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Summary
Low voltage (LV) distribution grids are the capillaries of the electricity
system. Each LV grid serves a relatively low amount of customers, but many
LV grids exists in order to serve all customers. Due to this low amount of
customers served per grid, the impact of an interruption is low. Therefore,
interruptions on the LV level have not received much attention in the past as long as the reliability was within limits. However, with the ongoing energy
transition the LV grid will become more important. Many renewable energy
technologies will be connected to the LV level, such as electric vehicles (EV),
photo-voltaic systems (PV), and heat pumps (HP). As LV distribution grids
will be subservient to mobility, electricity generation and heating, it is ever
more important that these grids remain reliable. Furthermore, all those lowimpact interruptions add up to high costs. It is worth the effort to investigate
how to reduce these costs. As technical personnel is hard to find and the energy
transition induces an increased workload, the costs of labour for interruptions
may increase as well.
Currently, distribution system operators (DSO) have little information on
the condition of LV distribution. Previous research has explored physical
degradation phenomena and possibilities for diagnostics. However, diagnostics are not available yet on a large scale and visual inspection is impossible as
LV components are generally located underground. However, historical data
is available on interruptions, assets and environmental factors. In this study
we investigate the use of these available data in order to make an assessment
of the condition of LV distribution grids.
First, a descriptive analysis is performed to provide some patterns and
trends following from the interruptions registration and the asset database.
The most important finding is that LV failures are generally not age-related.
The actual condition assessment is performed in the predictive analysis.
Statistically seen, the condition assessment is best described as a right-censored
i
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survival problem. We are interested in the time-to-failure of LV assets and the
influence of covariates on the failure probability. Due to various limitations it
is found that accurate prediction of failure of a specific asset is not possible.
However the relation between covariates and the failure probability of LV assets
is possible to estimate. Various models are compared in order to find the most
suitable method to perform this condition assessment. The Cox proportional
hazard (CPH) regression is found to be the best fit or our problem.
The CPH model produces interesting results for three component types.
Various covariates have a significant influence on the failure probability of either main cables, service cables or joints. For all three types of components, the
strongest predictor of an increased failure probability is the covariate number
of previous interruptions main cable, which counts the number of interruptions
in components connected to the same main cable. This can be explained in
various ways. First of all, the overall condition in such a grid is low - causing
multiple interruptions. Secondly, the short circuit current which occurs during a fault may damage other assets. Or, assets may be damaged by the high
voltage used to find fault locations of high impedance faults.
This CPH model can be used to assess the condition of the LV asset base.
From the values of the covariates of these assets, an estimation of the failure
probability of the assets can be made. This is done by calculating a relative
failure probability, which can be used in geographical analysis or prioritization
of asset replacements.
From the condition aspect, currently LV assets are only replaced when they
actually fail. However, LV distribution grids are reinforced when it is expected
that their capacity is not sufficient anymore. In this study we investigate the
perspectives of combining capacity-related investments with condition-related
bottlenecks. An existing method is used to determine whether the capacity
of assets is sufficient in the future, in a moderate scenario. The results of the
condition and capacity methods are combined to find combined condition and
capacity bottlenecks. Some overlap exists, especially condition bottlenecks
which overlap with capacity bottlenecks. Locations where overlap exists are
interesting because failure probability can be reduced while solving capacity
bottlenecks. Replacing these assets may decrease LV interruptions costs by
15%.
Furthermore in this study it is also investigated whether and when alternative maintenance strategies would be more profitable than the currently used
corrective maintenance (’run-to-failure’). A scenario analysis is used to investigate this for various possible futures. The strategies are evaluated both
quantitatively (using a developed maintenance decision framework) and qualitatively. It is found that DSOs are encouraged to actively seek collaboration
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with other utilities or instances which perform excavation works in public
space. Furthermore, condition-based maintenance is very promising, but its
applicability depends on available measurement devices. Preventive maintenance is discouraged as the time interval of maintenance is generally based
on usage or age. In LV grids, usage (loading) of each asset is not accurately
measured, and failure is generally not age-related. Therefore there is currently
no parameter to base preventive maintenance on. Corrective maintenance is
still a viable option under current circumstances.
The models and methods presented in this thesis enable more insight in
the condition assessment of LV distribution grids. Increased knowledge in
the variables which cause a higher failure probability is a first step towards
condition-based maintenance. Furthermore it is explored how asset management can benefit from these models and future developments.
Therefore this thesis contributes both scientifically and practically. First
of all, condition assessment of LV distribution grids based on historical data is
a relatively novel topic, but is very relevant because of the increased attention
for and importance of LV grids. This thesis also contributes in the use of
survival models to underground infrastructure, in addition to fields such as
medicine in which those models have been used for a longer period of time.
Moreover, previous research on the capacity planning of LV grids has been
expanded with this research on condition assessment, therefore increasing its
scientific value. A practical contribution is the set of parameters which indicate
a higher failure probability in LV grids. This creates insight and provides DSOs
with an additional tool. Also, locations in which the failure probability of LV
assets is relatively high can be pinpointed. The final practical contribution
is the developed maintenance decision method to compare various alternative
maintenance strategies, in combination with a scenario analysis. DSOs can
use this method to create more insight in how to manage their existing LV
asset base.
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Samenvatting
Laagspanning (LS) distributienetten zijn de haarvaten van het elektriciteitssysteem. Elk LS-net bedient een relatief klein aantal klanten, maar er zijn veel
LS-netten om alle klanten te bedienen. Dit kleine aantal klanten per net zorgt
ervoor dat de gevolgen van een storing klein zijn. Daarom hebben storingen
in het LS-net niet veel aandacht gekregen in het verleden – zolang de betrouwbaarheid binnen de limieten bleef. Echter, door de energie transitie zal
het LS-net belangrijker worden. Veel duurzame energietechnieken zullen worden aangesloten op het LS-net, bijvoorbeeld elektrische voertuigen (EV), zonnepanelen (PV), en warmtepompen (HP). LS-netten zullen dus dienstbaar zijn
aan mobiliteit, elektriciteitsopwekking en verwarming, waardoor het belangrijk
is dat deze netten betrouwbaar blijven. Bovendien tellen alle storingen met
lage impact wel op tot hoge totale kosten. Omdat technisch personeel moeilijk
te vinden is en de energietransitie voor een hogere werkdruk zal zorgen, zullen
de arbeidskosten voor storingen ook toenemen.
Momenteel hebben netbeheerders (DSO) weinig informatie over de conditie
van LS-distributienetten. In eerder onderzoek zijn fysische degradatiefenomenen en mogelijkheden voor diagnostiek onderzocht. Echter is diagnostiek nog
niet beschikbaar op een grote schaal en is visuele inspectie onmogelijk omdat
LS componenten over het algemeen ondergronds liggen. Niettemin zijn historische gegevens over storingen, assets en omgevingsfactoren wel beschikbaar.
In deze studie onderzoeken we het gebruik van deze beschikbare gegevens om
een inschatting te maken van de conditie van LS distributienetten.
Allereerst is er een beschrijvende analyse uitgevoerd om enkele patronen
en trends die volgen uit de storingsregistratie en asset database te laten zien.
De belangrijkste bevinding is dat LS storingen over het algemeen niet
leeftijdsafhankelijk zijn.
De daadwerkelijke conditiebepaling wordt uitgevoerd in de voorspellende
analyse. Statistisch gezien is de conditiebepaling het beste te beschrijven als
v
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een rechts gecensureerd overlevingsprobleem. We zijn geïnteresseerd in de tijdtot-falen van LS assets en de invloed van covariaten op de faalkans. We hebben
gevonden dat door verschillende beperkingen een accurate voorspelling van het
falen van een specifieke asset niet mogelijk is. Echter is de relatie tussen covariaten en de faalkans van LS assets wel in te schatten. Verschillende modellen
zijn vergeleken om het meest geschikte te vinden om deze conditiebepaling uit
te voeren. De cox proportional hazard (CPH) regressie is het meest geschikt
bevonden voor ons probleem. Het CPH model produceert interessante resultaten voor drie typen componenten. Verschillende covariaten hebben een
significante invloed op de faalkans van hoofdkabels, aansluitkabels, of moffen.
Voor alle drie de typen componenten is de sterkste voorspeller van een verhoogde faalkans het aantal eerdere storingen in componenten verbonden met
dezelfde hoofdkabel. Dit kan op meerdere manieren worden uitgelegd. Ten
eerste, de algemene conditie van het desbetreffende net is verminderd – wat
meerdere storingen kan opleveren. Ten tweede, de kortsluitstroom die ontstaat
tijdens een fout kan andere assets beschadigen. Het zou ook kunnen dat assets
beschadigd raken door de hoge spanning die gebruikt wordt om foutlocatie bij
fouten met een hoge weerstand te vinden.
Dit CPH model kan gebruikt worden om de conditie van LS assets te
bepalen. Uit de waardes van de covariaten van deze assets, kan een inschatting
van de faalkans van de assets worden gemaakt. Dit wordt gedaan door een
relatieve faalkans te berekenen, die gebruikt kan worden in een geografische
analyse of prioritering van asset vervangingen.
Vanuit het conditie aspect worden LS assets momenteel alleen vervangen als
ze daadwerkelijk falen. Echter worden LS distributie netten versterkt wanneer
het te verwachten is dat hun capaciteit niet meer toereikend is. In deze studie
onderzoeken we de perspectieven om capaciteit gerelateerde investeringen te
combineren met conditie gerelateerde knelpunten. Een bestaande methode
wordt gebruikt om te bepalen of de capaciteit van assets nog toereikend is
in de toekomst, voor een gematigd scenario. De resultaten van de capaciteit
en conditie methodes worden gecombineerd om gecombineerde conditie- en
capaciteitsknelpunten te vinden. Er is enige overlap, er komen vooral conditie
knelpunten die overlappen met capaciteit knelpunten voor. Locaties waar
overlap gevonden wordt, zijn interessant omdat de faalkans verminderd kan
worden door capaciteit knelpunten op te lossen. Deze assets vervangen kan
zorgen voor een kosten reductie van LS storingen van 15%.
Verder wordt er in deze studie ook onderzocht of en wanneer alternatieve
onderhoudsstrategieën winstgevender zijn dan het huidige correctieve onderhoud. Een scenario analyse wordt gebruikt om dit te onderzoek voor verschillende mogelijke toekomsten. De strategieën worden zowel kwantitatief (met
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een onderhoudsbeslissingsraamwerk) als kwalitatief beoordeeld. Daar komt uit
dat netbeheerders aangemoedigd worden om actief de samenwerking te vinden
met andere nutsbedrijven en instanties die graafwerkzaamheden verrichten in
de publieke ruimte. Verder is conditie gebaseerd onderhoud erg veelbelovend,
maar de toepasbaarheid hangt af van beschikbare meetapparatuur. Preventief
onderhoud wordt ontmoedigd omdat het tijdsinterval van onderhoud meestal
gebaseerd is op gebruik of leeftijd. In LS-netten wordt het gebruik van een
specifieke LS asset niet accuraat gemeten, en is falen over het algemeen niet
leeftijdsafhankelijk. Daarom is er momenteel geen parameter om preventief
onderhoud op te baseren. Onder de huidige omstandigheden is correctief onderhoud nog steeds een rendabele optie.
De modellen en methodes die in dit proefschrift worden gepresenteerd verschaffen meer inzicht in de conditiebepaling van LS distributienetten. Toegenomen
kennis in de variabelen die een hogere faalkans veroorzaken is een eerste stap
richting conditie gebaseerd onderhoud. Verder wordt het verkend hoe asset
management kan profiteren van deze modellen en toekomstige ontwikkelingen.
Hierdoor levert dit proefschrift zowel een wetenschappelijke als praktische
bijdrage. Ten eerste is conditiebepaling van LS-netten op basis van historische
gegevens een relatief nieuw onderwerp. Echter is het wel heel relevant vanwege
de toegenomen aandacht voor en belang van LS-netten. Dit proefschrift levert
ook een bijdrage in het gebruik van overlevingsmodellen in ondergrondse infrastructuur, als toevoeging op sectoren als geneeskunde waar deze modellen
al langer gebruikt worden. Verder is bestaand onderzoek naar capaciteitsplanning van LS-netten uitgebreid met dit onderzoek naar conditiebepaling,
waardoor de wetenschappelijke bijdrage vergroot wordt. Een praktische bijdrage van dit proefschrift is de verzameling van parameters die wijzen op
een verhoogde faalkans in LS-netten. Dit creëert inzicht en verschaft netbeheerders een extra gereedschap. Verder kunnen locaties waar de faalkans
van LS assets relatief hoog is worden aangewezen. Een laatste bijdrage is het
beslissingsmodel waarmee onderhoudsstrategieën kunnen worden vergeleken,
in combinatie met een scenario analyse. Netbeheerders kunnen dit gebruiken
om meer inzicht te krijgen in het beheren van hun bestaande LS-netten.
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Chapter 1

Introduction
1.1
1.1.1

Background & Motivation
The Electrical Power System

The electrical power system in the Netherlands is, as in many countries,
traditionally organized top-down, which can be seen in figure 1.1. The high
voltage level (HV, up to 380 kV) and part of the medium voltage level (MV,
up to 25 kV) are used for transmission of electricity, i.e. transporting larger
volumes of electricity over distances of tens to hundreds of kilometers. The
largest part of the MV level and the complete low voltage level (LV, 0.4 kV)
are used for the distribution of electricity to the customers. However, changes
in the power system are happening in light of the energy transition, which is
further described in section 1.1.3.
Where the HV and MV level grids usually serve large numbers of customers,
LV grids only serve tens to a few hundreds of customers. Therefore the consequences of interruptions on higher voltage levels tend to be greater than
those of interruptions on lower voltage levels, in terms of customers affected.
This leads to the Transmission Service Operator (TSO) and the Distribution
System Operator (DSO) focusing on the reliability of higher voltage levels to
maintain and improve reliability of supply. A result of this focus is an emphasis on monitoring and condition assessment of components on the higher
voltage levels, compared to lower voltage levels.
LV grids traditionally contribute less to the supply outages. The modest
impact on reliability of supply has limited research interest and investment
in LV grid reliability. Combined with the large number of (underground)
1
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High Voltage

High Voltage

High/Medium Voltage

Transmission

Medium Voltage

Distribution
Low Voltage

Figure 1.1: Schematic overview of the Dutch power system [1]
LV components, monitoring of these components is currently technically and
economically challenging. The condition of LV distribution grids is therefore
mainly unknown and only very roughly estimated.

1.1.2

Reliability & Costs

The electrical power system in the Netherlands is one of the most reliable in
Europe [2], which is further elaborated in chapter 2. It performs well in terms
of System Average Interruption Duration Index (SAIDI), which represents the
yearly average interruption duration per connected customer.
As described earlier, failures on the HV and MV levels have the greatest
impact on the SAIDI. Few large interruptions can heavily influence the score.
In the last decade the average interruption duration in the LV level remained
constant, while the share of this value in the total SAIDI increased. This
suggest that the goal of increasing the reliability of the HV and MV levels
has been achieved, however this implies that the LV level becomes a growing
contributor to the average interruption duration.
This also translates into costs, where more or longer interruptions will
inflict higher costs for the DSO. These costs consist of various factors, including
2
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personnel, material and financial compensation paid to customers. However
currently (almost) no condition information is available for the LV network,
which makes it challenging to compose a condition-based optimal replacement
strategy.

1.1.3

The Energy Transition

As mentioned in [3] the goal for the Netherlands is to achieve a 16% share of
renewable energy in the total energy use in the Netherlands by 2023. In order
to achieve this, various renewable energy sources will be used. Besides more
centralized solutions as wind farms and co-firing of biomass, this transition
will take place locally. Technologies such as solar PV and heat pumps will
further electrify the residential energy flows. Another, possibly even greater,
impact is the growth of electric vehicles. As a result, the electricity flows in the
low voltage grid will increase, will become increasingly bidirectional and most
important will increasingly fluctuate over time. Typically, these fluctuations
have a large magnitude in a short time period. Besides possible capacity
issues, these power flows may accelerate or induce degradation mechanisms in
LV components. This may increase the number of interruptions on the LV
level and therefore the average interruption duration per customer. However,
as more of the electricity demand and generation will be connected to LV grids,
its even more important to society that these grids are highly reliable.

1.2

Research Objective

Aim of this research is to contribute to retain a high reliability of LV distribution grids, while further improving cost-effectiveness. In order to achieve
this goal the following research question is formulated:
How can we assess the condition of low voltage grids and formulate
actionable policies for the DSO?
Several subquestions are composed to address different aspects of the research question.
1. How reliable are LV grids and components and what causes outages?
2. How can statistical analysis contribute to condition assessment of LV
grids?
3
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3. How to use suitable prediction models for LV grids and to estimate the
condition of current LV grids?
4. How do DSOs conserve their LV distribution grids nowadays and how
may they do that in the future?
5. How can we use alternative methods for the conservation and planning of LV grids and what may be the impact on reliability and costeffectiveness?

1.3

Research Scope

In order to be able to answer the aforementioned research questions we
have to define what to include and exclude in this study. Our research scope
is described in this sub-section.
First of all we are investigating LV distribution grids. Other voltage levels
of electricity distribution and transmission are therefore excluded. Of these
LV distribution grids we do not assess all the components. Only components
which are installed underground are included - i.e. cables and joints. Components which are exclusively used for public lighting are not included in the
study. Other components such as transformers and distribution cabinets are
not included either.
Interruptions caused by excavation damages are also excluded from the
study. In such cases, the cause of the interruption is clear and predominantly
due to human error and negligence. Moreover the fault location is directly
known. The amount of excavation damages could be reduced by e.g. better education, better exchange of information, and more careful excavation.
However all of these measures are non-technical and therefore out of scope.
Data from Dutch DSOs are used in this study. Therefore the results are
exemplary for LV distribution grids in the Netherlands. However the presented
methods may well be useful for DSOs different countries or even for different
sectors.

