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Summary

In 1999, the Dutch energy market was liberaliZEde operation of the distribution grids, which were
regarded as a natural monopoly, had to ine@bundledfrom production andsales To safeguard a fair
market, a regulator was established. One of the tasks of the regulator was to determine the income
of the Distribution Network Operators (DNO). In the United Kingdom, which preceded the
Netherlandsyy f A0 SN} f AT FGA2y>Y GKAA NBadzZ 6SR Ay | aiAdayai
UK companies implemented to deal with this challenge was asset management. In those early days
asset management was by no means a coherent conddptever, the ideaof balancing cost, risk

and performance seemed to beharacteristicfor asset management. Coherenamong companies

and practicesgvas only achieved with the formalizatiém anormalizedmanagement systemnthe PAS

55 specification Although assetmanagement revolves around improved (optimal) decisidhs,

actual decision making receidgevery little explicit attention in PAS5 (andneither in itssuccessor

the 1ISO 55000serieg. Within regulation of the Dutch network operators, there was alsdelitt
standardization of decision making, despite thegiibn and modificationof PAS5 ino NTA8120Q

the Dutch norm for asset management for network operatdmck of standardizationvould be
understandable for a norm with an intended wide applicationt Wwas remarkablawithin this limited
contextof the management of a distribution infrastructure. This raitlee question whether there is

a more fundamental reason for ihlack of standardization. Andsb, what levelof standardization is
possible? Inother words, what are the boundaries fostandardized optimization in asset
management?

When the concept of asset management is apptiethe infrastructure for energy distribution, most

of the management attention is omanagingisk. Most riskare regardedas normal risks that can be
objectified. This raised the question whether the management of infrastructures for energy
distribution could be regarded as cdstnefit-consideration with regard to risior the wholesystem

(Risk Based Optimization, RBRanaging riskhowever, is a problematic conceptn literature there

is no precise agreement on how to approach this, though the available views (like COSO and ISO
31000) seem to align. Unfortunately, behind the superficial differences a foodamental conflict

is hidden, on what a risk precisely is, and how a good decision should be made about risk. Many
different definitions can be used for risk, with most of these recognizing the importance of
uncertainty. The most important difference veten the definitions is that of risk as a concept and

the way this concept is measured, though some limit the concept of risk to the negative domain
whereas others also consider positive deviationgugsvard)risk.

We have selected Cost Benefit Analy€8A) as the appropriate approach for decision making in
asset management, after a thorough literature stuthpwever,CBAis not sufficient to achieve a full
risk based optimizatiorof the asset basetheoreticallyit is possible to account for neimandal
effects in CBA, but there is menerally accepted scheme for incorporatitmgm into suchanalysis.
Besides, CBA does not provide a means for evaluating orskheir importanceas such.If risk
evaluation criteriawvere available, the most importanproblemscouldbe selectedrom an overview

of problems There was, howeveno agreed method for generating such an overviewdsalso not
clearwhetherusing CB for every decision would be accepted. And finallyydisnot clear what the
added valueof RBO would be iman energy distribution infrastructure. A pivotal point in
understanding these knowledge gapgas that the gaps are not independerih practice For



example, avery sophisticated value system may be generally accepted but may also bdiffienyt
to apply. On the other hand, a very simple value system (e.g. only financial) may be easy to apply, b
results may not be accepted.

Based on these knowledge gaps the central research questsn

To what extent is formaRsk BasedOptimization of the whole system feasible in managing assets
of the infrastructure for energy distribution?

This central questiowas dividednto 4 sub questions:

1. What is an adequate representation of the value system that facilitates both CBA as the
selection of most important risks?

2. What is an adequate representation of the risk position?

3. What is the effectiveness of applyingsR Based Optimizationy means of these adequate
representations?

4. How robust is this effectivenesd Risk Based Optimizati®n

A significant part of the experimental research on these questions was conducted within Enexis, one
of the three large Distribution Network Operators in the Netherlands.

Single Asset OptimizatiariThe first experimentoncernedthe value of RBO like apprdaes for an
individual problem ofnetwork capacity expansion. Evaluating several ways to include more risk
based considerations into decision making revealed that a drastic change of the decision could be
reached bymeans ofpostponing the investment witmany (10 or more) years. In terms of thetal

Cost of Ownership (TCO)the improvement was about 20% compared withe conventional
approach. Additionallyjt was shown thata very robust decision could be made without fully
understanding the precise faile mechanism behind the risk.

Portfolio Optimization: Based on this result, the scope of the research was expanded to the value of
RBO in determining a portfolio of interventionhe most important question in this experiment was
whether mixing several separate portfolios and prioritizing them on a uniform value system would be
accepted, both by the contributing teams as by the ultimate decision maker.developed an
approachthat led to a fully accepted portfolio decisioKey in our approach was that the value
system was used as a flexible aid in ranking the interventions and not as an ultimate truth by which
to measure and judge every individual decision. Also, our approactbineth CBA with a well
designed (social) decision process. It resulted in a performance improvement of about 20%
compared with an unranked budget allocation.

Risk Positionin order to move from a procedural optimization of the portfolio of interventionsat
formal optimization of the whole system, an adequate representation is needed of all the risk in the
system, the risk positiorODur method to obtain such adequate representatimastwo key elements:

the risk procesand its, rather pragmatic, applidah. Themethod selectedfor structuring risk was

the use of a risk procesBom cause to consequencehere every phase of the risk process could be
used as a starting point foidentification andclustering The risk process washen applied to
establid the total incident risk of the gas distribution grideVibund that therisk process helped in
understandinghat only fewprecursors (=combination of cause and asset) precatlecbulk of the
incidents.Therisk in thewhole systencouldthen be approximated by first establishing theisk per



precursor(= average expected impact per occurrenaefl then by simplgounting the occurrence of
precursors

System Optimization: The risk process wathen applied in a formal system optimization of the
replacement of ageing assets. Using the risk process, the asset base (consisting of thousands of
varieties of assetsjascondensed into several tens of asset types. Per asset type a risk profile was
establisked, consisting of an age dependent failure rate, age profile and the failure consequences.
Summed over all asset types tlgavea prognosis of the performance of the asset baBeen,the

optimal replacement agevas determinedin a cost marginal approachicomparing the cost of
advancing replacement one year with the risk reduction in that yddre. added value of risk based
optimization of the system turned out to be in the 20% region

Risk register In afurther experiment dl risks identified were cotvined into a single register, and

the total risk wascalculated byrunning a Monte Carlo simulation over the collected risks. The
resulting distribution of the predicted performanceiffered from the measured empirical
performance distribution. Thisvas die to overlap between risks resulting in double counting of
effects.Arisk register usually contains only a small number of high risks (with a large average impact)
and a large number of low riskbat show the most overlagsmall average impact, orderd o
magnitude below the high risks)We found that whenthe most relevant risks are modeled
adequately, the less important risks do not matter that much, even if they would have significant
overlap.This meant that some overlap does not have to be resolaedhifh cost) in a risk register.
Another key finding was that the specific definition of the concept of mgks not needed to
adequately model the risk position.

Value systemAn adequate representation of the value system proved tadiker straightfoward.

For the majority of risks under considerationpitoved to be sufficiento establish the impact on

three values: costs, safety and reliability. The expected amount of misery (probability times impact,
the exposure) proved to be an appropriate megstor the importance of the risk, especially if the

risk level was measured on a logarithmic scale. If the values are aligned (the decision maker is
indifferent between impacts of the same severity on different values) then-firancial effects

could be substituted by their financial counterpartnather key finding was thatiecisions wereaot
verysensitive to theexactmonetization factoiof nonfinancial values in the risk matrix

Our main conclusions from the theoretical study and our experiments are

1. A value system for normal risks can be adequately represented by a properly designed risk
matrix. It canbe used both for prioritizing risks agell asfor cost benefit analysis by means
of amonetization factor.

2. The risk proceshelps in structuring the risk position into a limited number of risks that
provide an adequate representation of the risk position, i.e. the total value at risk.

3. The effectiveness of applyingsk Based Optimization, in well-designedsocial decision
making processis high. It reduces the total cost of ownership of the assets by about 20%.

4. The effectivenessf RBO isobustunder variablerepresentationsof value systems and risk
registers. In practicepnly a fraction of theRBOoutcomes were rejectedy the decision
makers. This justifies our relatively pragmd®BOas the cost of detailing and improving it
even further would not beompensatedy overall improvd decision making and outcomes.
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A formal risk based optimization of the whole system isalsible to a very large extent in managing
assets of infrastructure for energy distribution.

The acceptance of RBO was reached in a system with largely normalmiskesults cartherefore
not be generalized without further consideration to other irdtauctures orto different industries
which possibly have more namormal risks A relevant question for those systemswkiether RBO
could be applied for the normal part of the risksly, or that it would be better to switch to a
completely different aproach. Another relevant issue for further researchtie independenceof
risks. In more tightly coupled systenthan the ones studied in this thesigsks may have to be
modelled in an integrated approach.
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Samenvatting

In 1999 werd de Nederlandsmnergiemarkt geliberaliseerd. Het beheer van het netwerk, dat als een
natuurlijk monopolie werd beschouwd, moest hierbij onafhankelijk wordem productie en
verkoop Om misbruik van de machtspositie te voorkomen werd een toezichthouder ingesteld. Een
van de taken was het vaststellen vamet inkomen voor de netwerkbedrijverin het Verenigd
Koninkrijk, dat Nederland was voorgegaan in de liberalisering, had dit geleid tot een sterke daling van
de inkomsten. Defoplossing die veel Engelse bedrijven hadderimplementeerd om met de
inkomstendaling om te gaan was asset managemkntleze tijd was asset management nog zeker
geensamenhangend concept, mahet idee varhet balanceren van kosten, risico en prestdéek
karakteristiek voomsset managementSanenhangtussen bedrijven en praktijkekwam pas met de
formalisatie in eengenormaliseerdmanagement systeem, PAR. Alhoewel asset management
draait om het nemen van debetere (optimale) beslissingen, krijgt besluitvormintauwelijks
expliciete aandachtni PAS55 (en ook niet in de opvolger de 13000 serie) Ook binnen de
regulering van de netwerken in Nederlaheeft er nauwelijks standaardisatie van besluitvorming
plaatsgevondenondanks dat PAS5 grotendeels is overgenomen in NBA20 de Nederlands

norm voor asset management voor netbeheerddd# gebrek aan standaardisatie is begrijpelijor

een norm met een brede beoogde toepasbaarheid, maarallendbinnen deze beperkte context.

Dit riep de vraag op of er wellicht fundamentele redenen zijaanom dit niet plaats vindt. Exo ja,

tot welk niveau kan er dan wel gestandaardiseerd worden? Met andeyerden, wat zijn de
grenzen voor gestandaardiseerdptimalisatie binnen asset management?

Wanneer het concept van asset management wordt toegepast de infrastructuren voor
energiedistributie dan gaat de meeste aandacht uit naar het beheersen van fisgo. YSSa i S NA & A
2NRSY 0Sa0K2dzwR Ffa y2N¥YIfS NRaAO2Qa RAS 3AS2062
het management van infrastrueB y @2 2NJ SYSNHASRA&AUGNAOdzIAS 06S30K?2
& @ & (k8sweibaten afweging met betrekking tot risico (Risico geBaseerde Optimalisatie, RBO).

Echter, et beheersen van risico is een problematisch concept. In de literatuur is geen precieze
overeenstemming te vinden over hoe je dit aanpakt, al zijn de beschikbare visies (zoals bijv COSO of
ISO31000) op hoofdlijnen zeer sterk vergelijkbaar. Helaas ligteadatte opperviakkige verschillen

een fundamenteler conflict verborgen, namelijk de vraag van wat risico precies is en hoe je een goed
besluit neemt over risico. Er zijn vele risico definities in omloop, wadebineestedefinities het

belang van onzekerli@ erkennen. Het belangrijkste onderscheid tussen de definities betreft risico

als concept en hoe het wordt gemeten, al beperken sommigen het tot het negatieve terwijl anderen
ook positieve afwijkingen a(®pwaarts)risico beschouwen.

