjunctionwith its physicaltwin andremainsts virtual counterparthroughthewhole
product lifespan
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Virtual Reality/AugmentedReality: Canbeusedo mimic andsimulaterealtlife scenarioshatareeitherexpensive

or challenging to conduct

1 Cloud Computing: Model for enabling ordemand network access to a shared pool of configurable computing
resources

1 Simulations: Computerbasedechnologiesocusedon explicitandspecificmodelingtasks

In addition, there are 5 key challenges when implementing industry 4.0 and digital transformation technologies. The
challenges include:

1

Integration: Data is key to an Industry 4.0 or Digital Transformation program. It is necessary to incorporate data
from multiple sourcego supportpreliminaryconnectivity.Thereis alsono onesizefits all approactio implementing
an Industry 4.0 program.

1 Control: Industry 4.0 requires the connection of every sensor, actuator, PLC and other elements. It is important t
ensurethatthereis asecureand reliable method fdransferring datén placeand toallow for analysisin realtime.

This also requires reliable internet and wireless connections to facilitate these transfers.

1 Communication: How to create an appropriate model for secure communication and interaction between
autonomous agents (with different operating systems) that are all connected through an IIOT network?

1 LegacySystems:A maindifficulty with theintegrationof Industry4.0into legacysystemss theavailability andor
accessibility of data to obtain information. Consequently, the communication infrastructure must be altered and
improved to a more transparent architecture.

1 Cyber Security:l n t he age of I ndustry 4.0, where machines and |
other,thescaleandvariety of cyberattackshavegrownexponentially Datarightsconcernsvhendecidingon third-

party vendors for hosting and operating company data.

2 Water Desalination

Drinking water is considered a gift from nature to many countries. As the world population grows and consequently the
demandor freshwateffor urban,agricultural,andindustrialuseincreasessodo the challengesrisingfrom the needto meet
globalmarketdemandwith innovativetechnologiesFreshwatershortagemposesonsiderabl¢hreatsandchallengedor the
developmenplansin manyArab andMiddle Easterrcountries Duringthe comingdecadeit is expectedhatabouttwo thirds

of Arab countries are expected to suffer from acute water scarcity [1, 4]. Sea Water Reverse Osmosis (SWRO) desalination
is fast becoming an inevitable solution for facing water shortage threats by cost effective production of fresh water.

2.1 Desalination Plant

Themaincomponent®f areverseosmosiglesalinatiorplantareillustratedin Figurel.

ELECTRONIC SQLAR COWER
CONTROLS YoUReE
SOLAR
COLLECTOR
CIRCULATING
PUMP
PRETREATMENT
FILTER &
ANTISCALANT RO MEMBRANES
FEED WATER INJECTION PERMEATE
b—————————— -
: > I
PREHEATING HEAT HIGH PRESSURE
EXCHANGER L
BRINE
LEGEND G REVERSING
—  Low Pressure VALVE BRINE
——  High Pressure &)
Elec. e RECIPROCATING DOUBLE
— _ wasle BOOST PUMP ACTING ENERGY
w— Treat ater \_ N RECOVERY UNIT

Figurel. Key ComponentaindSystemf a WaterDesalinatiorPlant
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Thesecomponentsnclude:

Theenergysourcethatis usedto operatahe desalinatiorsystemsaneitherbeconventionabr renewablesnergy.

1 Thefeedpumpfor thehigh-pressurgopumpshouldbe a self-priming pumpto protectfrom cavitation.lt shouldalso
be in an accessible place below or above the waterline to allow for easier maintenance in the future.

1 Pretreatmensystem isessentiato pretreatthe feed watefrom any suspendesblidsandmakesurethatmicrobial
growthandsaltprecipitationis nottaking placeon themembranesurface Pretreatmentan includechemicalfeed
followed by sand filtration, sedimentation, flocculation, and coagulation as conventional methods.

1 High-pressurgoump(HPP) isconsidered the heart atite essential mechanical elemehthe revers@smosis water
desalinatiorsystensincethereverseosmosigRO) is apressurarivenseparatiorprocessasrequiredfeedpressure
must gobeyond thebuilt osmotic pressure, increasing directly with water salinity. IR€generates in theange
of 6001200 psi with seawater and around 150 psi for slightly brackish water that generated pressure supplies
water with the needed pressure to pass across the RO membranes and reject salt.

1 Reverseosmosiamembranesrea pressurarivenseparatiomprocesghatis simple,economicallycompetitive and
do not require phase change, which is particularly important for heat solutions sensitivity, such as pharmaceutic
materialsandfood products RO hasbecomethe primarydesalinatiormethodin the United Statesand iscapableof
desalinating high saline feed water. There are two common RO membrane types for water desalination: Spiral wou
andhollow fiber. The spiralwoundmembranés widely usedin desalinatiormorethanthe hollow fiber membrane.
The advantages of reverse osmosis are considerable:

1. Capabldo waterswith anysalinecontentfrom groundwateto seawater.

2. Relatively low operatingcostscomparedto resin plants,especiallyin the presenceof influential high
salinity.

3. Thesimplicity of operationis a processhat doesnot requireperiodicregeneratiorasoccursin resinplants.

1 Posttreatment at this level, water is getting to stabilize and getting to prepare for distribution. Disinéextion

adjustingthealkalinity, hardnessandpH arenecessarif combinedwith otherwatersupplysourceso meetup with

the drinking water standards and prevent any corrosion effect in the distribution network.