1.4

Thesis Outline

Chapter 2 provides an overview of the current state of the reliability of
LV distribution grids and is therefore directed at answering the first research
question. Overviews of reliability metrics are given, as well as of failure causes.
Furthermore we discuss the difficulties in maintaining and reporting LV grid
4

CHAPTER 1. INTRODUCTION

5

reliability. Finally the available data which may contain valuable information
to assess the condition of LV grids is discussed.
Chapter 3 gives more insight in the world of data analysis - focusing on the
application of LV condition assessment. Various common practices are presented and compared for their usefulness and performance. The most suitable
method is then discussed in more detail.
Chapter 4 presents the models which are eventually used for the condition
assessment of LV distribution grids. Separate models are built for different
types of components. Also an insight is given in the applicability of these
models from a DSO perspective.
Chapter 5 presents an approach to combine capacity planning and condition assessment in order to increase efficiency and reliability. The approach is
tested in a case study and these results are also presented.
Chapter 6 presents an analysis of advanced replacement strategies for LV
distribution grids. Alternative maintenance (replacement) strategies are presented. These strategies are then quantitatively and qualitatively compared.
An advice is given on how to manage LV assets in the future.
Chapter 7 provides conclusions from the findings of this study. Also further
research possibilities are discussed.

5
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Chapter 2

Background
This thesis focuses on condition assessment of LV distribution grids. In
this chapter some background and context for LV grids is given. First of all,
the structure and design of LV distribution grids and their components are
described. Then an introduction is given on the reliability of LV distribution
grids, including registration, failure mechanisms, available data and present
limitations regarding condition assessment. The impact of the energy transition on LV distribution grids and their reliability is also discussed. Finally,
existing research on LV condition assessment and related topics is summarized.

2.1

LV distribution grids and components

In this section the structure of the power system - specifically LV distribution grids - is described. Furthermore common techniques and components
are described.

2.1.1

Structure of power systems and distribution grids

The electricity grid in the Netherlands consists of various voltage levels.
The structure of the power system can be seen in figure 1.1. Traditionally
the power system is designed top-down, as power flows are directed from large
centralized power plants to consumers over long distances. Therefore high
voltages are applied for the transmission of electrical energy (HV level). The
HV level is operated by the transmission system operator (TSO), which is a
different entity than the distribution system operator (DSO). In the Nether7
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lands there is one TSO for the complete HV level. The DSO is responsible for
operating the distribution grids.
Traditionally, electrical energy is distributed from the HV level to consumers via electricity distribution grids. These consist of the medium voltage
(MV) and low voltage (LV) levels. Larger customers (for instance industries)
are connected directly to the HV or MV level. Small customers such as households or small businesses are connected to the LV level.
An LV distribution grid is connected to the MV level at an MV to LV
substation. This station is schematically shown in figure 2.1. A transformer is
used to transform the voltage from MV to LV. This transformer is connected
to the corresponding MV ring via a fuse or an on-load disconnector. In figure
2.1 the MV side is also equipped with a protected MV branch. On the LV
side of the transformer a busbar is connected with multiple (up to 10) outgoing
directions for LV feeders. These LV feeders are equipped with fuses, to provide
protection against short circuits in the underlying LV grid. The fuses are rated
for the maximum capacity of the cable and a maximum short circuit duration.
Public lighting is connected via a separate busbar, which is switched on at
dawn and off in the morning.
Generally, LV distribution grids are laid out in a radial configuration. This
configuration is schematically shown in figure 2.2 and 2.3. Cable termination
is often done by an underground termination or an unconnected busbar. Main
cables are often a few hundred meters long, while in general not exceeding
500 meters. An average feeder services 15-20 households. Households are
connected to the main cables via a service cable. The service cable, equipped
with a smaller conductor diameter than the main cable, is connected to the
fuse panel in the building. The main fuse, situated before the fuse panel is
installed by the DSO. This main fuse is dimensioned taking into account the
service cable characteristics and the required capacity by the customer.
Other configurations are sometimes used as well. One example is looping
the main cable from house to house. In this way each customer is served by
the main cable, so no service cables and service joints have to be installed
by the DSO. Sometimes distribution cabinets, which contains a busbar (up
to four connections), are used in LV distribution grids. This cabinet provides
more flexibility as different directions can be serviced and more protection can
be utilized. Connecting this distribution cabinet to an additional substation,
enables isolation of grid sections. Finally meshed grids are used, which can be
seen in figure 2.4. In meshed grids the feeder is connected to substations at
both ends - often used in areas with many connections. This configuration can
assist in maintaining the required voltage level and the actual delivered power.
Short circuit power increases with meshed grids, which may lead to a decrease
8
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Figure 2.1: Schematic overview of an MV/LV station, with the MV side (black)
and the LV side (blue) with a protected MV branch (connected centrally with
a circuit breaker) [1]

1. Cable joint
2. Service joint
3. Service cable
4. Main cable
Figure 2.2: Components of an LV grid in radial configuration
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Figure 2.3: Schematic overview of an LV grid in radial configuration [1]
in safety. Meshed grids are also more complex, increasing outage duration
(fault location is more difficult to find) and the chance of human error.

2.1.2

Components

The most important components in LV distribution grids are described in
this subsection. In figure 2.2 these components are numbered 1-4.
Main cable
First of all, the most important component is described - the actual LV
distribution cable. Various designs have been used over the last 100+ years.
Generally, there are four conductors and an earth screen in a cable. Exceptions
include the absence of an earth screen or the usage of less conductors. The
two main groups of cables can be distinguished by the material which is used
for the insulation of the conductor: paper or a polymer.
Cables of which the conductor is insulated by paper are called Paper Insulated Lead Covered (PILC) cables. Up to the 1970’s these cables have been
installed and many are still in operation. They represent roughly one third of
all LV cables in the Netherlands. The conductor material used in PILC cables
is copper. The construction of the cable is shown in 2.5. The conductors are
surrounded by multiple layers of paper. The layers do not completely overlap,
10
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Figure 2.4: Schematic overview of an LV grid in meshed configuration [1]

to allow for gaps in between. These gaps should be filled with oil. The insulated conductors are enclosed by a solid lead sheath, providing water tightness.
The lead sheath is then protected by a layer of jute impregnated by bitumen.
For mechanical protection, the last layers are composed of steel strips, jute
and bitumen. Normally, the space between the four conductors is filled with a
filling material. However, in some cables, this is filled with four smaller cables
to connect public lighting or send tariff information (day/night) to the energy
meter in households. These latter are so-called combination cables.
From the 1970’s on plastic insulation became the new standard. The main
driver was the environmental concerns over the lead sheath in PILC cable. In
contrast to PILC cables, the conductor material in plastic LV main cables is
generally aluminium. Although copper is superior in conductivity, flexibility
and tensile strength, aluminium is far cheaper and lighter. The construction
of the cable is shown in 2.6. The cross section ranges from 50-200 mm2 . In LV
grids, the electric field stress is low, so insulation material dimension is mainly
based on mechanical requirements. Poly-vinyl chloride (PVC) is often used
as an insulation material in the Netherlands. Also cross-linked polyethylene
(XLPE) is used, when its higher mechanical strength and temperature rating
are required. However, a downside of XLPE is the poor adhesion to other
materials - which can lead to water ingress at joints. Water swellable tapes
enclose the conductor in the case of an XLPE cable. The package of conductors
11
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Secondary conductors or filling material
Steel strip

Copper conductors

Layers of impregnated paper

Lead sheath
Impregnated jute
Outer sheath (jute and bitumen)

Figure 2.5: Construction of a typical PILC main cable. [Image courtesy of
Enexis Netbeheer BV]
Filling material
Aluminium main conductors
Copper secondary conductors

Earth screen

Plastic infill
Outer sheath

Inner sheath
Filling material

Figure 2.6: Construction of a typical plastic main cable. [Image courtesy of
Enexis Netbeheer BV]
is then enclosed by a copper wire screen, a wounded steel screen or no screen.
The outer sheath of plastic insulated LV cables is composed of PVC.
Service cable
For service cables, similar designs are used as for main cables. Service cables are connected to the main cable via a service joint. The cross-section of
the conductors is much smaller (6 mm2 for servicing a typical household). In
the past, most households were connected to one phase of the LV main cable.
Nowadays it is common to connect households via a three phase connection.
Due to corrosion concerns, the majority of service cables uses a copper conductor. These concerns exist because service cables typically offer less protection
to the conductor and are mechanically stressed when installed by bending and
twisting.
12
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Figure 2.7: Construction of cable joint, before wrapping and filling the joint.
[Image courtesy of Filoform]

Cable joint
As the total length of a LV cable reel is a multiple of the actual cable
length, cable joints (also called straight through joints) are installed far less
frequently than service joints. For cable joints, bolted connectors are used with
shear-off bolts to ensure proper torquing of the bolts. This connector block is
then enclosed by a shell. This type of joint, before enclosing and filling, can
be seen in figure 2.7. The outer shell has been composed of different materials
over time. For a long time an iron shell was filled with bitumen. Bitumen
was later replaced by synthetic materials and the iron shell was replaced by a
plastic one. Nowadays polyurethane is often used when a hard plastic shell is
deployed.
Fixed shells require precise preparation of the cable to prevent a risk of
leakage. Also fixed shells may not be possible to deploy under certain practical
circumstances. Therefore more customizable joints are used nowadays. This
joint type is wrapped around the connection by several layers of meshed belt
and a plastic layer of tape. Thereafter the joint is filled with polyurethane.
Another option for cable joints (and underground terminations) is a heat
shrinkable tube (or cap for a termination). To ensure water tightness, these
are also lined with glue on the inside.
13
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Figure 2.8: Construction of service joint, before wrapping and filling the joint.
[Image courtesy of 3M]
Service joint
Service joints (also called branching joints) connect the service cable to the
main cable. The actual joint type is comparable to the cable joints. However,
the connection method is different. Special connection blocks are used, which
are clamped onto the main cable without needing to cut the cable. The connectors pierce the insulation and therefore the joint can be installed while the
cable is energized. Thereafter the joint is wrapped and filled. This type of
joint can be seen in figure 2.8.
Termination joints
Termination joints, also called end joints, terminate the cable. A joint is
placed on the open end of the cable to ensure that this end is electrically and
mechanically insulated. No leakage current can flow from the cable end and no
moisture can penetrate the cable. A termination joint is installed in a similar
way as cable joints and service joints, however no connectors or connection
blocks have to be used.

2.2

Reliability of low voltage distribution grids

This thesis is focused on the condition assessment of LV distribution grids.
Currently the condition of LV grids is generally unknown. The observed reliability is the only parameter which may indicate a grid’s condition. However,
some failure mechanisms are known to exist in LV distribution grids - but
14
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cannot be predicted yet. Furthermore, interruptions are registered in an interruption database, which contains a large amount of information. However,
due to some limitations in data quality and availability, this information is not
straightforward to use for condition assessment of LV distribution grids.
In this section first an overview is given on reliability in LV distribution
grids. Thereafter, the aforementioned failure mechanisms are described. Finally, the available data regarding interruptions is described, as well as the
limitations of the data.

2.2.1

Overview

In this subsection an overview of the current and historical trends in interruptions and reliability of LV grids is given. First international reliability
indexes, which are also used for the Dutch distribution grids, are presented and
discussed. Then a more detailed insight is given on LV interruptions, focusing
on reported causes, trends and component types.
Reliability in Dutch electricity grids
Typically the reliability of electricity grids is presented in multiple metrics.
First of all, the average interruption duration per customer per year (System
Average Interruption Duration Index, SAIDI) is used:
sum of all customer interruption durations
[min/year]
(2.1)
total number of customers served
Furthermore, the average interruption frequency per customer per year
(System Average Interruption Frequency Index, SAIFI) is used:
SAIDI =

SAIF I =

total number of customer interruptions
[year-1 ]
total number of customers served

(2.2)

Another common reliability index is the average interruption duration per
interruption for a given year (Customer Average Interruption Duration Index,
CAIDI):
CAIDI =

sum of all customer interruption durations
[mins]
total number of customer interruptions

(2.3)

The SAIDI, SAIFI and CAIDI relate to each other in the following way:
CAIDI =
15

SAIDI
SAIF I

(2.4)
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These indexes are displayed for the various voltage levels of the Dutch electricity network in figures 2.9,2.10 and 2.11 [4]. All the voltage levels in the
Netherlands are included in this overview: Low Voltage (LV), Medium Voltage (MV), High Voltage (HV) and Extra High Voltage (EHV). For both the
SAIDI and the SAIFI the values for the LV level are relatively low, especially
compared to the MV level. This can be explained by the fact that few customers are affected by one LV interruption, compared to more customers on
higher voltage levels. As the SAIDI and SAIFI are calculated by dividing by
the total number of customers, these values tend to be favourable for the LV
level. In 2.11 it can be seen that the CAIDI is relatively high on the LV level.
This is due to the typical phenomenon that LV interruptions tend to be harder
to solve. Fault locations have to be searched manually and often excavation
works are needed to repair or replace faulty components due to a lack of reconfiguration possibilities. On higher voltage levels, the power can often be
restored automatically and there are redundancy measures, which reduces the
outage time.
In comparison with other European countries, the Netherlands is performing rather well on these reliability measures. For instance, only four European countries have averaged a total SAIDI under 40 minutes over the last
decade, including the Netherlands [2]. For SAIFI and CAIDI, the Netherlands
perform equally well. However, as LV distribution grids are ageing and the
energy transition may have a negative impact, the high reliability of Dutch
grids may decrease in the future. This is an important trigger to investigate
the condition assessment of LV distribution grids in this thesis.
Interruption registration
For the condition assessment of LV assets, it is interesting to investigate
interruptions as they may contain valuable information - e.g. cause of failure.
In the Netherlands it is obligatory for DSOs to register and report all interruptions in distribution grids. The regulator obliges this and uses this information
to base the tariffs on, which customers have to pay to DSOs. So, this interruptions registration is used by the regulator to track the performance of DSOs
and reward good performance.
For every interruption, various information is registered. Examples include
the age of the failed component, type of component, cause of failure and many
others. In this section an overview of the contents of this failure registration
database is given.
First, the procedure regarding the registration and solving of interruptions
is described. For the LV level, when electrical power is interrupted, i.e. elec16
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Figure 2.9: SAIDI of Dutch electricity networks in the period 2009-2018
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Figure 2.10: SAIFI of Dutch electricity networks in the period 2009-2018
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Figure 2.11: CAIDI of Dutch electricity networks in the period 2009-2018
trical energy can not be delivered to customers, customers can report this to
the responsible DSO by calling a dedicated phone number. The DSO sends
an interruption crew to the affected part of the distribution grid. This interruption crew will localize and repair the fault which causes the interruption.
Various methods exist for localizing faults, which are described in more detail
in [5].
When the interruption is solved, the technician responsible for the executed
maintenance action is obliged to provide information on the interruption. They
have to report among others the following characteristics of the interruption:
• Cause of failure
• Component type
• Age
• Number of affected customers
• Remarks: often an explanation of the situation
• Type of Fault
Other characteristics are reported automatically or remotely, which include
among others:
18
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• Location (address of caller)
• Time and duration of the interruption
• Customer minutes lost
• Voltage level
• Other location details: e.g. district, coordinates
All these characteristics are collected in an interruption registration database,
as required by the regulator. However for DSOs nowadays other characteristics
may be needed. In section 2.2.4 limitations regarding the reliability of LV
distribution grids are discussed.
In the Netherlands, the total number of LV interruptions which get registered in the aforementioned manner, is 20,000 to 25,000 interruptions annually.
This number includes all DSOs, and all causes of failure. As all DSOs own a
few tens of millions of LV assets in total, the failure rate in LV grids is very
low.

2.2.2

Failure mechanisms

In this section we will discuss various failure mechanisms which may lead
to ’spontaneous’ failure. Spontaneous failure is often associated with the condition of components. As will be described in section 3.2.1 the main cause
of failure is excavation damage, which is not caused by certain mechanisms
affecting components, but by human error. Therefore we will not investigate
failures caused by excavation damage. First, some forms of intrinsic degradation will be discussed. Then, it will be discussed what can happen when a
cable is damaged. Finally we will shortly discuss intermittent faults - which is
not a failure mechanism on itself, but a condition-related phenomenon.
Intrinsic degradation
Intrinsic degradation is the ageing impact of thermal, electrical and environmental factors which eventually may lead to a fault. For different materials,
these processes may differ.
For PILC cables the main ageing mechanism is temperature induced degradation [5]. Degradation of the paper leads to more brittle material. Presence
of oxygen accelerates this process. The presence of moisture leads to higher
dielectric losses, which causes a temperature increase. A higher temperature
may eventually lead to thermal runaway causing failure. Furthermore, due to
19
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multiple causes, voids and gas bubbles may arise between paper layers. Under
electric field stress, these voids and bubbles may theoretically cause partial
discharges (PDs). As high electric field stress does not exist on LV level, PDs
are in practice not expected in LV components however.
Intrinsic degradation mechanisms in PVC insulation may happen when certain chemical components are lost in the material. In PVC insulation two important substances are added; stabilizers and plasticizers. In order to prevent
degradation-enhancing effects, stabilizers are added. To make PVC suitable
for cable insulation, it has to be more flexible than pure PVC. Therefore plasticizers are added. These plasticizers may migrate to the surface of the material
and eventually evaporate or dissolve in surrounding material. Without the
plasticizer the PVC would become brittle again - increasing the probability
of damages under external forces. However in a study investigating actual 18
year old cables, only 2% mass fraction of plasticizer was lost. There was 20%
mass fraction of stabilizer lost [6].
For XLPE in general the known failure mechanisms are water treeing,
electrical treeing and PDs [7]. These phenomena start from impurities or
voids and are caused by the electrical field stress. Due to the low electric field
strength, electrical treeing and PDs are not expected in LV cables. Water trees
may occur but the low electric field will hardly lead to a breakdown [8].

Damaged cables degradation
When a cable is damaged - i.e. pierced or scraped - but not immediately
fails, this may lead to other failure mechanisms. In [5], [9]–[12] two main failure
mechanisms in damaged cables are investigated.
The first is the corrosion of aluminium conductors. Aluminium conductors
can experience accelerated corrosion when there is a leakage current to the
environment or another conductor while the cable is fully submerged and the
conductor is exposed. This was investigated with various experiments.
Secondly, plastic insulation may suffer from a phenomenon called dry-band
arcing. Basically, due to periodic water exposure, small discharges may occur
on the surface of damaged plastic insulators. These very local discharges produce heat, which can affect the chemical decomposition of the material. This
may lead to deterioration of the plastic insulation, which may eventually lead
to breakdowns.
20
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Intermittent faults
A special failure mode is the intermittent fault. LV grids are typically
protected by fuses to break a short circuit within five seconds. However, with
the low voltages involved in relation to the insulation thickness, an arc can
distinguish within milliseconds - far before the fuse melts. Therefore it will
take some time - multiple small breakdowns - before the fault is detected by
the protection.
When the protection is activated, the repair crew often energizes the feeder
again. A new fuse is placed and the current is measured. When the cable is
not overloaded and the fuse remains intact, the fault is considered as repaired.
The aforementioned process of breakdowns may start again - or continue eventually leading to an activation of the protection again. The fuse is replaced
again and the process starts again. Only when the fuse is replaced multiple
times, more investigation and maintenance actions are performed. This is a
labour intensive process, which also induces unnecessary costs.
An alternative for this labour intensive process is the self-recovering fuse.
An example of a self-recovering fuse can be seen in figure 2.12. This type of
fuse can be reset after it was activated during an interruption. When the grid
is functioning after the reset, the costs for the repair crew are saved. The
self-recovering fuse can also perform fault localization with the use of built-in
time-domain reflectometer (TDR) functionality.