Wij hebben Kosten &en Analyse als de geschikte methode voor besluitvorming geselecteerd op

basis van een uitgebreide literatuurstudiechter,KBA alleeris niet voldoende om tot een volledige

risico gelaseerde optimalisatie te komen: theoretisch is het mogedigk nietfinanciéle effecten

mee te nemen in de afweging, maar hiervoor loegt geen algemeen geaccepteerd scherfbmk

geeft KBA geen antwoord op de vrasgor welke problemen een beslissingen genomen moet
worden. Middels risiceevaluatiecriteria kunnen de belangkigte problemen uit een volledig

overzicht geselecteerd worden, maar helasas er3SSy YSGK2RS 06SaOKA{1 Ol I NJ
overzicht te maken. Ookvas nog niet duidelijk of het onverkort toepassen v#BA niet tot
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acceptatieproblemen leidt. Tot sletasook niet helder welke toegevoegde waarde RBO zou hebben

indien het volledig zou wordetoegepast in de engiedistributie infrastructuur Een kantelpunt in
het begrip van deze kennislacunesdat de lacunes niet onafhankelijk zijn de praktijk Een zeer
geavanceerde weergave van het waardesysteem iproorbeeldalgemeen geaccepteerd worden

maar ook zeer moeilijk toe te passen zi§fan de andere kant, een zeer eenvoudig waardesysteem

(met bijvoorbeeld alleen maar financiéle aspecten) is wellicht mgkkele te passen, maar wordt

mogelijk niet door iedereen geaccepteerd.

Op basis van deze 4 kennislacunesde centraleonderzoeksvraag

In hoeverre is formelerisico gebaseerdeoptimalisatie van het gehele systeem mogelijk in het

managen van de assets van de infrastructuren voor energiedistributie?

Deze onderzoeksvraag is vertaald in 4 deelvragen:

1.

4.

Wat is een adequate manier om het waarde systeem te representeren, waarmee KBel
Ffa aStSOGAS @Gly oSPlIyaNR21adS NARAAO2Qa

Wat is een adequatespresentatie van de risicoposifie

Wat is de effectiviteit van het toepassen vani®igeBaseerde Optimalisatimiddels deze

adequate representaties?

Hoe robuusis deze effeaviteit van Risico geBaseerde Optimalisatie

Y2 3Sf

Een belangrijk deel van het experimentele onderzoek naar deze vragen is uitgevoerd binnen Enexis,
€én van de drie grote Nederlandse netbeheerders.

Optimalisatie enkel vraagstuk Het eerste experiment betrof dewaarde van RBGachtige
benaderingenvoor een individueel vraagstuk van capaciteitsuitbreidiuzgn het netwerk.Uit de
evaluatie van een aantal manieren om meer risico gebaseerde afwegingen te maken bleek dat dit
kon resulteren in eerastische verandering van het besluit in de vorm van uitstel van investeringen
met vele (10 of meer) jarerDe toegevoegde waarde van een dergelijke optimalisatie ligt in de orde

van 20%van de Total Cost Of Ownership (T@€)) opzthte van eenconventicnele benadering.

Aanvullend werdyetoonddat een zeer robuuste beslissing genomen kon worden zonder dat er een
volledig begrip van het precieze faalmechanisme achter het risico was.

Optimalisatie van de portfolio Op basis van dit resultaat is de scope @& vraag uitgebreid tot het
bepalen varde waarde van RBO in de vaststelling van een portfolio van intervebigelselangrijkste
vraag bij dit experiment was of het mengen van een aantal deelpor@ofizet een uniform

waardesysteentot een geaccepteereindresultaat zou leiden, zowel bij de samenstellende teams
als bij de uiteindelijke beslisseM/e ontwikkelden een aanpak die tot een volledige acceptatie van

de portfolio beslissing leiddde sleutel in onze aanpak was dat het waardesysteem werd tgbru

als een flexibel hulpmiddel voor het ranken van de maatregelen en niet als de ultieme waarheid

waarmee individuele besluiten genomen moesten worden. Daarnaast combmesize aanpak CBA
met een goedontworpen besluitvormingsprocesiet resulteerde ineen prestatieverbetering van

grofweg 20% vergeleken met een ongeordende budgettoewijzing.

Risicopositie:Om van een procedureleptimalisatie van deportfolio van interventiesnaar een
formele systeemoptimalisatie te komen is een methode voor adequategese van het totaal aan

risico (de risicopositie) nodip. y T S YSiGK2RS 2Y
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twee sleutelelementen: het risicoproces en de pragmatische toepassing daarvan. De gekozen
methode voor het structureren vanderis@a ¢l a KSG 3ISOoNHZA |l GFy KSG N
gevolg,waarbij elke fase gebruikt kon worden als ankerpurdor identificatie enclustering. Dit
risicoproces is vervolgens toegepasthiet vaststellen van het totale incidentrisico van het gasnet.

We vonden dahet risicoprocesielp in hetinzichtelijikmaken dat slechts een klein aantakpursors
(=combinatie van oorzaak en assetoraf gingen aamle bulk van deincidenten.Het risico in het

gehele systeem kon worden benaderd damrst per precursor het risicdq= gemiddeld verwacht

effect per optreden}e bepalenen vervolgens het voorkomen van de precursoren te tellen.

Systeemoptimalisatie Het risicoproces is vervolgens toegepast in een systeemoptimalisatie van de
vervanging van veralerende assets. Met haisicqproces kon de gehele assetba@deestaande uit
duizenden verschillende soorten assewwdrden ingedikt tot enige tientallen verschillende asset
typen. Per type werd een risicoprofiel vastgestdiestaande uit eemeeftijdsafhankelijke faalkans

een leeftijdsprofielen de faaleffecten. Opgeteld over alle typen leverde dit een prognose van de
prestatie van de asset base. Vervolgens is per type een optimale vervangingsleeftijd bepaald in een
marginale benaderinghét vergelijken &n de kosten van het egaar vervroegervan de vervanging

met de risicoreductie in dat japrDe toegevoegde waarde van de systeemoptimalisatie was een
prestatieverbetering varongeveer 20%.

Risico register:In een vervolgexperiment werden alle tot dusvetSORSY G A FAOSSNRS
ondergebracht iréénregister, en het totale risico werd berekend middels een Monte Carlo simulatie
20SNJ RS @S NI berrésulteréndeNdistiibuti® 24 ade voorspelgeestatie bleek af te

wijken van degemeten empiriscle distributie van de prestatieDit kwam door overlap tussen de

NA a A O2 Q& sondntige N@v@gerNdlubbel geteld werdeE&en risicoregister bevat normaal

gesproken slechteen paarhogeNR& & A O 2 Q FrotégeérBiddeldd Bnpact per jaaren velelage

risicd®@( £t SAYS 3ISYARRSERS AYLI OO0 LISNI 21 I)dkbde RaddeS I NP 2
overlap gevenWe vonden dat wanneer de meest relevamisica® adequaat gemodelleerd zijn, de
YAYRSNI NBt SGIyidS NAa&AO2 Qkal ehhenye dgfole overaS Nit betekens St (G
dat niet alle overlap in het risicoregister opgelost hoeft te worden tegen hoge kosten. Een andere
belangrijke constatering was dat een specifieke definitie van het risicoconcept niet nodig was om een
adequaat beld van de risicopositie te verkrijgen.

WaardesysteemEen adequate weergave van het waardesysteem bleek behoorlijk eenvoudig te zijn.
Voor de overgrote meerderheid valdA a bl€eR etivoldoende effecten vast te stellen aprie
waarden: kosten, veilighe en betrouwbaarheid. De verwachteoeveelheid ellendgkans maal
effect) bleek bovendien een geschikte maat voor het risiconiveau, zeker bij gebruik van een op
ordegroottes gebaseerde logaritmische schaalverdeling van de risicomatrix. Als bovendien voor
uitlijning van de impacts wordt gezorgde( beslisser is indifferent tussen impacts met een zelfde
ernstgraad op verschillende waardedan konden niet-financiéle effecten gesubstitueerd worden
door hun financiéle evenkni&enbelangrijke bevindingvasde beslissingemiet erg gevoeligvaren

voor deexactemonetarisering van de niet financiéle effecten in de matrix.

Onze belangrijkste conclusies uit de theoretische studie en de experimenten zijn:

1. Het waardesysteemkan adequaat gerepresenteerd worden meter juist ontworpen
risicomatrix Deze kan zowel gebruikt wordeior het prioriteren van risico als voor het
maken van een kostebaten afweging viale monetariseringsfactoren.
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2. Het risicoproceselpt in het structureren vamle risicopositie in een beperkt I y (i | f NA & A O
dat een adequate weergave van het totale risico vormen.

3. De effectiviteit vanhet toepassen vanRisico gebaseerde Optimalisatie in een goed
ontworpen sociaal besluitvormingsproces is ho&g wordt ca 20% ople Total Cost of
Ownershipbespaard.

4. De effectiviteit is robuust onder variabele representaties van het waardesysteem en de
risicopositie.In de praktijk bleek slechts een klein deel van de RBO resultaten verworpen te
worden door de beslissers. Dit rechtvaardigt onze relafiefgmatische RBO omdat de
kosten van meer details en verdere verbetering niet gecompenseerd zouden worden door
een algehele verbetering van besluitvorming en resultaten.

Eenformele optimalisatie van hehele systeemisin zeer hoge mate mogelijin het beheer van de
assesvan de infrastructuren voor distributie van energie

58 | O0OSLIilFGAS @Iy w.h 6SNR O0SNBA]GO Mgreshltatgn aeai S
kunnen daarom niet zomaar gegeneraliseerd worden naar andere infrastructuren of eander
industrieén, die mogelijk meer nigf 2 N I £ S N dEknbeangrijkeyraagwids gedelijke

systemenh & 2F @22N) KSGi y2NXIfS RSStf @Fry RS NARaAAO2Q:
beter is om voor het geheel op een andere methode/er te stappen Een ander belangrijk
2YRSNBSNL) F22N) SN2t 32yRSNI 2S1 A& RS 2y FTKIFyY]
systemenRl'y 0S&d0dzZRSSNR @22NJ RST S GKSaira Y2SiSy NRa&i
geintegreerde benadering.
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the time it takes to do so. Being sélinded then becomes an enormous asset as it removes all
deadlines and the associated urges to cut corners.

One of the benefits dfeing a part time sci#ist is that t makes onecontinuouslyaware that theory

and practice ar@wo conflicting viewson reality. To name a fevobviousdifferences, sience is about
asking questionsvhereas practice is about giving answesisdscience (at least in theory) hagro
tolerance for imprecisions and errors whereas pract&cenore about being good enougHowever,
there is also a much more subtle differencgiencecan limitits view on the world to a single
consistentperspectivein order to create meaning. Pracé cannot afford such a luxury, dsaling

with different viewpointsis almost unavoidablan order to get resultsUnfortunately, being aware of
different views does not mean that both views can be assuatettie same timel guess a blend of
views is mee likely, resulting ina part time scientistoeing morepreciseand analyticalthan a
practitioner and more outlining and solution orientedthan afull time scientist. The consequence is
that one is always blamed (or complimen®dor belonging to the othegroup being regarded as a
practitioner in academia, but astheoreticianin practice This may seem a lonely position, never
really belonging to the groupn which one operatesHowever,it can also be considered as a very
connected positionBeing in between allows challenging results from the other perspective and thus
for bridging the gap. How does a scientist know that the results have any relevance in practice if they
do not account for many other imprecisions practitioadace, and how do practitioners know that it

is good enough if they do not know what is achievable according to thégmgfer to think | bridged

the gap, evidenced by this thesis that proves | am a scientist whilst still working in pra&icéhis

just may be a fantasyt is also possible that | just crossed the bridigge academia andhat | amlost
forever for any practical purpose. Only time will resolve this uncertainty.

