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Summary  
In 1999, the Dutch energy market was liberalized. The operation of the distribution grids, which were 

regarded as a natural monopoly, had to be unbundled from production and sales. 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 

Netherlands iƴ ƭƛōŜǊŀƭƛȊŀǘƛƻƴΣ ǘƘƛǎ ǊŜǎǳƭǘŜŘ ƛƴ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ǊŜŘǳŎǘƛƻƴ ƻŦ ƛƴŎƻƳŜΦ ¢ƘŜ άǎƻƭǳǘƛƻƴέ Ƴŀƴȅ 

UK companies implemented to deal with this challenge was asset management. In those early days 

asset management was by no means a coherent concept. However, the idea of balancing cost, risk 

and performance seemed to be characteristic for asset management. Coherence among companies 

and practices was only achieved with the formalization in a normalized management system: the PAS 

55 specification. Although asset management revolves around improved (optimal) decisions, the 

actual decision making received very little explicit attention in PAS 55 (and neither in its successor 

the ISO 55000 series). Within regulation of the Dutch network operators, there was also little 

standardization of decision making, despite the adoption and modification of PAS 55 into NTA 8120, 

the Dutch norm for asset management for network operators. Lack of standardization would be 

understandable for a norm with an intended wide application, but was remarkable within this limited 

context of the management of a distribution infrastructure. This raised the question whether there is 

a more fundamental reason for this lack of standardization. And if so, what level of standardization is 

possible? In other words, what are the boundaries for standardized optimization in asset 

management? 

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

of the management attention is on managing risk. Most risks are regarded as normal risks that can be 

objectified. This raised the question whether the management of infrastructures for energy 

distribution could be regarded as cost-benefit-consideration with regard to risk for the whole-system 

(Risk Based Optimization, RBO). Managing risk, however, is a problematic concept. In 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 more fundamental 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 between 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 deviations as (upward) risk.  

We have selected Cost Benefit Analysis (CBA) as the appropriate approach for decision making in 

asset management, after a thorough literature study. However, CBA is not sufficient to achieve a full 

risk based optimization of the asset base: theoretically it is possible to account for non-financial 

effects in CBA, but there is no generally accepted scheme for incorporating them into such analysis. 

Besides, CBA does not provide a means for evaluating risks on their importance as such. If risk 

evaluation criteria were available, the most important problems could be selected from an overview 

of problems. There was, however, no agreed method for generating such an overview. It was also not 

clear whether using CBA for every decision would be accepted. And finally, it was not clear what the 

added value of RBO would be in an energy distribution infrastructure. A pivotal point in 

understanding these knowledge gaps was that the gaps are not independent in practice. For 



 

x 

example, a very sophisticated value system may be generally accepted but may also be very difficult 

to apply. On the other hand, a very simple value system (e.g. only financial) may be easy to apply, but 

results may not be accepted. 

Based on these knowledge gaps the central research question was: 

To what extent is formal Risk Based Optimization of the whole system feasible in managing assets 

of the infrastructure for energy distribution? 

This central question was divided into 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 applying Risk Based Optimization by means of these adequate 

representations? 

4. How robust is this effectiveness of Risk Based Optimization? 

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 Optimization: The first experiment concerned the value of RBO like approaches for an 

individual problem of network 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 by means of postponing the investment with many (10 or more) years. In terms of the Total 

Cost of Ownership (TCO) the improvement was about 20% compared with the conventional 

approach. Additionally, it was shown that a very robust decision could be made without fully 

understanding the precise failure 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 interventions. The 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. We developed an 

approach that led to a fully accepted portfolio decision. Key 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 approach combined CBA with a well-

designed (social) decision process. It resulted in a performance improvement of about 20% 

compared with an unranked budget allocation.  

Risk Position: In order to move from a procedural optimization of the portfolio of interventions to a 

formal optimization of the whole system, an adequate representation is needed of all the risk in the 

system, the risk position. Our method to obtain such adequate representation has two key elements: 

the risk process and its, rather pragmatic, application. The method selected for structuring risk was 

the use of a risk process, from cause to consequence, where every phase of the risk process could be 

used as a starting point for identification and clustering. The risk process was then applied to 

establish the total incident risk of the gas distribution grid. We found that the risk process helped in 

understanding that only few precursors (=combination of cause and asset) preceded the bulk of the 

incidents. The risk in the whole system could then be approximated by first establishing the risk per 
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precursor (= average expected impact per occurrence) and then by simply counting the occurrence of 

precursors.  

System Optimization: The risk process was then 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 assets) was condensed into several tens of asset types. Per asset type a risk profile was 

established, consisting of an age dependent failure rate, age profile and the failure consequences. 

Summed over all asset types this gave a prognosis of the performance of the asset base. Then, the 

optimal replacement age was determined in a cost marginal approach (comparing the cost of 

advancing replacement one year with the risk reduction in that year). The added value of risk based 

optimization of the system turned out to be in the 20% region.  

Risk register: In a further experiment, all risks identified were combined into a single register, and 

the total risk was calculated by running a Monte Carlo simulation over the collected risks. The 

resulting distribution of the predicted performance differed from the measured, empirical 

performance distribution. This was due to overlap between risks resulting in double counting of 

effects. A risk register usually contains only a small number of high risks (with a large average impact) 

and a large number of low risks that show the most overlap (small average impact, orders of 

magnitude below the high risks). We found that when the 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 resolved (at high cost) in a risk register. 

Another key finding was that the specific definition of the concept of risk was not needed to 

adequately model the risk position.  

Value system: An adequate representation of the value system proved to be rather straightforward. 

For the majority of risks under consideration it proved to be sufficient to 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 measure for 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 non-financial effects 

could be substituted by their financial counterpart. Another key finding was that decisions were not 

very sensitive to the exact monetization factor of non-financial 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 can be used both for prioritizing risks as well as for cost benefit analysis by means 

of a monetization factor.  

2.  The risk process helps 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 applying Risk Based Optimization, in a well-designed social decision 

making process, is high. It reduces the total cost of ownership of the assets by about 20%.  

4. The effectiveness of RBO is robust under variable representations of value systems and risk 

registers. In practice, only a fraction of the RBO outcomes were rejected by the decision 

makers. This justifies our relatively pragmatic RBO as the cost of detailing and improving it 

even further would not be compensated by overall improved decision making and outcomes. 
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A formal risk based optimization of the whole system is feasible to a very large extent in managing 

assets of infrastructure for energy distribution.  

The acceptance of RBO was reached in a system with largely normal risks. The results can therefore 

not be generalized without further consideration to other infrastructures or to different industries, 

which possibly have more non-normal risks. A relevant question for those systems is whether RBO 

could be applied for the normal part of the risks only, or that it would be better to switch to a 

completely different approach. Another relevant issue for further research is the independence of 

risks. In more tightly coupled systems than the ones studied in this thesis, risks may have to be 

modelled in an integrated approach.  
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Samenvatting  
In 1999 werd de Nederlandse energiemarkt geliberaliseerd. Het beheer van het netwerk, dat als een 

natuurlijk monopolie werd beschouwd, moest hierbij onafhankelijk worden van productie en 

verkoop. Om misbruik van de machtspositie te voorkomen werd een toezichthouder ingesteld. Een 

van de taken was het vaststellen van het inkomen voor de netwerkbedrijven. In het Verenigd 

Koninkrijk, dat Nederland was voorgegaan in de liberalisering, had dit geleid tot een sterke daling van 

de inkomsten. De άoplossingέ die veel Engelse bedrijven hadden geïmplementeerd om met de 

inkomstendaling om te gaan was asset management. In deze tijd was asset management nog zeker 

geen samenhangend concept, maar het idee van het balanceren van kosten, risico en prestatie leek 

karakteristiek voor asset management. Samenhang tussen bedrijven en praktijken kwam pas met de 

formalisatie in een genormaliseerd management systeem, PAS 55. Alhoewel asset management 

draait om het nemen van de betere (optimale) beslissingen, krijgt besluitvorming nauwelijks 

expliciete aandacht in PAS 55 (en ook niet in de opvolger de ISO 55000 serie). Ook binnen de 

regulering van de netwerken in Nederland heeft er nauwelijks standaardisatie van besluitvorming 

plaatsgevonden, ondanks dat PAS 55 grotendeels is overgenomen in NTA 8120, de Nederlandse 

norm voor asset management voor netbeheerders. Dit gebrek aan standaardisatie is begrijpelijk voor 

een norm met een brede beoogde toepasbaarheid, maar opvallend binnen deze beperkte context. 

Dit riep de vraag op of er wellicht fundamentele redenen zijn waarom dit niet plaats vindt. En zo ja, 

tot welk niveau kan er dan wel gestandaardiseerd worden? Met andere woorden, wat zijn de 

grenzen voor gestandaardiseerde optimalisatie binnen asset management?  

Wanneer het concept van asset management wordt toegepast op de infrastructuren voor 

energiedistributie dan gaat de meeste aandacht uit naar het beheersen van risico. 5Ŝ ƳŜŜǎǘŜ ǊƛǎƛŎƻΩǎ 

ǿƻǊŘŜƴ ōŜǎŎƘƻǳǿŘ ŀƭǎ ƴƻǊƳŀƭŜ ǊƛǎƛŎƻΩǎ ŘƛŜ ƎŜƻōƧŜŎǘƛǾŜŜǊŘ ƪǳƴƴŜƴ ǿƻǊŘŜƴΦ 5ƛǘ ǊƛŜǇ ŘŜ ǾǊŀŀƎ ƻǇ ƻŦ 

het management van infrastructuǊŜƴ ǾƻƻǊ ŜƴŜǊƎƛŜŘƛǎǘǊƛōǳǘƛŜ ōŜǎŎƘƻǳǿŘ ƪŀƴ ǿƻǊŘŜƴ ŀƭǎ ŜŜƴ άǿƘƻƭŜ 

ǎȅǎǘŜƳέ kosten-baten afweging met betrekking tot risico (Risico geBaseerde Optimalisatie, RBO). 

Echter, het 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 

ISO 31000) op hoofdlijnen zeer sterk vergelijkbaar. Helaas ligt achter de oppervlakkige 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, waarbij de meeste definities het 

belang van onzekerheid 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 als (opwaarts) risico beschouwen.  