2.2 High PressurePump

Pumpsaremechanicatievicesthatconvertsmechanicaknergyinto hydraulicenergy. Theyaredividedinto two maintypes

the positive displacement pumps such as piston pumps with industry market share of 27% and rotodynamic pumps such as
centrifugalpumpswith industrymarketshare of73%. Typical pressure$or SWROdesalinatiorarein therangeof 507 80

bar. Highpressure pumps (HPP) have a critical role in an SWRO desalination plant. The role of the HPP is to raise the
pressuref thefeedflow to allow for the permeatiorprocesghroughthe RO membranesMaintainingthe HPPandworking
underhealthyconditionskeepshe desalinatiorplantrunningsmoothly thisis crital asfreshwateris vital to maintainhuman

lives. The use of the centrifugal pumps is 16% among all the rotodynamic pumps and their area of applications are
continuously expanding [S5With the continuous expansion of centrifugaimpsusage new problems will exist, proggmp
selectionsareessentiahsit canavoid/prevenproblemsthatmay occur.improperpump selectiomeadsto severaloperating

problems such as cavitation, flow discontinuity, pump surge, etc.

Either singlestage or multstage centrifugal pumps prevail the desalination plants for feeding and pressurizing the feed
stream. Common problems experienced by centrifugal pumps such as cavitation, water hammering, slugigesshigh
pulsation, excessive power consumption, and other mechanical and hydraulic failures may be attributed to one or several
probable causes. Low suction pressure and low flow rate problems can be attributed to either air leaks in inlet piping or a
faulty mechanical seal [1]. Centrifugal pumps cavitation can also lead to the same problems. Excessive lateral or axial
vibrationandnoisecanalsobeattributedto eitherpumprotor misalignmentexcessivexial thrustor cavitationandreduces

the pump efficiency.

2.3 Fault Detection

Fault detection improves the system reliability, safety, energy, andeffasency, extends the pump lifetime and
performanceachievedhe efficient maintenance strategy, and redueesirringunpredicted eventhat can lead tgystem

shutdown and breakdowns. Early fault detection and diagnosis are essential to enseffeatngt and safer operation to

avoid performance degradation, unpredicted maintenance events, product deterioration, minor and major damage to the
physicalsystemdamageo humanhealth,or evenlossof lives. This paperfocuseononetypeof fault whichis thecavitation

as a use case due to its frequent occurrence. Many papers have been done fault detection in the pumping system based on
speedvariationandvibration detailsusingsignalprocessingndstatisticalmodelsor basedn machinelearningalgorithms

that identify the cavitation using speed and pressure historical data [6, 7].

Cavitationcanbeconsiderecasamajorcausedor centrifugalpumpfailures.In thefirst phaseof cavitation,vaporbubblesare
formed around the pump's impeller in areas of relatively low pressure below the associated vapor pressure of the working
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fluid. While in the second phase of the cavitation, the collapse of these bubbles allows the triggering of intense shockwaves
leading to high-speed fluid particles impact causing significant pitting and erosion of the internal pump parts [9]. Cavitation
is a main source of centrifugal pumps health and performance degradation. Several researchers employed CFD analysis [1]
to detect cavitation and evaluate its effect on the rotor and the pump's casing, which allowed the minimization of the
experimental investigations.

Cavitation analysis is performed at different operating conditions including different pump speeds and flowrates. The
detection of bubbles formation by CFD analysis is performed by allocating the zones where pressure is lower than the
associated vapor pressure of water. Figure 2 presents a flow field visualization at the suction side of a centrifugal feeding
pump impeller-diffuser arrangement where symptoms of vapor bubbles formation at the leading edges of vanes are shown

(11.

Figure2. CFD CavitationZonesDetection[1]

3 UofSCDigital Transformation Methodology

The University of South Carolina is continuing the development of arteeadd methodology, shown in Figure tBat
leverages computer aided design and manufacturing, sensing systems, data andasgdicsodels, fault prediction and
diagnosis and data visualization to create a virtual asset management toolbox.

Figure3. UofSCDevelopedigital TransformatiorMethodology
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Varying types of analysis can be performed to look at areas such as fault detection, prognostic/diagnostic algorithms,
usageametric,costbenefitanalysisandfault analysisThistoolboxconsistof cyberphysicalsystemgo recreatea digital twin
in any area of interest. This approach can be used to better maintain the integrity of processes and products at any sta
componentos | ife cycle.

Therearethreetypesof dataassociateavith a physicalsystem:designmanufacturingandoperationalThedatais collected
andanalyzedatthedifferentstage®of a systemdife cycleandcanbeusedto makevariousimprovementsThedatacollected
from thephysicalsystem ighen used tareatethe digital twin of the system.In this stageof digital transformationhow the
data is collected is important to consid&he optimal type, location and number of sensors needed must be identified.

When used in parallel, a physical system and digital twin create a smart sy$tisnsmart system can be useful in many
areas from design improvements, verification, validation, monitoring, and even improved productivity. This smart syste
key to digital transformation and is built on the data collected and models developed. In addition, a smart system can
many ways of displaying data depending on the need.

3.1 UseCasedor Validation

Theabovemethodologyhasbeenvalidatedon usecasesith applicationin multipleindustriesincluding:

1 Healthcare: Digital transformatiorwasusedin the healthcaréndustryto address theeedof monitoringpremature
infants. A framework for collecting infant data, conducting analysis inti@a&l, and presenting this information in
easyto-read dashboards was developed.

1 Automated Fiber Placement Theapplicationof digital transformatiorto the AFP machinewasneededo enhance
capabilities, refine processes, and create overall improvements. The developed use case demonstrates a framework
for applying new technology to legacy equipment and addressed problems in the areas of data collection and
modeling, training, and fault detection. Digital transformation elements included augmented and virtual reality,
machine learning, and thermal modeling.

1 General Machinery (Apache Gearbox):This use case showcased the flow of data from collection to analysis to
presentation. The data collected includes setiatar such agibration, temperature and torque, logistical data from
maintenanceecordsandmanualsandhumanknowledgefrom pastexperiencesThis datais thenanalyzedwith the
intermediategearboxmodelto createpredictionsandrecommendationsn the gearbox The analysiss presentedn
the form of custom dashboards that are tailored to fit the needs of different users.