2.2.3

Available data

Although some limitations exist, there is much information available regarding LV distribution grids and interruptions.
First of all, the information from the interruption registration is available.
As every interruption has to be registered, and with many characteristics involved in that registration, much information is available on how, why, when
and what kind of an asset failed.
For large-scale analysis of an asset base its beneficial to have as much
information as possible. The following characteristics are available for assets,
but not limited to:
• Component type
• Cable construction/type of joint
• Installation date
• Length of cable
21
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Figure 2.12: An example of a self-recovering fuse (NSG 7000) [Image courtesy
of Heynen BV/MS Technik]
• Conductor material
For every location where an asset is installed, environmental data can be
extracted. By using this type of data, the influence of environmental factors
on the reliability of LV distribution grids can be analysed. Relations between
various factors and the failure of LV assets may be an indicator for the condition of these assets, this is further explained in chapter 3. Examples of
environmental factors are, but not limited to:
• Soil type
• Soil subsidence
• Ground water level
• Average precipitation
• Neighbourhood data (number of inhabitants, number of cars etc.)
All these sources of data can be used to perform various forms of statistical
analysis. In chapter 3 the statistical analysis methods used in this study are
described.
22
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Limitations

Although reliability of LV distribution grids is very high in the Netherlands,
various limitations arise when a DSO wants to focus on condition assessment
to retain this high reliability and increase cost-effectiveness.
One of the main limitations in performing condition assessment is the low
amount of interruptions in LV grids. This seems somehow paradoxical, however
when only a very small part of the asset base fails (less than 0.2% yearly) it
becomes challenging to analyse these failures and compare them to healthy
assets in order to draw general conclusions.
Moreover, the available data from the DSO is composed of many sources.
This originates from the history of DSOs in the Netherlands. Every municipality or energy supplier used to operate their own electricity grid. Later on, these
small companies were joined to larger energy companies which also operated
the distribution grids. The most recent change came with the liberalization of
the energy market, which amongst other things led to a decoupling of DSOs
and commercial energy companies. All these mergers and changes have led
to multiple data migrations. With data migrations, data tends to get lost or
corrupted. Missing data is often handled by averaging or educated guesses.
This leads to a decrease in detail and accuracy.
Another limitation is the fact that interruptions are registered in the manner as described in 2.2.1. This is mainly focused on delivering the right data
to the regulator. However, an interruption is usually not assigned to a certain
asset in the asset database. Only an estimation of the location of the interruption is known, as well as information on the type of component etc. The
exact asset which has failed is unknown, but to gain insight in the condition
of LV assets this information is necessary - as it enables an analysis on failed
and functioning assets.

2.3

Impact of energy transition

As aforementioned, the ongoing energy transition places the reliability of
LV distribution grids in a new perspective. First and foremost, many technologies which are related to the energy transition are generally connected to the
LV grid: household PV installations, EVs and heat pumps. These technologies
will cause larger, bidirectional and more fluctuating power flows. For example,
EVs have to charge to be able to drive - traditional combustion vehicles do
not use the LV grid. The same holds for heat pumps, which replace natural
gas boilers to provide heat to households, leading to electrification of heating
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systems. PV installations will feed electrical energy back to the grid when
they produce more than the household consumes at a given moment. So both
the levels and fluctuations of the load and generation in LV grids will increase.
The consequences are threefold:
First the capacity of LV distribution grids may not be sufficient in the
future. Components are designed on an average load per household. This
will far be exceeded when most households have aforementioned technologies
installed. Therefore, research has been performed to provide DSOs with methods to estimate the penetration rate of these technologies and improve capacity
planning. Examples can be found in [13]–[16].
Moreover, it is currently unknown whether the dynamic nature of these
renewable technologies may cause problems in LV grids. In MV joints problems
may arise in connections under high and dynamic current load [17]. For LV
connections these forces are expected to be lower, however more research is
needed to estimate the impact of the energy transition on this issue.
Finally, because mobility and residential heating will become dependent on
electrical energy, a reliable electricity grid will become even more important.
So, as aforementioned, the condition and capacity of LV grids may not be
sufficient any more, while the importance of reliability will increase further.

2.4

Existing research

The topic of condition assessment in LV distribution grids is fairly unexplored. However, research has been performed on topics directly and indirectly
related.
First of all, as aforementioned, in [5] failure mechanisms in LV grids are
discussed. Various experiments have been conducted to investigate corrosion,
fault development and breakdown behavior in LV cables. Also, initial steps
are performed to monitor and measure phenomena in LV grids which may be
related to the condition of these grids. This line of research is further continued in [10], [11], [18]. DSOs have been supplied with additional knowledge
on failure mechanisms and are collaborating on monitoring and measurement
incentives.
For MV components more fundamental research has been performed. The
lifetime of electric components - in this case MV cables - is considered to be
dependent on and determined by multiple stress-related parameters. Examples can be found in [19]–[21]. Often the Weibull life distribution is used to
characterize the ageing of MV cables. The Weibull distribution takes into
consideration that MV cables degrade over time by aforementioned stresses.
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Especially temperature and electric stress (both related to the loading of the
cable) shortens the estimated lifetime of the cable. Another example can be
found in [22], which presents a survey of a real (MV) distribution system and
relevant disturbance data. The study showed that 59% of failures were caused
by material or method, which corresponds with the effects of stresses on MV
components. However, for LV cables and joints those stresses are considerably
lower. Therefore strong ageing effects are expected to be absent in LV distribution grids, which is supported by the findings presented in [23], which states
that LV failures are generally not age-related. However, as aforementioned,
technologies related to the energy transition may induce higher stress as cable
loading will increase and strongly fluctuate.
As physical models are not available for LV components, the focus in this
study is on the application of statistical analysis for LV condition assessment.
In [24] a statistical survival analysis is performed to predict the probability
that a given LV PILC cable will survive. A Cox regression is performed to
investigate the impact of certain predictors (covariates). Using multiple covariates decreases the prediction error. Questions were raised on data quality,
accuracy and availability. In [25] the influence of various covariates on the failure statistics of a disconnector population. In our study, we also aim to find
covariates which influence or indicate certain failure probabilities. Therefore
these two studies provide valuable insights for our study.

2.5

Summary

In this chapter we presented the background of our research topic. First of
all, we introduced LV distribution grids and components. In the Netherlands
various voltage levels exist (LV, MV, HV), of which the DSO is responsible
for LV and MV level. LV grids are connected to the MV level via an MV/LV
transformer. The LV distribution grids are layed out in various configurations,
of which the radial topology is used most.
The most important (underground) components in this study are the main
cable, service cable, cable joint and service joint. The main cable connects
the LV distribution grid with the substation. Cable joints are used to connect
main cable sections. Households are connected to the main cable via a service
joint and service cable. Various designs of cables and joints have been used
over the years. The most important characteristics are the conductor material
of the cable (copper or aluminium) and the construction/type of insulation
(PILC or plastic).
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Reliability in LV distribution grids is often measured in metrics as SAIDI,
SAIFI and CAIDI. Typically, SAIDI and SAIFI are low for LV level and CAIDI
is relatively high. Interruptions are registered in an interruption registration
database. This is obligated in the Netherlands and is filled in by the technician
restoring supply after an interruption. Various characteristics are registered
which provide details of the interruption. In theory, LV failures occur due
to intrinsic degradation, damaged cables or intermittent faults. In addition
to the interruption registration, more data is available: e.g. characteristics on
assets, or environmental data for locations where assets are installed. However,
due to various limitations, the use of data for condition assessment is not as
straightforward as it might seem at first sight.
Another important part of background information is the energy transition. Due to this transition, the capacity of LV distribution grids may not
be sufficient any more - many large load or large generation technologies are
installed. It is also unknown what the impact of these new energy flows will
be on the condition of LV components. Finally, the increase in generation and
load on the LV level, increases the need for a reliable LV distribution grid.
Finally, existing research on various topics is presented. Topics include:
failure mechanisms in LV components and MV components, and statistical
analysis for condition assessment or reliability.
In chapter 3 we will go into the statistical analysis for condition assessment
of LV distribution grids.
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Chapter 3

Statistical analysis for
condition assessment of LV
distribution grids
As aforementioned, we have investigated the use of statistical analysis for
the condition assessment of LV distribution grids. In this chapter, first a
short introduction on statistical analysis in general is given - introducing relevant terminology and concepts. Thereafter, the first step of the analysis descriptive analysis - is given, where various patterns, trends and variables are
investigated. In the following sections, predictive analysis is introduced and
investigated - in order to select a suitable method for the resulting models in
chapter 4. The chapter is concluded by a summary.

3.1

Introduction to statistical analysis

As defined in section 1.2 one of the research sub-questions is how statistical analysis can provide condition assessment of LV distribution grids. However, statistical analysis is a broad term. In this subsection the application
of statistical analysis towards condition assessment of LV distribution grids is
discussed.
Statistical analysis concerns data: data collection, structuring, analysis,
interpretation, and presentation, in order to gain useful information. In this
study we aim to perform descriptive analysis and predictive analysis. In de27
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scriptive analysis a topic is described with the use of data - in order to show
distributions, patterns, and trends. So for this study, in descriptive analysis
the current situation regarding reliability and condition assessment of LV distribution grids is described. In predictive analysis, the aim is to predict events
with the use of historical data. So for this study, in predictive analysis we try
to predict interruptions.
Moreover, some common concepts and terminology are described here to
provide a brief introduction to the topic of statistical analysis.
A covariate is an independent variable that is used to predict a dependent
variable (the outcome variable). In the condition assessment of LV assets a
covariate (also called ’predictor’) could be the conductor material, where the
outcome would be failure of an asset (yes/no).
An observation is generally one observed item; in this study an asset or a
feeder.
An observation may experience an event, which may be a repair or a failure.
In this study, an event is a failure which leads to an interruption.
The survival probability at a given time represents the percentage of components that have not yet failed at that time.
The failure probability at a given time represents the percentage of components that have failed at that time. The failure probability and survival
probability sum op to 1 at any given time.
Failure probabilities can be calculated using predictive models. These models are fitted using existing historical data. When new data is inputted to such
models, the models will calculate the probabilities of the outcomes. Thus, predictive models learn from existing data to apply the lessons learnt to new data.
These models have to be evaluated on their ability to make accurate predictions. This can be done in various ways. Generally, the predictive error
between outcomes and predicted outcomes is calculated. This error can be
calculated by using various methods, which are described in section 3.3.4.

3.2

Descriptive Analysis

As aforementioned, a topic of interest can be described in a descriptive
analysis to discover distributions, patterns, and trends. From the available
data, as described in section 2.2.3, various descriptive measures can be derived.
For every aspect of the topic of reliability of LV distribution grids a descriptive
analysis is given in this section.
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Cause of Failure

One of the most straightforward descriptive variables of condition assessment of LV distribution grids is the cause of failure as reported to the interruption registration. In figure 3.1 the distribution of failure causes in all
interruptions is shown.
As can be seen, the major part of all interruptions is caused by excavation
damages or is unknown. Another large share of all interruptions is caused
by intermittent faults. These are recurring faults which causes fuses to trip;
power is restored by replacing the fuse. Often there is defect in a component,
which may cause a breakdown of insulation material. The induced short circuit current activates the protection. However when the fuse is replaced, the
breakdown does not occur anymore (at least not immediately). The defect in
the component still exist, therefore the breakdown and corresponding current
can occur again.
Moreover, extensive failure cause analysis sometimes cannot be performed
by technicians - due to a lack of time and difficulty to determine the failure
cause. Therefore, similar faults could for instance be registered as ’internal
defect’, ’unknown’ or ’mounting’.
From a condition assessment or maintenance point of view, it is interesting
to see that ’aging, wear’ only causes a small share of the failures. This may
indicate that failure of LV assets is generally not age-related or stress-related.

3.2.2

Age distribution

Another descriptive variable is age. In many industries, assets are replaced
based on their age. However, as aforementioned, in LV distribution grids age
may be a less important factor in failures than in other systems. Therefore
in this section we first describe the age of the LV asset base. Thereafter the
failure rate for each age group is given for various component types.
In figure 3.2 the density plot of construction year of the three main groups
of components is given. They generally follow a similar trend. However the
amount of joints is relatively high after the year 2000, which is most likely
caused by registration anomalies. Joints may be better registered nowadays,
or large age groups are corrected to a certain estimated construction year.
In figure 3.3 the failure rate for each component group is given for every
age group [23]. The shape of the graph is different for all component groups.
The service cables somehow seem to follow a bathtub curve. Both types of
joints have relatively many failures in the age group 10-20 years. The main
cables show a relation between age and failure rate up to the age group off 40
29
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12.6 % 6.5 %

Category
Other
Excavation work
Internal defect
Unknown
Overload
Other external
Intermittent faults
Aging, wear

18.3 %

5.4 %

30.1 %

5.4 %
6.7 %

15.1 %

(a) Main causes of failure

20.3 %

Category

8.5 %

Other
Operation
Testing
Manufacturer
Mounting
Grid design
Resistance
Moisture
Weather
Soil effects

6.7 %

4.7 %
0.1 %

14.9 %

17.1 %
16.4 %

9.7 %
1.6 %

(b) Other causes of failure (12.6% of main failures)

Figure 3.1: Cause of failure of LV interruptions for 2007 to 2016
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Figure 3.2: Density of construction year of main cables, service cables and
joints
years. Older cables show a lower failure rate. All in all, no general relation
between failure rate and age can be seen in this figure. This is in line with
the findings in section 2.4. Therefore other variables have to be investigated
to find covariates indicating a higher failure probability.

3.2.3

Conductor material & insulation material

In order to completely describe the asset base, another important descriptive variable is given here. The conductor material of main cables has changed
over time, as can be seen in figure 3.4. From the 1970’s on, the transition
has been made from copper conductors to aluminium conductors for main cables. This switch coincides with the switch from PILC to plastic insulation
material, which can be seen in figure 3.5. However, in some cases a copper
conductor is combined with plastic insulation - for instance when there are
corrosion concerns. For service cables, copper is always combined with plastic
insulation, as mentioned in section 2.1.2. PILC insulation is abandoned due to
environmental concerns regarding oil and lead in these cables. Furthermore,
the switch from copper to aluminium is made for various reasons. As aforementioned, copper is superior in conductivity, flexibility and tensile strength,
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Figure 3.3: Failure rate of each component group for every age group
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Figure 3.4: Density of construction year of main cables, grouped by conductor
material
it is far more expensive and heavy than aluminium. Therefore aluminium is
now the main material for main cables.

3.2.4

Time in the week of interruption

The time in the week of interruption is an interesting descriptive variable.
As can be seen in figure 3.6 interruptions occur more often on certain times
and days. The high values for morning hours (especially including excavation
damages) seem to follow the typical business day of nine to five. This may
be caused by the fact that interruptions are often not reported during the
night. As customers are asleep, they will not notice whether they have no
power. The same holds for small businesses. However, for typical LV grids,
the peak load occurs after business hours, in the early evening. If a reasonable
share of all interruptions would be caused by high asset loading, the number
interruptions would increase at peak load hours. This can not be seen in figure
3.6. Therefore no relation with load can be seen.
The difference between working days and weekends can be observed in
both figure 3.6a and 3.6b. Including excavation damages, the difference can
be explain by the amount of excavation activities - which is higher during
working days. The difference excluding excavation damages is less obvious to
explain. Part of it could be explained by excavation damages which are not
reported as such. Another part could be explained by LV feeders on which
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Figure 3.5: Density of construction year of main cables, grouped by insulation
material
only small businesses are connected, which discover interruptions after the
weekend.
The difference between figures 3.6a and 3.6b is in the high share of interruptions during working days when including excavation damages. This can
be explained by the fact that most excavation actions take place during working days. So, all in all the time in the week of interruption correlates with
economic activity, which happens during business hours.

3.2.5

Month of interruption

In figure 3.7 the percentage of interruptions per month for four categories
is shown. Some seasonal differences can be seen. Especially mass joints (joints
filled with for instance bitumen, as described in section 2.1.2) seem to follow
high-precipitation months (September-March) with some shift in time. Plastic main cables seem to follow the same pattern. These two component types
are deemed to be more susceptible to moisture, which occurs in the high precipitation period. When a more heterogeneous group is chosen (joints, all
interruptions) these patterns are absent or harder to discover.
In our study, the focus is on why components fail - investigating which
covariates indicate a higher failure probability. When focusing on month or
time in week of interruption, future research should investigate whether there
are covariates which indicate an increase in the total number of interruptions.
These results would enable DSOs to deploy emergency crews more efficiently.
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Figure 3.6: Percentage of LV interruptions per hour per day of week

35

36

3.3. PREDICTIVE ANALYSIS: SURVIVAL ANALYSIS

Percentage of interruptions

10.0

7.5

Type of
component
Joint
Mass joint

5.0

Main cable (plastic)
All interruptions

2.5

0.0
J

F

M

A

M

J

J
Month

A

S

O

N

D

Figure 3.7: Percentage of interruptions per month for three component types
and all interruptions. The dotted line represents the average per month

3.2.6

Incorrect mounting

Correct mounting of components is very important in distribution grids.
Connecting cables and joints is a manual process, which is sometimes done
incorrectly due to human error. In the interruption database this is registered
- when observed during an interruption - as incorrect mounting or negligence.
In figure 3.8 the percentage of interruptions which are caused by incorrect
mounting is shown for various component types. As can be seen, components
with plastic construction/insulation, are mounted incorrectly more often than
other component types. This is somehow contradictory, as joints and cables
have become easier to install and mount. However, plastic components are
applied more recently than mass joints or PILC cables, therefore an incorrect mounting can visually be discovered more easily. Older components are
sometimes unrecognisable [5], so mounting failures may not be noticed.