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

basis van een uitgebreide literatuurstudie. Echter, KBA alleen is niet voldoende om tot een volledige 

risico gebaseerde optimalisatie te komen: theoretisch is het mogelijk ook niet-financiële effecten 

mee te nemen in de afweging, maar hiervoor bestond geen algemeen geaccepteerd schema. Ook 

geeft KBA geen antwoord op de vraag voor welke problemen een beslissingen genomen moet 

worden. Middels risico-evaluatiecriteria kunnen de belangrijkste problemen uit een volledig 

overzicht geselecteerd worden, maar helaas was er ƎŜŜƴ ƳŜǘƘƻŘŜ ōŜǎŎƘƛƪōŀŀǊ ƻƳ ȊƻΩƴ ǾƻƭƭŜŘƛƎ 

overzicht te maken. Ook was nog niet duidelijk of het onverkort toepassen van KBA niet tot 
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acceptatieproblemen leidt. Tot slot was ook niet helder welke toegevoegde waarde RBO zou hebben 

indien het volledig zou worden toegepast in de energiedistributie infrastructuur. Een kantelpunt in 

het begrip van deze kennislacunes is dat de lacunes niet onafhankelijk zijn in de praktijk. Een zeer 

geavanceerde weergave van het waardesysteem kan bijvoorbeeld algemeen geaccepteerd worden 

maar ook zeer moeilijk toe te passen zijn. Aan de andere kant, een zeer eenvoudig waardesysteem 

(met bijvoorbeeld alleen maar financiële aspecten) is wellicht makkelijk toe te passen, maar wordt 

mogelijk niet door iedereen geaccepteerd.  

Op basis van deze 4 kennislacunes was de centrale onderzoeksvraag: 

In hoeverre is formele risico gebaseerde optimalisatie van het gehele systeem mogelijk in het 

managen van de assets van de infrastructuren voor energiedistributie?  

Deze onderzoeksvraag is vertaald in 4 deelvragen:  

1. Wat is een adequate manier om het waarde systeem te representeren, waarmee zowel KBA 

ŀƭǎ ǎŜƭŜŎǘƛŜ Ǿŀƴ ōŜƭŀƴƎǊƛƧƪǎǘŜ ǊƛǎƛŎƻΩǎ ƳƻƎŜƭƛƧƪ ƛǎ? 

2. Wat is een adequate representatie van de risicopositie? 

3. Wat is de effectiviteit van het toepassen van Risico geBaseerde Optimalisatie middels deze 

adequate representaties?  

4. Hoe robuust is deze effectiviteit van Risico geBaseerde Optimalisatie?  

Een belangrijk deel van het experimentele onderzoek naar deze vragen is uitgevoerd binnen Enexis, 

één van de drie grote Nederlandse netbeheerders.  

Optimalisatie enkel vraagstuk: Het eerste experiment betrof de waarde van RBO-achtige 

benaderingen voor een individueel vraagstuk van capaciteitsuitbreiding van het netwerk. Uit de 

evaluatie van een aantal manieren om meer risico gebaseerde afwegingen te maken bleek dat dit 

kon resulteren in een drastische verandering van het besluit in de vorm van uitstel van investeringen 

met vele (10 of meer) jaren. De toegevoegde waarde van een dergelijke optimalisatie ligt in de orde 

van 20% van de Total Cost Of Ownership (TCO) ten opzichte van een conventionele benadering. 

Aanvullend werd getoond dat 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 van de vraag uitgebreid tot het 

bepalen van de waarde van RBO in de vaststelling van een portfolio van interventies. De belangrijkste 

vraag bij dit experiment was of het mengen van een aantal deelportfolioΩs met een uniform 

waardesysteem tot een geaccepteerd eindresultaat zou leiden, zowel bij de samenstellende teams 

als bij de uiteindelijke beslissers. We ontwikkelden een aanpak die tot een volledige acceptatie van 

de portfolio beslissing leidde. De sleutel in onze aanpak was dat het waardesysteem werd gebruikt 

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

waarmee individuele besluiten genomen moesten worden. Daarnaast combineerde onze aanpak CBA 

met een goed ontworpen besluitvormingsproces. Het resulteerde in een prestatieverbetering van 

grofweg 20% vergeleken met een ongeordende budgettoewijzing.  

Risicopositie: Om van een procedurele optimalisatie van de portfolio van interventies naar een 

formele systeemoptimalisatie te komen is een methode voor adequate weergave van het totaal aan 

risico (de risicopositie) nodig. hƴȊŜ ƳŜǘƘƻŘŜ ƻƳ ȊƻΩƴ ŀŘŜǉǳŀǘŜ ǿŜŜǊƎŀǾŜ ǘŜ ǾŜǊƪǊƛƧƎŜƴ ōŜǎǘƻƴŘ ǳƛǘ 
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twee sleutelelementen: het risicoproces en de pragmatische toepassing daarvan. De gekozen 

methode voor het structureren van de risicoΩǎ ǿŀǎ ƘŜǘ ƎŜōǊǳƛƪ Ǿŀƴ ƘŜǘ ǊƛǎƛŎƻǇǊƻŎŜǎΣ Ǿŀƴ ƻƻǊȊŀŀƪ ǘƻǘ 

gevolg, waarbij elke fase gebruikt kon worden als ankerpunt voor identificatie en clustering. Dit 

risicoproces is vervolgens toegepast in het vaststellen van het totale incidentrisico van het gasnet. 

We vonden dat het risicoproces hielp in het inzichtelijk maken dat slechts een klein aantal precursors 

(=combinatie van oorzaak en asset) vooraf gingen aan de bulk van de incidenten. Het risico in het 

gehele systeem kon worden benaderd door eerst per precursor het risico (= gemiddeld verwacht 

effect per optreden) te bepalen en vervolgens het voorkomen van de precursoren te tellen.  

Systeemoptimalisatie: Het risicoproces is vervolgens toegepast in een systeemoptimalisatie van de 

vervanging van verouderende assets. Met het risicoproces kon de gehele assetbase (bestaande uit 

duizenden verschillende soorten assets) worden ingedikt tot enige tientallen verschillende asset 

typen. Per type werd een risicoprofiel vastgesteld, bestaande uit een leeftijdsafhankelijke faalkans, 

een leeftijdsprofiel en 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 benadering (het vergelijken van de kosten van het een jaar vervroegen van de vervanging 

met de risicoreductie in dat jaar). De toegevoegde waarde van de systeemoptimalisatie was een 

prestatieverbetering van ongeveer 20%. 

Risico register: In een vervolgexperiment werden alle tot dusver ƎŜƠŘŜƴǘƛŦƛŎŜŜǊŘŜ ǊƛǎƛŎƻΩǎ 

ondergebracht in één register, en het totale risico werd berekend middels een Monte Carlo simulatie 

ƻǾŜǊ ŘŜ ǾŜǊȊŀƳŜƭŘŜ ǊƛǎƛŎƻΩǎΦ De resulterende distributie van de voorspelde prestatie bleek af te 

wijken van de gemeten, empirische distributie van de prestatie. Dit kwam door overlap tussen de 

ǊƛǎƛŎƻΩǎ ǿŀŀǊŘƻƻǊ sommige gevolgen dubbel geteld werden. Een risicoregister bevat normaal 

gesproken slechts een paar hoge ǊƛǎƛŎƻΩǎ όƳŜǘ ŜŜƴ grote gemiddelde impact per jaar ) en vele lage 

risicoΩs (ƪƭŜƛƴŜ ƎŜƳƛŘŘŜƭŘŜ ƛƳǇŀŎǘ ǇŜǊ ƧŀŀǊΣ ƻǊŘŜƎǊƻƻǘǘŜǎ ƪƭŜƛƴŜǊ Řŀƴ ŘŜ ƘƻƎŜ ǊƛǎƛŎƻΩǎ) die de meeste 

overlap geven. We vonden dat wanneer de meest relevante risicoΩs adequaat gemodelleerd zijn, de 

ƳƛƴŘŜǊ ǊŜƭŜǾŀƴǘŜ ǊƛǎƛŎƻΩǎ ŜǊ ƴƛŜǘ ƳŜŜǊ ȊƻǾŜŜƭ ǘƻŜ ŘƻŜƴΣ ƻƻk al hebben ze grote overlap. Dit betekent 

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 beeld van de risicopositie te verkrijgen.  

Waardesysteem: Een adequate weergave van het waardesysteem bleek behoorlijk eenvoudig te zijn. 

Voor de overgrote meerderheid van ǊƛǎƛŎƻΩǎ bleek het voldoende effecten vast te stellen op drie 

waarden: kosten, veiligheid en betrouwbaarheid. De verwachte hoeveelheid ellende (kans 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 gezorgd (de beslisser is indifferent tussen impacts met een zelfde 

ernstgraad op verschillende waarden) dan konden niet-financiële effecten gesubstitueerd worden 

door hun financiële evenknie. Een belangrijke bevinding was de beslissingen niet erg gevoelig waren 

voor de exacte monetarisering van de niet financiële effecten in de matrix.  

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

1. Het waardesysteem kan adequaat gerepresenteerd worden met een juist ontworpen 

risicomatrix. Deze kan zowel gebruikt worden voor het prioriteren van risico als voor het 

maken van een kosten-baten afweging via de monetariseringsfactoren.  
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2. Het risicoproces helpt in het structureren van de risicopositie in een beperkt ŀŀƴǘŀƭ ǊƛǎƛŎƻΩǎ 

dat een adequate weergave van het totale risico vormen.  

3. De effectiviteit van het toepassen van Risico gebaseerde Optimalisatie in een goed 

ontworpen sociaal besluitvormingsproces is hoog. Er wordt ca 20% op de Total Cost of 

Ownership bespaard.  

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 relatief pragmatische RBO omdat de 

kosten van meer details en verdere verbetering niet gecompenseerd zouden worden door 

een algehele verbetering van besluitvorming en resultaten. 

Een formele optimalisatie van het hele systeem is in zeer hoge mate mogelijk in het beheer van de 

assets van de infrastructuren voor distributie van energie.  