4 Application of Digital Transformation to Water Desalination

Digital transformatiorcanbeusedto addresshechallengesacedwith fault detectiorof componentin thewaterdesalination
plant. For this use case, the focus will be on a single component of a single $ysterhighpressure pump founth the
reverse osmosis systerilements of the digital transformation used will include digital twins, machine learning, and
interactive dashboards.

4.1 PhysicsbasedDigital Twin of High-PressurePump

Digital twin is thevirtual representatiofor the physicalsystemsThis virtual representatioganberepresentinghe physical
systemdynamicsandthe productg12]. Thedigital twin canachievebasedn onedigital modelor combinatiorof digital and
mathematical models, such as computational fluid dynamics, finite element analysis, thermodynamics, kinematic, dynamic,
and machine learning modeEhese models can be simulated or experimented withwedd data [14]. Thaligital twin is

usedto simulateandgeneratelataunderhealthyenvironmentaindharshconditionsandpropertiesshuffling thesegenerated

data with the realvorld collected data to improve the digital twin accuracy. Using digital twin helps decisikars better
understandhe systemandimproveandoptimizethe design manufacturehealthmonitoring,andperformanceDigital twins
canalsobeusedin predictivemaintenancéy generatingsetsof faulteddataunderdifferentharshconditionsand integrating

them with machine learning and raéahe control algorithms to teach the physical system to detect and classify the faults in
reaktime and react accordingly to each type of failure. Augment digital twin model in the predictive maintenartmsrea

to predict and prevent future faults from occurs [1]. In our research paper, the machine learning modekteoiti sadel

will be integrated together to detect cavitation and implement more unsupervised algorithms to the machine learning model
to generates several faults data sets and classify the fault severity. For example, our use case in this paper isrthe cavitat
fault the machine learning model will be able to classify what type of cavitation based on the lochatibble$ implosion,
thelocationof thecavity inception,andthedifferencein thefrequencyrange After integratingthe HPPdigital modeltogether

and achieve HPP digital twin move forward to the following water desalination system components such as the RO
membraneso thenextelementWhen each componehasits own digitaltwin, startto connectll thesedigital twin models

to achieve a smart water desalination plant; after that, it combines more than one plant to be monitored from one dashboard.
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Thefollowing arethestepso build adigital twin:

1 Understandhephysicsthatgoverngheoperationof the physicalsystem(pump)

1 Determinetheinput/outputvariablegthatcanbe measuredandthedesignparameterghatcontrolthe performance

1 Build physicsbasedligital modelsto simulatethepumpbehaviorunderhealthyenvironmentahndharshconditions
and to detect and predict the future faults.

1 Interconnecthephysicalsystem(pump)andits digital models

4.1.1 Modelsof Cavitation PressurePulsesin Centrifugal Pumps

Thepapermpresentswo differentfault detection digitamodelsoneusingthe sawtoothmodelthatcanexpresghe excitation
of the centrifugalpumpundercavitationwith Fourierexpansioranddescribethe periodicfunctionwith combinationof sine
andcosinewavesinsteadof transfergherealworld datafrom time domainto frequencydomainwhich madethis modelmore
cost and time effective. As the pressure pulses within the diffuser tongue region can be modeled as a sawtooth wz
pressure pulse acts on the blade's projected area, resulting in a periodic exciting force on the rotating impellereEa
projectedareahasa zerovalueat both the beginningandthe endpointsof the bladediffuserinteractionregion.Therefore,t
can also be approximated in terms of anothertwmith wave. The sauooth digital model was successfully integrated al
tested with the physical system, and it showed its accuracy, as shown in the section below. The second cavitation detectio
modelis amachindearningmodelthatintegratedhreemachindearningalgorithms- the supporvectormachinek-nearest
neighborsandlogisticregressionThedataanalysiss basednmillions of realworld historicaldatapointsthatareprocessed

from mountedsensor®nthe physicalsystemthedataweremainly collectedfrom six differentparametersibrationsensors,
dynamicandstaticpressuresensorsandflow ratesensorsBasedon this machindearningmodel,potentialcavitationfaults
aresuccessfullyclassifiedandrecognizedensuringd9.5%predictionaccuracyafterpreprocessingndtraining 80%of these

data sets and testing the 20%.

Pressur@ulsationgdevelopediueto cavitationin centrifugalpumpswereinvestigatedexperimentallyby severaresearchers

[2, 3]. It was reported that interaction between impeller blades and the diffuser results in pressure pulsations dominated by
the Blade Pass Frequency (BPF) times the number of diffuser tongues [2, 4]. These pressure pulsations are converted into
periodic force pulsations affecting the rotor as well as the casing of the pump through the impeller projected area. Ref. [1]
presented an illustration that describes how bidiffeser tongues interaction causes sudden changes in pressueaokier

blade. This sudden change in pressure is repeated five times which matches the number of diffuser tongues.

Equation(1) andEquation(2) presentshe sawtoothfunctionthatexpressethepressureulses.
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Equation(3) and Equation(4) presentghe sawtooth function that expresseshe blade projectedarea.
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Where; 0 0 0 é maximum projected area of thiade £ &is the number of thdiffuser tongues andl 0 is the rotational speed of
the pump c.p.s.wherethe normalizedsawtooth pressurepulsesas well asthe bladeprojectedareaduring onerevolution (1/
0 0=0.02857 seciespectivelyEquationg1), (2), (3), and (4) areombined tadeterminethe periodicforceacting on each

blade due to its interaction with the diffuser tongues during each revolution at the cavitation condition
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Figure4. NormalizedForceson All BladesDuring OneRevolution
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Figure 4depicts the normalizefibrce pulsations orthe sixblades ofthe impeller, assuminthat the first blade athe impellel
is at a zeralegree angle and the six blades are equally spacéd’ ad (66degree angle).