3.3

Predictive Analysis: Survival Analysis

The ultimate goal for a DSO would be to predict if, how and when an asset
will fail - and eventually prevent interruptions. The descriptive analysis in 3.2
provides information about distributions, trends and patterns. However, a
more thorough analysis is necessary to distillate information which is suitable
to predict certain events. This analysis is called predictive analysis. When
36
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Figure 3.8: Percentage of incorrect mounted components on all interruptions
for various types of components
analyzing when an observation fails, this is often called survival analysis - a
form of predictive analysis.
In this section we will first describe the problem from a statistical perspective. Hereafter we discuss various forms of survival analysis: parametric, nonparametric and semi-parametric methods. Furthermore some classification
methods are described, which can be compared to survival methods. Finally,
all these methods are compared.

3.3.1

Problem Description

In order to fully understand condition assessment with the use of survival
analysis the problem is described in detail here.
Statistically, the problem is described as a survival problem. The outcome
which is of interest is the ’time-to-failure’, which is often called ’time-to-event’
in survival analysis. Survival analysis is often used in medicine. The event
is often hospitalization, death or failure - in our case it is failure of an asset.
As aforementioned, failures in LV distribution grids are generally not agerelated. Therefore the exact time to failure is hard to predict, especially in
the absence of monitoring or measurement data. Instead, we are interested
in variables which indicate an increased failure probability. These variables
are called covariates (also independent variables). So, we want to investigate
the influence of covariates on the survival of assets - the ’covariate-adjusted
survival’.
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There are however several factors complicating our survival analysis. First
of all, the data is right-censored. When all observations in a study have failed,
the failure probability can directly be derived from the failure distribution.
However in LV distribution grids, the majority of observations (here assets)
is still functioning. When in a study not all observations have failed yet, this
is called right-censoring. Right-censoring is denoted with ’2’ in figure 3.9. In
this figure a study is depicted, with time on the horizontal axis. Within the
observation window (between the dotted lines) one is able to gather data, i.e.
data from this period is available. Future failures are not in the observation
window, and are therefore censored - i.e. right-censored.
Secondly, left-truncation exists in data on LV distribution grids. Lefttruncation occurs when an observation has had an event before the observation
window. This is illustrated in figure 3.9 with ’1’. In this study left-truncation
occurs when an asset has been installed and already failed before entering
the current database. To illustrate this with an example: when a cable is
installed in 1930 and has failed in 1960, this cannot be found in the asset or
interruption database. The asset database was for instance digitized in 1990.
So from the period before the observation window, only the functioning cables
are registered. This may cause bias.
A third limitation, which is more fundamental than statistical, is the fact
that LV distribution components are hardly subject to internal degradation.
In [5] it can be seen that the largest cause of failure on LV level is direct or
indirect excavation damages. As aforementioned, direct excavation damages
are out of scope. Indirect excavation damages may initiate chemical processes
which may take up to several years before an actual failure occurs [5].
The fourth limitation is the ratio between failed and functioning assets.
Every year less than 0.2% of LV assets fails (including excavation damages).
Therefore performing a survival analysis on the complete population will not
make sense, as the model will predict a survival probability close to 1. Therefore this imbalanced data set has to be sampled, which leads to a loss of
information. Also, the results cannot be used directly, as a sampled input set
will result in a prediction with more failures than actually will occur. Therefore, as aforementioned, the focus in this study is on the influence of covariates
on the failure probability of LV distribution assets.
Finally, data quality, accuracy and availability slightly limits the possibilities of the survival analysis. In an ideal situation one would have information
on exact parameters, such as the temperature on every meter of the cable.
However, mostly fixed, not very specific data is available. Soil type, for instance, is a valuable covariate, but it would be better if it would be combined
with very precise data on soil water level, soil movement and conductivity of
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Figure 3.9: Illustration of left-truncation (1) and right-censoring (2)
soil. Also, a large share of all assets contains missing data - ranging from age
to insulation material. In a more controlled environment like a factory, more
detailed information is available, which improves condition assessment. In our
study, the available information is more general and fixed.
Although these limitations exist, we were still able to perform survival
analysis on LV distribution grids. In chapter 4 the resulting models are given
and it is discussed how the limitations affect the performance and applicability
of the models. In the following sections we will discuss various forms of survival
analysis.

3.3.2

Survival analysis methods

The available methods for survival analysis can be summarized in three
types: parametric, non-parametric and semi-parametric. In this section we
will describe each of these methods and we conclude which of these methods
are included in the comparison.
Parametric
Parametric survival models follow distributions that can be described using
specific parameters. The amount of parameters is always finite in the case of
parametric models. An example is the Weibull distribution, of which the
probability density function is as follows:
β
f (T ) =
η



T −γ
η

β−1

e −(

T −γ
η

β

)

(3.1)

The shape parameter is β, the scale parameter is η, and the location parameter is γ. Varying these parameters will change the distribution. To fit
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the Weibull distribution to the problem, these parameters can be calculated.
To show the influence of stress on survival probability, parametric models can
be combined with stress models. Adding these stress models will change the
values of the parameters, leading to changes in the distribution.
In this study, there is a lack of theoretical background to describe stress.
Moreover, the failure of LV assets is generally not age-related, which complicates fitting a distribution. Also, the data set is right-censored and we want
to investigate the influence of covariates. Therefore, for the problem described
in this study, a parametric model is not suitable.

Non-Parametric
If the data does not appear to follow a parametric distribution, i.e. it is
challenging to fit a parametric model, a non-parametric survival model is an
alternative. Non-parametric models are basically a density estimation for the
single random variable time-to-event in the presence of censoring. Examples
include the Kaplan-Meier and Nelson-Aalen methods.
In contrast to parametric models, non-parametric models are not smooth
- they are piece-wise constant. When no events occur in a time interval, the
survival probability will be assumed 1 in that interval. So, with every event
the overall survival probability drops and remains constant up to the next
event.
Although non-parametric models are very flexible in estimating survival
curves from a data set, it is difficult to incorporate the influence of covariates.
The only way to investigate the influence of covariate levels, is to fit a model for
two sub-populations and compare the outcomes. Also, with the typically low
failure rate of LV assets, the resulting models will estimate a very high survival
probability for these assets. To obtain more predictive value, the influence of
covariates should be investigated.
However, a relatively new non-parametric, non-linear model is the random
survival forest (RSF) method [26]. This is a machine learning algorithm which
is based on decision trees. For classification, the random forest method is
a well-known method. RSF is derived from the random forest method, but
especially designed for the analysis of right-censored survival data. RSF is
able to incorporate covariates in the model fitting, therefore RSF is used in the
comparison of methods (in section 3.3.4) and other non-parametric methods
are disregarded.
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Semi-Parametric
Another type of survival model is a semi-parametric model. Such a model
consists of both a parametric and non-parametric part. The most well-known
semi-parametric survival model is the Cox proportional hazard regression (CPH)
model [27]. In appendix A a detailed description of CPH is given. The CPH is
described by the hazard function h(t), which can be interpreted as the probability of an event occurring at a certain time:

h(t) = h0 (t) × exp (b1 x1 + b2 x2 + . . . + bp xp )

(3.2)

Where h0 (t) is the baseline hazard, xp are the covariate values and bp are
the coefficients. For baseline (reference) values of the covariates, the baseline
hazard h0 (t) describes the survival probability over time in a similar way as a
non-parametric model. The influence of covariates is given in the exponential
part of the equation. Each covariate xp is multiplied with a coefficient to
describe its effect. A coefficient lower than 1 indicates a decrease in hazard
rate (thus an increase in survival probability), where a coefficient higher than
1 indicates an increase in hazard rate. This is the parametric part of a semiparametric model.
A semi-parametric model has two advantages. The first one is the fact that
the baseline hazard (the non-parametric part) is estimated and does not have
to be fitted to a distribution. The other advantage is that the effect of the
covariates is modeled with the use of the coefficients.

Conclusion
In this study we concluded that the focus should be on coefficients, because
we miss information for a parametric approach and the failure of LV assets
is generally not age-related. Therefore, parametric methods (due to missing information and absence of clear distribution) and typical non-parametric
methods (due to inability to incorporate covariates) are not fit for our purpose.
An exception on this statement is RSF which is able to incorporate covariates,
although it is denoted as non-parametric method. So, in the comparison of
methods in 3.3.4 we will use CPH and RSF as the only survival methods.
The other methods in the comparison are classification methods, which are
described in the following section.
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Classification methods

In order to provide an alternative to survival methods, also classification is
described here. In a survival problem, the time-to-event is the most important
outcome. However, in our problem - where failure is generally not age related
- a classification method may also be sufficient.
Classification methods are specialized to classify observations into (two
or more) classes. These classes can provide recognition, differentiation, or
understanding of data sets. The class is determined with the use of the values
of the covariates. In our study a classification method would classify each
cable as failed/likely to fail or not failed/not likely to fail. The classification
is based on covariates which may also be used in survival analysis methods.
One aspect may complicate the use of classification methods on the particular problem in this study. A classification method does not take into account
typical effects as right-censoring. Therefore it is interesting to compare the
performance of these methods with survival methods. In this study we use
three well-known classification methods: Support Vector Machine (SVM) [28],
Random Forest (RF) [29] and xGBoost (xGB) [30].
As aforementioned, the data set used in this study is imbalanced. For classification methods often SMOTE (Synthetic Minority Over-sampling Technique)
[31] is used to correct this. The majority class (not failed) is under-sampled
and the minority class (failed) is over-sampled. Therefore SMOTE is used in
this study to create a training set for classification methods.

3.3.4

Comparison of Methods

In section 3.3.2 and 3.3.3 various survival and classification methods were
described. In this section first we will introduce some metrics to assess the
performance of both survival and classification methods. Thereafter we will
compare the methods on these metrics and draw a conclusion on the most
suitable method for this study.
Performance metrics
Survival methods For survival methods one of the most used performance
metrics is the concordance index. To calculate the concordance index multiple
pairs of observations are taken from the data. For each pair the survival
predictions of the observations are calculated. If the predicted first failure
of the pair is indeed the first failure, the pair is correctly predicted. The
concordance index is the ratio of the sample for which a pair is correctly
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predicted. A value of 0.5 corresponds to a random guess, where a value of 1
corresponds to a perfect prediction. As the concordance index only assesses
which observation of a pair has failed first, the absolute prediction error is not
taken into account. Therefore this metric is not the most accurate, but it is
an easy to understand metric to assess the performance at a first glance - for
instance in a univariate analysis.

The following metric is the Brier score (BS) [32]. The Brier score is a
weighted average of the squared distance between the predicted and actual
survival probability. Acquiring the BS for the complete time interval (i.e. all
ages), allows for the construction of prediction error curves. Often the prediction error curve of the chosen survival method is compared with a reference
curve, which is based on the aforementioned Kaplan-Meier (KM) method (section 3.3.2). In a prediction error curve the effect of covariates can be observed.
CPH and RSF use covariates, where KM does not use covariates to predict
the outcome. The information added by the covariates will generally result in
a lower prediction error.

Classification methods The most well-known performance metric for classification methods is the confusion matrix, which can be seen in table 3.1. In
our study the positive outcome is ’survival of asset’, where a negative outcome
means that an asset has failed. A true positive (TP) is a correctly predicted
functioning asset, a true negative (TN) is a correctly predicted failed asset, a
false positive (FP) is an incorrectly predicted (i.e. predicted as functioning)
failed asset, and a false negative (FN) is an incorrectly predicted (i.e. predicted as failed) functioning asset. The following metrics can be derived from
the confusion matrix:
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Accuracy =

TP + TN
n

Negative predictive value =

TN
FN + TN

TP
TP + FN
TN
Specificity =
TN + FP
Accuracy − randomAccuracy
Cohen’s Kappa =
1 − randomAccuracy
randomAccuracy =
Sensitivity =

(3.3)

(T N + F P )∗ (T N + F N ) + (F N + T P )∗ (F P + T P )
n2
To assess the complete performance of a prediction model often more than
one performance metric has to be investigated. Which metrics to use and how
to estimate the performance depends on various factors, such as the sample
size or the particular application.
A more complete performance metric for classification models is Cohen’s
kappa [33]. It takes into account the size and possible unbalance of the sample.
Therefore it is a more reliable way to compare models. Although, how to
interpret it is up to discussion. In [34] the performance of models graded with
a score of 0-0.20 is considered slight, 0.21-0.40 as fair, 0.41-0.60 as moderate,
0.61-0.80 as substantial, and 0.81-1 as almost perfect. In [35] the performance
of models graded with a score of <0.40 is considered poor, 0.41-0.75 as fair to
good, and >0.75 as excellent.
Results
The results of the comparison between the survival methods RSF and CPH,
and the classification methods SVM, RF, and xGB are given here. First we will
discuss the performance of the survival methods, thereafter the classification
methods are discussed. Finally, we will draw a final conclusion on which
methods to use in this study.
Survival methods The concordance score of the models for the used sample
is similar. The CPH model results in a value of 0.67, while the RSF model
results in 0.7 - a negligible performance gain.
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Prediction outcome
p
n
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True
Negative

N0

P

N

total

Table 3.1: Confusion matrix
The Brier score, however, shows a different image as can be seen in figure
3.10. Up to 40 years (∼15000 days), CPH and RSF perform similar. For
higher ages, the prediction error for both the reference and the CPH model
decreases with respect to the RSF model. This is in line with the findings in
[26], which states that RSF performs worse when the ratio of events versus
normal subjects is low. For our study this low ratio indeed occurs in assets
older than 40 years.
Classification models The accuracy, Cohen’s kappa, specificity and NPV
of the three classification methods can be seen in table 3.2. On the training
set (first four rows), the methods achieve a reasonable prediction performance.
Especially xGB scores very high on accuracy and NPV.
The training set is, as aforementioned in section 3.3.3, composed using
SMOTE. Therefore the original data set is modified. To assess how the methods are performing on an actual sample, a test set is composed. This test set
is composed of failed and functioning main cables with a ratio of 1:2 between
failed and functioning. The ratio of 1:2 makes sure the data set is not skewed
anymore. But by including more functioning than failed assets, as much information as possible from the functioning assets is included in order to prevent
bias. As can be seen in table 3.2 the performance of the classification methods
drops to an average level. The accuracy remains 0.75, which indicates an
average overall prediction performance - which seems acceptable. However,
the largest decrease can be seen in the specificity - the ratio of actually failed
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Figure 3.10: Prediction error versus age (days) for the reference (KaplanMeier), CPH and RSF methods
cables which are correctly predicted as failed. The specificity drops below 0.50
for two out of three methods. A value below 0.50 means that less than half of
all failed cables will have been predicted as failed, which basically means that
almost every cable has been labelled as functioning. This shows that classification methods perform very bad with actual data, especially in labeling failed
cables as such.
The NPV is another important metric for DSOs. It represents the share of
actually failed cables in the total of predicted failed cables. The importance
of this metric lays in the fact that a DSO does not want to classify functioning
assets as ’going to fail’ - this may cause unnecessary replacements. For the
test set the NPV has decreased from ∼ 0.8-0.85 to ∼ 0.7-0.75. However when
we increase the share of functioning assets in the test set - which is the case in
the actual problem - the NPV decreases rapidly, eventually to a value <0.05.
Therefore the prediction for an actual data set (with a very low failure rate)
will be practically useless.
Final decision on method For the survival methods, the models perform
similar. However the large gap in prediction error for higher ages indicates the
inferior performance of RSF for low failure rate data sets. Therefore CPH is
the most suitable survival method.
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Metric

RF
Training set
Accuracy
0.82
Kappa
0.62
Specificity
0.71
NPV
0.83
Test set
Accuracy (test)
0.78
Kappa (test)
0.46
Specificity (test) 0.52
NPV (test)
0.73
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SVM

xGB

0.71
0.36
0.42
0.80

0.85
0.70
0.74
0.90

0.75
0.37
0.41
0.72

0.75
0.35
0.37
0.75

Table 3.2: Performance of the compared classification methods
To test the applicability and performance of another type of method, classification methods were also compared. It is shown that classification methods
are powerful prediction methods, at least for a data set created using SMOTE.
However, as was the case for RSF, when an actual data set with a low failure
rate was used, prediction performance decreases. Especially the important
values of NPV and specificity decreased very hard. Therefore it is proved that
classification methods are not a suitable method for this problem.
All in all, the comparison shows that CPH is the most suitable method for
the problem in this study. CPH was better able to handle low density data
sets, which is the case for older assets. In the following section, this method
will be described in more detail.

3.4

Cox proportional hazard regression

In this section we will further introduce CPH (in addition to section 3.3.2).
We will also describe the data sample in detail. Furthermore, a description of
the feature selection (which covariates to include in the model) will be given.
Finally, we will provide some more details on how the performance of the
models is determined (in addition to section 3.3.4).

3.4.1

Introduction

In section 3.3.2 CPH was introduced, including the hazard rate. The baseline hazard function estimates the probability of an event over time, not taking
47
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into account the covariates (which are included in the coefficients and covariates). Therefore the baseline hazard function is calculated for the reference
value of the covariates. For numerical covariates this value is often 0. For categorical covariates a reference category is used, which is defined automatically
or manually when fitting the model. Furthermore, the coefficients are calculated when fitting the model. The combination of coefficients and covariates
is multiplied with the baseline hazard to produce the eventual hazard rate.
The CPH model has to meet the proportionality assumption [27]. To meet
this assumption, the effects of covariates have to be multiplicative of the hazard rate. This means that a hazard function with covariates included has to
be a multiple of the baseline hazard. The baseline hazard is the starting point
here. For every value of the covariates, the model has to produce a hazard
function proportional to the baseline hazard. Proportionally here means that
the baseline hazard can be multiplied by a constant to result in the same curve
as a covariate-adjusted hazard. So, the resulting hazard curves may not cross
the baseline hazard and may not differentiate from the baseline hazard. More
on proportionality can be found in appendix A.2. Intuitively the proportionality assumption can be viewed as follows: if an effect of a covariate is present, it
has to be present for the complete study. In our case, the effect thus has to be
present and somehow equal in components of all ages. When this is not case,
the proportionality assumption is not met and the effect can only be inspected
visually with the use of stratified analysis, which is further explained in section
3.4.3.
The outcome measure in a CPH model is generally a binary value which
indicates whether an observation has failed (or e.g. died) or not - combined
with a timestamp of when it has failed. The input variables should be independent of the outcome variable and may be numerical or categorical. In the
next section we will go into detail on the data used to fit a CPH model.