5Ŝ ŀŎŎŜǇǘŀǘƛŜ Ǿŀƴ w.h ǿŜǊŘ ōŜǊŜƛƪǘ ƛƴ ŜŜƴ ǎȅǎǘŜŜƳ ƳŜǘ ƎǊƻǘŜƴŘŜŜƭǎ ƴƻǊƳŀƭŜ ǊƛǎƛŎƻΩǎΦ De resultaten 

kunnen daarom niet zomaar gegeneraliseerd worden naar andere infrastructuren of andere 

industrieën, die mogelijk meer niet-ƴƻǊƳŀƭŜ ǊƛǎƛŎƻΩǎ ƪŜƴƴŜƴΦ Een belangrijke vraag voor dergelijke 

systemen ƛǎ ƻŦ ǾƻƻǊ ƘŜǘ ƴƻǊƳŀƭŜ ŘŜŜƭ Ǿŀƴ ŘŜ ǊƛǎƛŎƻΩǎ w.h ƴƻƎ ǎǘŜŜŘǎ ƎŜōǊǳƛƪǘ ƪŀƴ ǿƻǊŘŜƴΣ ƻŦ Řŀǘ 

beter is om voor het geheel op een andere methode over te stappen. Een ander belangrijk 

ƻƴŘŜǊǿŜǊǇ ǾƻƻǊ ǾŜǊǾƻƭƎƻƴŘŜǊȊƻŜƪ ƛǎ ŘŜ ƻƴŀŦƘŀƴƪŜƭƛƧƪƘŜƛŘ Ǿŀƴ ǊƛǎƛŎƻΩǎΦ Lƴ ǎǘŜǊƪŜǊ ƎŜƪƻǇǇŜƭŘŜ 

systemen Řŀƴ ōŜǎǘǳŘŜŜǊŘ ǾƻƻǊ ŘŜȊŜ ǘƘŜǎƛǎ ƳƻŜǘŜƴ ǊƛǎƛŎƻΩǎ ƳƻƎŜƭƛƧƪ ƎŜƳƻŘŜƭƭŜŜǊŘ ǿƻǊŘŜƴ ƛƴ ŜŜƴ 

geïntegreerde benadering.  
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PART 1 RESEARCH FRAMING 

In this part, the research problem is introduced, followed by a description of the research context, 

the theoretical framing and the research design.  
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1 Introduction  
In 1999, the Dutch energy market was liberalized, following the European directive. The general idea 

was that consumers should have a choice in the supplier of their energy1. 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 forces. The distribution grids are a natural 

monopoly, as it would be very costly (and thus inefficient) to install and operate multiple grids 

alongside each other. Yet, allowing a market party to operate a natural monopoly leaves many 

options to abuse this monopoly, either by direct blocking of new entrants or by cross subsidizing the 

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). To safeguard a fair market, a regulator was established, the DTe2.  

One of the tasks of the regulator was to determine the income of the network operators. To prevent 

ŀƴȅ ŀōǳǎŜ ƻŦ ǘƘŜƛǊ ƳƻƴƻǇƻƭƛǎǘƛŎ ǇƻǿŜǊǎΣ ƴŜǘǿƻǊƪ ƻǇŜǊŀǘƻǊǎ ǿŜǊŜ ƻƴƭȅ ŀƭƭƻǿŜŘ ǘƻ ŎƘŀǊƎŜ άŦŀƛǊ ƳŀǊƪŜǘ 

ǇǊƛŎŜǎέ ǘƻ ǘƘŜ ŎǳǎǘƻƳŜǊΦ In 1999, the DTe started a consultation 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, 

essentially3 in place before liberalization. The 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 performed worse they would 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 move4. In order 

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 90s. Price cap regulation was also practiced in the UK. When 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 not very pleasant. Precisely in the period the Dutch 

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

                                                           

1
 The freedom of choice was introduced gradually. In 1999, only the very large consumers would have a choice, 

followed in 2001 by small and medium enterprises and in 2004 (originally planned for 2007) all consumers 

would be liberalized.  

2
 The regulator had several changes of name. The original name was DTe (Dienst uitvoering en Toezicht 

Energie). In 2005 it became part of NMA (Nederlandse 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). 

3
 Though it was not the regulator but the local government which owned the energy company that allowed the 

proposed income by the energy company. 

4
 It would be corrected for the inflation by the formula CPI-X, with CPI for consumer price index and X for the 

general efficiency improvement.  
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reductions, up to 30% per year (Krol, 2000). Such drastic income reductions were not foreseen 

immediately, but a reduction rate of a few % per year was within expectations. A single small 

reduction of income is not very troublesome. But if the income is reduced by a certain rate year after 

year, even small reductions would cumulate into a significant total. Whether a 30% income reduction 

is the effect of a single measure or the cumulative effect of several measures, it is a serious 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 asset management. Companies that άsufferedέ from income 

reductions were proudly presenting5 the form of asset management they implemented to maintain 

profitability whilst at the same time improving their performance. Asset management was by no 

means a coherent set of concepts in those days, demonstrated by the wild divergence of the 

presentations held. Yet, a concept from those early days that has survived the test of time is the 

balance between costs, risk and performance, as shown in the Figure 16.  

 

Figure 1: Extremes in the cost/risk/performance balance, adapted from Yorkshire Electricity (Wijnia and 
Huisma, 2007). 

The diagram relates the business relevant attributes of an asset (costs, risk and performance) to the 

asset strategy that is applied. As an example, two extremes7 in maintenance strategies are displayed. 

hƴŜ ŜȄǘǊŜƳŜ όƻƴ ǘƘŜ ǊƛƎƘǘύ ƛǎ άwǳƴ ǘƻ CŀƛƭǳǊŜέΦ ¢he asset is operated until something goes wrong and 

a corrective action is needed. The other extreme is that of engineering excellence. In this strategy, 

                                                           

5
 The first Asset Management conference attended by Enexis was organized by IIR, 18-19 january 1999 Londen. 

Among the presenting utility companies were Yorkshire Electricity, Railtrack, Severn Trent Water, National 

Power, Hyder Utilities, London Electricity, South West Water and Transco. Other organizations present were 

consultancy firms like the Woodhouse Partnership, Logica, Andersen Consulting. 

6
 The precise origin of this diagram is unknown. Earliest records in possession documenting the use by 

Yorkshire electricity date from April 11, 2001. 

7
 Extreme in the attention that is given to the asset, not necessarily in any of the attributes. 



Introduction 

5 

preventive maintenance is frequently applied to ensure risk free operation. It is the role of the asset 

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 analysis. The novelty of the diagram was in the explicit consideration of risk, whereas it used to 

be implicitly covered by applying technical standards8.  

Some of the organizations promoting asset management established the Institute of Asset 

Management9 (IAM). In a collaboration between IAM and the British Standards Institution (BSI), 

chaired by John Woodhouse, a Publicly Available Specification 55 (PAS 55) on the optimal 

management of physical infrastructure assets (BSI, 2004a) was developed. The idea of optimizing the 

balance between costs10, risks and performance over the whole lifecycle is reflected in the definition 

of asset management in PAS 55: 

[Asset Management is the] systematic and coordinated activities and practices through which 

an organization optimally manages its physical assets, and their associated performances, 

risks and expenditures over their lifecycle for the purpose of achieving its organisational 

strategic plan.  

PAS 55-1 describes11 the requirements for an asset management system. Its structure is aligned with 

other standards on management systems like ISO12 9001. Requirements address for example 

documents that need to be in place, processes that need to be established, and roles and 

responsibilities that have to be defined. With regard to risk identification, a list of topics that should 

be included in the assessment is put forward as a requirement.  

Like other standards for management systems, the focus of the requirements is on what needs to be 

ƛƴ ǇƭŀŎŜ ŀƴŘ ƴƻǘ ƻƴ Ƙƻǿ ǘƻ ǊŜŀƭƛȊŜ ǘƘŀǘΦ ¢Ƙŀǘ άƘƻǿέ ƛǎ ŀŘŘǊŜǎǎŜŘ ƛƴ ǇŀǊǘ ǘǿƻΣ ǘƘŜ ƎǳƛŘŜƭƛƴŜǎ ŦƻǊ ǘƘŜ 

                                                           

8
 In hindsight, explicit risk management was one of the three pillars of asset management (Woodhouse, 2014) 

9
 According to the term of reference for patrons (IAM, 2006), the seven Founding Members are Anglian Water 

(AWG), London Electricity/LPN, National Grid, Northumbrian Water, Railtrack, Severn Trent Water and 

Yorkshire Electricity and their legal successors. IAM was founded in 1994 (IAM, 2013). John Woodhouse holds 

member certificate number 001 (Burns, 2010) 

10
 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 by depreciation. 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 guidelines (PAS 

55-2, section 0.1, 5
th

 bullet). 

11
 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 55:2008 and the ISO 

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

problems were solved.  

12
 International Organization for Standardization. Throughout this thesis the abbreviation ISO will be used.  
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application. Given the 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 paradoxical item in PAS 55 is (risk) decision making. The whole idea of asset management is to 

make the organization think about the value the assets deliver to the stakeholders as a primary 

concern and derive the technical requirements from that consideration, instead of considering what 

is technically achievable given the budget and other constraints. Considerations only become 

effective in decisions. Asset management in this view thus is centered around decision making. This is 

reflected in both the specification itself (one of the recognized benefits is to provide evidence that 

the right decisions are made)13, and even more so in the guideline on the application (a systematic 

approach for consistent decision making)14. Yet, PAS 55 does not specify how decisions in asset 

management should be made. The term decision or decision making is not even mentioned in the 

requirements at all. In the requirements, decision is only mentioned in a note to the asset 

management policy (that other policies may exist to provide guidance and a clear framework for 

decision making)15.  

From a certain perspective this is understandable. PAS 55 was drafted by a diversity of infrastructure 

managers and should be applicable by all of them. Too much specification then can become an 

obstacle. But asset management is also making organizations think about the value their assets 

provide. This iǎ ŀ ŎƘŀƴƎŜ ƻŦ ǇŀǊŀŘƛƎƳ ŎƻƳǇŀǊŜŘ ǿƛǘƘ ǘƘŜ άƻƭŘέ ƻǊƎŀƴƛȊŀǘƛƻƴǎ ŘƻƳƛƴŀǘŜŘ by technical 

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.  

From a more distant scientific perspective however it is quite strange. Even though the technologies 

between the public infrastructures are different, the stakeholders for those infrastructures are 

comparable, if not precisely the same. Roads, railways, electricity and gas grids, 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 nearby. Again, impacts may 

differ between the infrastructures, but the impacted stakeholders are very much alike. Therefore, if 

the interests of the stakeholders are considered in decision making on the risks the assets present to 

them, it seems very reasonable to assume that those considerations are quite comparable between 

infrastructures. That implies there is an opportunity for standardizing the considerations, but that did 

not happen. There is only a small hint on the interests, requirements or values the stakeholders 

could have by stating that stakeholder requirements should include health, safety, sustainability and 

environmental requirements. In the guideline (PAS 55-2) some more hints with regard to decision 

making are made, like putting a monetary value on non-financial aspects, the use of cost benefit 

                                                           

13
 PAS 55-1, list of benefits of asset management, top of page vii (BSI, 2004a). 

14
 PAS 55-2, section 0.1 General, page V second bullet, on a successful implementation of asset management 

(BSI, 2004b). 