The summation of normalized forces thre six blades itime domainand frequency domain are shownFigure 5and Figurt
6 respectively.The major frequencyobservedat 1050 Hz corresponddo the blade passfrequency(BPF) (6 x 35 Hz) times
the number of diffuser tongues. It is worthwhile to note here that results of this pressure pulsation model ac
experimental results obtained in [2, 4].
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Figure5. Time Domainof Net Pressurd-orceson All BladesDuring One Revolution
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Figure 6. FrequencyDomainof Net Pressurd-orceson All BladesDuring One Revolution

4.1.2 Investigating the Vibration Responseof Centrifugal Pumps Under Cavitation Condition

Models are derived to describe the vibration response of the rotor as well as the casing of feeding centrifugal pump under
cavitation condition.
Equation(5) depictsthe forcedvibration of the rotor in matrix form.

6. 0d°(0)0+ 6 0 A0+ 0 0o do Y= "000M dE 3, waXE § =0 (5)

Where; & 0 o is the state vector that expresses the rotor displacement in horizontal and vertical dirécfiaasyiscous
damping matrix,h U is the stiffness matrix an®"0"03Q0 is the periodic exiting force vector that results from the cavitation
condition. Table 1 presents the main specifications of the rotor under consideration [1]. Effectively the periodic ecéting fo
acting on the rotor, results from the summation of all forces acting on each blade of the impeller. Accordingly, thalhorizont
componentand the vertical componentf the resultanforce vectorare given byEquations (6)and (7) respectively.

Part Specification
Impeller Mass=0.507kg
Motor Rotor Mass=2.264kg
Motor fan Mass=.04kg
Rotor Length=0.251m
Tablel: Rotor Main Specifications
'000qRR: 00WDGE { bl ©)
VOOqOR: COWPHGI i b )
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Figure 7 and Figure 8 presents the normalized horizontal and vertical exiting force components on the six impeller blades in
time domain and frequency domain respectively.

— Vertical Component —— Horizontal Component

Figure 7. Normalized Exiting Force Components of Pump Rotor Under Cavitation Fault
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Figure 8. Normalized Exiting Force Components of Pump Rotor Under Cavitation Fault

Figure9 depictstherotor responseo the periodicexiting verticalforce componentindercavitationcondition.
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Figure9. PumpRotorResponséo PeriodicPressuré&orceVertical Component

Thepumpcasingcanbetreatedasapressureressekubjectto periodicinternalradialforceresultingfrom thepressuravaves

of vaporbubblescollapseunderthe cavitationcondition.In this casetheperiodicinternalforceis determinedy thepressure

pulses times the casing internal surface area. The frequency of this periodic internal force corresponds to the number of
impeller bladegimesthe number of diffuser tonguéisnesthe synchronoufrequency. Physically thisequency expresses

the number of pressure pulses resulting from the total number ofdiffidger tongues interactions per one revolution.

A simplestatespacanodelthatdescribeshevibrationof the pumpcasingis givenby Equation(8).
D00 A (o) 0 0 0 69 o= 000 B f 60)= 0,1 10) = 0 ©)
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Where, MMMM is the mass of the casing, KKMM is the stiffness of the casing and qq(tt) is the displacement. FFMM(tt) is the periodic
internal exiting force that can be determined by multiplying the pressure pulses function of Equations (1) and (2) by the
internal surface area of the casing. To investigate the vibration response of the casing, one approach is to integrate equation
(8). In this caseFFMM(tt) is expressedn time domainusingFourierexpansiorwhereFFMM(tt) is decomposedhto the sumof
harmonic functions whose frequencies are multiples of the exiting force frequency. Equation (9) depicts the Fourier expansion

expression of FFMM(tt).

FFMM(tt) =¥0 + 2 _| aaaa. cos(aawoott) + bbaa. ssssaa (aawoott)] ©
Where:
71T
N mz ttttt T P (10)
a0 —ZAAMM/TTTT[J; 2. PPPPaaPPﬁW— + f mz PPPPaaPP - 2.PPPPaaPP,( ddtt]
m ittt T =" (11)
agaq = AAMM/TTTT[[)2 2. PPPPaaPP. cos(aawoott) e [ PPPPaaPP - 2. PPPPaaPP. cos(aawoott)g 2) ddtt
2

bbaa =0 (FFMM(tt) is an even function) (12)

Figure 10 presentshetime domainof the normalizedsteadystatevibrationresponsef pumpcasing.Figure11 presentshe
frequency response of the pump casing subjected to the simulated periodic internal force due to cavitation.
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Figure10.NormalizedSteadyStateVibration of PumpCasing
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Figurel1l.Vibration Responsef PumpCasing

Themainvibrationfrequencyis 1050Hz which corresponds$o synchronousrequencytimesthe numberof bladestimesthe
number of diffuser tongues. This result indicates that the developed pump casing model governed by Ejudiongh
(12) hasdetectedhevibrationof the casingdueto the pressurgulsesgeneratedy the cavitation.

The centrifugal pump is a hydraulic turbomachinery that continuously transfers energy to the feed water in a desalination
plant. The longevity of centrifugal pumps depends on proper maintenance and early faults detection. In this case study,
cavitation in centrifuggbumpsis considered. Mathematical modéhatexpresgpressure pulsess wellasthe resulting exiting
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periodicforcesweredevelopedDigital modelsdescribing thevibration responsef pumprotor and casing under cavitation
periodic excitation were tested for a typical small feeding centrifugal pump. Power Spectrum analysis was conducted
presenthefrequencyresponseharacteristicef pumprotorandcasing.Thedominantdetectedsibrationfrequencywas1050
HZ which corresponds to the synchronous frequency times the number of impeller blades times the number of diffus
tongues such results are in agreement with previously published work as well as actual vibration measurements.