What is not uncertain though is that this bridging or crossing was possible because odn
exchangeof ideas with many peopld.cannot thank them enough for providing an opportunity to ask
challenging questions and to challenge my results in return, in both views. This includes all colleagues
at E&| WCEAM, EURENSEAMeisand of course my business associatespecial thanks goes to

the power rangers, which provided an opportunity for discussion on a very regular basis. A very
special thanks goes to the twecolleaguesat E&Iwho never got tired of trying to change my
perspective into something completely different: Igotkdlic and Rob Stikkelmarfhank you very

much for the valuable discussions we had inside and outside the office.
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PART]1 RESEARCH FRAMING

In this part,the research problem is introduced, followed hydescription of the research context,
the theoretical framingand theresearch design.






1 Introduction

In 1999, the Dutch energy market was liberalized, following the European direEtigegeneral idea

was that consumers should have a choice in the suppli¢heif energy. An anticipated side effect
was that due to competition the prices would drop and efficiency would increase. The energy
suppliers would thus be exposed to true market forcdbe distribution gridsare a natural
monopoly, as it would be vergostly (and thus inefficientjo install and operatemultiple grids
alongside each other. Yet, allowing a market party to operate a natural monopoly leaves many
options to abuse tis monopoly, either by direct blocking of new entrants or by cross subsgdthie
market operations by distribution fees. Hence, the existing energy companies were required to
unbundle into a (commercial) energy supplier and an independent Distribution Network Operator
(DNO)Tosafeguarda fair market, a regulator was establishehe DE”.

One of the tasks of the regulator was to determine the income of the network operaforprevent

Fye +0dzAS 2F GKSANI Y2y 2LRfAaGA0 LRSSNES ySig2N]
LINR OS&¢ (2 Ini1r9S, the drisinged & bmsultation on price cap regulation. Under a
price cap regime, the allowed income is based on the costs the grid operator could have (the efficient
costs), not on the cost the grid operator actually has. This latter form is cost plus regulation
essentially in place before liberalizatioThe efficient costs would be determined by benchmarking
the grid operators and using the lowest cost per unit as a reference. If operators could do better they
could keep the difference, but if they performegbrse theywould have to pay themselves (i.e. pay

out less dividend to the shareholders). The benchmark would be held periodically, so that if
companies improved their performance, the efficient cost level (the frontier) would fadweorder

to remain profitable, the companies would have to improve again and so on. In essence, a cycle of
continuous improvement on a very high level.

The Netherlands was not the first country in the EU to liberalize the markets. The UK had done so in
the early 90sPrice capegulation was also practiced in the UKhen liberalization happened in the
Netherlands, it was quite obvious for the network operators to look overseas to get an impression of
what to expect.Unfortunately, the outlook was notery pleasant. Precisely the period the Dutch

sector became aware of the changing reality, the regulator in the UK imposed some very stiff income

! The freedom of choice was introduced gradually. In 1999, only the very large consumers would have a choice,
followed in 2001 by sniband medium enterprises and in 2004 (originally planned for 2007) all consumers
would beliberalized

’The regulator had several changes of naffitee original name was B{Dienst uitvoering en Toezicht
Energie)ln 2005 it became part of NM@lederlandse Mededingings Autoriteit), the Dutch regulator for
(general) competition. The name changed to Directie Toezicht Energie, the abbreviation remained DTe. In
2013, the NMA itself was transformed into the Authority Consumer and Market (ACM).

® Thoudh it was not the regulator but the local government which owned the energy comgpeatyallowed the
proposed income by the energy company.

*1t would be corrected for the inflation by the formula ©Rlwith CPI for consumer price index and X for the
genenl efficiency improvement.
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reductions,up to 30% per yea(Krol, 200Q. Such drastic income reductions were rioreseen
immediately, but a reductiorrate of a few % pe year was withinexpectations A single small
reduction of income is not very troublesome. But if the income is reducetid®yrtain rate year after
year, even small reductions would cumulate into a signifidatdl. Whether a 30% income reduction
is theeffect of a single measure or the cumulative effect of several measutiss gerious challenge
by all means.

Together with the awareness that something was going to change drastically, the sector became
aware of a potential solution. This was assetmragement.Companies thatsufferec from income
reductions were proudly presentifghe form of asset management they implemented to maintain
profitability whilst at thesame time improving theiperformance Asset management was by no
means a coherenset of concepts in those days, demonstrated by the wild divergence of the
presentations heldYet,a concept from those early days thaassurvived the test of time is the
balancebetween costs, risk and performance, as shown inFtrgEJre16.

Engineering excellence Run to failure

Costs Costs

Performance Risk Performance Risk

Figurel: Extremes in thecostrisk/performance balance adapted from Yorkshire ElectricitfVijnia and
Huisma, 200Y.

Thediagram relates thdusiness relevanattributes of an assetdosts risk and performance) to the

asset strategy that is applied. As an example, two extréimesaintenancestrategiesare displayed.

hyS SEGNBYS 062y (KS hdhs3eKisioperated until sodmfthing goes@toigtanaNG ¢ ®
a corrective action is needed@he other extreme is that of engineering excellence. In this strategy,

®The first Asset Management conference attended by Enexis was organized bylSjan8ary 1999 Londen.
Among the presenting utility companies were Yorkshire Electricity, Railtrack, Severn Trent Water, National
Power, Hydetilities, London Electricity, South West Water and Transco. Other organizations present were
consultancy firms like the Woodhouse Partnership, Logica, Andersen Consulting.

®The precise origin of this diagram is unknown. Earliest records in possessignaiding the use by
Yorkshire electricity date from April 11, 2001.

"Extreme in the attention that is given to the asset, not necessarily in any of the attributes.
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prevertive maintenance idrequently applied to ensureisk freeoperation.lt is the role of the asde
manager to understand what options are available and what their impact on cost, risk and
performance is. This requires a deeper understanding of the asset, for example by means of a fault
tree analysisThe novelty of the diagram was in the explicit ddesation of risk, whereas it used to

be implicitly covered by applying technical standrds

Some of the organizations promotingsset managementestablished the Institute of Asset
Management (IAM). In a collaborationbetween IAM andthe British Standards Institution (BSI),
chaired by John Woodhouse, Rublicly Available Specification 55 (PAS 55) on the optimal
management of physicahfrastructure asset¢BSI, 2004awvas developedThe idea of optimizing the
balance between cost$ risks and performance over the whole lifecycleeitected in the definition

of asset management iRAS 55

[Asset Management is theystematic and coordinated activities and practices through which
an organization optimally manages its physical assets, and their associated performances,
risks and expatitures over their lifecycle for the purpose of achieving its organisational
strategic plan.

PASE5-1 describes the requirements for a assetmanagement systenits structureis aligned with
other standards on management systems like 'fS@D01. Requirements addres$or example
documents that needto be in place, processes that need to be establishadd roles and
responsililities that have to be defined With regard to risk identification, a list edpics that should
be included in the assessmigs put forward as a requirement.

Like other standards for management systems, the focus of the requireneentswhat needs to be
Ay LXIOS FyR y2G 2y K2¢ (2 NBFIfATS GKFEiGd ¢KI

In hindsight, explicit risk management was one of the three pillars of asset managénveotihouse, 2011

9According to the term of reference for patro(is\M, 2006, the seven Founding MemberseaAnglian Water
(AWG), London Electricity/LPN, National Gxidrthumbrian Water, Railtrack, Severn Trent Waded
Yorkshire Electricity and their legal successi®s was founded in 1994AM, 2013. John Woodhouse holds
member certificate number 00Burns, 201D

“The terms cost and expenditure are often interchanged. Technically, the expenditure is the (observable) cash
flow, whereas costs are the way the expenditures are accounted for in the income statements. By agreement,
maintenance expenditures are generally booked as onetime costs (hence the interchangeability), but
investment expenditures are translated into costs lpreciation. As asset management is not limited to
maintenance, the correct term should be expenditure, but cost is used more often. PAS 55 itself uses
expenditure in the definition of asset management, but costs in the definition of optimal in the quad€PAS

55-2, section 0.1, Bbullet).

' The comments here are made on PAS 55 as published in 2004. As it is no longer valid, past tense should have
been used. To a large extent, however, the comments still are valid for its successors, PAS 55:20083Md t

55000 series. Therefore present tense is used and not past tense, as that would suggest the mentioned
problems were solved.

2 |International Organization for Standardization. Throughout this thesis the abbreviation ISO will be used.



Chapter 1

application. Giventte wide range of organizations in which the standard should be applicable, it is
clear the guidelines cannot be very specific. It is more a list of items that can be considered in
implementing asset management than an implementation plan.

A paradoxcal item in PAS 55 igisk) decision making. The/hole idea of asset management is to
make the organization think about the value the assets deliver to the stakeholders as a primary
concernand derive the technical requirements from that consideration, instefadonsidering what

is technically achievable given the budget and other constrai@@nsiderations only become
effective in decisions. Asset management in this view thus is centered around decision making. This is
reflected in both the specification itHfe(one of the recognized benefits is to provide evidence that
the right decisions are mad&) and even more so in ¢hgudeline on the applicationa( systematic
approach for consistent decision makit{g)Yet, PAS 55 des not specifyhow decisions in asset
management should be mad&he term decisioror decisionmaking isnot even mentioned in the
requirements at all.In the requirements, dcision is oly mentionedin a note to the asset
management policy (that other policies may exist to provide guidance and a clear framework for
decision makingj.

From a certain perspective this is understandaBlAS 55 was drafted by a diversity of infrastructure
managers and shdd be applicable by all of thenToo much specification then can become an
obstacle. But asset managemeist also makingbrganizationsthink about the value their assets
provide. Thisda | OKFy3aS 2F LI N RAIY O2YLI NBPytéchnickl (KS
regulations, technical considerations and hidden value judgments. Replacing a prescription on how
to build things by a prescription on how to decide how to build things would most likely not bring the
needed cultural change.

Fom a more distat scientificperspectivehoweverit is quite strangeEven though the technologies
between the public infrastructures are different, the stakeholders for those infrastructures are
comparable, if not precisely the same. Roads, railways, electricity angrigias water and sewage
networks all have the same users to a large extent. As the infrastructures are within the public
domain, failing assets may impact (outside the users) the people living nefghin, impacts may
differ between the infrastructuresyut the impacted stakeholders are very much alikberefore, fi

the interests of the stakeholders are considered in decision makinte risks the assets present to
them, it seems veryeasonableto assume that those considerations are quite compardddaveen
infrastructures. That implies there is an opportunity for standardizing the considerations, but that did
not happen. Theresionly a smallhint on the interests, requirements or values the stakeholders
couldhaveby stating that stakeholder requirements should include health, safety, sustainability and
environmental requirementsin the guideline (PAS £ some more hints with regard to decision
making are made, like putting a monetary value on -fioancial aspets, the use of cost benefit

¥PAS 58, lig of benefits of asset management, top of pageBisl, 2004a

“PAS 58, section 0.1 General, page V second bullet, on a successful implementation of asset management
(BSI, R04b).

> Note 2 on the asset management policy (4.2.1), pagt, 2004a
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analysis, net present value calculations and so on, but these are not prescriptions. The idea of PAS 55
really seems to be that organizations determine that for themselves.

The paradox with regard to decision making is not weigo PAS 55 and its successors. It is also
observable irreguldion, for example regarding DNQor electricity and gas in the Netherlands
mentioned, the regulator determines the allowed income for the DNOs. This is a benchmark based
decision in whichDNOs are compared on the cost per unit they realized in the past period of
regulation. The observed trend in the cost per unit (presumably downward) would be used to
determine the income in the coming regulation period. Over the years, this resultedigndicant
reduction of costs per uniib the consumers in comparison with unregulated cq&esrndsen et al.,
2012). Since2004(NMA, 2007 quality is part of the income regulatioRart of this quality regutéon

is the compensation for customers for long interruptions of supply, another part is based on the
average quality of supplyy means of a q factdt Both aspects regard past performance.