15
 Note 2 on the asset management policy (4.2.1), page 4 (BSI, 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 unique to PAS 55 and its successors. It is also 

observable in regulation, for example regarding DNOs for electricity and gas in the Netherlands. As 

mentioned, the regulator determines the allowed income for the DNOs. This is a benchmark based 

decision in which DNOs 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 resulted in a significant 

reduction of costs per unit to the consumers in comparison with unregulated costs (Berndsen et al., 

2012). Since 2004 (NMA, 2007) quality is part of the income regulation. Part of this quality regulation 

is the compensation for customers for long interruptions of supply, another part is based on the 

average quality of supply by means of a q factor16. Both aspects regard past performance. 

Theoretically, such a άfeedback onlyέ 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 

ǘƘŀǘ ŀƴ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜ ƛǎ ŀƴ ƛƴŜǊǘ ǎȅǎǘŜƳΣ ƛǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƻ ǊŜŘǳŎŜ Ŏƻǎǘǎ ōȅ άƳƻǊǘƎŀƎƛƴƎ ǘƘŜ ŦǳǘǳǊŜέΣ ƛΦŜΦ 

the postponement of maintenance, replacements and capacity upgrades, only to result in massive 

costs in the eventual failure. A typical example of how high cost of failure can become is the 

Auckland scenario of 1998. A series of high voltage (HV) cable failures, due to a poor condition and 

inadequate capacity, left 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 taken. On the one hand, there are 

technical codes. These state (or make reference to the relevant norm) the technical requirements for 

equipment, the quality requirement for the transportation service, and planning criteria for the high 

voltage grid17. These technical codes have been in place since 2000, the start of regulation (ACM, 

2014b). Technical codes are specifying the minimal requirements.  

The other measure is more in the style of a management system like PAS 55. DNOs are required to 

prepare a (public) plan for the infrastructure every 2 years on how they will comply with the planning 

criteria. The first plans for the electricity grid were drafted in 2000, considering the 7 year period 

2001-200718. These only addressed capacity problems, hence the name Capacity plan. In 2002, a 

similar document had to be prepared for the gas grid, alongside with an updated version of the 

electricity plan. Since 2005, the plan also has to include quality issues (changing the name to Quality 

                                                           

16
 The q 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 zero (ACM, 2014a). 

17
 These planning criteria are often referred to as the n-1 and n-2 criteria. N-1 means that any component of 

the grid can fail without impacting supply, n-2 that any component can fail during maintenance. The difference 

is that for n-1 the peak load for the year has to be considered, and for n-2 the peak load during maintenance. If 

maintenance is planned during a low load situation, the n-2 requirement may actually be less stringent than n-

1. 

18
 Comparable to the seven year statement DNOs in the UK had to make. 
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and Capacity Document). Furthermore, the approach for risk identification and the analysis of the 

major risks had to be included. The review period was extended from 7 years to 10 years in 2011.  

Combined, these two measures should have the effect that the DNOs manage their risks adequately. 

The planning criteria guaranteed a certain level of quality, and the public plans allowed the DNOs to 

be monitored on their compliance with the planning criteria. However, in a separate guideline 

(Rijksoverheid, 2005)19 it is explicitly stated in article 13 that nonconformity against the (HV) planning 

criteria is allowed if the benefits do not outweigh the cost. But nowhere in the laws or regulations it 

is stated explicitly how this cost benefit analysis should be made20. A similar indeterminacy can be 

observed in the risk management paragraph of the quality and capacity documents. Every DNO 

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 DNO. For reasons of comparability between DNOs it would 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 are made about risk, 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 systems21 with perhaps different attitudes towards risk. But 

that it did not occur in (presumably) very comparable asset bases within the same regulatory regime 

seems like a missed opportunity for a faster improvement22. Is there perhaps a more fundamental 

reason why standardization of risk decision making does not occur? If so, what level of 

standardization could be achieved despite that fundamental problem? Thinking 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 in this thesis. 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, this thesis starts with 

specifying the research context in terms of historical development, the used technology and asset 

management in this historical setting. Next, the theoretical framework will be specified. Central 

elements in this framework are asset management and risk analysis, with a focus on the concept of 

                                                           

19
 This article is still valid (Rijksoverheid, 2013). 

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 number. Theoretically, it is therefore possible that 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 zero because all DNOs move in the same direction. 

21
 Despite being a British specification, 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
 As demonstrated, It did not happen in the Netherlands. No evidence of standardization of decision making in 

other regulatory systems was encountered during this research. 
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value with regard to risk. After this, the knowledge gaps will be specified, followed by the research 

questions and the design of the research.  

The second part of this thesis describes 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 this thesis. To align the experiments with the 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 setting.  

The third part of this thesis is on the findings, discussion, conclusions, reflection and 

recommendations. First of all, the findings per experiment with regard to optimization are 

summarized. In the discussion, the findings of several experiments will be combined 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 thesis ends 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 Enexis23, a Dutch distribution network 

operator (DNO) for electricity and gas. Enexis serves about one third of the Dutch market. The maps 

below shows the area where Enexis is active, marked by 4. 

 

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

The service area of Enexis is not continuous. Two more or less continuous zones can be recognized 

for electricity. The provinces Groningen, Drenthe, Overijssel and part of Flevoland form the area at 

the top of the map, whereas Noord-Brabant and Limburg form the area at the bottom. In these 

areas, only a few cities are served by another network operator. This situation is reversed for the 

province of Friesland, where Enexis only serves one city, Leeuwarden. For gas, 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 Noord-Brabant are served by other DNOs. On the other hand, Enexis 

serves a larger part of Friesland for gas than for electricity. The reason for this discontinuous service 

area is historical. Enexis is the result of a series of mergers, which followed a different trajectory for 

gas and electricity. In total 84 different companies24 combined efforts in Enexis.  

                                                           

23
 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 DNOs within the 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. 

24
 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 oldest parts of Enexis are the gas companies of some cities, which date from the middle of the 

19th century. The table below gives an overview of the gas companies in several large cities in the 

Enexis area.  

Table 1: The establishment of gas companies in some large cities in the Enexis service area, after van den 
Noort (1993). Some companies 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 days was mainly used for (street)lighting, often by means of an open flame. It replaced 

candles and oil burning lamps. At the end of the 19th century, other uses were promoted as well, like 

cooking, hot water and heating. Given the cost of gas, it was considered a luxury product (van den 

Noort, 1993, Overbeeke, 2001). The gas was produced in central gas factories, temporarily stored in 

a large tank (the gasometer) and distributed by means of pipelines to the end users. The 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. The pressure 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 treatment facilities (often running at ambient pressure) and the available pumping 

technology a low distribution pressure was chosen. The gas distribution systems were initially built as 

islands without interconnection. Several technologies were available for producing gas, but most 

were based on gasification of coal, producing the valuable byproduct coke. Given the demand in 

some industries for coke (e.g. blast furnaces), the roles sometimes were reversed. A coke factory was 

then built, selling the byproduct manufactured 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 means of an automated valve. The same technology could be used for expanding the 

range of existing gas factories.  

                                                           

25
 The three sources mainly used for this section all had a slightly different viewpoint. Van den Noort reviewed 

ǘƘŜ ƘƛǎǘƻǊȅ ƻŦ ǳǘƛƭƛǘȅ ŎƻƳǇŀƴƛŜǎ ƛƴ ƎŜƴŜǊŀƭΣ IŜǎǎŜƭƳŀƴǎΩ ǿƻǊƪ ǿŀǎ ŀ ōƛƻƎǊŀǇƘȅ ƻŦ CŜƭŘƳŀƴΣ ǘƘŜ άŦƻǳƴŘŜǊέ ƻŦ ǘƘŜ 

provincial organization of electricity and Overbeeke reviewed the consumers influence on the development of 

the gas and electricity system. The 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 19th century lighting by means of electricity became an alternative to gas. The first 

lamps (Jablochkoff candles, arc lights) were very bright, suitable for spotlights, street lighting and 

lighthouses to give a few examples. For indoor household use they were too bright and the gas lamp 

ǿŀǎ ƎŜƴŜǊŀƭƭȅ ǇǊŜŦŜǊǊŜŘΦ ¢ƘŜ άƛƴǾŜƴǘƛƻƴέ ƻŦ ǘƘŜ ƛƴŎŀƴŘŜǎŎŜƴǘ ƭƛƎƘǘ ōǳƭō ōȅ 9Řƛǎƻƴ ƻǇŜƴŜŘ ǳǇ ǘƘŜ 

opportunity for use at a smaller scale. At first, it were often private installations in which a dynamo 

was attached to an existing steam engine or gas motor to provide power to the lamps. Sometimes 

these private plants would feed a small area around them (van den Noort, 1993). These electrical 

systems were in structure very comparable to that of gas: a central production facility and a (direct 

current) local distribution grid. Sometimes storage in the form of a battery would be used. 

Distribution occurred at relatively low voltages. In electricity, the power delivered is the product of 

voltage and current. It would not suffice to get enough current to the user, it would need to be at the 

right voltage as well. Because of resistance in the conductors, currents for the user would create a 

voltage drop over the conductor. This could be overcome by using a higher voltage, reducing the 

current for the same power. However, light bulbs ran at 110V26. As no economically feasible27 

technology existed to lower the voltages at the appliance, the whole system needed to operate at 

110V28.Such a low voltage limits the economical transportation distance to 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 grid. The invention 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 required, thus facilitating longer 

distances. This in turn allowed for larger systems and the associated economies of scale. However, it 

required alternating current. Most existing installations were direct current. Yet, the cost advantage 

was that large that AC systems outcompeted the existing DC systems29, and many private dynamos 

were replaced by a connection to the grid if that became an option. Alternating current, however, 

has the disadvantage that it cannot be stored30. The power had to be produced at the precise 

moment it was consumed. Given the dominant use of lighting, 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 industry and 

electrical trams, but also household appliances like irons and vacuum cleaners. Development of 

public grids did not occur immediately after the technical possibilities arose. As stated, electricity was 

a competitor for gas, and many municipalities had a profitable gas company. Only by the realization 

                                                           

26
 110V DC is (not coincidentally) about the maximum voltage that is safe to touch (Marx, 2010). Distribution 

grids at this voltage therefore did not require many safety precautions. 