3.4.2

Data sample

In section 2.2.3 a short introduction was given on the available data for
this study. However in the context of fitting the CPH model, more details will
be given. In this study, all data which is used is supplied by a large DSO.
First of all, for a survival model it is important to know whether and (if
yes) when an asset has failed. As in practice an interruption in the interruption
registration is not coupled to a specific asset in the asset database, this had to
be done separately. Based on asset mutations, characteristics from the interruption database, and location, a substantial part of the interruptions could
be coupled to a specific asset. In this way a data set was created containing
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all functioning assets and the failed assets of which we were able to couple an
interruption to a specific asset.
The covariates in the data set have to be present in both failed and functioning assets, in order to be able to find the impact of the covariates on the
survival of assets. Therefore e.g. cause of failure is not included in the CPH
model, as this covariate only has a value for failed assets.
To prepare the available data to be proper handled by the CPH model,
some assumptions and actions were taken. First, the age of many joints was
unknown. This is solved by taking the age of the youngest connected cable as
the age of the joint. A new piece of cable is always connected to an existing
cable by a new joint, therefore the age of the joint can assumed to be equal to
the age of this new cable.
Furthermore, the type of cable (service cable or main cable) is not registered
in the asset database. Therefore the cable diameter was used to determine
whether it is a service or main cable. This assumption is valid for the large
majority of cases. Only large customers may be fed with a service cable which
has a diameter larger than a typical service cable and their number is low.
As aforementioned, LV distribution grids have a very low failure rate. Using
an actual data set without any sampling would cause bias towards functioning
assets. Therefore the data set is sampled by undersampling the majority class
(functioning assets). The chosen ratio between failed and functioning assets
is 1:2. The included assets are selected randomly. To ensure a well-checked
undersampled data set, the data is divided in a training, test and validation
set. Also, to double check validity, cross-validation is used.
Undersampling a data set means that information is left out. Therefore
the sensitivity of the undersampling is checked with a sensitivity analysis. The
undersampled set is randomly sampled five times. The differences in numerical
variables were smaller than 2%. For categorical variables the differences were
smaller than 5%. For categories with very few entries (such as some soil types)
differences were greater - up to 40%. However, because of the few entries, these
categories will either by non-significant (because of a lack of information) or
violate the proportionality assumption (because few entries may increase the
probability that the survival curve is not proportional to the baseline hazard).
Therefore the sensitivity analysis does not identify problems regarding the
sensitivity of undersampling.
The next step towards fitting a CPH model is feature selection. The process
of feature selection will be described in detail in the following subsection.
Feature selection selects relevant variables from the input variables. The input
variables which are used are given here:
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• Soil type
• Former DSO (former owner of cable, determined by location and age)
• Insulation (electrical insulation material)
• Excavation notices (number of registered excavation actions overlapping
asset location)
• Conductor diameter of cable
• Number of interruptions in the main cable (number of interruptions in
components (cables, joints) connected to the corresponding main cable)
• Average temperature (of air)
• Length (of cable)
• Conductor material (material used for conductor)
• Distance to nearest tree
• Distance to nearest rail tracks
• Type of joint
• Total precipitation
For categorical variables the reference level is defined as follows:
• Soil type: Buildings
• Type of joint: Service joint
• Conductor material: Aluminium
• Former DSO: DSO 1
• Insulation: PILC
50
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Feature selection

As aforementioned, the process of selecting covariates for a survival problem
is called feature selection. Various methods exist for this process, and there is
no universal method to calculate covariate importance and select the relevant
features.
The first step is performed with expert knowledge. This is used to make
a broad selection of possible covariates. These covariates are then checked for
outliers and missing values. When to much data is missed or incorrect, it is a
viable option to drop a variable.
Next, a univariate analysis is performed. In a univariate model, only one
covariate is used to fit the CPH model. If one univariate model performs
significantly better than another, the covariate in this model has a higher
importance. Therefore this approach is a useful way to get an overview of the
importance.
The following step is the multivariate analysis. In this step it is decided
which covariates are included in the analysis and which are not. This selection
is done step-wise and based on the Akaike information criteria (AIC) [36]. The
AIC estimates the quality of a statistical model relative to other models - here
models with different covariates included. In a multivariate analysis this is
done in backward or forward steps (or both) that remove or add covariates to
the model based on the AIC. If an added covariate reduces the quality of the
model, it is removed in the following step. This is done until the selection is
converged and an optimal model based on AIC is found.
Finally, the added covariates have to be checked for the aforementioned
proportionality assumption [27]. When this assumption is rejected, the covariates are not included in the main model but can be included in a stratified
analysis. In a stratified analysis the levels (categories) of the covariate are
used to fit separate models. So if a covariate with two levels (e.g. conductor
material with levels aluminium and copper ) is used as stratification variable,
two separate models are fitted in the stratified analysis. In this way, the influence of these variables can be inspected visually by plotting the separate
hazard function. In section 4 the resulting models - after feature selection for main cables, service cables and joints are presented.

3.4.4

Performance

In section 3.3.4 the main performance metrics for CPH models are introduced: the concordance score and the Brier score. There is one other metric
which is still to be introduced: the coefficient of determination, denoted R2 .
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The R2 is the proportion of the variance in the dependent (outcome) variable
that is predictable from the independent variables. Therefore it shows how
well observed outcomes can be replicated by the model. In short: this value
represents how much of the variance is explained by the model. In other words:
the amount of information which can be explained by the model.

3.5

Summary

In this chapter the methods for statistical analysis for condition assessment of LV distribution grids were presented. After a general introduction to
statistical analysis, the first actual analysis method which is described is the
descriptive analysis. In descriptive analysis a topic of interest is described to
discover distributions, patterns, and trends.
One of the descriptive variables is the cause of failure. The majority of
interruptions on LV level is caused by excavation damages or is unknown.
Also, intermittent interruptions occur quite often. Another important remark
is the fact that only a small share of failures is caused by aging or wear, which
may indicate that LV components rarely degrade internally. This was already
expected from the findings in previous research. Another variable is the age
distribution. From the age distribution of failures it can be concluded that
LV failures are generally not age-related. Furthermore, the shift in material
choice for the conductor from copper to aluminium and for the insulation
from PILC to plastic is clearly shown. Also, the month of failure shows that
seasonal effects may be seen on the amount of interruptions in some types
of components. Moreover, incorrect mounting seems to occur more often in
components with plastic construction/insulation.
A more in-depth way of analysing the condition of LV assets is predictive analysis - more specifically survival analysis for our study. In this type
of analysis the goal is to predict the time to failure - expressed in a failure
probability. Due to various limitations, the goal for our study is to calculate a relative failure probability and discover which covariates significantly
influence this failure probability. Various methods exist for survival analysis:
non-parametric, semi-parametric and parametric methods. In this chapter we
compare some of these methods to determine which methods are suitable for
our application.
The non-parametric RSF and semi-parametric CPH are included in the
comparison, as they are capable to include covariates in the model. Also
three (non-survival) classification methods were added, to compare survival
methods with another type of method. The classification methods are very
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powerful predictors. However when the failure rate was lowered in the test set,
the performance of these methods decreased drastically - which makes them
unsuitable for our study, as the actual failure rate is very low. The RSF and
CPH performed comparably to each other - they displayed a similar prediction
error for most ages. However for higher ages (and thus a low density, low failure
data set) the performance of RSF dropped. Therefore CPH was chosen as the
suitable method for the condition assessment.
In chapter 4 the resulting CPH models for main cables, service cables and
joints are presented and discussed.
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Chapter 4

Covariate-adjusted survival
model for LV distribution
grids
In chapter 3 we have introduced and compared various methods for the
survival analysis of LV distribution grids. It was concluded that the most
suitable method for our study is the cox proportional hazard regression (CPH).
In section 3.4 CPH is introduced and it is explained how it can be used in our
study. In this chapter CPH is applied to the available data - for each asset type.
First we will introduce some terms and definitions. For the three main types
of assets we will present the model, and the performance and interpretation
of the model. Also an outlook is given how to apply the model for condition
assessment.

4.1

Introduction

To clearly describe the CPH we will first describe some commonly used
definitions and terms.
A CPH model is often described via a model summary, which is generally
given in the form of a table. This model summary consists of the covariates
which are included in the model and the performance metrics concordance
and R2 . The covariates are described via the coefficients (including confidence
interval) and the significance level.
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Concordance and R2 are already described in section 3.3.4.
The exponential value of the coefficients (often denoted as Exp(coef ) is
included in the summary to indicate the effect of the covariates. A value higher
than 1 indicates an increase in hazard rate and thus a decrease in survival
probability. A value lower than 1 indicates a decrease in hazard rate and
thus an increase in survival probability. This coefficient is also accompanied
by a confidence interval of .95, of which the lower and upper limit is given
in the model summary. Finally, the significance level is given in the model
summary. The significance level is represented by the p-value, which is denoted
as Pr(>|z|). A value lower than 0.05 means that a covariate has significant
influence in the model.
The most important assumption in the CPH method is the proportionality
assumption, which is introduced in 3.4.1. In short, the effects of the covariates has to be multiplicative of the hazard rate. Covariates which violate the
proportionality assumption of the CPH method, but still have a significant
influence, are not included in the model summary. Instead, they are used as
stratification variables. In a stratified analysis the levels (categories) of the
covariate are used to fit separate models. So if a covariate with two levels (e.g.
conductor material with levels aluminium and copper ) is used as stratification
variable, two separate models are fitted in the stratified analysis. This results
in a model summary with the other covariates, excluding the stratification
variable. But when the survival curve is plotted, this will show two curves:
one for aluminium and one for copper. In this visualization the influence of
the covariate levels on the survival probability can still be inspected.
So in the model summary, only covariates or covariate levels are included
which are both significant and meet the proportionality assumption. Therefore
it can happen that for instance certain soil types are included in the model for
one component, where they are excluded in the model for other components.

4.2
4.2.1

Main cables
Model

For main cables the model summary can be seen in table 4.1. In the
first column the covariates which are included in the model are given. The
second column represents the Exp(coef ), which is the exponential value of the
coefficients. The third and fourth columns show the confidence interval of
.95 of the Exp(coef ) value. The last column represents Pr(>|z|), which is the
p-value. The p-value is used to test significance in statistical tests. The p56
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value represents the probability of obtaining test results at least as extreme
as actual results, assuming the null hypothesis is correct. The null hypothesis
states there is no relation between two measured phenomena or no association
among groups. A p-value lower than 0.05 rejects the null hypothesis, and thus
means that a covariate has significant influence in the model. The bottom part
of the table contains the concordance and R2 . These performance metrics are
discussed further on.
In section 3.4.3 the process of feature selection was described. Of the variables mentioned in section 3.4.2, the covariates in table 4.1 are included in the
final model. The variables insulation, conductor material, and former DSO do
not meet the proportionality assumption, but may be used for stratification to
separately analyse their impact on the failure probability. The other variables
were not significant or had negligible impact on the failure probability.
The hazard rate can be depicted in a survival curve, which shows the
survival probability over time. The survival curve of the main cable model
can be seen in figure 4.1. The thick line represents the predicted survival
probability, with the dashed lines representing a 95% confidence interval. The
jump in the confidence interval for very high ages, is caused by the low density
in these ages. The model is less able to predict with much confidence for
these ages. The width of confidence interval, which is large for main cables,
is caused by some smaller covariates which are less accurate (e.g. some soil
types). As can be seen, the curve consists of sections which decrease slower or
faster than average, but the overall decrease in survival probability over time
is relatively constant. This is in line with the findings that state that failure
of LV components is generally not age-related [23]. Would that be the case,
the curve would decrease faster for higher ages.
As aforementioned, a ratio of 1:2 of failed and functioning assets is used to
construct the CPH model. Therefore the survival curves are not representative
of the actual situation - the low actual failure rate would results in a horizontal
survival curve.
To illustrate how a stratification variable can be used, the survival curves
for stratification variable conductor material are shown in figure 4.2. Again,
the thick line represents the predicted survival probability, with the dashed
lines representing a 95% confidence interval. As can be seen, main cables with
a copper conductor have a higher survival probability than cables with an
aluminium conductor. For insulation the curves are similar, as PILC main
cables are generally equipped with a copper conductor and plastic main cables
with an aluminium conductor.
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Covariate
Soiltype: Light clay
Soiltype: Peat
Soiltype: Water
Soiltype: Heavy clay
Soiltype: Heavy sabulous clay
Number of interruptions main cable
Number of excavation notices main cable
Concordance
R2

Exp(coef )
2.09
1.65
1.94
1.41
1.28
1.50
0.98

Lower .95 Upper .95
1.70
2.56
1.34
2.04
1.25
3.03
1.09
1.82
1.07
1.53
1.44
1.55
0.98
0.99
0.69
0.113

Pr(>|z|)
9.1e-6
0.0042
0.022
0.046
0.005
<2e-16
<2e-16

Table 4.1: Model parameters of main cable model
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Figure 4.1: Survival probability versus time for the main cable CPH model.
The 95% confidence interval is represented by the dashed lines.
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Figure 4.2: Survival probability versus time for the main cable CPH model,
with stratification variable conductor. The 95% confidence interval is represented by the dashed lines.
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Performance

The performance metrics as mentioned in section 3.4.4, are given here.
The concordance score and brier score are common performance metrics for
survival models. The concordance score uses pairs of observation to test how
well the model predicts survival. The Brier score uses the weighted average of
of the squared distance between the predicted and actual survival probability.
The concordance score for the main cable model is 0.69. A concordance score
higher than 0.7 indicate good models, where scores over 0.8 indicate strong
models. Therefore the score for this model can be denoted as average. In
short, this means the model is not very good in predicting the exact time to
failure. However it still contains sufficient prediction power to give a reliable
insight into the influence of covariates on the failure probability [37].
The Brier score displays the weighted average of the squared distance between the predicted and actual survival probability, which results in prediction
error curves. For the main cable CPH model, the prediction error curve can
be seen in figure 4.3. The other curve is the prediction error curve of the reference curve (based on the Kaplan Meier method). In this figure it can be seen
that the addition of covariates leads to a lower prediction error. Although the
difference is small, it shows that the addition of covariates leads to a model
which is able to predict interruption with a lower prediction error. When more
and better data is acquired in the future, this prediction error can further be
decreased.

4.2.3

Interpretation of model

In the previous subsection we have investigated which covariates indicate
a higher or lower failure probability in a statistical way. However these purely
mathematical indications do not explain why these relations exist. Therefore,
in this subsection we attempt to provide an explanation for these relations to verify their plausibility. In order to achieve a complete view on the relation between the covariates and the failure probability, expert knowledge from
experienced experts (from DSOs) is used.
As aforementioned, the coefficients are indicators of whether a covariate has
a positive or negative influence on the hazard rate - and thus on the failure
probability. A coefficient value larger than one indicates an increase in hazard
rate, a value smaller than one indicates a decrease in hazard rate. A higher
hazard rate equals a higher failure probability.
As can be seen first in table 4.1, both categories of covariate soil type included in the model indicate a higher failure probability than the reference
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Figure 4.3: Prediction error curves for the main cable model for the CPH and
reference method.
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category - buildings (i.e. the built environment, urban locations). Buildings
is chosen as reference category as it is a clear described category, and it is
present in many locations and large areas. The reason that soil types other
than buildings have a higher failure probability may have various explanations. First of all, the soil in urban areas is often more cultivated than in rural
areas. To build roads and houses, the soil has to be stable. Therefore the
cables will also be placed in a more stable environment. A stable environment
is beneficial for cables and joints, because movement (which induces mechanical forces on components) is reduced. These mechanical forces can lead to
damages in insulation, which may lead to degradation, which may lead to interruptions. Especially in comparison to areas close to ditches or waterways,
or soil types which are less stable by themselves (clay-like soil) [38]. Another
possible explanation is the fact that cable sections in urban areas are often
shorter - because of the higher amount of connections, which require joints.
The probability that a longer cable section is affected by for instance excavation works is higher than for a short cable section. Unfortunately cable length
was not significant as covariate, so we can not prove that longer cables have a
higher failure probability. A survival analysis cannot be performed per meter,
as failed and functioning assets have to be compared. The failure often occurs
in a small part of a cable section, but it is unknown where exactly. Therefore
a failed cable cannot be assessed per meter in a survival analysis.
Furthermore, the covariate number of interruptions main cable has a coefficient larger than one - indicating a higher failure probability with every
increase of this number. As this is a numerical covariate, the reference level
is 0. As aforementioned, this covariate counts the number of interruptions in
components connected to the same main cable as the cable section of interest.
A univariate analysis with only this covariate also was the best performing
univariate model, almost achieving similar performance as the final model.
Therefore number of interruptions main cable is denoted as the strongest predictor of all covariates. The impact of this covariate may be explained by
three phenomena. First, and most obvious, a large amount of previous interruptions may indicate a bad condition of the cables in the grid. Secondly,
every interruption causes a short circuit current which holds until protection
is activated. This short circuit current can damage components, because high
currents lead to high temperatures which may cause degradation of dielectric
material and mechanical forces in joints. When the dielectric material is not
intact anymore, discharges may lead to more degradation and eventually even
a breakdown of the material. Therefore, these damages may lead to more interruptions in the future. Thirdly, to find fault locations for high impedance
faults a measurement using high voltage is used - which may cause degrada62
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tion due to the increased electric field strength. For a low impedance fault an
impulse response method is used, but for high impedance faults this method
does not show a reflection at the fault location. Therefore a high voltage (up
to 8 kV) impulse is used to force an arc at the fault location. This leads to a
short circuit reflection at the fault location [5], but also larger electric stresses
on the whole cable.
As mentioned in [5] indirect excavation damages may not directly cause
an outage, but may start a degradation process which later causes failure.
Therefore, one would expect that the number of excavation notices main cable
would indicate a higher failure probability. However, this value is close to
one - indicating no increase or decrease of failure probability. This may be
caused by the inaccuracy of the excavation notices. Contractors often tend
to register a large area while submitting excavation notices - to be sure a
variaty of digging activities is covered. As this area is often larger than the
actual excavation location, the covariate is very inaccurate and it is uncertain
whether excavation may have happened close to assets or not. Therefore the
model shows no relation between excavation notices and failures.
For stratification variables (see section 4.1) conductor material and insulation, respectively aluminium conductor and plastic insulation indicate a higher
failure probability. This may be caused by various phenomena. First of all, as
mentioned in [5], [9], aluminium conductors are prone to corrosion upon water
ingress - which may lead to a higher failure probability. Secondly, due to lefttruncation, many PILC/copper cables may have already failed before entering
the data set. The remaining PILC/copper cables function for a long period
of time and are of proven quality - this biases towards a lower failure probability. Thirdly, the construction of PILC cables is mechanically more robust.
Multiple layers of oil-impregnated paper, a layer of bitumen-impregnated jute,
a lead sheath, and outer layers of steel strips, jute and bitumen protect the
conductor. In comparison to the few layers of plastic, PILC cables may be
better protected against various environmental phenomena and thus have a
lower failure probability.