4.1.2 UsingMachine Learning modelsin fault detection

Regarding the trendy automatisms and working in an uncertain, evolutionary environment the current industrial plants ¢
systemdecomemoreandmoremechatroniceomplex[13]. Theclassificatioranddetectionof the mechanicabystenfaults
is an essential task for a reliable operation. As mentioned above cavitation is one of the most disadvantage problems
occurs frequently in the centrifugal pumps Fault detection using Machine learning algorithms attracted much attention t
decade because it is a powerful, fast, computational method that can detect the ceptnifyggadaults efficiently [1011].

Fault detection using machine learning has been a promising technique of releasing the human labor contribution as
recognizing the machines health state automatically [14]. The ML model is integrated three machine learning algorithms

1 SVM: is a supervised classification and regression learning algorithm that has strong linear, nonlinear and ker|
generalization ability functions. The goal of thigorithm is to creata hyperplandoundary between thgossible
outputs to separate them into the correct categories. Any new data point can be easily put in the correct categ
usingthe hyperplaneSVM algorithmtrainsdifferentrealworld historicaldataandcanefficiently detectcavitation
with high accuracy and excellent performance.

1 KNN: is a supervised classification learning algorithm and one of the simplest ML algorithms that help in fault
detection. KNN algorithm assumes the similarity between the data and puts them miwstr@milar category to
the available categories. KNN has been applied before for different fault detection mechanical use cases, and it
showed high accuracy and good scalability.

1 LogisticRegressionis asupervisedegressiomnalysianethodn whichtheoutcomes binaryor dichotomoususing
predictor variables. Logistic regression is also considered a supervised learning classification algorithm used
efficiently in predicting the probability of a dependent variable. The model showed a high accuracy to detect the
cavitationasit hasbeenusedto build predictivemodelsasa functionof predictorsandbecausef thedatalinearity.

Impetier Vibration senses V., Time Diffuser Vibration sensor V.s. Time
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Figurel2.(a) and(b) Collectedvibrationdatabeforeandaftercavitation,(c) Collecteddynamicpressurelatabeforeand
after cavitation

Parts a and b of Figure 12 represents the vibration data that have been collected from two vibration sensors one is mounted t
collect the pumpdés i mpeller vibration data and the mecond vi
data. The blue plots represent the data before cavitation exist and takes O label, where the orange plots represefteithe data

cavitation and takes label of 1. The vibration amplitude before cavitation was greater than after cavitation and-thede real

collected results can be explained by studying the pressure pulsation data that was collected by using dynamic pressure senso

and representedn part ¢ of the abovefigure. Part c showsthat the dynamic pressureamplitude before the cavitation was

greater than after cavitatiob ecause of decreasing in the exciting force macg
cavitationandthis decreasingnagnitudecorrespondso thedecreasén Y0 0= (0 & 0 Q) [1]. Duetotheb u b bexmosianat
thispointduringcavitationd @ increasetthis BPFfrequencythespectrapeakdoesnotshowanysignificantdecreasérom

normalto cavitationcondition[1].

Figure 13 shows three confusion matrigeserated by three different ML algorithms the SVM, the KNN, andL.élggstic
regressionConfusionmatricesrepresenthe detailedalgorithmperformancen termsof true negativegTN), true positives
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(TP), falsepositives(FP),andfalsenegativegFN). In the presentedisecase 104,96 3TP datasetswerepredictedsuccessfully
as cavitated data sets. In contrast, three FN data sets were falsely predicted as healthy data before the cavitasion ge
Wherel04,652TN datasetsweretruly predicted adealthy datasetssuccessfullywhile 97 FPdatasetswerefalsely predicted
ascavitateddata,however jt wasnot cavitateddatasets. ThisSVM algorithmaccuracyis > 99.5%however theoccurrence

of 97 falselypredictedasfaulty datasetswasnotacceptabléecausehatcanyield to anunplanned/spontaneodscisionlike
shutdown the pump several times, which cause unstable water production and industry disturbance. The KNN algor
improved the predicted data by decreasing the number of FP dathsetigorithm isnore accurate and efficient than the
SVM model as it is more cost and tirafficient in detecting the cavitation faults. However, while the KNN algorithm was
working on decreasinghenumberof FP datasetsto 36% of the SVM model,thenumberof FN datasetsincreasedwhichis

not acceptable as it means more cavitation data sets will exist without predicting them. Applying the logistic regress
algorithmto reducethetwo typesof errors,the FPandFN detectedlatasets.Thelogistic regressioralgorithmwasthemost
time-efficient model, and it supported the most accurate fault detection result with f1 accuracy of 99.996% because of]
data linearity.

Confusion Matrix Using SVM Confusion Matrix Using KNN Confusion Matrix Using Logistic Regression
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Figure13:ConfusionmatrixusingSVM, KNN & LogisticRegression

The machine learning models accuracy was calculated using the F1 score method. Different methods can calculate the
accuracyof thethreemodels;jwo methodsarerecommendetbr calculatingthemodelaccuracyandtheir equationsrelisted

below. Theaccuracy method is morecommended when the machiearning models users are more attracted to the True
Positives, and True Negatives detected points [15]. In contrast, the F1 score method is more recommended when False
Negatives and False Positives are crucial. In mostifeatlassification problems, the F1 score method is applied because

the imbalanced clagfistribution exists, and it a better metric to evaluate the model [16]. The aim of using three different