Theoretically, such @feedback onlg regulation of income has its drawbacks. That an efficiency
improvement was realized in the past does not mean it can be realized in future. Furthermore, given
GKIFEG Ty AYFNFaadgNuzOGdzNBE Aa Fy AYSNI aeé adiNBirr AAiIP Sia
the postponement of maintenance, replacements and capacity upgrades, only to result in massive
costsin the eventual failure. A typical example of how high cost of failure can become is the
Auckland scenario of 189A series ohigh voltage(HV) cablefailures,due to a poor condition and

inadequate capacityeft the central business district without full power for more than a month

(Ministry of commerce of New Zealand, 1998

To safeguard against such disasters, several measures are taketheCone hand, there are
technical codes. These state (or keareference to the relevant norm) the technical requirements for
equipment, the quality requirement for the transportation service, and planning criteria for the high
voltage grid’. These technical codes have been in place since 2000, the start of reg@sEM,
2014b. Technical codes are specifying the minimal requirements.

The other measure is more in the style of a management system like PABIGS are required to
prepare a (public) plan for the infrastructuezery 2 yearsn how they will comly with the planning
criteria. The first plangor the electricitygrid were drafted in 2000, considering the 7 year period
2001-2007°. These only addressethpacity problemshence the name Capacity plan. In 2002, a
similar document had to be prepared fthhe gas grid, alongside with an updated version of the
electricity plan.Since 2005, the plan also has to inclupelity issuegchanging the name to Quality

®The g factor is calculated by comparing the performance of the DNOs over the past 3 years. The total income
effect of the q factor over all DNOs is z¢A&CM, 2014a

" These planning criteria are often referred to as th& and n2 criteria. N1 means that any component of
the grid can fail without impacting supply;that any component can fail during maintenance. d@lerence

is that for n1 the peak load for the year has to be considered, and f2itime peak load during maintenance. If
maintenance is planned during a low load situation, th2 mrequirement may actually be less stringent than n
1.

18 Comparable to th seven year statement DNOs in the UK had to make.
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and Capacity Documentirurthermore, the approach for risk identification atite analysis of th
major risks had to be includedhe reviewperiod was extended from 7 years to 10 year20ri1.

Combinedthese two measureshouldhave the effect that the DNQuanage their risks adequately.
Theplanningcriteria guaranteed a certain level of qualignd the public plamallowed the DNOs to

be monitored on their compliance with the planning criterldowever, in a separate guideline
(Rijksoverheid, 2005 it is explicitly stated in article 13 that nonconformégainst the(HV)planning
criteriais allowed if the benefits do not outweigh the cost. But nowhere inléves or regulationst

is statedexplicitly how this cost benefit analysis should be m&dé similarindeterminacycan be
observed in therisk management paragraphf she quality and capacity documents. EvdpNO
reports the major risks, but for each one the list is different, even differently structured. This applies
as well to different DNOs within the same discipline (electricity or gas) as to different disciplines
within the same DNOFor reasos of comparability between DNGt wodd be a great help if the
same risks would be reported, but that did not happen yet.

Summarizing the paradox, there is great value in changing the way decisions areloadtlesk but
guidance on how to make the decisions is not given. That this did not occur in the standardization of
asset management is understandable, given the diversity of asset bases to manage and the
(potential) application in different legal systefhsiith perhapsdifferent attitudes towards riskBut

that it did not occur in (presumably) very comparable asset bases within the same regulatory regime
seems like a missed opportunity for a faster improveriens there perhaps a more fundamental
reason why standardizein of risk decision makingdoes not occur? If so, what level of
standardization could be achieved despite that fundamental probldmitking even beyond that,
suppose a reasonable level could be achieved, what would that mean for a standardized balance
between costs risk and performance for an infrastructure, towards all network operators could
work? In other words, what are the boundaries of optimization in risk based asset management in
this infrastructure context?

These questions will be addressed listthesis. The thesis will be split into 3 parts. In the first part,
the research will be framed. As the research took place in the real world and not in a laboratory,
understanding the context is vital for appreciating the findings. Therefore, thisstretarts with
specifying the research context in terms of historical developm#m usedtechnologyand asset
management in this historical settingNext, the theoretical framework will be specified. Central
elements in thiframework are asset management andk analysis with a focus on the concept of

% This article is still vali(Rijksoverheid, 2023

20 Implicitly it seems reasonable to use the q factor. However, the q factor is based on the average performance
of all DNOs over several years and not an absolute nunilixeoretically, it is therefore possiblbat if all

DNOs decide that a certain investment in reliability is not worth the cost and it is better to accept the income
reduction by means of the q factor, the actual effect is zeeoause all DN©move in the same direction.

% Despite being a Britisbpecification, the application of PAS 55 was not limited to the UK. This is further
highlighted by its development into an international standard, the ISO 55000 series.

22 s demonstratedit did not happen in the Netherlanddlo evidence of standardizati of decision making in
other regulatory systems was encountered during this research.
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value with regard to risk. After this, tHenowledge gaps will be specifieidllowed by the research
guestionsand the design of theesearch

Thesecond part of this thesidescribes the experiments that were conducted. All experiments but
one have been published. This thesis contains the full text of those publications, with minor changes
to create consistency of style throughout thisesis. To align the experiments withhe line of
thought of this thesis, some of the publications have been amended with an epilogue. In those
epilogues additional experiments and other literature findings will be used to validate the
conclusions of the experiment beyond the experimental seti

The third part of this thesis is on the findingsliscussion, conclusions reflection and
recommendations First of all, the findings peexperiment with regard to optimizationare
summarizedln the discussion, the findings of several experimentsheilcombined per knowledge

gap. This will be summarized into answers to the research questions in the conclusion. After the
conclusion a reflection will be made on this research, followed by a future outlook on the science of
asset management. The thesiends with recommendations for further research and
recommendations for practice.
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2 Research Context

The experiments for this research have been conducted at EReai®utch distribution network
operator (DNO) foelectricityand gasEnexis serves about one third of tBeitchmarket. Themaps
belowshows the area where Enexis is acti@arked by 4.

Network operator GaS / ElectriCity /.-—-

1 Cogas Infraen beheer B.V. /

B Detia Netwerkbedriff B.V.

B Edinet*

Enexis B.V.

Bl Liander nv.

6 Rendo Netbeheer B.V.
7 Stedin B.V

. Westland Infra
Netbeheer B.V.

Figure 2: The energy distribution network operators in the Netherlands. Based on Energietrends 2014
(Netbeheer Nederland, 2024 Numbering by author.

The service area of Enexis is not continuoDiwo more or less continuous zones can be recognized
for electricity. The provinces @ningen, Drenthe, Overijssahd part of Flevolandorm the area at

the top of the map, whereadloord-Brabant and Limburdorm the area at the bottomIn these
areas, only a few cities are served by another network operator. This situation is reversheé for
province of Friesland, where Enexis only serves one city, Leeuwdfdemas, the service area is
quite different. Enexis is active in the same provinces, but not in the same municipalities. Larger parts
of Drenthe, Overijssel and NocRlrabant areserved by other DN®. On the other handEnexis
servesa larger part of Frieslanfibr gas than for electricityThe reason for thigiscontinuousservice
area is historicalEnexis is the result of a series of mergevkich followed a different trajectory for
gas and electricity. In tot@4 different compani€ combined efforts irEnexis

% During the course of this research the company changed names twice. The research was initiated in Essent

Netwerk Noord. After an internal merger in 2004 of the DN@kiwthe Essent Company this changed into

Essent Netwerk. In 2009, the name was changed to Enexis, in parallel with the ownership unbundling required
bij the WON (Wet Onafhankelijk netbeheer, Law for independent Network Operators). For consistency reasons
the name Enexis will be used throughout this thesis.

**This number was mentioned by Herman Levelink, first CEO of Enexis, at his retirement event.
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2.1 Historical overview 25

The oldestparts of Enexis are the gas companies of some ¢itdsch date from the middle of the

19" century. The table belowgives an overview of the gas companies in several large cities in the
Enexis area.

Table 1: Theestablishmentof gas companies in some large cities in the Enexis service area, afterden
Noort (1993) Somecompanies started as a private company, others as a municipal company. Eventually all
companies became municipal. The year in which a company became municipal (if started privately) is also
indicated in the table

City Establishment of company
Private Municipal

Leeuwarden 1845 1865
Zwolle 1848 1855
Maastricht 1849 1858
Tilburg 1853 1873
Groningen 1854
Den Bosch 1854 1890
Deventer 1858
Breda 1858

Gas in those daywasmainly used for (street)lightingpften by means of an open flami replaced
candles and oil burning lampét the end of the 18 century, other uses were promoted as well, like
cooking, hot water and heatingsiven the cost of gas, it was considered a luxury pro¢tan den

Noort, 1993 Overbeeke, 2001 The gas was produced @entralgas factoriestemporarily stored in
alarge tank (the gasometegnd distributed by means gfipelines to theend usersThe system was
operated at low pressure. In gas distribution, pressure is only needed to transport the gas to the
users, the energy for the users is in burning the gas.pféssure needs to be high enough to deliver
enough gas to the farthest user. Leakage of pipelines was a problem in the early systems, which
would increase with higher pressures. Combined with technological considerations of the production
and gas treatmentfacilities (often running at ambient pressure) and the available pumping
technology a low distribution pressure was choséne gas distribution systems warstially built as

islands without interconnectionSeveraltechnologies were available for proding gas, but most

were based on gasification of coal, producing the valuable byproduct ¢ken the demandn

some industries for coke (e.g. blast furnaces), the roles sometimes were reversed. A coke factory was
then built, selling the byproduct manuftured gas.This often required transportation at a higher
pressure, provided by pumps on site. At the feed in point to the distribution grid, pressure would be
reduced by meansf an automated valve. The same technology could be used for expanding the
range of existing gas factories.

**The three sources mainly used for this section all had a slightly different viewpoint. Van den Noavetkvie

0KS KAAG2NE 2F dziAtAde O2YLIyASa Ay 3ISySNrftsz |1 SaasStyl
provincial organization of electricity and Overbeeke reviewed the consumers influence on the development of

the gas and electricity systemhd three sources generally agree on the developments. Explicit references are

only made if the source makes a unique statement.
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At the end of the 18 century lighting by means of electricity became an alternative to Gas.first
lamps (Jablochkoff candles, arc lights) were very bright, suitable for spotlights, street lighting and
lighthouses to gie a few exampled-or indoor household use they were too bright and the gas lamp
gra 3ASYSNIftfe LINBFSNNBR® ¢KS aAy@SyildAazyée 2F GKS
opportunity for use at a smaller scalat first, it were often private instations in which a dynamo

was attached toan existing steam enginer gas motorto provide power to the lamps. Sometimes
these private plants would feed small area around therfvan den Noort, 1993 Theseelectrical
systems were in structure veigomparable to thabf gas: a central production facility and a (direct
current) local distribution grid Sometimes storage in the form of a battery would be used
Distribution occurredat relatively low voltagedn electricity, the power delivered is the product of
voltageand current. It would not suffice to get enough current to the ugexould need to be at the

right voltage as wellBecause of resistance in the conductors, currents for the user would create a
voltage drop over the conductor. This could be overcomeusing a higher voltage, reducing the
current for the same power. However, light bulbs ran at *20¥s no economically feasibfe
technology existed to lower the voltages at the appliance, the whole system needed to operate at
110\%.Such a low voltage linsithe economicaltransportation distanceo a few hundred meters
Larger cross sections would allow a larger distance, but above a certain distance it would become
economically more attractive to build a new production plant with its own dgriteinvention of the
transformer presented at the world fair 1889 in Paris) changed this. It allowed production and
transportation to operate at a higher voltage than end use requirdtls facilitating longer
distances Thisin turn allowed for larger systems anddhassociated economies of scalowever, it
required alternating currentMost existing installations were direct current. Yet, the cost advantage
was that large that AC systems outcompeted the existing DC sySteand many private dynamos
were replaced by a connection to the grid if tHagcamean option. Alternating current, however,

has the disadvantage that it cannot be stof®dThe power had to be produced at the precise
moment it was consumedsiven the domiant use of ljhting, the peak was very sharp, leaving most
power plants running at idle most of the day. Promoting other uses outside these peak hours would
drastically increase the load factor of the system. Typical other uses were motors for the irahotry
electrical trams, but also household appliances like irons and vacuum cle&erslopment of
public grids did not occur immediately after the technical possibilities arosdatesl selectricity was

a competitor for gas, and many municipalities fmg@rofitable gas company. Only by the realization

%110V DC is (not coincidentally) about the maximum voltage that is safe to (blasi, 2010. Distribution
grids at this voltage therefore did not require many safety precautions.

o Technically, a resistor in series would achieve a voltage drop, but that would result in considerableflosses
energy.