4.3
4.3.1

Service cables
Model

In table 4.2 the selected covariates for the service cable model are shown.
Besides these covariates, insulation is used as stratification variable, because
it violates the proportionality assumption but still has a significant influence.
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Covariate
Conductor material: Copper
Conductor material: Unknown
Number of interruptions main cable
Number of excavation notices main cable
Concordance
R2

Exp(coef )
1.74
1.50
1.42
0.984

Lower .95 Upper .95
1.46
2.08
0.96
2.36
1.37
1.48
0.981
0.986
0.67
0.088

Pr(>|z|)
<2e-16
0.00021
<2e-16
<2e-16

Table 4.2: Model parameters of service cable model
Other variables are not included because they are either not significant or have
a very low impact on survival probability.
The survival curve of the service cable model can be seen in figure 4.4. As
can be seen, the overall decrease in survival probability over time is relatively
constant. This is in line with the findings that state that failure of LV components is generally not age-related [23]. Would that be the case, the curve
would decrease faster for higher ages.
As aforementioned, a ratio of 1:2 of failed and functioning assets is used to
construct the CPH model. Therefore the survival curves are not representative
of the actual situation - the low actual failure rate would results in a horizontal
survival curve.
The confidence interval for service cables is very small, which is caused by
the use of less covariates which are more accurate.
In figure 4.5 the survival curves are shown for stratification variable insulation. This figure shows a similar outcome as for the main cable, namely that
PILC cables have a higher survival probability.

4.3.2

Performance

The performance metrics as mentioned in section 3.4.4, are given here.
The concordance score for the service cable model is 0.67. This model can be
denoted as average, as the concordance score is below 0.7. In short, this means
the model is not very good in predicting the exact time to failure. However
it still contains sufficient prediction power to give a reliable insight into the
influence of covariates on the failure probability.
For the service cable CPH model, the prediction error curve (Brier score)
can be seen in figure 4.6. The other curve is the prediction error curve of the
reference curve (based on the Kaplan Meier method). In this figure it can be
seen that the addition of covariates leads to a lower prediction error, although
the effect is limited.
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Figure 4.4: Survival probability versus time for the service cable CPH model.
The 95% confidence interval is represented by the dashed lines.
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Figure 4.5: Survival probability versus time for the service cable CPH model,
with stratification variable insulation. The 95% confidence interval is represented by the dashed lines.
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Figure 4.6: Prediction error curves for the service cable model for the CPH
and reference method
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4.3.3

4.4. JOINTS

Interpretation of model

Similar to subsection 4.2.3 for main cables, here possible explanations for
the relations between covariates and failure probability for service cables are
given.
As can be seen in table 4.2, conductor material: copper and unknown both
have a coefficient larger than one. This indicates that these materials indicate a
higher failure probability than aluminium. This is in contrast with the findings
for main cables. However, this can be explained by the fact that aluminium is
generally not used for service cables, where copper is the standard. However
for large and especially long connections, an aluminium service cable may
be used. These large and long connections typically receive more attention
during construction, and are located in more isolated locations. This may be
an explanation of the lower failure probability of aluminium service cables.
Furthermore, the coefficient values of the number of interruptions main
cable (here: the number of interruptions in components connected to the same
main cable as the service cable of interest) and number of excavation notices
main cable are similar to those of the main cable model. The same explanations
are also valid here.
The insulation of service cables is used here as stratification variable, which
can be seen in figure 4.5. As was seen in main cables, PILC cables indicate a
lower failure probability. In main cables, the behavior of copper vs aluminium
and PILC vs plastic was similar. In service cables it is not. Because copper is
used in service cables with plastic insulation, the usual combinations of copper
and PILC, and aluminium and plastic, are not present here. Also, some customers are serviced by a very long service cable. In this case often aluminium
is used - which may cause the aforementioned lower failure probability. These
facts may cause the differences between the model for main cables and the
model for service cables.

4.4
4.4.1

Joints
Model

In table 4.3 the selected covariates for the joints model are shown. Other
variables are not included because they are either not significant or have a
very low impact on survival probability. No stratification variable is used.
The survival curve for joints can be seen in figure 4.7. The jump in the
confidence interval for very high ages, is caused by the low density in these
ages. The model is less able to predict with much confidence for these ages.
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Covariate
Soiltype: Light sabulous clay
Soiltype: Nutty on sand
Soiltype: Peat
Soiltype: Water
Soiltype: Sand
Soiltype: Heavy sabulous clay
Number of interruptions main cable
Joint type: branch/end
Joint type: branch
Joint type: end
Joint type: cable
Concordance
R2

69

Exp(coef )
0.70
0.19
1.25
1.98
0.53
0.52
1.43
1.56
1.21
1.87
1.65

Lower .95 Upper .95
0.53
0.93
0.05
0.77
0.99
1.56
1.27
3.08
0.45
0.63
0.40
0.69
1.37
1.48
1.20
2.04
1.02
1.44
1.59
2.20
1.45
1.87
0.67
0.091

Pr(>|z|)
0.015
0.020
0.06
0.0027
7.2e-13
3.8e-6
<2e-16
0.0012
0.030
6.3e-14
6.9e-15

Table 4.3: Model parameters of joints model
The confidence interval for joints is large, which is caused by the use of
multiple small covariates which are less accurate.
As can be seen, the overall decrease in survival probability over time is
relatively constant. This is in line with the findings that state that failure of
LV components is generally not age-related [23]. Would that be the case, the
curve would decrease faster for higher ages.

4.4.2

Performance

The performance metrics as mentioned in section 3.4.4, are given here. The
concordance score for the joints model is 0.67. Similar to the model for main
cables and service cables, also the joints model performs average. However
it still contains sufficient prediction power to give a reliable insight into the
influence of covariates on the failure probability.
For the joints CPH model, the prediction error curve (Brier score) can be
seen in figure 4.8. The other curve is the prediction error curve of the reference
curve (based on the Kaplan Meier method). In this figure it can be seen that
the addition of covariates leads to a lower prediction error.

4.4.3

Interpretation of model

In this subsection possible explanations for the relations between covariates
and failure probability are given. Similar to subsections 4.2.3 and 4.3.3, expert
knowledge is used to provide well-thought explanations.
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Figure 4.7: Survival probability versus time for the joints CPH model. The
95% confidence interval is represented by the dashed lines.
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4.5. CONDITION ASSESSMENT

First of all, the coefficients of soil type can be seen in table 4.3. The
reference category is buildings etc.. Only soil types water and peat indicate a
higher failure probability than the reference category. Water has been already
discussed for main cables; the presence of moisture can cause more failures.
Peat is a relatively unstable soil type, and is able to absorb large amounts
of moisture, which may cause more interruptions. The rest of the soil types
indicate a lower failure probability than buildings etc.. This is in contrast with
the findings for main cables. An explanation for a higher failure probability
of joints in urban areas (which is buildings etc.) is the higher density of joints
than in rural areas. Therefore more joints may be affected by excavation
activities or short circuit currents.
Again, the number of interruptions main cable (here: the number of interruptions in components connected to the same main cable as the joint of
interest) shows a similar coefficient value as for main cables and service cables.
Furthermore, the joint type shows an interesting result. The reference category is service joint and this category indicates the lowest failure probability
of all joint types. This can be explained by various factors. First of all the
load on service joints is low as they only supply power to one household. Also
the conductor of the main cable does not get interrupted when using service
joints. Therefore the temperature rise due to short circuit currents through
these joints will be lower than through joints, where the main conductor does
get interrupted. This may explain the observed lower failure probability for
service joints.

4.5

Condition assessment

As aforementioned, the model is not capable of predicting the exact time
to failure, or the remaining lifetime. However, because the model is focused on
covariate-adjusted survival, the model is capable of calculating relative failure
probability based on the covariate values. This relative failure probability can
be interpreted as a condition assessment. In this section first some assumptions
and limitations regarding this condition assessment are given. Thereafter, the
mathematical background is given. Thirdly, some possible outcomes of the
condition assessment of the model are given. Finally, practical applicability
within utilities is discussed.
72

CHAPTER 4. SURVIVAL MODEL

4.5.1

73

Assumptions and limitations

The first and most important assumption is that the relative failure probability is based on covariate values. The actual condition of assets may well
differ, and can best be determined using measurements and/or visual inspection. However, this limitation will decrease when more and better data can
be acquired. The model may be improved by learning from more interruptions and improvement of data. So, currently measurements and/or visual
inspections may still be the best way to determine the actual condition of
LV assets, but by iteratively improving the model, it can better estimate the
actual condition in the future.
Only functioning assets (asset which are in operation and have not failed
yet) were included in the calculation of the relative failure probability. In the
construction of the model, it was important to include failed assets - because
we wanted to know the influence of covariates on the failure probability of
LV assets. However in the estimation of condition, we are interested in the
relative failure probability for assets which are still in operation - because by
preventively replacing those, interruptions could be prevented. Therefore only
functioning (active) assets are included. When fitting the CPH model, a large
share of the original data was not used as some data entries were missing or
wrong. For statistical validity this was not an issue, because data on millions
of assets still remained. However, when applying the fitted model on the asset
base in operation, only assets of which covariate data is complete may be
used. Therefore, the relative failure probability cannot be calculated for the
complete asset base - only for assets with sufficient data.
While assessing the relative failure probability, it is important to keep in
mind that the failure rate is very low (<0.2% of the population each year).
Therefore it is uncertain that an asset with a high relative failure probability
will fail very soon. So, the relative failure probability cannot be used to predict
interruptions in a certain time frame. However it can be used to discover
relations and gain insights.
An important note when a DSO would implement a predictive model such
as a survival model for condition assessment is that covariates may change over
time. For instance, the number of previous interruptions in a feeder changes
with every interruption. Therefore it is important to update covariates and
rerun the model regularly. This will, as aforementioned, also improve the
model and its prediction power. Therefore it is necessary for an end-user
(within a DSO) to have clear requirements of the necessary data for the model
and how to iteratively improve it. More and better data improves performance,
so data collection should be started as early as possible.
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As aforementioned, the predictive power of the model is average at best.
Also, the training set is undersampled. Therefore, the survival probability over
time as calculated by the model is not representative for the actual survival
probability. However, the influence of covariates is explained well by the model.
Therefore we can use the relative failure probability to estimate which assets
are more likely to endure a failure. The covariates which indicate a decrease
or increase in failure probability are given in tables 4.1 to 4.3. The influence of
these covariates could further be investigated in lab experiments. Also, in the
future more and better data will be available which also improves the model.

4.5.2

Condition estimate calculation

In this section we will present how the condition estimate is calculated. As
aforementioned, a relative failure probability is used as an estimation of the
condition of assets. The CPH model can calculate multiple outcomes from
coefficient and covariate values. For this application we use the exponential
of the linear predictor. The linear predictor is the product of coefficients and
covariates:
f (t) = b1 x1 + b2 x2 + . . . + bp xp

(4.1)

The coefficients are represented by bp and the covariates by xp . As follows
from the formula, a combination of high coefficients and covariates causes a
high outcome value. Therefore assets with characteristics causing a relatively
high failure probability will result in a high outcome of this condition estimate
calculation. This condition estimate basically ranks assets on their likeliness
to encounter an event based on historical data.

4.5.3

Examples of possible outcomes

We are now able to construct a ranking of assets based on the condition
estimate. Because of the low failure rate, only the assets which have the
highest relative failure probability are of interest. A DSO could for instance
select 5000 assets of each type (main cable, service cable, joints) which are
most likely to fail.
This set of assets with a high relative failure probability can be analysed
in various ways. An example is a geographical plot, where a heat map shows
the geographical density of those assets likely to fail. Such a plot can be seen
for main cables in 4.9, service cables in 4.10 and joints in 4.11.
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Figure 4.9: Heat map of main cables with a relatively high failure probability
for a part of the area of a large DSO in the Netherlands
Moreover, the relative failure probability of assets can also be depicted
on individual level. For LV distribution grids the condition estimate can be
combined with outcomes from capacity analysis. This is further discussed in
the following chapter.

4.5.4

Practical applicability

The goal of this study is to assess the condition of LV grids and translate
this into value for the DSO. From the model presented in this chapter we
are able to assess the relative failure probability of LV assets, which is an
estimation of the condition. We have also identified which covariates indicate
a higher or lower failure probability. However, the question remains how these
outcomes can be of any value for a DSO. In this section we will present some
practical applicable ways to provide this value.
Knowledge gain
First of all, the insights gained from the analysis in this study improves
the knowledge within a DSO. Some senior or local experts will currently have
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Figure 4.10: Heat map of service cables with a relatively high failure probability for a part of the area of a large DSO in the Netherlands
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Figure 4.11: Heat map of joints with a relatively high failure probability for a
part of the area of a large DSO in the Netherlands
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knowledge on high risk assets or locations. However with the method presented
in chapter 3 and this chapter, the assumptions of these experts can be tested
and confirmed. Also, additional relations between covariates and the failure
probability of LV assets can be discovered. These additional relations increase
knowledge.
Moreover, the knowledge on the condition of LV assets and grids will be
available in the model and will thus be accessible for more parties.

Monitoring
As aforementioned, to actually predict failures (more accurately) more information than incorporated in the CPH model is necessary. Visual inspection
of underground components is not feasible. More accurate or detailed information on environmental characteristics is currently not available. However
an option to collect more information is to monitor LV feeders using measurement devices. As mentioned in [10], a pilot of monitoring LV distribution grids
shows promising results. However, measurement devices are not yet available
on a large scale, because the costs are high in comparison with relatively low
failure rate and low costs per interruption. So monitoring locations would have
to be designated. One way to do this is to use the method presented in this
study. Locations with assets which score a high relative failure probability as
condition estimated could be carefully selected to deploy measurement devices.
When condition-related signals are found, assets could be replaced to prevent
interruptions. Moreover the results from these measurements can be used to
verify and improve the CPH model.

Alternative maintenance strategies
Currently, LV distribution grids are maintained using a run-to-failure strategy, also called corrective maintenance. Assets are repaired or replaced only
when they fail. Replacing assets with a high failure probability before they actually fail, will decrease maintenance costs and increase efficiency. In chapter
6 we will go into detail on alternative maintenance strategies and in what circumstances these may be profitable. However, to preventively replace assets,
information is necessary. This can range from the age of an asset to detailed
condition information or signals from a monitoring setup. Therefore, the results of a condition assessment model as presented in this thesis may assist in
the maintenance of LV distribution grids.
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4.6. SUMMARY

Summary

In this chapter the CPH model, its performance and the interpretation of
the survival analysis are presented and discussed. Also, it is described how
the model can be used for condition assessment and can be practically applied
within DSOs.
The performance of the model for the three component types is similar. The
prediction performance can be denoted as average. Therefore the model cannot
predict the exact time to failure. However it contains sufficient prediction
power to give a reliable insight into the influence of covariates on the failure
probability.
From the model it becomes clear that the covariate number of interruptions
main cable indicates a higher failure probability for all three component types.
Some phenomena may be the cause for this relation, namely the short circuit
current, the overall condition of local grids and fault location investigation.
Furthermore, other covariates also have a significant influence on the failure
probability. These include soil type, conductor material, and type of joint.
There are also notable differences between the component types. For instance for the covariate soil type, some covariate levels (for instance Sand and
Peat) are included for some component types and not for others, depending
on significance and violation of assumptions. Those variables which are not
included show insignificant influence on whether an asset fails. Differences in
impact (positive or negative) are explained for each component type.
The model can be used to estimate the condition of LV distribution grids.
This is done by calculating a relative failure probability with the exponential
of the linear predictor. The linear predictor is the product of coefficients
and covariates. This condition estimate can be used to rank assets on their
likeliness to endure an interruption.
Assets with a high relative failure probability can be analysed in various
ways, for instance by geographical plots. In DSOs the outcomes of the condition assessment could have value in three ways. First of all, the insights
gained from the analysis in this study improves the knowledge within a DSO.
Moreover, assets with a high relative failure probability may be monitored, in
order to prevent interruptions. Finally, information may be needed to enable
alternative replacement strategies in which assets are preventively replaced.
This information may be provided by the model presented in this study.
The model which is presented in this chapter is used as a proof of concept
of condition assessment by using historical data. The prediction performance
of a model with added covariates is slightly superior to a model without covariates. However in the future more and better data on assets, interruptions
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and environment can be gathered which enable improvement of the model
and its predictions. As the importance of LV grids increases with the energy
transition, also these predictions become more important. This is an iterative
process of which the first steps are taken in this study.
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Chapter 5

Condition and capacity in LV
distribution grids
In the previous chapters we have focused on the condition (assessment) of
LV distribution grids. However there are more aspects of these grids which
may be of importance. The most important, and well-documented, is the
capacity of LV distribution grids. In this chapter we will present a method
which combines capacity planning with condition assessment in order to gain
efficiency, reduce costs and decrease failure rates. In this chapter we will
first introduce the topic of capacity planning. Thereafter we will combine
the capacity method with the condition assessment method and analyse the
resulting method. This combined method is tested on a case study to prove
its applicability and functionality.

5.1

Introduction

In the coming decades, the energy transition will have a large impact on
LV distribution grids in particular. Many renewable energy technologies will
be connected to the LV level, such as PV installations, heat pumps and electric
vehicles.
These technologies replace other energy carriers (such as natural gas or
gasoline) with electricity. Therefore the electric load on the LV distribution
grids will increase.
As the loads will increase, the capacity of the LV grids may become insufficient. To solve these capacity bottlenecks a DSO will need to invest in more
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capacity. Besides the capacity, also the condition of LV grids is of importance
- as this is the topic of this study.
Investments to only solve condition bottlenecks are rarely made, because
the exact time to failure cannot be determined and the failure rate is very
low. However, it can be determined which assets have a relatively high failure
probability. If capacity bottlenecks are expected in these assets in the future,
an investment will also solve the condition bottleneck. Therefore we want to
investigate whether we can combine investments in capacity with condition
bottlenecks in order to solve two problems with one investment and increase
cost efficiency.
In chapter 4 the method to investigate the quality of LV distribution grids
and assess the probability of future interruptions was presented. In section
5.2 research on the automated investigation of the capacity of LV grids is
presented.