ML algorithms and comparing them with each other even with each model's high accuracy, which exceeds 99.5%, is to
combiningthesethreemodelsfault detectionbeforemakinganydecisionthatcanaffecttheindustry.For examplethe SVM

algorithm is one of the most robust classification algorithms that has been introduced and applied before on several fault
detection problems on mechanical, hydraulic, and electrical components. However, SVM showed less efficiency than the
KNN model,whichwaslowerthantheLogisticregressionmodelin our cavitationdetectiorcase SVM showedheexistence

of 97 falsepositivesdetectecpointsandif thefault detectiormodeldependean justoneML algorithminsteadof thethree

ML modelscombinedwith thesawtoothphysicatbasednodel,severafalsedecisionsvould occurby themachineoperators

due to generated false alarms, which could affect the logistics, planning and disrupt the production systems by causing
production delay.
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4.2 Monitoring

In the last decade identifying fault occurrence in time was a challenge not only in mechanical components but in several
industrial components. These industrial components are subjected to different uncertain environmental conditions and damage
caused by acoustic emissions, misbalance, misalignment, occasional shocks, poor power quality, supply imbalance, and
vibrations,andtheway it is handled which canleadto unschedulednaintenancénterventionsvhich s difficult to perform
andexpensivdb, 8]. Nowadayswith thedevelopmenobf thediagnosticabilitiesin the healthmonitoringareabecaus®f the
enhancement technologles dat driven techdiques, big data analytics, data preprocessing, machine learning,
signal processing algorithmsmart control, artificial intelligence, and the development of the computational power. Health
monitoring advancing the evaluating and monitoring of the industrial systems by improving the systems reliability and life
cycle management and avoiding machines shutdown for more periodic maintenance and breakdown time.
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Figurel4.Implementedvaterdesalinatiorsystemstatusmonitoringschemeor fault prediction

This approach is conducted by a joint team from the Center of Excellence in Predictive Maintenance (CPM) at the Bri

University of Egypt (BUE) and the Center for Predictive Maintenance (CPM) at the University of South Carolina (US

USA. TheEgyptianteamleadsthe partof designingandmanufacturingandfull integrationof thesmallRO waterdesalination
systemequippedvith onboardmonitoring,dataextractionandcontrolsystemHavingthephysicalsystenin Egyptsupported

both teams with a solid understanding of the systemds phy:
healthy and generated harsh conditions, collectingweald data by employing adequate sensors and a data acquisition
systemthatsensingandextractingthe pumpparametersuchasstaticanddynamicpressureflow rate,salinity, andvibration
data.TheUSteamdevelopsanindustry4.0framework,includingadigital twin of thesystenmthatwill allow for self-diagnosis

and system decisiomaking to ensure optimal performance. These features enable remote monitoring and control of the
desalination plant. The digital twin (DT) health monitoring system (HMS) receives data from onboard sensor monitoring

critical variablesof theplantin Egypt,trainandcompareheseextractedmeasurement® thep | a higtodicslandtheoretical

model sd output. This enables the system to optibeterze i ts |
efficiency. The current health of the system will be updated intimal and will be shared with a remote decisinaking

authority.If thereis ananomalyin thereadingscorrectiveactionwill beinitiated,andresponsiblgoersonnelvould bealerted

to thenew stateof the systemTheInternetof Things(loT) enableghisinterconnecteaetworkof machinesandpeopleand

will enabletheexistenceof areliable,remotelyoperatedautomateddecentralize@ §WROwatertreatmenplantin thedesert.

4.3 Dashboards

Dashboardallow for all processingstorageandcalculationgo beconductedn onelocation.Theyalsopresenthenecessary
informationquickly andin aneasyto-understandormatsothatdecisionsaremadewith moreknowledgeandcanyield better

results. Once the fault detection models have been implemented, the analysis and results will need to be presented to allow
users to quickly understand any problems and inform their decisions. Additional benefits of these dashboards are the ability
to enhancdrainingandfacilitate knowledgetransferthroughsimulatinghandson experienceA key partof thesedashboards

is that the information presented is customized and tailored to fit the n&ddferent users. Two sample views are shown

in Figure 15. The left side shows a user the health status of the multiple water desalination plants they are overseeing, an
executivemight usethis view to makedecisions.Theright sideshowsthe healthandstatusof a specificsystemandthefault

detection analysis.
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5 Conclusion

The use case in Section 4 was only applied to a single component, a high-pressure pump, but digital transformation can be
applied in stages. The lessons learned, framework, data, and algorithms developed when focusing on a single component can
be expanded to cover the system and later the entire plant. Figure 16 shows the steps of expanding from high pressure pump
to smart plant.

e Step 1: Apply Digital Transformation to a single component of a system in the plant such as the high-pressure pump
of the reverse osmosis system.

e  Step 2: All algorithms, models and techniques developed in Step 1 will be expanded and applied to all the components
of the reverse osmosis system.

1 Step 3: All algorithms, models, and techniques developed in Step 2 will be expanded and applied to the re
systems of the plant.

1 Step 4: Expand the applicatiofdigital transformation to aetwork of smart plantallowing userg¢o monitorboth
individual plants and the interactions between plants.