27
 Technically, a resistor in series would achieve a voltage drop, but that would result in considerable losses of 

energy.  

28
 In some DC systems a three conductor line would be used, at +110V, 0V and -110V. This allowed putting two 

appliances in series. The three wire system doubled the capacity at only 50% more costs. 

29
 This competition between AC and DC is often referred to as the War of the Currents (McNichol, 2006). 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 DC (Marx, 2010). 

30
 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 profitable (Hesselmans, 1995) municipalities got 

involved.  

Advantages of electrical lighting were the brightness of the light and the option to operate it 

remotely. This competition stimulated innovation in gas lighting. One was the invention of the gas 

mantle, giving a much brighter light than an open flame. The second was auto ignition, which 

eliminated the need for lamplighters. Yet, this only provided a temporary advantage. A similar 

development occurred in the electric lamps, reducing costs and improving quality. Besides, World 

War 1 led to shortages in fuels of any kind. A kilogram of coal provided more light by means of 

electricity production and light bulb than by means of gas production and gas light. Furthermore, 

power plants were less discriminative with regard to the quality of coal than gas factories, which 

required coal with high amounts of gas. Cooking on gas, in its turn, was more efficient than cooking 

on coal, the dominant heat source those days. As a result, the Dutch government promoted electric 

lighting, cooking on gas and heating by means of solid fuels (Overbeeke, 2001). This decided the 

battle between electric and gas lighting 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, provinces got involved. Around 1910 initiatives for provincially organized 

electricity systems arose, by which even smaller communities could be efficiently supplied. A benefit 

of a larger scale organization of electricity was that reserve production capacities could be shared31. 

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 Overijssel32) (van den Noort, 1993). The provincial companies took 

care of production and transportation, incorporating existing private and public companies. 

Distribution was predominantly organized on the municipal level, with support of the provincial 

company. However, in the 1920s some of these local distribution companies were taken over by the 

provincial companies 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 Netherlands(Overbeeke, 2001). The provincial 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 off-peak hours. Around 1930, the range of appliances was expanded with 

electrical cooking and electrical boilers for hot tap water. The extra focus on households was to 

compensate for the decrease in industrial demand in the economic crisis. This shift of focus revived 

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

                                                           

31
 This also motivated scaling up respectively towards a national grid and the European 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 the n-1 planning criterion for transmission systems, which in the early 

years were the current medium voltage systems.  

32
 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 interconnections 

exist. 
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tap water devices. The number of connections steadily grew in this battle for the household market. 

The growth was temporarily interrupted by World War II, but after the war, growth continued.  

 
In 1948, the first natural gas was found in the Netherlands, near the town of Coevorden. The local 

gas company took the initiative to distribute this gas to its customers. Several other finds and local 

distribution in other 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 expand their gas grids even further.  

In 1959, a large gas field 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 20 years. It 

was foreseen that nuclear power would become so cheap that it would outcompete every 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 then would 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 of the plan was the transition from coal and oil towards gas for household heating. 

This would result in an increase of the energy consumption per gas connection. However, it did not 

require an capacity expansion in the distribution grids. Natural gas contains about two times as much 

energy per volume compared to manufactured gas. Additionally, the distribution pressure would be 

increased from 7mbar to 25 mbar33. In total, this resulted in a sevenfold increase of peak capacity. As 

the gas consumption for heating 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. First of all, it 

required the replacement or adaptation of the gas appliances. This was a major operation conducted 

during the phased, area by area, roll out. The conversion of the grids was completed in 1968, less 

than 10 years after the discovery of the Slochteren field. Furthermore, 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 25-35% (Overbeeke, 2001). 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 enough34. At the same gas outflow, the lower explosion limit (LEL) 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. Besides, natural 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 odorant was added in distributed natural gas. Natural gas, on the 

                                                           

33
 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 replacement set) would then be sufficient to achieve the desired flame size (Overbeeke, 2001).  

34
 5-14% for natural gas, 9-24% for manufactured gas. 
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other hand, has the benefit that it is not poisonous, whereas manufactured gas is because of its 

fraction of carbon monoxide. 

Following the conversion of grids for manufactured gas to grids for natural gas the gas factories were 

decommissioned. Some of the gas companies35 thus lost a profitable branch. 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 cases, several municipal (city bound) gas companies combined 

powers in a merger so that the gas grid could be expanded into the rural area in between (Overijssel, 

2013). In this period, the competition between gas and electricity evaporated. Several factors worked 

in parallel to achieve this. First of all, the paradigm change of gas companies towards heating meant 

the volume would increase by many times. If gas was only used for cooking, electricity could offer 

competitive prices. As the cost per unit would drop with increasing volumes, electricity could not 

compete for houses that were heated with gas. This was a concern to electricity companies, as it 

might limit their sales of household appliances, especially for cooking and hot water. This concern 

became reality, at least with regard to the percentage of households36. Yet, in the same period the 

number of households almost doubled, from 3 million to 5 million37. In absolute terms the sales thus 

continued. Furthermore, the total use of electricity per household grew significantly in this period, 

from some 600 kWh per year to some 3000 kWh38. Additionally, industry grew drastically. All growth 

was driven by the economic boom in the post WWII era. Both gas and electricity thus faced a very 

large increase in sales volume, mostly in non-competing uses39. In those market conditions, there 

were little incentives for fierce competition between electricity and gas. Given growth rates in the 

range of 10% per year40, keeping up with the growth was challenging enough. As a result, heating, 

hot tap water and cooking are predominantly gas based, and every other energy use in the 

household is electricity based. At the end of the 1970s, the rapid growth of the economy came to an 

end, slowing the growth for gas and electricity. For gas, this was also the result of energy awareness, 

                                                           

35
 According to Overbeeke (2001), in the 1950s 58 gas companies had own (partial) production facilities, 

whereas 115 companies only distributed gas produced elsewhere. 

36
 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, whereas 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 of Overbeeke (2001). 

37
 Number based on statonline, CBS, historical figures, households. 

38
 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. 

39
 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 programs41, resulting in a reduction per household. Energy 

awareness also influenced the electricity consumption, but much less.  

The trend in scaling up started by the regional gas companies continued for several decades. The 

regional gas companies would often merge with the provincial electricity company to form a 

provincial energy company. In case of Enexis these were EGD for Groningen en Drenthe, IJsselmij for 

Overijssel (which then still contained the Noordoostpolder, currently part of the province of 

Flevoland), PNEM for Noord-Brabant and MEGA for Limburg. The provincial energy companies 

themselves would merge into larger groups. For Enexis these were EDON (EGD and IJsselmij) and 

PNEM/MEGA. These groups merged to form Essent. In 2010, due to the WON42, the distribution 

company had to be split off and Enexis was formed.  

For some regional gas companies however the order of mergers was reversed. They first merged 

with the municipal electricity companies to form regional energy companies. These electricity 

companies only covered some cities, as the rural area was electrically serviced by the provincial 

company. The regional energy thus covered a continuous area for gas, with some islands in which 

they also provided electricity. Some of these regional companies stayed independent, others joined a 

larger group. This explains the somewhat odd service area of Enexis and the other network operators 

in the Netherlands.  

  

                                                           

41
 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. 

42
 Wet Onafhankelijk Netbeheer, translated: Law for independent network operators. 
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2.2 Asset management in historical perspective  
Even though asset management was not coined as a concept when the distribution grids were rolled 

out, in an historical overview many asset-management-like considerations can be recognized. 

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 provide these services several economic considerations were made, 

like the choice of voltage/pressure and the cable/pipe diameter in relation to the service area and 

the losses in servicing the customers. Other aspects of concern were the reliability and safety, though 

no evidence of explicit valuation were encountered, it was more of an engineering judgment on what 

was good enough. However, lighting was a service that was only required a few hours per day. As the 

installations were already there, off-peak services would not require extra investments and thus 

could be offered at lower prices. This pricing strategy would help 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 large quantities, but it required 

parallel developments in the transportation and distribution technology. As a benefit, the larger 

electricity grids required less reserve production capacity per customer, thus increasing the 

utilization of the reserves (and potentially freeing up existing reserve capacity for normal production 

given the constant growth of demand).  

After initial competition between the services, the markets stabilized with cooking and heating 

serviced by gas and light and other appliances serviced by electricity. 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 needs. The stabilization of the market allowed a different 

economy of scale, the merger of the gas and electricity company. 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 characteristic 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 investment in new capacity, 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 they (the 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 of the markets 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 numbers. This meant 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 management, 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 direction of cheaper43, more 

reliable and safer technologies. A 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 meant that voltages and pressures could not be altered, and basically 

1900s technology could still be used in the current grids. But in the secondary elements (the controls) 

much more degrees of freedom exist. Being less constrained, developments went much faster, from 

none, via mechanization, electrification 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 smart meters and smart grids are foreseen, especially 

for accommodating the new types of loads mentioned. 

The long history of continuous development of the distribution systems has resulted (in the 

Netherlands) in a very high performing system. The reliability of the (mostly redundant) grid ranks 

amongst the best in the world. The availability of electricity is 99,995% (on average 32 minutes 

interruption per customer per year), in gas the reliability is 99,99998% (one minute per customer per 

year). The numbers of minutes per customer is the System Average Interruption Duration Index 

(SAIDI), a common metric to compare reliability of grids. The energy loss in the electricity grid is 

about 4% of the transported volume, in gas it is about 0,1% (Wijnia and Peters, 2008). The table 

below shows reliability and energy loss data for electricity for a number of western countries. 

Table 2: Reliability and loss data for a number of western countries (reliability data from (Council of 
European Energy Regulators, 2015, Australian Energy Regulator, 2014, U.S. Energy Information 
Administration, 2013), energy losses from (World Bank, 2015). 

 SAIDI
44

  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% 

 

                                                           

43
 In the tender (PB-nummer 2009/S 36-052933) 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 included 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 2010 (http://www.dutchsourcingawards.nl/). According to EN 

50464-1, best current distribution transformer lose about 1%, though historically this was in the 2-5% range or 

even higher. The bigger the transformer, the better the performance becomes. The loss in High voltage 

transformers is more like 0,1%.  