5.2

Capacity method

In various studies, research has been performed on investigation of the
capacity of LV distribution grids. In [13], [14], [16], [39], [40] various methods
have been presented on capacity planning. The main task of these methods is
to estimate future loads in LV grids and calculate their impacts on these grids.
Eventually, the severity and moment in time of these impacts are translated
into capacity planning - which enables a DSO to make investment decisions
on when, where and how to reinforce the network.
The model used in this study is a load forecasting model which calculates
the impact of technologies on the distribution grid using a bottom-up approach
[41]. The bottom-up approach means that the calculations ’start’ at household level and are step-wise translated to the impact on the grid. First of all,
the potential of renewable energy technologies is checked - to discover if it is
possible to install e.g. a PV installation or a heat pump and their installed
capacity for a given household. Thereafter, several factors - ranging from economic to demographic - are taken into account to estimate the implementation
probability and rate of these technologies. These results are then coupled to
the actual grid of the DSO to discover any capacity bottlenecks. The model
can be described in more detail by the steps which are taken in the model.
These steps are schematically shown in figure 5.1 and will be discussed in the
next subsection.
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1. Make scenario for the
development of technologies

2. Use statistical models to
disperse the technologies

3. Couple the dispersion to a
technological load profile
4. Calculate the current load
of profiles
5. Sum the current load, the
load of new technologies and
the load of urban
developments and customer
prospects

6. Use a bottom-up apporach
to find the load on the assets
in the network

7. Use the load profiles in the
capacity planning

Figure 5.1: Overview of the capacity model in seven steps [41]
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Steps within the capacity model

The capacity model which is described in this subsection, is described in
detail in [41]. This model has been designed with the same data set as the
condition model (as described in chapter 4), so the combined approach can be
implemented fairly easy. These steps are described in order to provide some
insight in how the capacity bottlenecks are calculated. In this study only the
resulting bottlenecks from the medium scenarios are directly used.
Step 1: Scenario development
First of all, scenarios are developed for the adoption of various renewable
energy technologies. The main focus is on electric vehicles, heat pumps and PV
installations. These scenarios are based on a strategic analysis performed by
experts in the field of interest. Various parameters can be taken into account,
such as government vision and regulation. Scenarios are transformed into
sigmoid functions, so-called S-curves, which are described as follows:
S(t) =

L
1 + e−k(t−t0 )

(5.1)

Where L is the maximum value, k is the steepness of the curve, t the time
in years and t0 the midpoint of the curve in years. For each technology an
S-curve is derived, for a low, medium and high scenario. Naturally, other
differentiations within scenarios are also possible, but with the low, medium,
and high scenarios the most complete and fair share of possible futures is
considered to be covered.
Step 2: Dispersion of technologies
After the scenario development, the dispersion of the technologies is predicted. In step 1 various scenarios were developed for the penetration rate
of technologies. In step 2 it is predicted how these technologies are dispersed
over households. This is done by coupling the current (i.e. in the current
year) penetration of technologies and socio-demographic data. Various statistical methods are used to calculate the probability of using each technology for
each household. For each of the aforementioned renewable energy technologies
a different method is used to calculate this probability.
For PV installations and heat pumps a logistic regression is used to calculate the probability of a household having such an installation for each future
year. A logistic regression is defined as:
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f (yi ) = ln

P (yi )
= β0 + β1 xi1 + . . . + βn xik
1 − P (yi )
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(5.2)

Where xik are the independent variables, β0 is the constant and βn are the
logistic regression coefficients. The coefficients indicate the effect (increase or
decrease in probability) of the independent variables.
For electric vehicles also an arcsine transform is performed before the logistic regression, in order to transform very low proportions (0-1%) to useful
numbers.
So for all three technologies, the probability of a household owning/using
such a technology is now calculated for the current moment. These outcomes
are then combined with the s-curves in a Monte Carlo simulation to calculate
the penetration of each technology for every scenario in future years.
Step 3: Load profile generation for technologies
The third step consists of generating an average year load profile for each
of the technologies. This profile is generated from sensor data in the environment where these technologies are actually installed, and is based on measured
quarter hour values. Thereafter such a profile is coupled to each household for
which it is probable that a certain technology is installed.
Step 4: Customer load profile generation
Besides the load profiles of the technologies, the customers also have a
current base load profile. In step 4 this is generated. For large customers
this is based on available measurement data. For smaller customers - such as
households - an average profile is scaled to the specific customer based on the
yearly consumption.
Step 5: Complete future load profile generation
The fifth step consists of generating the future load profile for each customer. The current customer load profile and the load profiles for the technologies are combined to generate this future load profile.
Step 6: Bottom-up asset load profile generation
To calculate the expected load on all assets a bottom-up approach is used.
Calculations on the complete distribution grid can be performed, starting from
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the household up to the HV/MV transformer. The combined load profiles (current load and expected load of technologies) are added such that an expected
load profile is calculated for all assets.
Step 7: Capacity planning
Congestion problems can be determined from the the asset load profiles
in the previous step. The capacity of the assets is compared to the expected
minimum and maximum load on the assets. When this shows that assets may
be overloaded, DSOs may have to intervene by reinforcing the network - which
is often called capacity planning.

5.3

Combined method

As the condition method is already introduced in chapter 3 and 4, this
section presents the method in which capacity and condition are combined.
The goal of this combined method is to automatically investigate both capacity
and condition of LV distribution grids, or even individual assets.
The combined method aims to provide a combined ranking of assets. Therefore we need to determine the severity of both condition and capacity bottlenecks. These condition and capacity bottleneck severity gradations are then
combined to indicate how each asset scores on the combined ranking.
In this section first the capacity bottleneck ranking is presented, thereafter
the condition bottleneck ranking. Finally the combined ranking is presented.

5.3.1

Capacity bottlenecks

From the capacity model the following outputs are produced:
• Maximum current in
– 2020
– 2030
– 2040
The absolute magnitude of the loading is of interest, because we are interested whether components get overloaded. Therefore it is checked for each
asset whether it gets overloaded in the following manner:


yes if Imax > Irat
(5.3)
Overload =
no else
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Where Imax is the maximum current in a given year. The variable Irat
represents the rated (nominal) current of the given asset. The overloaded
assets are then ranked on the moment in time they first endure an overloading.
This is described as follows (worst case first):
1. First overload in 2020
2. First overload in 2030
3. First overload in 2040
4. No overload or later than 2040
This enables a prioritization of assets on the basis of capacity bottlenecks.
In the combined approach we want to use both capacity and condition, therefore in the following subsection we will present the condition bottleneck ranking.

5.3.2

Condition bottlenecks

As mentioned in chapter 4 the condition model as presented in this study is
able to calculate a relative failure probability, which may be used as condition
estimation. This relative failure probability is used to arrange assets based on
their estimated condition. However the failure rate of LV assets is very low,
therefore we only differentiate between likely to fail and not likely to fail at
all. The following arrangement is chosen:
1. Worst 2% of the LV asset base
2. Remaining 98% of the LV asset base
Where ’worst’ represents the assets with the highest relative failure probability.
The percentages at 1. and 2. can be changed at any time. The decision on
this percentage can for instance be based on the required likeliness to fail, the
quality of input data or availability of data. In this case 2% is chosen as a
trade-off between the availability of data (<50%), low failure rate (<0.2%)
and the large time frame up to 2040.

5.3.3

Combined approach

In the previous subsections we have defined how the assets are ranked on
likeliness of suffering capacity or condition bottlenecks. In this subsection we
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will combine these bottlenecks into a combined approach. The eventual application of this combined approach for a DSO may for instance be prioritization
of LV grid replacements.
As in the capacity and condition ranking, also this combined approach can
be adjusted, expanded or limited according to the wishes of the final user,
depending on the policies of the utility. Also, a sensitivity analysis is enabled
by varying the chosen values. The ranking of assets in the combined approach
is chosen as follows:
1. First overload in 2020 & worst 2%
2. First overload in 2020
3. First overload in 2030 & worst 2%
4. First overload in 2030
5. First overload in 2040 & worst 2%
6. First overload in 2040
7. Remaining worst 2%
8. First overload after 2040 or no overload
The results of this ranking can be geographically visualized using colours or
shades. Moreover, the results can be used in business processes to determine
future investments.

5.4

Case study

The functionality of the proposed combined approach is demonstrated with
a case study. The subject in this case study is the complete service area of a
large DSO in the Netherlands - subject to data availability (assets containing
missing data are excluded). The scenario which is used for the capacity method
is the medium scenario - representing a medium penetration of technologies
related to the energy transition. First, statistics on the data set resulting from
the combined method are presented. Thereafter these results are geographically plotted to prove functionality and discover some patterns. Finally, we
will compare the combined approach with current practices in order to justify
its added value.
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Scale
First overload in 2020 & worst 2%
First overload in 2020
First overload in 2030 & worst 2%
First overload in 2030
First overload in 2040 & worst 2%
First overload in 2040
Remaining worst 2%
No overload known & remaining 98%

89

Percentage
1.5%
2.1%
0.1%
2.0%
0.2%
6.9%
2.2%
85%

Table 5.1: Distribution of LV assets over combined method ranking

5.4.1

Statistics of the combined data set

The data set which results from the combined approach is referred to as
the combined data set. All assets with sufficiently available data are included
in this case study and thus are included in the combined data set.
In table 5.1 the distribution of LV assets between the scales of the ranking
produced by the combined approach is shown. As can be seen, 85% of LV
assets included in the combined data set is not expected to endure a capacity
or condition bottleneck until 2040 at least. The remaining 15% seems to be a
small portion, but still represents hundreds of thousands of assets.
Besides the statistics in table 5.1 it is interesting to see that 45% of condition bottlenecks will also suffer from a capacity bottleneck. The most ideal
situation for a DSO would be a 100% overlap, because all assets with a condition bottleneck would eventually be replaced on the basis of a predicted
capacity bottleneck.
The overlap on the other side of the spectrum is considerably lower. Only
14% of capacity bottlenecks overlaps with a condition bottleneck. Capacity
bottlenecks which may also suffer from a predicted condition bottleneck could
be prioritized on the basis of condition.

5.4.2

Geographical analysis

To create more insight in the results of this case study, or other cases
in general, the results can geographically be plotted. For every scale of the
ranking of the combined approach a different colour is used. We have chosen
to use a colour scale similar to the combined ranking, but it would also be
possible to use different colours for different types of bottlenecks.
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The first example can be seen in figure 5.2. This example is a sub-urban
area of a large city in the Netherlands. As can be seen, some neighbourhoods
are expected to endure many (and early) bottlenecks. On the contrary, some
neighbourhoods are not expected to endure any bottlenecks at all. Also, some
neighbourhoods with mixed problems exist, for which a mix of no and heavy
bottlenecks can be seen. Extra clarification is given in figure 5.3, where only the
condition bottlenecks in this area are shown. The majority of the bottlenecks
thus originate from capacity.
In figure 5.4 the results of the combined approach are shown for a mediumsized village. In this village, a heterogeneous set of expected bottlenecks can
be seen. Multiple levels of severity of bottlenecks can be expected in the LV
grids of this village. The examples of geographical analysis in this subsection
create insight and proves the functionality of the combined approach.

5.4.3

Comparison with existing method

Currently, DSOs mainly apply corrective maintenance to LV distribution
grids. In corrective maintenance a component is only replaces when it fails. In
chapter 6 we will further go into maintenance strategies. Condition is generally
not used as a criteria to preventively replace or repair components.
However, the proposed combined approach may increase efficiency when
condition bottlenecks are combined with capacity bottlenecks. As aforementioned, 45% of condition bottlenecks overlaps with a capacity bottleneck. So,
when such a combined bottleneck would be prioritized for replacement, 45% of
condition-related interruptions could be prevented. As the capacity bottleneck
would eventually be solved anyway, not much extra effort would be necessary.
The 45% of condition-related interruptions accounts for roughly 35% of CML
on the LV level.
Moreover, preventive replacements can be up to 40% cheaper than solving interruptions. Therefore, total LV interruptions costs could decrease by
15%. However, as aforementioned, a substantial part of LV interruptions will
always remain unpredictable - for instance interruption indirectly originating
from excavation damages (thus not registered as excavation damages). The
performance gain for condition bottlenecks may therefore turn out to be lower
in practice.
The other way round, so capacity bottlenecks which are solved due to the
combined approach, a negligible performance gain may be expected. The reason is that condition bottlenecks are currently not preventively solved. Therefore a capacity bottleneck will not be solved due to a condition bottleneck.
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Figure 5.2: Results of the combined model for a sub-urban area of a large city
in the Netherlands
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colour
red

Figure 5.3: Only condition bottlenecks for the same area as figure 5.2
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Figure 5.4: Results of the combined model for medium-sized village in the
Netherlands
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5.5. SUMMARY

Summary

In this chapter we have developed an integral approach towards combining
a capacity planning method and condition estimation method for LV assets.
The condition method has been described in chapter 3 and 4 and is able
to provide a condition estimate based on relative failure probability. This
condition estimate could be useful for asset management, however combining
it with capacity planning would have additional benefits. Therefore in this
combined approach we combine these potential condition bottlenecks with
expected capacity bottlenecks. These capacity bottlenecks are predicted by a
bottom-up approach to estimate the impact of renewable energy technologies
on the distribution grid.
The combined approach consists of a combined ranking of LV assets - based
on expected condition and capacity bottlenecks. The position on the ranking
is based on the likeliness to endure a condition-related failure and the moment
in time when the first capacity bottleneck is expected.
This combined approach was tested on a case study to prove functionality. LV assets of a large DSO in the Netherlands were included in this case
study. Geographical plots show different results for different locations. Neighbourhoods exist where no bottlenecks are expected, but also where severe
bottlenecks are expected quite soon. In the case study, more than 40% of
condition bottlenecks overlaps with capacity bottlenecks. This may eventually
lead to a cost decrease of 15% when combined bottlenecks are prioritized and
condition-related interruption are therefore prevented.
All in all, the combined method proves to be a functional and applicable addition to existing methods. In every situation, this combined method
will result in additional information on expected bottlenecks. Also, this is a
first exploration on alternative asset management strategies, which are further
explored in the following chapter.
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Chapter 6

Advanced replacement
strategies for LV distribution
grids
In the previous chapters of this thesis we have presented and discussed
various aspects of condition assessment in LV distribution grids. However, one
of the most obvious applications of condition assessment is the maintenance or
replacement of assets. Therefore in this chapter we will investigate alternative
maintenance strategies for LV distribution grids.

6.1

Introduction

Nowadays society relies on electricity for a variety of purposes, ranging
from lighting to transportation, and from personal hygiene to productivity.
Therefore a robust and reliable electricity grid is an absolute necessity for developed, modern societies. This will further increase with the ongoing energy
transition. The focus in this study is on Dutch LV distribution grids. As
aforementioned in chapter 2 the reliability of electricity grids in the Netherlands is very high. The SAIDI (average interruption duration per customer
per year) of less than 30 minutes corresponds to an availability of electricity
of more than 99.99%. From these numbers it can be concluded that currently
the electricity system is reliable and robust. However, towards the future it is
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important to sustain these reliability levels in order to keep the performance
on the required level.
Although the present reliability level is very high currently, it is not straightforward that it will remain at this level. There are a few things which may
complicate maintaining the high reliability level.
First of all, and already extensively discussed in this thesis, distribution
grids are ageing and their actual condition is currently unknown. As mentioned
in chapter 1, the main focus of DSOs has always been on higher voltage levels,
as the impact and costs of (individual) interruptions are higher on these levels.
However, more focus has been given to the LV level recently, because the LV
grids become increasingly important. Also, the total costs of all those lowimpact, low-cost LV interruptions add up to a substantial amount of money.
In this study it has already been discussed that with current knowledge and
the absence of cost-effective large scale monitoring, it is challenging for a DSO
to determine whether and when to replace or maintain LV assets.
Moreover, a major energy transition is taking place. Many of the technologies involved with this energy transition will induce increased and bidirectional
electricity flows in LV grids. Besides increasing the importance of a reliable LV
distribution grid, the electricity flows involved with the energy transition may
have an impact on the condition of LV assets. Currently it is unknown what
this impact will be. However some effects are currently known on the MV
levels. In [42] it is investigated that the thermal cycles caused by fluctuating
flows can have a negative impact on the condition of MV grid components.
Therefore similar effects may be expected in LV grids. In order to prevent
interruptions due to these phenomena, condition monitoring, and mitigating
maintenance and replacement strategies will become increasingly important.
Another bottleneck exists, though it is a non-technical one. In the Netherlands, and in many other countries, a shortage of technical personnel to execute
the energy transition may be expected. Normal operation - such as solving interruptions - may be in jeopardy due to this shortage or may hamper progress
of the energy transition.
Currently, LV distribution grids are maintained using a ’run-to-failure’
strategy, also called corrective maintenance (CM). In this strategy, an asset is
only replaced or repaired when it fails. Because of the aforementioned complicating aspects of maintaining a high reliability, CM may become very costly
and lead to strongly fluctuating volumes of work. Therefore in this chapter we
will go into alternative strategies and how and when to apply them.
In this chapter we will first provide some background and context on maintenance of LV distribution grids. Furthermore, a method is proposed to compare alternative maintenance strategies both quantitatively and qualitatively.
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The results of this method for four proposed strategies is evaluated in the next
section. Thereafter the findings are discussed and the chapter is summarized.

6.2

Background

In order to provide some insight in the context in which DSOs have to
make maintenance decisions, in this section we will provide some background.
Some of the background aspects have already been discussed in this thesis,
and are shortly summarized here.

6.2.1

Reliability

As mentioned in section 2.2.1 the reliability of electricity grids is measured
in SAIDI (system average interruption duration index), SAIFI (system average interruption frequency index), and CAIDI (customer average interruption
duration). The performance for Dutch LV grids can be summarized as follows:
relatively low SAIFI, low SAIDI, and high CAIDI. So, LV interruptions are
relatively rare for customers. However, when one occurs it takes relatively long
to restore power for the affected customers. For a typical large DSO in the
Netherlands these metrics translate to 4000-6000 interruptions per year in LV
grids, excluding interruptions caused by excavation damages. These excavation damages are not included in this study, as already mentioned in chapter
1. For completeness: these excavation damages directly account for 1500-2000
interruptions per year for the same DSO.