USC Center for Predictive Maintenance USC Center for Predictive Maintenance

Desalination
System

e e e e e -
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: System 1 \
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Figure 16 Incremental Applicatioof Digital Transformation
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Abstract

The Northern Operating Area is the weakest part of the of the SEC system. It is connected to rest
of the system through only one 380kV double circuit interconnection. The Kingdom of Saudi
Arabia has set out a roadmap to rapidly diversify the domestic power supply. In this regard a
strategic initiative under vision 2030 has been taken up to maximize the potential of renewable
energy in Saudi Arabia. As a part of this initiative 300MW Sakaka PV power plant has already
been commissioned whereas 400MW Doumat Al Jandal Wind Power Plant is expected to be
commissioned next year. Unlike conventional generation whose output can be controlled,
renewable generation especially Wind/PV introduces variability and uncertainty in to the grid.
This requires increased flexibilityin the system.In the existing power structures around the

world this flexibility is usually managed through conventional power plants. Use of storage
technologies can also provide additional flexibility but its use is still limited due to various
reasons. Integration of Wind/PV into the power system brings new challenges for the power
system operator. Two time scales of concern here are minutes to hours timescale and hours to
several days timescale. First one directly impacts the regulating reserve and ramping
requirements whereas later impacts the production cost by reducing the efficiency of
generation unit commitment and dispatch. Increased penetration can also lead to possible grid
blockageor power flow managementissues.A specificcombination of renewable generation

and load demand may change the magnitude and direction of power flow in the transmission
system and further power flow in the interconnected grid. Primary objective of this paper is to
identify the operational challenges that may be faced with integration both power plants in this
area with focuses on determining reserve requirements for system balancing using statistical
approachand identifying the combination of renewable generation & load demand that may

lead to power flow management issues.

Keywords: RESPenetration, RegulatingReserves, SEarid, Data AnalysisStatisticalAnalysis

I, Introduction

Some known challenges associated with Renewable integration on power system operation are
transient stability, frequencyand voltage control [1, 2]. Renewableenergy especiallywind and

PV will introduce intermittency into the system operations. Limited predictability and increased
uncertainty means that additional reserves will be required in the system to guarantee
operational reliability [3,4]. With this increased variability conventional method of allocating
spinning reserves equal to largest infeed or online generator are no more adequate. Extensive
literature is available on various approaches to calculate spinning reserve with integration of
renewable energy. One approach is to keep spinning reserve equal to the largest online
generator or some portion of the standard deviation of net load or wind/PV forecast error or a
combination of them [59]. This approach has been used by Sweden in integrating wind power,
reserve capacity margin on hydropower & thermal power is determined accordingto the
forecasterror of both wind power and loads [4]. Probabilisticmethod of reserveallocationis
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discussed in [1Q3]. In this method Loss of Load Probability (LOLP) or Expected Energy Not
Served (EENS) determines the spinning reserve requirement. This approach neglects the settin
of reliability & rationality of such metrics. Orte§yazquez et al. [14] use a cost/benefit analysis

to determine the optimal spinning reserve level for each time interval. These optimal spinning
reserve levels are set as constraints in reserve constrained unit commitment. In [15], they add
the uncertainty of wind power generation into the model. The Gaussian distribution of net
demand forecast error is approximated by seven intervals. A capacity outage probability table
(COPT) [16] is used to calculate the EENS of system. In [17], an artificial neural network mode
for wind generation forecast is presented and integrated in unit commitment. The probabilistic
concept of confidence interval is used to account for the wind forecast uncertainty, but
determining the optimal confidence level creates another difficult problem. stochastic
optimization scheduling model considering wind power production as stochastic input is
presented in [18]whichmakes usef a scenario tre¢ool to commit the scenario reduction and
reschedules based on the most-tgdate forecast information.

Review of integration studies conducted in various parts of the world reveals that although type
of operating reserves considered are similar Ibuethod to determine the quantum of reserves
varies. Minnesota and New York Integration Studies [19, 20], Eastern Wind & Integration Study
[21] and Hydro Qubec [22, 23] used statistical analysis, standard deviation of wind variability for
regulating reserve calculations. Spain & Portugal used-sitepping Monte Carlo simulation for
evaluating operation reserve strategies [24]. Netherland uses frequency domain peak to peak
analysis [25]. Whereas Denmark uses Market based risk Model for this purpose [26].

Kingdom of Saudi Arabia has also setup an ambitious target of integrating 60GW of Renewable
energy by 2030. As a part of this initiative 300MW Sakaka PV plant has already been
commissioned whereas 400MW Doumat Al Jandal Wind Project is expected to be online next
year. Both plants are located in the weakest part of 8tC grid. Each sub area within this area

is only interconnectedhrough a long 380kV Double circuit onihe objectiveof this paper is to
identify the operational challenges with focus on regulating reserves & balancing requirements.
Statistical analysis will be performed on generation production profile of wind/PV to determine
expected regulatiomeserve. Similarlizoadforecastof 2020will be usedto determinevariability

due to load. Renewable generation will be considered as negative load. Hourly regulating
reserves based on net load variability will also be estimated using the same statistical approach.

Il. StatisticalFrameworkfor Hourly RegulatingReservegvaluation

The statistical analysis can be used to evaluate power system reserve since it deals with
characterizing the nature of random variables. . It is a good way of describing large amounts of
data in an abbreviated way and to define important characteristics and properties of a given set
of data. There are two key variables here, one is the variability of the electrical load other is the
renewable generation. Both are expected to have several time frames of variability such as
annual,seasonaldaily, minute-to-minute and secondto-secondchangeslLoaddemandand the

power produced by renewable plants and their synchronous combinations are random
variables. The variation in load is driven largely by consumer behavior, it has a distinct daily,
weekly and seasonal trend that can be observed on time sefisgstem load. The scopé this
analysis is to determine how much variability exists in a set of given data, such as load, wind/PV
production and their combination during a period of time (day, week, month, etc.). Considering
the RES power and load time series, hourly variation within each time step can be calculated by
taking the difference or "deltas" between successive data points. Hourly variability of load and
RES power with time series of variations can be calculated using the following equations
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n [ 2#LRad-Load,

n w 9={RES RES
Where
n [ 2isvRriabilityof loadathouri=H T 0 X n Xy T cn
n w 9s{ariabilityof Renewablegenerationathouri=H 20 2 n Xy 7 c N1