*|n some DC systems a three conductor line would be used, at +110V, 6Y18W This allowed putting two
appliances in series. The three wire system doubled the capacity at only 50% more costs.

*This competition between AC and DC is often referred to as the War of the Cu(ivaitschol, 2005 One of
the arguments in the battle was that AC was less safe, which it in fact is. Safe voltage to touch is 50V AC
compared to 120V DMarx, 2010.

* This in contrast with direct current which can be stored in batteries, of gas that was stored in gasometers.
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that the electricity company could be even more profitalfléesselmans, 1995nunicipalities got
involved.

Advantages of electrical lighting were the brightness of the light ared dption to operate it
remotely. This competition stimulatedhnovation in gas lighting. One was the invention of the gas
mantle, giving a much brighter light than an open flankhe second was auto ignition, which
eliminated the need for lamplighters. Yet, this ordyovided atemporary advantage. A similar
developmentoccurred in the electric lamps, reducing costs and improving quality. Beshzdl

War 1led to shortages in fuels of any kind. kilogram of coal provided more light by means of
electricity production and lighbulb than by means of gas production and gas light. Furthermore,
power plants were less discriminative with regard to the quality of coal than gas factotesh
required coal with high amounts of gas. Cooking on gas, in its turn, was more effi@antdbking

on coal, the dominant heat source those days. As a result, the Dutch government promoted electric
lighting, cooking on gas and heatibg means of solid fuel@verbeeke, 2001 This decided the
battle between electric and gdgghting in favor of electricity. The electrical grids were expanded
rapidly. But because of the promotion of cooking on gas, the gas grids did also developed further.
Additionally, the use of gas for hot tap water developed.

In the same period, provineegot involved. Around 1910 initiatives for provincially organized
electricity systems arose, by which even smaller communities could be efficiently supphedefit

of a larger scale organization of electricity was that res@megluction capacities cold be sharetf.

Before 1921 almost all provinces would have an electricity company. The exceptions were Zuid
Holland (covenant between Rotterdam and The Hague instead of provincial Company) and Drenthe
(divided between Groningen and Overij$8efvan den Noort, 1998 The provincial companies took
care of production and transportationincorporating existing private and public companies.
Distribution was predominantly organized on the municipal level, with support of the provincial
company However, in the 1920s soméd these local distribution companies were taken over by the
provincial compargs because they did not put enough effort in the promotion of electricity, resulting

in low numbers of connected households. The provincial organization resulted in a rapid
electrification of the Netherland®©verbeeke, 2001 Theprovincial companies used a similar strategy

for increasing the load factor of their system as the municipal companies did before: promoting the
use of appliances in offeak hours.Around 1930, the range of appliances was expanded with
electrical cooking and electrical boilers for hot tap watere Bxtra focus on households was to
compensate for the decrease in industrial demand in the economic cFisis.shift of focus revived

the competition between electricity and gas. Gas companies reacted with improved cooking and hot

* This also motivated scaling up respectively towards a national gridrenBuropean interconnected zone.
With the need to share reserve production capacity over larger areas, the need for a reliable transportation
grid also developed. This resulted in thd planning criterion for transmission systems, which in the early
years were the current medium voltage systems.

* This is still visible in the structure of the high voltage grid of Groningen, Drenthe and Overijssel. Half of
Drenthe is supplied by the Overijssel HV grid, half by the Groningen grid, though nowadays ireetiomsn
exist.

14



Research Context

tap water devices. The number of connections steadily grew in this battle for the household market.
The growth was temporarily interrupted by World War Il, bfieathe war, growth continued.

In 1948, the first natural gas was found in the Netherlands, tisartown of Coevorden. Théocal

gas company took the initiative to distribute this gas to its custom®@ewveral other finds and local
distribution in othe parts of the Netherlands followed. As the cost for producing and transporting
natural gas are much lower than that of manufactured gas, this allowed the gas companies
distributing natural gas to exparttleir gas grids even further.

In 1959, a large ga#eld was discovered in Slochteren. The amount of gas was that large, that it
became a major concern to find a market big enough to sell the whole reserve in 10 to 20lyears
was foreseen that nuclear power would becorse cheap that it would outcompet@&very other
energy source. The initial plan was to sell gas to industrial clients and power plants. However, gas
would compete with coal and prices would be relatively low. A much more interesting market was
that of household consumption. The price thenwia be in the manufactured gas range. The plan
was developed to roll out a nationwide grid for natural gas which would be connected to the existing
distribution grids for manufactured gas, to which by that time about 75% of households was
connected.Part d the plan was the transition from coal and oil towards gas for household heating.
This would result in an increase of teaergyconsumption pergas connectionHowever, it did not
require an capacity expansion in the distribution gridatuxal gas contims about two times as much
energy per volume compared mmanufactured gasAdditionally, the distribution pressure would be
increased from 7mbar to 25 mb#rIn total, this resulted in a sevenfold increase of peak capakity.

the gas consumption for heiag was assumed to be spread more evenly over the day, the load factor
of the system would also increase, allowing for much more energy per unit of peak capacity.

The change in energy content and pressure was not without consequences though. Firsitof all,
required the replacementr adaptationof the gas appliances. This was a major operation conducted
during the phasedarea by arearoll out. The conversion of the grids was completed in 1968, less
than 10 years after the discovery of the SlochtereidfiFurthermore, the increased pressure and
changed composition of the transported gas led to an increase in the losses. In manufactured gas
grids, losses were below 10%, but some companies that changed towards natural gas reported initial
losses of 285% (Overbeeke, 20011 Another issue was the safety of gas. Both manufactured gas and
natural gas can form an explosive mixture. Due to the higher energy content of natural gas, a lower
concentration is Bough™. At the same gas outflow, the lower explosion lifliEL)is therefore
reached faster. But because natural gas was distributed at a higher pressure, the outflow would be
much larger for the same leak, decreasing the time to LEL even further. Besatagl gas is
odorless, making detection of a gas leak much harder than that of manufactured gas with its strong
smell. To compensate for this, an odoramisadded in distributed natural gas. Natural gas, on the

% This pressure was due to a standardization in burners for several gas qualities. To get the right air to gas
ratio, a gas with a higher energy content would need a higher pressure. Decreasing the cross section of the jet
(a simple replaceent set) would then be sufficient to achieve the desired flame Ererbeeke, 2001

% 5-14% for natural gas,-24% for manufactured gas.
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other hand, has the benefit that it isot poisonous, wheras manufactured gass because oits
fraction of carbon monoxide

Following the conversion of grids for manufactured gas to grids for natural gas the gas factories were
decommissionedSome of the gas companféshus lost a profitable tanch. This loss however was
more than compensated by the perspective of new sales, as the gas was intended for heating
purposes. Many gas companies extended their service area, and even in rural areas distribution
companies were established. In some casewveral municipal (city bound) gas companies combined
powers in a merger so that the gas grid could be expanded into the rural area in bef@eenjssel,

2013. In this period, the competition between gas and electricity evaporated. Sdfaetats worked

in parallel to achieve this. First ol,ahe paradigm change of gas companies towards heating meant
the volume would increase by many timdsgas was only used for cooking, electricity could offer
competitive prices. As the cost per unit would drop with increasing volumes, electricity wotld
compete for houses thaivere heated with gas. This was a concern to electricity companies, as it
might limit their sales of household appliances, especially for coakimighot water This concern
became reality, at least with regard to the percentage of housefbl¥et,in the same period the
number of householdalmost doubled, from 3 million to 5 millidh In absolute terms the sales thus
continued. Furthermore, the total use ofeddtricity per household grew significantly in this period,
from some 600 kWh per year to some 3000 KVAdditionally, industry grew drastically. All growth
was driven by the economic booim the post WWII eraBoth gas and electricity thus faced a very
large increase in sales volume, mostly in rammpeting useS. In those market conditions, there
were little incentives for fierce competition between electricity and gas. Given growth rates in the
range of 10% per ye&r keeping up with the growth was chaiiging enoughAs a result, heating,

hot tap water and cooking are predominantly gas based, and every other energy use in the
household is electricity basedt the end of the 1970s, theapid growth of the economycame to an

end, slowing the growth for gaand electricityFor gas, this waalsothe result of energy awareness,

% According tadOverbeeke (2001)n the 1950s 58 gas companiegsit@vn (partial) production facilities,
whereas 115 companies only distributed gas produced elsewhere.

% Electricity had some 10% of the market for cooking, and some 15% for hot tapwater in 1960. Over the next
20 years, these percentages hardly evolved, vels gas grew significantly with regard to hot tap water (from
35% to 80%). In cooking, gas was already dominant in 1960 with more than 80%, according to the graphs in
chapter 13 ofOverbeeke (2001)

¥ Number based on statdime, CBS, historical figures, households.

% Current use of electricity per household is in the same range. The use of gas per household has decreased
however, due to a savings program since the 70s energy crisis.

%9 Electricity is no serious contender for heating if a gas is available by means of a grid because it is much more
expensive per unit of heat.

40 Meaning a doubling of the volume every 7 years.
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which led to energy conservation prograthsresulting in a reduction per househol&nergy
awareness alsmfluenced the electricity consumption, but much less.

The trend in scaling ugstarted by the regionafias companiesontinued for several decades. The
regional gas companies would often merge with tpeovincial electricity company to form a
provincial energy company. In case of Enexis these were EGD for Groem@genthe, 1Jsselmij for
Overijssel (which then still contained the Noordoostpolder, currently part of the province of
Flevoland), PNEM for Nooc&frabant and MEGA for Limburghe provincial energy companies
themselves would merge into larger groupsr Emexis these wer&DON (EGD and IJsselmij) and
PNEM/MEGA. These groups merged to form Essent. In 2010, due to thé%VM@Ndistribution
company had to be split off and Enexis was formed.

For someregional gas companies howevere order of mergers waseversed. They first merged
with the municipal electricity companies to form regional energy companies. These electricity
companies only covered some cities, as the rural area el@strically serviced by the provincial
company. The regional energy thusveced a continuous area for gas, with some islands in which
they also provided electricity. Some of these regiamhpanies stayed independent, others joined a
larger group. This explains the somewhat odd service area of Earekibie other network opertars

in the Netherlands

4 Examples are insulating houses (double walls filled with insulating material, double glazing) and turning down
the heat in room that were not used. These measured translated into regulations for new buildings.

2 \Wet Onafhankelijk Netbeheer, translated v &or independent network operators
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2.2 Asset management in historical perspective
Even thouglasset management was not coined as a concept when the distribution grids were rolled
out, inan historical overview many assatanagememnilike considerations can be recogeiz

At the start of both gas and electricity, the service that was provided was a luxury: continuous light.
In the design of the systems to provideeeservices several economic considerations were made,
like the choice of voltage/pressure and the cabige diameter in relation to the service aread

the losses in servicing the custome@ther aspects of concern were the reliability and safety, though

no evidence of exglit valuation were encountered, it was more of an engineering judgment on what
wasgood enough. However, lighting was a service that was only required a few hours per day. As the
installations were already there, gffeak services would not require extra investments and thus
could be offered at lower prices. This pricing strategy wddtp increase the utilization of assets,
another asset management like decision.

The development of the grid is also characterized by a constant quest for economies of scale. The
product of electricity and gas was cheaper per unit if produced in largetigiean but it required
parallel developments in the transportation and distribution technology. As a benefit, the larger
electricity grids required less reserveroduction capacity per customer, thus increasing the
utilization of the reserves (and poteatly freeing upexistingreserve capacity for normal production
giventhe constant growth of demand).

After initial competition between the services, the markets stabilized with cooking and heating
servicedby gas and light and other appliances servicgelectricity. This market segmentation was

also the result of an asset management decision, but then from the customer, as it was the
segmentation that best provided the end need$e stabilization of the market allowed a different
economy of scale, thmerger of the gas and electricippmpany. In a competing market that would
have been not very useful, but as most customers had both electricity and gas, services around the
connections (like metering, billing and the like) could as well be handled by a single party.