44
 SAIDI: System Average Interruption Duration Index (Short, 2002), the average time (measures in minutes) an 

average customer is not served per year. Given 525.600 minutes in a year, even at a SAIDI of some 500 minutes 

reliability would still be above 99,9%.  

http://www.alliander.com/nl/alliander/investors/publications/verantwoording/ketenverantwoordelijkheid/index.htm
http://www.alliander.com/nl/alliander/investors/publications/verantwoording/ketenverantwoordelijkheid/index.htm
http://www.dutchsourcingawards.nl/
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3 Theoretical framework  

3.1 Asset Management 
Asset management as a separate field of interest is relatively new. Even in 2010, asset management 

was still referred to as an emergent field (Amadi-Echendu et al., 2010). The oldest (scientific) records 

date back to the 1960s. Since then the field developed in several waves45 both in practice and in 

science. Figure 3 gives an impression of the timeline of asset management. This timeline will be 

detailed in the next sections. 

 

Figure 3: A view on the asset management timeline. The (scientific) origin can be traced back to the 1960s, 
though much of the development occurred in practice, especially in the 1980s and 1990s.  

3.1.1 Scientific origin  and development  

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

record in Scopus is from 196946. In the secondary list, the oldest record with a title was from 196647, 

with the first journal article from 1967 about άώΦΦ ϐ ƭƛƴŜŀǊ ǇǊƻƎǊŀƳƳƛƴƎ ŀƴŘ ƻǇǘƛƳŀƭ ōŀƴƪ ŀǎǎŜǘ 

                                                           

45
 The inclusion of the developments in the North Sea into this diagram was inspired by John Woodhouse 

(Woodhouse, 2014). 

46
 hƴ CŜōǊǳŀǊȅ ноΣ нлмрΣ {ŜŀǊŎƘƛƴƎ {ŎƻǇǳǎ ŦƻǊ ά!ǎǎŜǘ ƳŀƴŀƎŜƳŜƴǘέ hw άŀǎǎŜǘƳŀƴŀƎŜƳŜƴǘέ ǇǊƻŘǳŎŜŘ тΦлсп 

documents in the Scopus database and 6.210 in the secondary list (based on the reference tables of the 

documents).  

47
 Though the oldest entry without a title was from 1879. 
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management decisionsέ (Cohen and Hammer, 1967). A similar result was achieved at Web Of 

Science48 (WoS). There some 5.000 entries were found, with exactly the same journal article as the 

oldest entry.  

Asset management in those early days was associated with the financial domain, i.e. assets as entries 

on the balance sheet. The first reference in Scopus with regard to physical assets only is made in 

1975 in the publication TEROTECHNOLOGY (PHYSICAL ASSET MANAGEMENT) (White, 1975).  

According to TEROTECHNOLOGY - WHAT IT IS ALL ABOUT (Thackara, 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 life-cycle costs: it is concerned with the specification and design for 

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 concept, this seems to be very close to the (current) definition of asset management. 

Terotechnology transforms into asset management by adding the concept of risk to the definition, 

expanding the values beyond the purely economical and considering all aspects more integral in a 

holistic approach. This is illustrated in the Figure 4. In a silo like approach, only the direct costs to the 

departmentǎΩ budget would be considered, whereas asset management is about including the 

indirect costs into optimization of the asset, though the coverage of those indirect costs may depend 

on the maturity of asset management.  

 

Figure 4: Optimization of total equivalent costs. The optimization variable can be the maintenance interval, 
replacement or upgrade moment, capacity (e.g. cable or pipeline diameter), asset quality or the like. The 
direct cost is the immediate cost of the asset, the indirect cost is 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 optimization. The optimum is achieved 
if the sum of those two components is minimal. Several similar examples can be found in Asset 
Management- an anatomy (IAM, 2014). 

Searching for terotechnology however does not reveal much more documents. The Scopus database 

only holds 81 publications directly, and 64 secondary, dating back to 196449. That record is British 

                                                           

48
 hƴ CŜōǊǳŀǊȅ ноΣ нлмрΣ {ŜŀǊŎƘƛƴƎ ²Ŝō ƻŦ {ŎƛŜƴŎŜ ŦƻǊ ά!ǎǎŜǘ ƳŀƴŀƎŜƳŜƴǘέ hw άŀǎǎŜǘƳŀƴŀƎŜƳŜƴǘέ ǇǊƻŘǳŎŜŘ 

5083 documents in total with 2185 in the core collection  
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Standard 3811 on maintenance management terms in terotechnology (BSI, 1964). Given that a 

standard needs some preceding work, the 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 diagrams of Figure 5 show the cumulative 

numbers of publications on both terotechnology and asset management since 1969 as recorded in 

the Scopus core collection.  

 

Figure 5: The total cumulative number of publications on asset management and terotechnology. The 
diagram on the left shows both curves at the same scale, demonstrating that terotechnology was slightly 

leading asset management until halfway the 1980s. Since then asset management developed much further 
(almost 100 times more publications) (right graph), though the 100 publications mark was only met in 1990 

and the 1000 publications mark only in 2003.  

Even in the professional area terotechnology seems to have died out. The 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 of terotechnology by Thackara 

contains an explicit reference to designing with reliability and maintainability in mind, linking the 

field of terotechnology to the field of Reliability and Maintainability50 (RAM) and its more modern 

descendants. These extended the scope to include aspects like Availability, Safety, Health and 

Environment in the concept and the acronym (Ajah, 2009, Goel, 2004). 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 level of reliability at the lowest cost. 

The volume of publications on Reliability and Maintainability is comparable with that of asset 

management51.  

The other field to which a strong link exists is maintenance (management) and the associated 

prognostics and diagnostics. Many regard asset management as the professionalization of 

maintenance management (Wijnia and Herder, 2009) by 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 then mainly is the investment decision on upgrades and 

                                                                                                                                                                                     

49
 {ŜŀǊŎƘ ŎƻƴŘǳŎǘŜŘ bƻǾŜƳōŜǊ нф нлмо ŦƻǊ ά¢ŜǊƻǘŜŎƘƴƻƭƻƎȅέ ƛƴ ǘƛǘƭŜΣ ŀōǎǘǊŀŎǘ ƻǊ ƪŜȅǿƻǊŘΦ 

50
 Apparently the original name, derived from the Reliability and Maintainability Symposium, with its inaugural 

conference held in 1955 (62
nd

 annual conference will be held in 2016). 

51
 Scopus search on Reliability AND Maintainability in Title-Abs-Key resulted in 6337 results on feb24-2015. 

Searching on reliability alone yields more than 500000 documents., maintainability alone some 14000 docs. 
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replacements, not design of the maintenance concept. The volume of publications on maintenance is 

much larger than that on asset management and dates back much further52, though many 

publications are in the field of medicine. Limiting the search to physical sciences in Scopus reduces 

the number to some 200.000 (of which some 1.000 before 1965!), much more than the number of 

publications on asset management. Not all publications on maintenance address management, which 

is also an important part of asset management. For that purpose a comparison has to be made to 

maintenance management. Limiting the search to maintenance and management reduces the 

number of entries to about 40.000, some 20% of the publications on maintenance. However, the 

number of publications before 1965 is only 27. Apparently, the addition of management to the field 

of maintenance is also only recent53.  

This observation is supported in A FRAMEWORK FOR MAINTENANCE CONCEPT DEVELOPMENT 

(Waeyenbergh and Pintelon, 2002)Φ !ŎŎƻǊŘƛƴƎ ǘƻ ǘƘƛǎ ǇŀǇŜǊΣ ƳŀƛƴǘŜƴŀƴŎŜ ŎƘŀƴƎŜŘ ŦǊƻƳ ŀ άƴŜŎŜǎǎŀǊȅ 

ŜǾƛƭέ ƻƴƭȅ ŎƻǎǘƛƴƎ ƳƻƴŜȅ ǘƻ ŀ άǇǊƻŦƛǘ ŎƻƴǘǊƛōǳǘƻǊέ ŘŜƭƛǾŜǊƛƴƎ ǾŀƭǳŜ ƻƴƭȅ ŀŦǘŜǊ 1975. A similar recent 

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 further with 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 diagnostics 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 maintenance, total 

productive maintenance and lifecycle approaches.  

Table 3: Timeline of maintenance concepts after Waeyenbergh and Pintelon (2002).  

<1950 1950-1975 >1975 Ҧñ2000òҦ 

Manpower (simple) Mechanization (complex) Automation (more complex) Globalization (crossing 

boundaries) 

ñFix it when it breaksò ñI Operate ï you fixò 

(availability, longevity, cost) 

PM, WO-mgnt. 

RAM (Safety, Quality, 

Environment), CBM, CM, DOM, 

Multi-skilling, MMIS Asset mgnt  

Optimal concept + outsourcing 

and ICT 

Maintenance is ñA 

production Taskò 

Maintenance is ñA task of the 

maintenance dept.ò 

Maintenance is ñ(maybe) Not 

an isolated functionò 

Maintenance is ñExternal and 

internal partnershipsò 

  Integration efforts Maintenance meets production 

ñNecessary evilò ñTechnical matterò ñProfit contributorò ñPartnershipò 

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 

 

                                                           

52
 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. 

53
 Though 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 years ago (Frontinus, 97 AD). 
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Furthermore, they state  

To develop an appropriate maintenance concept, maintenance must be considered holistically. 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 out Maintenance (DOM) and the holistic approach make it resemble asset 

management.  

The term holistic also appeared in CONTEMPORARY MAINTENANCE MANAGEMENT: PROCESS, FRAMEWORK 

AND SUPPORTING PILLARS (Crespo Marquez and Gupta, 2006). For the definition of maintenance and 

maintenance management reference is made to the European Norm for Maintenance Terminology 

(European Committee for Standardization, 2001). According to this standard, άƳŀƛƴǘŜƴŀƴŎŜ ƛǎ 

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 

ŦǳƴŎǘƛƻƴέΦ aŀƛƴǘŜƴŀƴŎŜ ƳŀƴŀƎŜƳŜƴǘ ƛǎ ǘƘŜƴ ŘŜŦƛƴŜŘ άŀǎ ŀƭƭ ǘƘŜ ŀŎǘƛǾƛǘƛŜǎ ƻŦ ǘƘŜ ƳŀƴŀƎŜƳŜƴǘ ǘƘŀǘ 

determine the maintenance objectives or priorities, strategies, and responsibilities and implement 

them by means such as maintenance planning, maintenance control and supervision, and several 

impǊƻǾƛƴƎ ǘƘŜ ƳŜǘƘƻŘǎ ƛƴŎƭǳŘƛƴƎ ŜŎƻƴƻƳƛŎŀƭ ŀǎǇŜŎǘǎ ƛƴ ǘƘŜ ƻǊƎŀƴƛȊŀǘƛƻƴΦέ !ŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ǇŀǇŜǊΣ 

maintenance management is frequently associated with difficulties, and a holistic approach is 

presented to define all maintenance management functions. The framework recognizes 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, these pillars very much resemble the critical enablers People Factors, 

Risk Management and Information Technology of asset management (Woodhouse, 2014).  