The resultant time series will be concentrated around mean with residuals varying around the
mean. From statistical theory; any sampling distributions based on large N can be approximated
by the normal distribution even though the population distribution itself is definitely not
normal. In probability theory, the normal distribution is a continuous probability distribution
that is often used as a first approximation to describe #edlied random variables that tend to
cluster around a single mean value

1 _(x=p)? /

P(x) = e (202)
aV2rx

Where
> isthe mean
" isvariance(alsoknownasmeasureof the width of distribution

.u—3 u=20 =0 u u+o u+20 3a

Figurel: NormalDistribution Curve

Figure1l showsa normal distribution curve. About 2/3 of all casesfall within one standard
deviation of the mean
t6> XK E X >b 0 I'andcyHcC

About95%of casedie within 2 standarddeviationsof the mean

t o> X E X >bH 0 [Tnddpnn
About99.74%of casedie within 3 standard deviationsf the mean

t 60 WS b 0=0.0974
HereStandardDeviationwill be usedasmetricto describethe variabilityof the time series.
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. StatisticalAnalysisof Hourly RegulationRequirements

The production variability of wind farms and PV plants has been carried out considering
expected production profile of each plant. Hourly variability is calculated using hour by hour
difference between the current production and the production in the previous hour.
Approximating the distribution of the production variation as normal distribution, 99.7% of the
samplessincluded ing 0 Hebe™  eNvauatedfor monthly samplesindtotal population sample

i.e. for the whole year. Statistics of the productieariability monthly & annually for Wind farm,

PV plant, Aggregate RES production (Sakaka + Doumat), Northeast area load demana
Northwest area load demand, Aggregate load demand (Northeast + Northwest) & Net Load is
tabulated in table 1. The statistical value in which the typical hourly variations can be expected,
is an appropriate driver fadetermining the regulating reserve of the system with RE plants. The
hourly variation must be faced by the conventional plants operating on the system. It means
that both NWA and NEA systems should be operated with an adequate amount of reserve on
the regulating plants. In order to cope with the 99.7% of the expected hourly variation, the
reserveof the entire NOA system must be at least +340 MW. This reserve has to be allocated
plants with enough dynamic capacity of regulation: each plant must be capable to provide an
adequate output power variation. The NOA is interconnected with the rest of SEC network. Also
the interconnectioncouldpotentially providethe regulatingservice.ln order to providethis kind

of service, the interconnection must be of course operated with an adequate margin in respect
to the security limitations (e.g. due to-Nconstraints).

Tablel: Monthly & AnnualStatisticaResultfor Hourly Variability
Hourly Up/Down Regulationin MW

Month | Sakaka | Doumat| Total NEA NWA Total Net
PV Wind RES Load Load Load Load

Jan 104 233 256 116 97 181 331
Feb 105 239 257 118 92 191 345
Mar 106 232 252 110 91 185 338
Apr 106 266 283 103 81 165 339

May 108 260 276 119 105 193 328
Jun 102 235 241 139 110 221 322

Jul 96 231 239 140 97 216 314
Aug 105 259 273 142 91 214 357
Sep 107 242 259 121 101 204 332
Oct 111 269 292 102 94 172 353
Nov 102 230 252 126 87 194 338
Dec 92 242 258 153 106 246 376
Annual 104 245 262 125 96 200 340

There are two aspects of Taklewhich is of our interest. One is the hourly RES production
variability and the other one is the hourly net load variability.

A. Analysisof RESProduction
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Statisticsof the productionvariability of the wind farm and PVplant is summarizedn Tablel.

Table2 summarizes the production variability related to their installed capacity. Similar
statistics for the total variation in NOA (combining production of both Wind & PV) i
tabulated.

Table2: RE®roductionVariabilityrelatedInstalledCapacity

HourlyVariationas
Percentageof Total
production

Sakaka | Doumat | Total
PV Wind RES
Jan 35% 58% 37%
Feb 35% 60% 37%
Mar 35% 58% 36%
Apr 35% 66% 40%

May 36% 65% 39%
Jun 34% 59% 34%
Jul 32% 58% 34%
Aug 35% 65% 39%
Sep 36% 61% 37%
Oct 37% 67% 42%
Nov 34% 58% 36%
Dec 31% 60% 37%
Annual 35% 61% 37%

Duration

Annual variation for Doumat Al Jandal wind farm is about £61% of the installed capacity. The
variation tends to increase in April, May, August & Oct, whereas for the rest of the year it varies
in the range 068%- 60%. Sakaka PV plgmbduction variabilityon the other hand varies in the
range of 34% 36%. Maximum variability is observed in May, September & October and lowest
variability of 31% is observed in December. Whereas Annual variability remains +35%.
Interesting point to note here is that although wind variability is much but when combined with
PV production, variability tends to decrease drastically. Annual aggregate RES production
variability is only +37% compared to wind farm production variability of £61%. This shows that
wind and PV production tends to reinforce each other.

B. Analysisof Net Load

Since renewable generation wind/PV is considered non dispatchable in most of the utilities

around the world, therefore it can be considered as negative load. Net load represents load

minus RES production. Hourly trend of Net Value is the algebraic sum of synchronized trend of

load, wind & PV production. Figure 2 shows the hourly net load deltas on a histogram as
FNBIjdzSy 08 RA &G NR«@od2liTh 2 VKOS ¢KSBF R SR NE @ ° AvdloaaMMO a2 @
coverage of the variability (and assuming that the load variation is normally distributed) is
expected in 2020 that 99.7% of the Net Load deltas will be within +339 MW/hr.
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Figure2: Net LoadFrequencyDistribution of Hourly Differences

To understand the impact of RES generation on load demand and net load demand Figure 3 & 4
are shown. Figure 3 shows a typical load curve for a dayReittk load demand in NOA & figure
4 show a typical load curve for a day minimum net load.
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Figure3: TypicalDaywith PeakLoadDemandin NOA
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