Another characterist of the development of the infrastructures is the continuous and rapid growth
over a significant amount of time, until almost full coverage of the potential market was reached.
This meant the main focus of the organizations was on investritenew capadty, including the
financial planning to facilitate that. Maintenance, operation and replacement were not a top priority.
But this lack of attention was also facilitated by the high reliability and longevity of the used
components, and the fact that theyhe grid components) did not need active operation to function.
Only when the use of the assets was changed to avoid new investments (as in the change from
manufactured to natural gas) operational issues could pop up to claim attention.

Full coverage ofte markes was reached around 1980. Due to energy awareness and the economic
crisis in the 1980s, the consumption per household started to decline. The only need for investments
then arose from connecting new households, still growing in numbEngs meah focus in the
organizations gradually changed from building new assets towards managing existing assets. This is
witnessed by the rise of asset management initiatives in the infrastructure section in this same
period. With regard to the future of asset magement, new developments like electric vehicles and
local energy production can introduce a new growth of required transportation systems. This may
trigger a new change of paradigm.
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In technological terms, the developments have always been in the directf cheapef, more
reliable and safer technologieé constraint for any of these improvements was that they would
have to work in connection to existing grids. In the primary elements (cables, pipelines, switches,
valves, transformers etc) this meantahvoltages and pressures could not be altered, and basically
1900s technology could still be used in the current giglg.in the secondary elements (the controls)
much more degrees of freedom exist. Belagsconstrained, developments went much fastéigm

none, via mechanizatiorglectrification to digitalization, thus enabling development in operation
from manual via local automation and central operation to remote operation over the internet. It is
this area where the biggest developments like snmaeters and smart grids are foreseen, especially
for accommodating the new types of loads mentioned.

The long history of contimus development of the distribution systems has resulted (in the
Netherlands) ima very high performing system. The reliabilidf the (mostly redundant) gridanks
amongst the best in the world. The availability of electricity i999% (on averag82 minutes
interruption per customer per year), in gas the reliability is 99,99998% rfonete per customer per
year). The numbersfominutes per customer is the System Average Interruption Duration Index
(SAIDI)a common metric to compare reliability of gridEhe energy loss in the electricity grid is
about 4% of the transported volume, in gas it is about O(¥¥nia and Peters, 2008The table
belowshowsreliability and energy loss data for electricity fonumber of western countries.

Table 2: Reliability and loss data for a number of western countries (reliability data fraf@ouncil of
European Energy Regulators, 2Q1%Australian Energy Redator, 2014 U.S. Energy Information
Administration, 2013, energy losses froniWorld Bank, 201k

SAIDI™ Losses [fraction of production]
Australia 225 5%
Belgium 37 5%
Denmark 21 6%
France 113 6%
Germany 31 4%
Netherlands 32 4%
UK 78 8%
USA 196 6%

*In the tender PBnummer 2009/S 3®52933)for power transformers by Enexis, Stedin/Joulz, Delta and
Alliander (the big grid companies in the Netherlands) in 2009 the criterion was the best economical option
which induded the losses over the life span of the transformer. Winner was a very low loss transformer
(http://www.alliander.com/nl/alliander/investors/publications/verantwoording/ketenverantwoordelijkheid/in
dex.htm), Dutch sourcing awards sustainability 20b@g://www.dutchsourcingawards.nl. According to EN
504641, best current distbution transformer lose about 1%, though historically this was in #s&@range or
even higher. The bigger the transformer, the better the performance becomes. The loss in High voltage
transformers is more like 0,1%.

* SAIDI: System Average Interruptibaration IndexShort, 2003, the average time (measures in minutes) an
average customer is noesved per year. Given 525.600 minutes in a year, even at a SAIDI of some 500 minutes
reliability would still be above 99,9%.
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3 Theoretical framework

3.1 Asset Management

Asset management as a separéidd of interestis relatively newEven in 2010, asset management
was still referred to as an emergent figlimadiEchendu et al., 2030The oldest (scientific) records
date back to the 1960s3nce then the field developed in several walfdsoth in practice and in
science.Figure3 gives an impression of the timeline of asset manageme&his timeline willbe
detailed in the next sections

Standard

UK Utilities

Qil And Gas North Sea

Australia/New Zealand

Science of AsM

Terotechnology

T
1960 1970 1980 1990 2000 2010

Figure3: A view on the assetmanagement timeline. The (scientific) origin can be traced back to the 60
though much of the development occurred in practice, especiallfhe 1980s and 1990s.

3.1.1 Scientific origin and development

The term asset management does not appear in scientftords before the 1960s. The oldest

record in $opusis from 196%°. In the secondary list, the oldest record with a title was from 1966

with the first journal article from 1967 about @ ®d 6 € Ay SF NJ LINRPIANI YYAYy 3 |

“>The inclusion of the developments in the North Sea into this diagram was inspired by John Woodhouse
(Woodhouse, 2014

“hy CSONHzZ NBE HoS HAMpE {SINOKAy3 {O2Lza FT2NJ a! aasSda Yr
documentsin the Scopus database and 6.210 in the secondary list (based on the reference tables of the
documents).

“"Though the oldest entryvithout a title wasfrom 1879.
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management decisiods(Cchen and Hammer, 1967 A similar result was achieved at Web Of
Scienc® (WoS) There some B00 entries were found, with exactly the same journal article as the
oldest entry.

Asset management in those early days was associated with the financial dorma#ssets as entries
on the balance sheet. The first reference in Scopus with regard to physical assets oaljeishm
1975 in the publicatioTEROTECHNOLO@EHYSICAASSEMANAGEMEN)T(White, 1975.

According toTEROTECHNOLOEWHATIT ISALLABOUT(Thackaa, 1975 terotechnology is:

Terotechnology is defined here as a combination of management, financial, engineering and other practices applied
to physical assets in pursuit of economic-¢ijele costs: it is concerned with the specification and defsign
reliability and maintainability of plant, machinery, equipment, buildings and structures, with their installation,
commissioning, maintenance, modification and replacement, and with feedback of information on design,
performance and costs.

As a concep this seems to be very close to the (current) definition of asset management.
Terotechnology transforms into asset managembptadding the concept of risk to the definition,
expanding the values beyond the purely economical and considering all aspaasintegral in a
holistic approachThis is illustrated in th&igure4. In a silo like approach, only the direct costs to the
departmenti Qudget would be considetk whereas asset management is about including the
indirect costs intamptimization of the assetthough thecoverage of those indirect costsay depend

on the maturity of asset management.

100 - - 100
o 80 - - 80
= =
g g
2 60 - - 60 2 _
E E Optimum
[] i | []
= 40 40 = = + Indirect costs
o o
20 - 20 " mDirect costs
0 -+ -0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Optimization variable, e.g. maintenance interval

Figure4: Optimization of total equivdent costs. The optimization variable can be the maintenance interval,
replacement or upgrade momentcapacity (e.g.cable or pipeline diamete), asset qualityor the like. The
direct cost is the immediate cost of thasset,the indirect costis the total of exploitation costs (energy,
operation, losses), repairs and risk (in production chain and external). Planned maintenance would be a
direct cost in maintenance optimization, but an indirect cost in design optimizatidhe optimum is achiesd

if the sum of those two components is minimalSeveral similar examples can be found inAsset
Management an anatomy(IAM, 2019.

Searching for terotechnology however does not reveal much more documentSciprisiatabase
only holds 81 publications directiagnd 64 secondary, dating back to 1864rhat record is British

®hy CSOoNHzZE NBE HoS HampZ {SINDKAY3I 286 2F {OANBBIFSRI

5083 documents in total with 2185 in the core collection

22



Theoretical Framework

Standard 3811 on maint@mce management terms in terotechnolo@BSl, 196% Given that a
standard needs some preceding tkpthe field must be older but no records were encountered.

Even though terotechnology and physical asset management are strongly linked, in scientific terms
asset management has become the dominant term. The diagririgure5 show thecumulative
numbers of publications on both terotechnology and asset management siné® &8 recorded in

the Scopus core collection.
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Figure5: The total cumulative number opublications on assemanagement and terotechnologyThe
diagram on the left shows both curves at the same scale, demonstrating that terotechnology was slightly
leading asset management until halfway the 1980s. Since thereassanagement developed much further
(almost 100 times more publicationgyight graph) though the 100 publications mark was only met 1990
andthe 1000 publicatios mark only in 2003.

Even in the professional area terotechnology seems to have diedTh last update of BS3843
occurred in 1993, with the Bureau of Indian Standards continuing their updates until 2003.

Terotechnology builds on several other disciplines. The definition ot@ehmology by Thackara
contains an explicit reference to desigg with reliability and maintainability in mind, linking the
field of terotechnology to the field of Reliabilignd Maintainability° (RAM)and itsmore modern
descendants. These extended the scope to include aspectsAifedability, Safety, Health and
Environment in the concept and the acronyijah, 2009Goel, 2003 However RAM seems to focus

on the technical aspects and not so much on human elements that are in scope of management
systems. Originally, the objective of RAM was achieving a certain lenatiatiility at the lowest cost.

The volume of publications oneRability and Maintainability is comparable with that of asset
management.

The other field to which a strong link exigs maintenance (management) and the associated
prognostics and diagnosticdMany regard asset management as the professionalizatidén
maintenance managemerf¥Vijnia and Herder, 20Q%y covering the full lifecycle instead of only the
operational phase. However, this view does not hold for assets like cables that are hardly
maintained. Asset management themainly is the investment decision on upgrades and

PLSE NOK O2yRdzOGSR b20SYOSNI Hp HAMo TFT2NJ a¢SNRGSOKyz2¢f 23

° Apparently the original name, derived from the Reliability and Maintainability Symposium, svittaitgural
conference held in 1955 (B2annual conference will be held in 2016).

o Scopus search on Reliability AND Maintainability in-RitleKey resulted in 6337 results on feb2815.
Searching on reliability alone yields more than 500000 documemtsintainability alone some 14000 docs.
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replacements, not design of the maintenance concépe volume of publications on maintenanese

much larger than that on asset management and dates back much ftfth#ough many
publications are in té field of medicine. Limiting the search to physical scienc&capuseduces

the number to some 20000 (of which some D00 before 1965!)much more than the number of
publications orasset managementlot all publications on maintenance address mamagat, which

is also an important part of asset management. For that purpose a comparison has to be made to
maintenance managementlLimiting the search to maintenance and management reduces the
number of entries to about 4000, some 20% of the publicatiom®m maintenance. However, the
number of publications before 1965 is only Zpparently, the addition of management to the field

of maintenance islsoonly recent.

This observation is supported i FRAMEWORK FOR MAINPNCE CONCEPT DEWEMBENT
(Waeyenbergh and Pintelon, 2082 | OO2 NRAYy 3 (G2 GKA& LI LISNE YIFAYy(S)
SoAt ¢ 2yfe O02adAy3a YzySe G2 | oLING RksinilaQegnt NR 6 dzi
development is the realization that maintenance cannot be considered as a silo, the relationships

with other operating functions need to be considered. Maintenance becomes part of an integrated
business concept, driven even furtheritiv outsourcing of certain maintenance activities. The

relations thus need to be managed across organizational boundaries. In parallel, they see a trend
from corrective maintenance, through use based maintenance to condition based maintenance,
including dagnostics and prognostics. In this transition, much more attention to reliability,
availability, quality, safety and the environment is given. The associated maintenance concepts
developed from Reliability centered maintenance, to business centered mainten total

productive maintenance and lifecycle approaches.