The introduction of the concept of risk into asset management is also relatively recent. Before 1991 

no entries were found that contained both Risk and Asset Management in the Scopus core collection. 

The table below contains the 10 oldest records. The topics span a number of areas, ranging from 

financial assets to infrastructure systems. 
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Table 4: 10 oldest entries with Asset Management and Risk
54

. 

Authors Title Year Source title 

Robinson R., Anderson 
K. 

Computer systems for asset and risk 
management 

1991 National Conference Publication - 
Institution of Engineers, Australia 

Morris R.L., Lafitte Jr. F. Consolidating and managing a mature 
portfolio 

1991  

Jarvis M.G., Hedges M.R. Use of soil maps to predict the incidence of 
corrosion and the need for iron mains 
renewal 

1994 Journal of the Institution of Water and 
Environmental Management 

Slipper M., Whipp S. Integrated rehabilitation of water distribution 
systems 

1994 Water Supply 

Johnson S. Strategic issues for management, 
reclamation and remediation of land in the 
mining and extractive industries 

1995 Environmental Protection Bulletin 

Yao Yulin, Cheng John 
F., Enny Philip, Guo 
Duanyang 

Toward parallel financial computation: 
valuation of mortgage-backed securities 

1995 Proceedings of the IEEE International 
Conference on Systems, Man and 
Cybernetics 

Steed John C. RTDE '95 - the importance of equipment 
reliability 

1995 Power Engineering Journal 

Robbens E.G. Asset management in the construction and 
facilities management environments 

1995 IEE Colloquium (Digest) 

McMahon B. Reliability and maintenance practices for 
Australian and New Zealand HV 
transmission lines 

1995 IEE Conference Publication 

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 on asset management containing a reference to risk, as 

demonstrated below. 

 

Figure 6: Publications on risk in asset management, compared to general asset management. Since about 
2005 the fraction of papers on risk is about 10%. Please note the logarithmic scale for the number of AsM 

publications. 

                                                           

54 ( 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 

100-200 papers per conference, forming a substantial part of the Body Of Knowledge on asset 

management. Additionally, the International Journal On strategic Engineering Asset Management 

(IJSEAM) has been established in 2012.  

3.1.2 Professional developments  

In the 1980s, asset management was picked up professionally in Australia (Burns, 2010). Several 

initiatives were employed, like the formation of task forces, conferences and several manuals that 

were published in the 1990s, like the Total Asset Management Manual (New South Wales et al., 

1993) and the National Asset Management Manual (Institute 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 efforts with Australia resulted in the International Infrastructure Management 

Manual (IIMM for short) in 2000 that was adopted by the UK Institute of Asset management (IAM, 

2002).  

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

a significant reduction of profitability as a result of decreasing oil prices. On top 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 Report (Cullen, 1990) concluded that this was due to a lack of systematic 

attention for risks. According to the IIMM, this resulted in a transition from a prescriptive regime to a 

more goal oriented approach with a mandatory safety case (IAM, 2002) with monitoring by the 

Health and Safety Executive. This can be regarded as the introduction of risk thinking into asset 

management (Woodhouse, 2014). Futhermore, to deal with the financial challenges the CRINE55 

initiative was employed, which resulted in ageing assets being kept in operation and thus reducing 

capital requirement. Over the years, the objective of reducing costs per unit further developed into 

operational excellence(Lynn, 2002)56. However, some claim that the CRINE initiative counteracted 

the recommendations from the Cullen report, as the rate of safety incidents did not drop after 

implementing the Cullen recommendations (Tombs and Whyte, 1998). Yet, 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, 2015). Furthermore, recent years have demonstrated a 

significant drop in the number of safety incidents (Woodhouse, 2014) and a move towards inherently 

safe designs (Singh et al., 2010). Piper 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 involved by claiming the rig contained 

much more toxic materials than Shell stated, which resulted in a 20% drop of sales at the Shell petrol 

                                                           

55
 ά/ƻǎǘ wŜŘǳŎǘƛƻƴ Lƴ ! bŜǿ 9ǊŀέΣ hǊ ά/ƻǎǘ wŜŘǳŎǘƛƻƴ LƴƛǘƛŀǘƛǾŜ ŦƻǊ ŀ bŜǿ 9ǊŀέΣ ŘŜǇŜƴŘƛƴƎ ƻƴ ǎƻǳǊŎŜΦ  

56
 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 phantom refinery, containing all losses from all BP refineries, was 

the largest refinery BP had. 
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stations in Germany. This forced Shell to give in, despite having the facts on their side with regard to 

the contents of the rig (Löfstedt and Renn, 1997, Bakir, 2005). 

The third major stream of professional development also occurred in the UK. Following liberalization, 

the UK utility sector discovered asset management as a means for further improvement and 

established the Institute of Asset management in 1994. Members of this organization were very 

active in the commercial 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 thesis, the first άǎǘŀƴŘŀǊŘέ of asset 

management, PAS 5557 (BSI, 2004a, BSI, 2004b), also originated from this institute. In its first edition, 

the specification was limited explicitly to infrastructure assets. In the second edition of PAS 55 (BSI, 

2008a, BSI, 2008b), released in 2008, this limitation was dropped, and the specification applied to all 

physical assets. The 2008 version of PAS 55 was furthered into the Dutch norm NTA8120:2009 (NEN, 

2009) specifically for the electricity and gas distribution network operators. As of January 2013, 

Dutch grid operators Alliander, Delta, Enexis, Rendo, Stedin and TenneT were certified against this 

norm. These grid operators serve the vast majority of customers in the Netherlands (97% for E, 89% 

for G)(Energiegids, 2013). 

PAS 55:2008 was also furthered into an international standard, the ISO 55000 series58 (ISO, 2014a, 

ISO, 2014b, ISO, 2014c). Whereas the 2008 version was an upgrade of the original version, the ISO 

version could be regarded as a redesign. This was because the ISO 55000 series was the first 

management system standard to be written according to the ISO template for management system 

standards. The idea behind this template was to facilitate organizations using more than one ISO 

management system standard in streamlining their processes. The 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 definitions (Hodkiewicz, 2015).  

The use of the template resulted in several changes in the content of the standard. First of all, the 

potential scope of the asset management system has been enlarged, to include all types of assets, 

not only physical assets. A second noteworthy change occurred in the definition of asset 

management. ISO 55k defines asset management as follows (ISO, 2014a): 

ά!ǎǎŜǘ ƳŀƴŀƎŜƳŜƴǘέ ƛǎ ǘƘŜ ŎƻƻǊŘƛƴŀǘŜŘ ŀŎǘƛǾƛǘȅ ƻŦ ŀƴ ƻǊƎŀƴƛȊŀǘƛƻƴ ǘƻ ǊŜŀƭƛȊŜ ǾŀƭǳŜ ŦǊƻƳ ŀǎǎŜǘǎ 

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) definition of asset management in PAS 55. The concept 

of an optimum over cost, risk and performance is 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 

                                                           

57
 The specification consisted of two parts: PAS 55-1 containting the specification, and PAS 55-2 for guidelines 

for the application. If PAS 55 is used, both parts are meant.  

58
 The norm consists of 3 parts: 55000, terminology, 55001, requirements and 55002, guidelines. In this thesis, 

the abbreviation ISO55k 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 (which 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 55k has a formal definition of risk, where PAS 55 only had a definition of risk 

management. The definition of risk that ISO 55k uses is that of ISO guide 73 (ISO, 2002), also used by 

ISO 31000 to which ISO 55001 explicitly makes reference (ISO, 2014b): 

Risk is the effect of uncertainty on objectives
59

 

Unfortunately, this definition is not without discussion. In a review of the ISO 31000 standard (Leitch, 

2010), the ambiguity and 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 formulated but it is almost certain that the 

intended meaning is something else. It is something to do with the potential effect of events that are currently 

uncertain on the extent to which objectives are achieved. 

Furthermore, the definition does not relate to other common definitions of risk used in risk analysis 

literature. In a review on the development of the risk concept, Aven (2012) needs a separate 

category for the ISO 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 publication (Aven, 2011). 

In hindsight, these professional developments seem to follow a similar pattern. The concept is 

adopted, developed at a high intensity during a short period, until a level is reached that is good 

enough in practice. Beyond this point, development tends to slow down, because the benefit of 

improvements is not very clear60. 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 happening does not seem to occur. A 

similar comment was made by Jonsson (Jonsson, 2000) on the development of maintenance 

management:  

Although, proper maintenance approaches exist, neither maintenance practice nor theory are fully developed. 

One of the omissions is the  

ώΧΦϐ lack of maintenance management configurations, such that could be useful to improve the understanding of the 

underlying dimensions 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 of such a research program.  

                                                           

59
 Note 1 to ǘƘƛǎ ŘŜŦƛƴƛǘƛƻƴ ƛǎ ŀōƻǳǘ ŜŦŦŜŎǘΥ ά!ƴ ŜŦŦŜŎǘ ƛǎ ŀ ŘŜǾƛŀǘƛƻƴ ŦǊƻƳ ǘƘŜ ŜȄǇŜŎǘŜŘ τ positive and/or 

ƴŜƎŀǘƛǾŜέΦ !ǇǇŀǊŜƴǘƭȅΣ Ǌƛǎƪ ƛƴ ǘƘŜ ǎǘŀƴŘŀǊŘ ƛǎ ƴƻǘ ƭƛƳƛǘŜŘ ǘƻ ōŀŘ ǘƘƛƴƎǎΣ ōǳǘ Ŏŀƴ ōŜ ŀōƻǳǘ ǳǇǎƛŘŜǎ ŀǎ ǿŜƭƭΦ ¢Ƙŀǘ 

seems to overlap with the inclusion of opportunities in note 1 of the definition of asset management. 