Table3: Timeline of maintenance concepts aft&/aeyenbergh and Pintelo(2002)

<1950 1950-1975 >1975 Mi 2 0 0 0
Manpower (simple) Mechanization (complex) Automation (more complex) Globalization (crossing
boundaries)
AFi x it when (il Opieyroau ef i x 0 |RAM (Safety, Quality, Optimal concept + outsourcing
(availability, longevity, cost) Environment), CBM, CM, DOM, |and ICT
PM, WO-mgnt. Multi-skilling, MMIS Asset mgnt
Mai ntenance is|Maintenance is|Maintenance isMaintenance is
production Tas|maintenance delan isolated fulinternal partn
Integration efforts Maintenance meets production
ANecessary eviliTechnical mat{iProfit contri|iPartnership
RAM: Reliability, Availability, Maintainability; PM: Preventive Maintenance; ICT: Information and Communication
Technology, CBM: Condition Based Maintenance; CM: Condition Monitoring; WO: Work Order; DOM: Design Out
Maintenance

%2 About 500k in Scopus, more than 1M in WebOfScience, both dating back to about 1900. Scopus has better
options to distinguish medicine from physical sciences, and the Scopus results were used for filtering, though
WoS has older records.

*3Though this may be only true in scientific documentation in the field of maintenance. Historical archives
report much older materials. The Romans for example had an extensive system for maintaining their
aqueducts, some 2000 yeamgo(Frontinus, 97 ApD
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Furthermore, they state

To develop an appropriate maintenance concept, maintenance must be constudistically. Factors that
technically describe each system to maintain, as well as factors that describe the interrelations between the
different systems and factors that describe the general organisational structure should be addressed. If some of
the necessary aspects are not considered (e.g. due to uncareful analysis or lost data or knowledge), the
maintenance concept will never reach its full potential.

Even though maintenance is focused more on the operational phase of the life cycle of the asset, the
extensions toward Design oMaintenance (DOM) and the holistic approach make it resemble asset
management.

The term holistic also appeared @DNTEMPORARY MAINTEWZE MANAGEMENPROCESFRAMEWORK

AND SUPPORTING PIRSACrespo Marquezrad Gupta, 2006 For the definition of maintenance and
maintenance management reference is made to the European Norm for Maintenance Terminology
(European Committee for Standardization, 2RO0According to this standardd Yl Ay G Syl y OS
defined as the combination of all technical, administrative and managerial actions during the life

cycle of an item intended to retain it in, or restore it to, a state in which it can perform the required

Fdzy OllA2yeéd alAyidSyniKO6f REFAASRSyid aal tf GKS I OGA
determine the maintenance objectives or priorities, strategies, and responsibilities and implement

them by means such as maintenance planning, maintenance control and supervision, and several
imMpNE @Ay 3 GKS YSGK2RA& AyOfdzZRAYy3a SO2y2YAOFT I aLISOQ
maintenance management is frequently associated with difficulties, and a holistic approach is
presented to define all maintenance management functions. The framnlevecognizes the strategic,

tactical and operational level in activities and 3 pillars for maintenance management: IT,
Maintenance Engineering and Organizational techniques. With risk analysis being an important part

of maintenance engineering, theselaits very much resemble theritical enablers People Factors,

Risk Management and Information Technology of asset managefWéadhouse, 2014

The introduction of tle concept of risk into asset management is also relatively recent. Before 1991
no entries were found that contained both Risk and Asset Management iBdbpusore colection.

The table béow contains the 10 oldest record$¥he topics span a number of areas, ranging from
financial assets to infrastructure systems.
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Table4: 10 oldest entries with Asset Management andsk*.

Authors Title Year Source title
Robinson R., Anderson |Computer systems for asset and risk 1991 National Conference Publication -
K. management Institution of Engineers, Australia
Morris R.L., Lafitte Jr. F. |Consolidating and managing a mature 1991
portfolio
Jarvis M.G., Hedges M.R. |Use of soil maps to predict the incidence of |1994 Journal of the Institution of Water and
corrosion and the need for iron mains Environmental Management
renewal
Slipper M., Whipp S. Integrated rehabilitation of water distribution [1994 Water Supply
systems
Johnson S. Strategic issues for management, 1995 Environmental Protection Bulletin
reclamation and remediation of land in the
mining and extractive industries
Yao Yulin, Cheng John |Toward parallel financial computation: 1995 Proceedings of the IEEE International
F., Enny Philip, Guo valuation of mortgage-backed securities Conference on Systems, Man and
Duanyang Cybernetics
Steed John C. RTDE '95 - the importance of equipment 1995 Power Engineering Journal
reliability
Robbens E.G. Asset management in the construction and [1995 IEE Colloquium (Digest)
facilities management environments
McMahon B. Reliability and maintenance practices for 1995 IEE Conference Publication
Australian and New Zealand HV
transmission lines
Mulvey John M. Solving robust optimization models in finance|1996 IEEE/IAFE Conference on Computational

Intelligence for Financial Engineering,
Proceedings (CIFEr)

After the somewhat delayed start, risk management has become a significant part of asset
management, with some 10% of the papers @set management containing a reference to risk, as
demonstrated below.
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Figure6: Publications on 8kin asset management, compared to general asset management. Since about
2005 the fraction of papers on risk is about 10%. Pleas#e the logarithmic scale for the number of AsM
publications

4 ( TITLE-ABS-KEY ( "asset management" ) AND TITLE-ABS-KEY ( risk ) ) AND SUBJAREA ( mult OR ceng OR CHEM OR
comp OR eart OR ener OR engi OR envi OR mate OR math OR phys ) AND ( LIMIT-TO ( SUBJAREA , "ENGI" ) OR LIMIT-TO
( SUBJAREA , "ENER") ). This search conducted at March 4 2015 resulted in 764 records in the core Scopus collection.
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Since about the turn of the century, asset management really developed into a scientific discipline
with its associated community. In 2006, the first World Conference on Engineering Asset
Management (WCEAM) was held in Brisbane, Australia. This conference is held annually, with some
100200 papers per conferencdorming a substantial part of the Body Of Knowledge on asset
management. Additionally, the International Journal On strategic Engimpé\sset Management
(IJEAM) has been established in120

3.1.2 Professional developments

In the 1980s, asset management was picked up professionally in Aug¢Balias, 201D Several
initiatives were employedlike theformation of task forces, conferences and several manuals that
were published in the 1990dike the Dtal Asset Management Manu@éiNew South Wales et al.,
1993 and the National Asset Management Manyhistitute of Municipal Engineering Australia,
1994). The focus was strongly on public assets, contrasting the more industrial focus of
terotechnology.In the same period, the New Zealand Infrastructure Asset Management Manual was
developed. Combining effortsith Australiaresulted inthe International Infrastructure Management
Manual (IIMM for short)in 2000that was adopted by the UK Institute of Assetmagement(IAM,

2002.

In parallel, a comparable initiative took place in North Semdilstry. In the 1980s, the industry saw

a significant reduction of profitability as a result of decreasing oil pridestop of this, one of the
worst offshore incidents occurred at Piper Alpha, killing some 167 people. In an inquiry to the causes
of this incident,the Cullen Repor{Cullen, 1999Pconcluded that this was due to a lack of systematic
attention for risks. According to the 1IMM, this resultieda transition from a prescriptive regime to a
more goal oriented approach with a mandatory safety cégdM, 2002 with monitoring by the
Health and Safety Executiv@his can be regarded as the introduction of risk thinking int@tass
management \(Voodhouse, 201% Futhermore, to deal with the financial challengdgse CRINE
initiative was employed, which resulted in age@msgsets being kept in operation and thus reducing
capitalrequirement.Over the years, the objective of reducing costs per unit further developed into
operational excellendgynn, 200P°. However, some claim thahe CRINE initiative counteracted

the recommendations fronthe Cullen report, as the rate of safetycidents did not drop after
implementing the Cullen recommendatioombs and Whyte, 1998Yet,in the field of safety the

role of the organization has been increasingly recognized, instead of human errors of not complying
with the rules (Abraha and Liyanage, 2015Furthermore, recent years have demonstrated a
significant drop in the number of safety incideiff@oodhouse, 2014and a move towards inherently

safe designgSingh et al., 200)0Piper Alpha was not the only landmark risk event that occurred in
the North Sea. In 1995, Shell got into a battle with Greenpeace over the disposal of an obsolete oil
rig, the Brent Spar. Greenpeace managed to get the public invddyeziaiming the rig contained
much moretoxic materials than Shell statedhich resulted in a 20% drop of sales at the Shell petrol

¥/ 240 wWSRdzOGAZ2Y Ly ! bSg 9Nl EX hNI G/ 2ai wSRdzOlGAZY

%% An interesting notion in this presentation was that of the phantom asset, which was defined by the asset
producing the losses. According to Lynn, the ghamrefinery, containing all losses from all BP refineries, was
the largest refinery BP had.
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stations in GermanyThis forced Shell to give in, dasphaving the facts on their sideith regard to
the contents of the rigL6fstedt and Renn, 199Bakir, 200%

Thethird major stream of professional develogmt also occurred in the UKollowing liberalization

the UK utility sectordiscovered asset management as a means for further improvenagiof
established the Institute of Asset management in 198%embers of this organization were very
active in the comrarcial conferences on asset management, organized since the end of the last
century. Their contributions inspired many Dutch utilities to embark on the asset management
journey as well. As mentioned in the introduction to this thestie first & & (i | y &f ladé& &
managementPASE5’ (BSI, 2004aBSI, 2004)) also originated from this institutén its first edition,

the specification was limited explicitly to infrastructure assets. In the second edfi®®AD5 (BSI,
20083 BS) 2008h, released in 2008, this limitation was dropped, and the specification applied to all
physical assetd.he 2008 versiorof PAS 5%vas furthered intathe Dutch normNTA8120:2009NEN,

2009 specifically for the electricity and gas distribution network operatds. of January 2013,
Dutch grid operatordilliander, Delta, Enéx Rendo, Stedin anBienneTwere certified against this
norm. These grid operators serve the vast majority of customers in the Netherlands (97% for E, 89%
for GYEnergiegids, 2033

PAS 55:2008 was also furthergdo an internationalstandard, the ISO 880 serie¥ (1ISO, 2014,

ISO, 2014hISO, 2014c Whereas the 2008 version was an upgrade of the original version, the ISO
version could be regarded as a redesign. This wasusedhe ISO 5800 serieswas the first
management system standard to be written according to the 1ISO template for management system
standards. The idea behind this template was to facilitate organizations using more thais©ne
management system standand streamlining their processe¥he template provided an opportunity

to have a fresh look at the standard, instead of adhering to the original PAS 55 formulation. This also
allowed for the introduction of new ideas and definitiofidodkiewicz, 2016

The use of the templateesulted in several changes in the content of the stand&idst of all, the
potential scope of the asset management system has been enlarged, to include all types of assets,
not only physical assetsA second noteworthy change occurred in the definitioh asset
managementlSO 5% defines asset management as follof8O, 2014r

G! 2aS@SYISylié Aa (GKS O22NRAYIFGSR OGA@GAGe 2F |y 2NHIFYAT

Note 1: Realization of value will normally involve a balancing of costs, risks, opportunities and performance
benefits

This is a significant cleanup from the (longer) dééin of asset management in PAS. The concept
of an optimum over cost, risk and performancies no longer part of the definition, but has been
moved to a note to the definition. In this move the formulation also has changed from optimizing to

> The specification consisted of two parts: PASL 5®ntainting the specification, and PASS#r guidelines
for the application. If PAS 55 is used, both parts meant.

% The norm consists of 3 parts: 55000, terminology, 55001, requirements and 55002, guidelthésthesis,
the abbreviation 1ISO55k will be used to refer to the series. If a specific part is meant, the full number will be
used.
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balancing \hich is not necessarily the same, even though many asset managers may regard them as
equal) and the aspects have been expanded with opportunities.

Additionally, ISO 5% has a formal definition of risk, where PAS 55 only had a definitiorislof
managemen The definitionof riskthat ISO 5& useds that ofISO guide 78S0O, 200§, also used by
ISO 3000 to whichlSO 5801 explicitly makes referen¢esO, 2014h

Risk is the effect of uncertainty on objectR?es

Unfortunately, this definition is not without discussidn.a review of thd SO 3000 standardLeitch,
2010, the ambiguityand imprecision of many formulations is noted, with special attention to the
definition of risk:

Taken literally this suggests a radical new focus on the way objectives are formulatets lalinibstcertain that the
intended meaning is something else. It is something to do with the potential effenteots that are currently
uncertain on the extent to which objectives are achieved.