60
 As argued by Hodkiewicz (2015), the 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 61 

 The table below gives the 10 most cited articles on asset management and risk. 

Table 5: Most cited sources in Scopus ŦƻǊ άasset managementέ ŀƴŘ άǊƛǎƪέ ƛƴ ŜƴƎƛƴŜŜǊƛƴƎ όsearch date March 
4 2015). Only the 8

th
 and 9

th
 entry are not about infrastructure assets. The number of citations is very low 

compared to many other sciences. Apparently these is no standard paper yet. 

Authors Title Year Source title Cited 

by 

Brown R.E., Humphrey B.G. Asset management for transmission and 
distribution 

2005 IEEE Power and Energy Magazine 50 

Schneider J., Gaul A.J., 
Neumann C., Hografer J., 
Wellssow W., Schwan M., 
Schnettler A. 

Asset management techniques 2006 International Journal of Electrical 
Power and Energy Systems 

47 

McGill W.L., Ayyub B.M., 
Kaminskiy M. 

Risk analysis for critical asset protection 2007 Risk Analysis 35 

Selih J., Kne A., Srdic A., Zura 
M. 

Multiple-criteria decision support system 
in highway infrastructure management 

2008 Transport 32 

Christodoulou S., Deligianni A. Neurofuzzy decision framework for the 
management of water distribution 
networks 

2010 Water Resources Management 31 

Stewart M.G., Rosowsky D.V., 
Val D.V. 

Reliability-based bridge assessment 
using risk-ranking decision analysis 

2001 Structural Safety 27 

Abu-Elanien A.E.B., Salama 
M.M.A. 

Asset management techniques for 
transformers 

2010 Electric Power Systems Research 23 

Feng D., Gan D., Zhong J., Ni Y. Supplier asset allocation in a pool-based 
electricity market 

2007 IEEE Transactions on Power 
Systems 

23 

Emmanouilidis C., Liyanage 
J.P., Jantunen E. 

Mobile solutions for engineering asset 
and maintenance management 

2009 Journal of Quality in Maintenance 
Engineering 

22 

Moglia M., Burn S., Meddings 
S. 

Decision support system for water 
pipeline renewal prioritisation 

2006 Electronic Journal of Information 
Technology in Construction 

22 

 

All of these are relatively recent, with the oldest in this list dating back only to 2001. These 

publications address several topics, though most of them are related to infrastructure issues, and 

especially decision support, decision making and the like.  

 Interestingly, according to the most cited entry (Brown 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 what could go wrong if the project was not 

approved, but that misses the risk of all the other assets. However, their suggestion is to think of risk 

as not meeting performance targets, similar to the (interpreted) ISO 55k definition. This is followed 

by a proposal to include confidence intervals in performance targets. However, their view on risk 

misses the event notion characteristic for physical risk.  

                                                           

61
 The purpose of this section is to provide an overview of the body of knowledge used in the science 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 especially for electricity grids. In the paper 

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

view of asset management as defined in ά!ǎǎŜǘ ƳŀƴŀƎŜƳŜƴǘ ƳŜŀƴǎ ƻǇŜǊŀǘƛƴƎ ŀ ƎǊƻǳǇ ƻŦ ŀǎǎŜǘǎ ƻǾŜǊ 

the whole technical life-cycle guaranteeing a suitable return and ensuring defined service and 

ǎŜŎǳǊƛǘȅ ǎǘŀƴŘŀǊŘǎέ ŘƻŜǎ ƴƻǘ ŀƭƛƎƴ ǿƛǘƘ ǘƘŜ ƛŘŜŀ ƻŦ ŀǎǎŜǘ ƳŀƴŀƎŜƳŜƴǘ ōŜƛƴƎ ŀ ƳŀƴŀƎŜƳŜƴǘ ǎȅǎǘŜƳΦ  

Of the two publications in this list not on infrastructures, SUPPLIER ASSET ALLOCATION IN A POOL-BASED 

ELECTRICITY MARKET (Feng et al., 2007) considers risk in a classical financial perspective, though it is on 

power systems. The paper MOBILE SOLUTIONS FOR ENGINEERING ASSET AND MAINTENANCE MANAGEMENT 

(Emmanouilidis et al., 2009) considers assets in a much broader range, and focuses on the application 

of wireless solutions for remote management complex, high risk and 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 

made to what is meant by a high-risk asset, nor if the cost of remote monitoring is justified by the 

risk reduction achieved. 

Also interesting is the third paper in the table on RISK ANALYSIS FOR CRITICAL ASSET PROTECTION (McGill 

et al., 2007). The paper provides a framework for risk analysis for terrorism for critical assets, 

including an example with a fully monetized cost benefit analysis62. The authors also make a notion 

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

be obtained by summing the risks of the assets, but that this does not account for interdependencies 

between assets. These are likely to exist, as adversaries are likely to shift their attention to weaker 

assets in the portfolio once protection is employed for some, thus influencing the risk profile. 

Furthermore, they note that their framework is for strategic risk management, that is supporting 

investment decisions, though it can be modified to support tactical risk management. 

With regard to decision support in asset management, Gulski (18 contributions ) and Smit (12 

contributions) contributed to the largest number of publications. Their field of interest is assets in 

the electrical transmission and distribution systems, especially condition monitoring. Their most cited 

paper, PD KNOWLEDGE RULES FOR INSULATION CONDITION ASSESSMENT OF DISTRIBUTION POWER CABLES 

(Gulski et al., 2005), on providing support for selecting the right components for inspection, 

maintenance or replacement. However, their assessment rule is formulated in technical terms, not 

the values typical for asset management. 

Summarizing the findings on asset risk management, there is no consistent view on risk. On 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 are about risk 

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. 

                                                           

62
 In 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 back (Aven, 2012). In scientific literature, 

accessible by scientific search engines like Scopus and Web Of Science, records date back to 183263. 

The majority of these publications is in the field of medicine (roughly 50%), whilst engineering only 

accounts for some 160.000 records64, about 5% of total. Within this engineering subset, the journal 

Risk Analysis is the largest contributor, with more than 3000 contributions. However, the Society 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 engineering (optical engineering, advanced materials, applied mechanics, 

transportation). This suggests that systematic research on risk and risk management in general is also 

relatively recent.  

Limiting the scope of the subset to risk management reduces the number of records by a tenfold to 

about 17000 entries, with only 17 entries preceding 1981. Many papers within this risk management 

subset are about managing specific risks, and not so much about the activity, framework or 

methodology of risk management. In browsing some highly cited papers in the risk management 

subset, the observation can be made that if the risk management process is mentioned, it is generally 

only by naming the phases with only little (if any) reference to scientific literature (Jonkman et al., 

2003, Haimes et al., 2002, Hallikas et al., 2004). The table below relates the 4 phases of Jonkman to 

the 4 phases of Hallikas and the 6 questions of Haimes (numbering of steps by author).  

Table 6: Relating several definitions of the risk management process. 

Step Jonkman Hallikas Haimes 

1 Qualitative analysis: definition of 
system and scope, identification of 
hazards, failure modes and scenarios 

  

2 Risk identification What can go wrong? 

3 Quantitative analysis: probabilities and 
consequences 

Risk assessment What is the likelihood of that 
happening? 
what are the consequences? 

4 Risk evaluation: decision on risk 
tolerability 

 

5 Decision making and implementation 
of risk management actions 

What are the available options? 
What are the associated tradeoffs? 
What are the impacts of current 
decisions on future options? 

6 Risk control and risk reduction 
measures: determining the measures 
to reduce the risk, control (inspection, 
maintenance warning systems) of the 
risk 7 Risk Monitoring  

 

Even though there seems to be some agreement on the order of the activities or questions, there is 

no agreement on the precise content 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 well documented, scientifically supported definition of the risk management process, only 

interpretative descriptions of common practice.  

                                                           

63
 In a basis search on Risk, Scopus revealed some 2,7 million records dating back to 1832, 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. 

64
 163.478 on March 31 2015.  
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With regard to good practice, other sources are available. The ISO standard on asset management 

refers explicitly to the ISO standard on Risk Management, ISO 3100065. Another description of good 

practice is the COSO66 framework for enterprise risk management. This framework was in place at 

Enexis during the experiments67. These 2 descriptions of good practice will be reviewed in some 

more detail68. 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 process. For 

each of these debates the relevant perspectives will be reviewed. 

3.2.1 Frameworks for  risk management  

!ŎŎƻǊŘƛƴƎ ǘƻ L{h омлллΣ Ǌƛǎƪ ƳŀƴŀƎŜƳŜƴǘ ƛǎ άǘƘŜ ŎƻƻǊŘƛƴŀǘŜŘ ŀŎǘƛǾƛǘƛŜǎ ǘƻ ŘƛǊŜŎǘ ŀƴŘ ŎƻƴǘǊƻƭ ŀƴ 

ƻǊƎŀƴƛȊŀǘƛƻƴ ǿƛǘƘ ǊŜƎŀǊŘ ǘƻ ǊƛǎƪέΦ The standard starts with the principles, from which a risk 

management framework is derived. Risk management is implemented by means of a risk 

management process, which exists of a number of steps. Figure 7 shows those steps and their 

relations.  

 

Figure 7: The risk management process after ISO 31000 (ISO, 2009a). 

Risk management starts with establishing the context in which the risks are managed. This is 

amongst other things about defining the risk criteria and the approach to be followed in decision 

making on risk. After establishing the context, risk are identified, analyzed and evaluated. These 

three steps are grouped into the activity Risk Assessment. If the risk exceeds the criteria, treatment 

                                                           

65
 The accompanying document ISO 31010 (ISO, 2009b) on 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 scope of this section, but will be part of chapter 7 and 10. 

66
 Committee of Sponsoring Organizations of the Treadway Commission (COSO). 

67
 According to https://www.enexis.nl/over-enexis/investor-relations/en/corporate-governance/risk-

management, accessed March 31 2015, it still is in place. 

68 The selection of these two frameworks may seem arbitrary, as many others exist. However, the two 

frameworks are used in a differential analysis. The contrast between them is large enough to identify the 

relevant scientific debates.  

 

https://www.enexis.nl/over-enexis/investor-relations/en/corporate-governance/risk-management
https://www.enexis.nl/over-enexis/investor-relations/en/corporate-governance/risk-management









































































































































































































































































































































