Furthermore, the definitiordoes not relate to other comon definitions of risk used in risk analysis
literature. In a review on the development of the risk concefsten (2012)needs a separate
category for the 1ISO definition as it does not match any of the other categories, which all contain
multiple formulations. In the same publication the ISO definition is regarded as imprecise, further
substantiated in a separate publicati¢iven, 201}

In hindsight, these professional developmersisem to follow a similar pattern. The concept is
adopted, developed at a higimtensity during a short period, until a level is reached that is good
enough in practice. Beyond this point, developrh¢ends to slow downpecause the benefit of
improvementsis not very cledf. These improvements (if any) address refinements of current
practice, like continuous improvement advocated by the management standards. But continuous
breakthroughs based on deeper understanding of what is hapgedoes not seem to occuA
similar comment was made by Jonss@onsson, 2000on the development of maintenance
management

Although, poper maintenance approaches exist, neither maintenance practice nor theory are fully developed.
One of the omissions is the
 Xlec& of maintenance management configurations, such that could be useful to improve the understanding of the
underlying dimenisns of maintenance, and that could explain the effects of preventive maintenance and integrating

maintenance into manufacturing.

If asset management is to be developed into a true science, such a deeper understanding should be
at the core ofsuch areseach program.

“Noteltoi KAa RSTFAYAGAZ2Y A& Fo2dzi STFSOT Yositveghd/ @ FFSOG A& |
YyS3IAILGAGSEDd | LI NByidftex Nxal Ay GKS adrkryRINR Aa y2i A
seems to overlap with the inclusion of opportties in note 1 of the definition of asset management.

0 As argued bylodkiewicz (2015)he value of complying with ISO55001 itself is also not very clear, nor is that
of any management system.
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3.1.3 Current state of asset (risk) management 6t
The table below gives the 10 most cited articles on asset management and risk.

Table5: Most cited sourcesn Scopust 2 dkketimanagemerst
4 2015. Only the 8 and 9" entry are not about infrastructure assetsThe number of citationds very low
compared to many other sciences. Apparently these is no standard paper yet.

by R

A NJ & 1 £sedrclf dafyaich v S S N v =

Authors Title Year |Source title Cited
by
Brown R.E., Humphrey B.G. Asset management for transmission and {2005 |IEEE Power and Energy Magazine |50
distribution
Schneider J., Gaul A.J., Asset management techniques 2006 |International Journal of Electrical |47
Neumann C., Hografer J., Power and Energy Systems
Wellssow W., Schwan M.,
Schnettler A.
McGill W.L., Ayyub B.M., Risk analysis for critical asset protection {2007 |Risk Analysis 35
Kaminskiy M.
Selih J., Kne A., Srdic A., Zura [Multiple-criteria decision support system |[2008 |Transport 32
M. in highway infrastructure management
Christodoulou S., Deligianni A. [Neurofuzzy decision framework for the {2010 |Water Resources Management 31
management of water distribution
networks
Stewart M.G., Rosowsky D.V., |[Reliability-based bridge assessment 2001 |[Structural Safety 27
Val D.V. using risk-ranking decision analysis
Abu-Elanien A.E.B., Salama Asset management techniques for 2010 |Electric Power Systems Research |23
M.M.A. transformers
Feng D., Gan D., Zhong J., Ni Y.|Supplier asset allocation in a pool-based {2007 |IEEE Transactions on Power 23
electricity market Systems
Emmanouilidis C., Liyanage Mobile solutions for engineering asset  |2009  [Journal of Quality in Maintenance |22
J.P., Jantunen E. and maintenance management Engineering
Moglia M., Burn S., Meddings |Decision support system for water 2006 |Electronic Journal of Information |22
S. pipeline renewal prioritisation Technology in Construction

All of these are relatively recent, with the oldest in this list dating back only to 20bése
publications address severtipics, though most of them are related to infrastructure issuasd
especially decision support, decision making and the like.

Interestingly,according tahe most cited entryBrown and Humphrey, 2005
Risk management is perhaps the most misunderstood aspect of asset management.

They state that executives view the aspect as financial risk management, to which physical risk
management is seemingly unrelated as it is about undesirable events. Those physical risks are most
often only addressed in project approval, in terms of whatildogo wrong if the project was not
approved, but that misses the risk of all the other assets. However, shggestioris to think of risk

as not meetingoerformancetargets, simar to the (interpreted)ISO 5% definition. This is followed

by a proposhto include confidence intervals in performance targets. However, thieiv on risk

misses the event notion characteristic for physical risk.

® The purpose of this section is to provide an overview of the body of knowledge uteglsnience of asset
management. It is therefore based on a citation count, which inevitably is biased towards older publications.
Newer publications may be better aligned with the research in this thesis, but they are (not yet) generally
recognized.
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The second paper on the list regards asset management especiadiie@ricity grids. In the paper

several tehniques like RCM, statistical fault analysis and simulation are mentioned. However, their

view of asset management as defineddin 4 4 SG YI yI 3SYSyd YSIya 2LISNI (A
the whole technical lifeycle guaranteeing a suitable return and ensg defined service and
aSOdNRGe adl yRIFINRa¢é¢ R2Sa y20 FftA3dy gAGK GKS ARSI

Of the two publications in this list not on infrastructurésPPLIER ASSET ALLOOAN IN A POGBASED
ELECTRICITY MARKEENQ et al., 20Q&onsidesrisk in a classicéihancialperspective, though it is on
power systems. The pap& OBILE SOLUTIONS FENGINEERING ASSETDAWAINTENANCE MANARENT
(Emmanouilidis et al., 20Q0@onsiders assets in a much broader range, and f®ws the application

of wireless solutions for remote managent complex, high fisand capital intensive asset. This
allows the formation of knowledge networks regardless of the geographical location, so that decision
support can be provided to local operators doing the actual maintenance. However, no mention is
madeto what is meant by a highisk asset, nor if the cost of remote monitoring is justified by the
risk reduction achieved.

Also interesting is th third paper in the table 0RISK ANALYSIS FORTIGAL ASSET PROTBEGTMCcGiIll

et al., 2007. The paperprovides aframework for risk analysidor terrorism for critical assets,
includingan example witha fully monetizedcost benefit analyst& Theauthorsalso make a notion

of the method being applied to a portfolio of assets. They conclude the total frisie goortfolio can

be obtained by summing the risks of the assets, but that this does not account for interdep@sienc
between assetsThese are likely to exist, as adversaries are likely to shift their attention to weaker
assets in the portfolio once protection is employed &ome, thus influencing the risk profile.
Furthermore, they note that their framework is fatrategic risk management, that gipporting
investment decisions, though it can be modified to support tactical risk management.

With regard to decision support in st management, Gulski (1&ntributions) and Smit (12
contributiong contributed tothe largest number opublications. Their field of interest is assets in
the electrical transmission and distribution systems, especially condition monitoring. Their most cited
paper, PD KNOWLEDGE RULES ARBULATION CONDITIG®$SESSMENT OF DISTRION POWR CABLES
(Gulski et &, 2009, on providing support for selecting the right componerits inspection,
maintenance or replacementiowever, their assessment rule is formulated in technical terms, not
the valuestypical for asset management.

Summarizing the findings on assesk management, there is no consistent view on ri3k.the one

hand it is claimed to be the most misunderstood aspect of asset management, but on the other hand
some highly quantified framework is presented. But there are also publications that atg¢ abko
without specifying what is meant. Given that the definition of risk in the asset management standard
is criticized for not being precise, some further research into risk and risk analysis is needed.

®2|n their Expected loss table, fatalities are not monetized, but a monetization factor is given for fatalities.
Unfortunately, no source is given for the loss conversion factors.
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3.2 Risk and risk management

Risk, as a concept, can be traced several 100s of years(daek, 2012 In scientific literature,
accessible by scientific search engines like Scopus and Web Of Seieamds date back to 1882

The majority of these publications is in the field of medic{roughly 50%vhilst engneering only
accounts for some 16000 record®’, about5% oftotal. Within this engineering subset, tjeurnal
RiskAnalysis is the largest contributor, withore than 3000 contributionddowever, theSociety for

Risk Analysis publishing this journal, was only established in 1980, with the journal starting in 1981.
Many other large contributors seem to focus on specific fields of risk (e.g. safety, reliability) or
specific fields of engineeringotical engineering, advanced meaials, applied mechanics,
transportation). This suggests that systematic research on risk and risk management in general is also
relatively recent.

Limiting the scope of the subséb risk management reduces the number of recotolg a tenfoldto
about 17000 entries with only 17 entries preceding 198%any papers within this risk management
subset are about managing specific risks, and not so much aboutadkieity, framework or
methodology of risk managemenin browsing some highly citepapers inthe risk management
subset the observation can be made thathe risk management process is mentiondétds generally
only by naming the phases with only little (if any) reference to scientific litergtisekman et al.,
2003 Haimes et al., 2002Hallikas et al., 2004The table below relatethe 4 phases ofonkmanto
the 4 phases dflallikasand the 6 questions of Haimésumbering of stepdy author)

Table6: Relating several definitions of the risk management process

Step Jonkman Hallikas Haimes
1 Quialitative analysis: definition of
system and scope, identification of — —
2 hazards, failure modes and scenarios Risk identification What can go wrong?
3 Quantitative analysis: probabilities and |Risk assessment What is the likelihood of that
consequences happening?
what are the consequences?
4 Risk evaluation: decision on risk
tolerability

Decision making and implementation |What are the available options?

of risk management actions What are the associated tradeoffs?
What are the impacts of current
decisions on future options?

Risk control and risk reduction
measures: determining the measures
to reduce the risk, control (inspection,

maintenance warning systems) of the
7 risk Risk Monitoring

Even though there seems to be some agreement on the ordéneofctivities or questios there is

no agreement on the preciseontent of each of the phases. Except for the border between step 2
and 3, separating identification from analysis, everything else is only partially aligned. This suggest
there is no weldocumented, scientifically supported definition of the risk management process, only
interpretative descriptions of common practice.

% 1n a basis search on Risk, Scopus revealed some 2,7 million records dakitg b882, Web of Science
revealed 5 million records dating back to 1883. Further remarks with regard to the body of knowledge are
based on the Scopus collection.

4163.478 on March 31 2015.
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With regard to goodoractice, other sources are available. The ISO standard on asset management
refers explicitly to the3O standard on Risk Management, ISO 3¥0@Mother description of good
practice is the COSCOframework for enterprise risk management. This framewmsds in place at
Enexisduring the experimenf€. These2 descriptions of good practiceill be reviewedin some

more detaif®. The differences between them (supplemented with the differences of table 6) will be
used to identify the relevant scientific debates for the definition of the risk management prdemss.
each of these debatethe relevant perspecteswill be reviewed.

3.2.1 Frameworks for risk management

I OO2NRAY3 G2 L{h omnnnX NR&]l YIyF3aSYSyd Aa aiK:
2NBFYATFGAZ2Y 6 A ThE staidad Istdds with 2therndipie$, §rdm which a risk
management frenework is derived. Risk management is implemented by means of a risk
management process, which existé a number of stepsFigure 7 shows those steps and their

relations.

Figure7: The risk management processter 1ISO31000(1SO, 2009a

Risk management starts with establishing the context in which the risksnmamaged. This is
amongst other things about defining the risk criteria and the approach to be followed in decision
making on riskAfter establishingthe context, risk are identifiedanalyzedand evaluated. These
three steps are grouped into the actiyiRisk Assessment. If the risk exceeds the criteria, treatment

% The accompanying document ISO 318D, 2009on risk management techniques contains many
examples of practical tools (including a short description), like RCM, FMECA and RPN. Description of these tools
is outside the sope of this section, but will be part of chapter 7 and 10.

% Committee of Sponsoring Organizations of the Treadway Commi&S080).

%7 According tohttps://www.enexis.nl/overenexis/investosrelations/en/corporategovernance/risk
managementaccessed March 31 2015, it still is in place.

%8 The selection of these two frameworks may seem arbitrary, as many others exist. However, the two
frameworks araused in a differential analysis. The contrast between them is large enough to identify the
relevant scientific debates.
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