6.2.2

Costs

The costs of solving a typical LV interruption are €1300-1800. These costs
consist roughly of labour (50%), services (e.g. office tasks, 15%), material
(5%), surcharges (15%), and contractors (part of the work is executed by
contractors which induces extra costs, 15%). So although the cost of solving
a single interruption is not very high, the total costs are high because of the
high total number of interruptions. These costs add up to €10-15M annually
for a large DSO. Costs for solving interruptions in public lighting are excluded
in this study, as we have also excluded dedicated public lighting assets.

6.2.3

Maintenance strategy

As aforementioned, the current strategy for maintaining LV grids is best
described as run-to-failure or corrective maintenance (CM). In this strategy,
97

98

6.3. METHOD

components are only replaced or repaired when they fail. CM has been used
for LV grids for a long time. Typically, this type of maintenance is used
for low-priority and low-value assets. As each LV grid services a relatively low
number of customers, they always have been denoted as low-priority. However,
the priority of LV grids increases with the energy transition. Moreover, a
single LV component may be low-value, the large number of LV components
represents a large value. Therefore we will re-evaluate whether this strategy
is still a sensible choice for DSOs.
There are a few exceptions on the typical CM strategy in LV grids. Firstly,
in very low-performance grids (i.e. high number of interruptions) sometimes
preventive replacements are performed. Furthermore, in large-scale renewal
projects where sewerage, natural gas or other infrastructure is replaced, it is
sometimes decided to replace electricity grids as well. This decision is made
on the basis of historical data, visual inspection, or both.
In the remaining part of this chapter we will study alternatives for this
CM strategy and evaluate how profitable alternative strategies are in which
scenarios.

6.3

Method

In this section we will present the method to analyse various maintenance
strategies in multiple scenarios. First the scenario analysis is presented. A
set of scenarios is used, in which the values of a set of parameters can be
changed to create a future scenario. Thereafter, the alternative strategies are
presented. These strategies are later evaluated by comparing them to the
currently applied CM strategy, both quantitatively and qualitatively, and for
multiple scenarios. These quantitative and qualitative evaluation methods are
also presented in this section.

6.3.1

Scenario Analysis

The scenarios analysis which is used in this study consists of various parameters which may be varied to create different future scenarios. First those
parameters are introduced, thereafter the resulting scenarios are given.
Parameters
The parameters which are used to create scenarios are presented here. Each
of them influences the condition of and/or the maintenance on LV grids. An
98

CHAPTER 6. ADVANCED REPLACEMENT STRATEGIES

Parameter
Autonomous growth of
1.
number of interruptions
2. Labor costs increase
3. Available man hours decrease
4. CML costs increase

Description
Cumulative probability
components get damaged
Technical specialists may become more
valuable and thus more expensive
Energy transition requires labor. Less (and thus
more expensive) hours for interruptions
DSOs decide to value CML higher

99

Change
Growth of 0-2% per year
Increase of labor costs up to 400%
Costs increase interruptions up to 400%
Increase of CML costs up to 500%

Table 6.1: Parameters which influence costs of interruptions in LV distribution
grids. These parameters serve as input for scenarios
overview of these parameters is given in table 6.1. These parameters are used
as input for the scenarios.
The first parameter is the autonomous growth of the number of interruptions. As mentioned in chapter 2 many LV assets fail directly through excavation damages. Also, degradation phenomena can be caused by excavation
damages. With the age of the components increasing, the cumulative probability that a given LV grid asset will be damaged during excavation works
increases. Also, the expectation is that the number of excavation actions in
the Netherlands will increase. In many cities plans exist or are being made for
construction, renovation, or removal of (underground) infrastructure - which
may also affect LV grids. Such infrastructure can be sewerage, communication networks, natural gas and urban heating networks. Also increasing the
capacity of LV grids, by installing extra feeders alongside existing feeders, may
affect existing LV grids. So, many excavation actions may be expected, which
will most likely cause an increase in interruptions.
Secondly, finding skilled personnel becomes increasingly difficult for DSOs.
In addition, retaining the most skilled personnel requires higher salaries. Also,
when less experienced and less skilled personnel is attracted, labour costs will
also increase because similar tasks will take longer. This has consequences for
the costs of replacements and interruptions. Also the probability of incorrect
mounting increases.
Moreover, the energy transition will induce increased amounts of work for
DSOs. The demand for personnel to work on energy transition projects will
increase within DSOs. Therefore the costs to make personnel available to solve
interruptions will also increase, which makes interruptions more expensive.
The final parameter is the value of customer minutes lost (CML). DSOs can
decide to value the CML of an interruption in order to reflect the consequence
of an outage for their customers by monetizing it, depending on their company
values and strategy. These costs are additional to financial compensation which
DSOs have to pay customers directly when an interruption occurs.
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Scenarios
How the number of interruptions and the associated costs and labour for
DSOs will develop in the future will depend on the values of the parameters,
presented in the previous subsection. Various possible futures can be described
using the parameters. A structured way to do this, is by using scenarios which are able to cover large parts of possible futures. The scenarios describe
the growth of the parameter values towards the year 2050. This growth is
described via an s-curve, which is often used in scenario analysis - such as in
[43]. The four scenarios which are used in this study, are described in table
6.2. For each of the parameters (denoted 1-4) the final growth in 2050 is given.
The first scenario is ‘Conservative’. In this scenario not so much has
changed, besides a relatively small increase in the number of interruptions
and costs of labour. Also, the available man hours will only slightly decrease
towards 2050. This scenario could happen when the effects of the energy transition would be marginal. Moreover personnel would be well available over the
coming decades.
The next scenario is called ‘Active government’. In this scenario the government actively intervenes in the energy system. The regulator will increase
the penalties for interruptions by a factor four. However through subsidies
and encouraging actions, financed by the government, more personnel can be
recruited. Therefore only the costs for interruptions will heavily increase.
The third scenario is called ‘Energy transition max’. In this scenario the
energy transition will take place completely. Technologies as heat pumps and
PV systems are installed everywhere, causing many potential capacity and
condition problems. Therefore we expect that the number of interruptions
and the labour costs increase. The largest change will happen in the available
man hours, as most personnel will be deployed in energy transition related
activities. As a reliable LV grid is even more important when the LV grid is
as heavily used as in the scenario energy transition max, it is expected that
CML will be higher valued in this scenario.
The fourth and final scenario is called ‘Scarcity of personnel’. In this
scenario the availability of (technical) personnel of DSOs would be heavily
decreased. Therefore the number of interruptions will increase, as the maintenance, replacements and upgrades of the grid will be impossible to execute.
As aforementioned, these four scenarios are ought to cover the large share
of all possible future. Further on, we will evaluate how alternative strategies
will perform in these scenarios. Therefore in the following section we will
introduce these alternative strategies.
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Scenario

Description

1. Conservative
2. Active government
3. Energy transition max
4. Scarcity of personnel

Relative few changes
Government active in increasing reliability
Energy transition completely taking place
Very large decrease of available (technical) personnel
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Parameter growth in 2050
1
2
3
4
50%
20%
20%
0%
40%
20%
0%
400%
200% 200% 400% 200%
100% 20% 250%
0%

Table 6.2: Values of input parameters to compose futures scenarios for interruptions in LV distribution grids
Alternative strategy
Corrective maintenance (CM)
Preventive maintenance (PM)
Condition-based maintenance (CBM)
Joint utility works (JUW)

Description
No change in costs
Decrease in number of interruptions, increase in costs
Decrease in number of interruptions, increase in costs
Decrease in costs

Change costs replacement
0%
10%
-50%

Table 6.3: Maintenance strategies which can be used in LV distribution grids
and their change on the costs of one replacement

6.3.2

Alternative strategies

Since the first underground LV grids were installed, CM (corrective maintenance) has been used as maintenance strategy. The failure rate in LV distribution grids is relatively low and only few customers are affected with each
interruption, therefore CM has always been a sufficient strategy.
However, as aforementioned, the importance of LV distribution grids will
increase with the energy transition. Also, skilled technical personnel is hard to
find and retain. Therefore DSOs are interested whether alternative strategies
might increase efficiency and reduce costs, and in which scenarios they are
most profitable.
In this section alternative maintenance strategies are introduced, which
are summarized in table 6.3. Each of the strategies is described in the following subsections. Both the costs and the applicability of each strategy is also
discussed.
The maintenance investment decision model, which will be introduced in
section 6.3.3, is flexible with its input. Therefore also other alternative strategies could be investigated. The strategies used in this study are illustrative
for the most common maintenance strategies.
Corrective maintenance
The first strategy is already mentioned before, namely corrective maintenance (CM). This is the strategy that is applied by DSOs up to now. Basically
the oldest form of maintenance, in CM a component is replaced or repaired
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only when it fails. In the following subsections we will discuss the costs and
applicability of this strategy.
Costs As aforementioned, the costs of solving an average interruption (thus
performing CM) lay between €1300 and €1800. More than half of this amount
consist of direct labour costs. Most feeders do not any endure interruptions
in their complete lifetime, whereas some might endure multiple interruptions
in one year. Combining the costs per interruption with 1-2 interruptions per
feeder during the lifetime and a lifetime of more than 50 years, the average
maintenance costs per feeder are in the range of tens of euros per year.
Applicability The only main requirement for the application of CM is the
availability of personnel and a sufficient maintenance budget. When one of
these is not sufficient anymore, for instance due to a large increase of the
amount of interruptions, the applicability decreases.
Preventive maintenance
Preventive maintenance (PM) essentially is replacing assets before they
fail. Preferably this is done short before a failure. The timing of using PM is
generally based on time or usage of the asset.
Costs The costs of preventively replacing an average LV-feeder including
connections (length of 220m, 17 serviced connections) lay between €200 and
€300 per meter. This amount depends on the number of connections and local
circumstance which may differ for each DSO. Replacing a connection includes
the replacement of the service cable and joint. The costs of replacing an LV
main cable are €110-140 per meter, where the costs of replacing a service
connection (service cable, service joint, and fuse panel connection) is €10001500 per connection. However, a complete replacement of feeder including
connections rarely happens. Therefore, when preventive replacement would
be applied on a larger scale, these costs probably decrease.
Also, the costs of planned preventive replacement are much lower than the
costs of replacements during an interruption. Restoration after an interruption
costs between €1300 and €1800, where a preventive replacement of main cable
only costs €110-140 per meter.
Applicability The first difficulty with applying PM is whether to base the
maintenance on time or usage. From previous research it is concluded that
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failure of LV components generally is not age-related. Also, the effect of a
higher current on the condition of an LV-feeder is not known.
The financial lifetime is often determined on 50 years [44]. The component
is amortized within this period, however the DSO ‘makes’ money by the absence of amortization payments after this period. Therefore choosing a fixed
age for which to replace components may be financially irresponsible.
However, when a moment in time to replace components is chosen, PM is
easy to apply as it is planned maintenance. Therefore man hours and budget
can easily be made available.
It is unknown whether the loading (thus usage) of LV components impacts
the degradation of those components. Therefore it is currently impossible
to determine the moment in time of replacement based on e.g. the total
energy supplied by a component. When additional research shows that there
is indeed a relation, this could be an effective method. However, overloading
of components can happen in LV grids. So, it would be an option to determine
the moment in time of replacement on the amount of overloading. However,
currently the largest part of data on cable loading is based on average load
profiles. Therefore they do not represent peak overloading in LV grids. All in
all, PM is easily applicable for LV grids, although only time-based is a viable
option currently.
Condition-based maintenance
Condition-based maintenance (CBM) is based on the condition of assets.
According to standards [45] CBM is a form of PM [46], however based on
condition instead of time or loading. The motivation behind CBM is that
maintenance is only performed when it is necessary. Maintenance and interruption costs can be saved using this method.
Costs As the actual maintenance or replacements can be reasonably planned
in advance, these costs will be lower than interruption costs and more comparable to the costs of preventive replacements. However, to obtain accurate
condition information, large investments have to be made. The monitoring
method introduced in 2.4 may be used to discover malfunctioning components,
however each feeder has to be measured separately. However, measurement devices may be necessary for the energy transition – enabling market orientated
functionality as flexibility, and monitoring power quality [47]. It may be beneficial for condition monitoring when these devices can also be used to measure
condition related signals. The price of one measuring and communication unit
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is currently relatively high. Therefore, applying it to all of the hundred thousands of feeders seems to be an irresponsible investment currently. However
combining the monitoring approach with a data-driven condition assessment
might increase the efficiency, so that devices could be installed in substations
where many interruptions occur (or which have a high probability on future
interruptions).

Applicability As aforementioned, distribution automation is increasingly
applied in LV grids, and in the longer term it is plausible to incorporate aforementioned monitoring functionality in the hardware. This would enable largescale condition monitoring, which would enable CBM. In the current situation
the availability and accuracy of data is too limited to select assets which should
be replaced, based on a condition assessment. However this condition assessment method could be applied to select which (limited amount of) feeders
should be monitored to prevent interruptions, which can be used to increase
efficiency of CBM.

Joint utility work
Currently DSOs are planning to replace LV grids when the capacity is not
sufficient any more - although other mitigating solutions such as local storage
exist. These capacity problems originate mainly from technologies which are
installed in the context of the energy transition, as described in chapter 5. Also,
there are ongoing works on other underground infrastructure such as natural
gas networks, sewage and telecommunication networks. Moreover, streets are
renovated too. These excavation works provide an opportunity to inspect
and/or replace LV components for a reduced tariff (up to 50% price reduction).
To clarify, for capacity replacements the area of excavation works would be
extended. For other excavation works, the fact that the cables trenches are
easily accessible would be used. Moreover, in some locations excavation works
may be performed only once per given time period (up to 25 years) to reduce
nuisance for the public. Therefore there are limited opportunities to replace
assets. The process for utilities to eventually execute these excavation works
is long and costly. Permits are needed, calculations have to be performed, and
the work has to be planned. When utilities join forces to make this process
more efficient, cost reduction can be achieved. Therefore this strategy is called
‘joint utility works’ (JUW).
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Costs As aforementioned, JUW can reduce costs up to 50 percent. This
cost reduction is caused by higher efficiency and a shared workload of the
bureaucratic preparation of excavation works.
Applicability This strategy is sometimes already applied by DSOs. Sometimes components are inspected when the cable trench is excavated, sometimes
it is planned beforehand to replace (old) LV feeders. However, no clear defined
and widely applied strategy is used.
For JUW to be applied, it is necessary to gain more insight in excavation
and renovation projects from other utility companies and from municipalities.
A unified approach of multiple utilities and instances would enable greater
synergy and efficiency. Also, the public nuisance of excavation works is reduced
by applying JUW.

6.3.3

Quantitative evaluation approach

The quantitative evaluation is performed using a maintenance investment
decision framework. This provides DSOs with a structured method to make
investment decisions. The framework uses economic parameters and can be
extended with other economic parameters, or non-economic parameters which
are monetized. First we will present the parameters, thereafter we will present
the objective function on which the method decides.
Decision parameters
To fully explain the decision parameters, we first explain how distribution
grids are handled financially. Investments in distribution grids have a long
lifetime. These investments are therefore capitalized. Capitalization of assets
results in annual payments, instead of one large payment in the year of investment. These capitalized investments result in capital expenditures (CAPEX).
There are various methods to convert CAPEX into a series of annual payments.
In [48], multiple methods are compared. The annuities method is described
as a reliable option for asset deprecation and valuation. In [49] the annuities
method is also used in distribution grids. The annual payment following from
the annuities method is defined as:
ANasset (a) = CAP EXasset (a) ·
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where i is the discount rate, Tlife is the economic lifetime of the asset and
CAPEXasset is the CAPEX of the asset. An economic lifetime (depreciation
period) of 40 years is used in this study, which is representative of values used
in DSOs. The cost of this asset a in year t then becomes:

Costasset (a, t) =

ANasset (a)
0

if tinst ≤ t < tinst + Tlif e (a)
else



(6.2)

where tinst is the year of installation of asset a. After the economic lifetime
of an asset, no more capital expenditures will have to be done for that asset as the original investment was completely paid for.
Besides the capital expenditures, also operational expenditures (OPEX)
have to be taken into account. In this thesis we only assess underground assets. Underground assets typically only have OPEX related to an outage –
as maintenance is not performed in other moments than during an outage.
The outage costs consist of labour, services (office tasks), surcharges and contractors (part of the work is executed by contractors, which induces extra
costs). The material which is used to solve an outage only accounts for 3%
and is therefore neglected here. Without material costs (which is CAPEX),
only OPEX remain as direct costs for an interruption. However, also CML can
be included in the costs of outage for internal business purposes. Therefore
Costoutage is here defined as the sum of OPEX and CML. The total costs are
now defined as:
Costtotal (t) =

C
X

Costcable (c, t) +

c=1

F
X

Costoutage (f, t)

(6.3)

f =1

where c is the number of cables and f is the number of failures. The parameter Costcable is defined via equation 6.2. The costs of outages may increase
over time according to the aforementioned scenarios. The costs of replacing
cables may change according to the aforementioned alternative strategies.
Objective function
The previously described parameters can be combined to construct an objective function. The eventual goal for DSOs is to reduce costs. Therefore
the net present value (NPV) of the total costs (of an LV feeder) have to be
minimized:
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thorizon
X
t=t0

Costtotal (t)
(1 + i)t−t0
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(6.4)

where thorizon is the time frame for which the NPV is minimized. By
minimizing the NPV, the total costs of ownership of an asset is minimal. This
will lead to the lowest costs for the DSOs regarding the maintenance of LV
distribution grids. The interest rate i in this study is determined at 3%. For
assets which are still in their economic lifetime, a replacement would mean
that the remaining CAPEX annuity payments still have to be paid for. From
a financial view this is strongly discouraged. Therefore assets which still have
to be amortized are excluded in this study. The remaining assets account for
roughly 30% of the asset base with a amortization period of 40 years, but
this share will increase over time. Therefore the assets which are evaluated in
this study are amortized assets. Because of the sensitivity of the NPV to the
chosen time interval, the yearly costs are evaluated. Operational expenditure
(OPEX) of the current asset should be lower than the annuitized CAPEX
of a replacement, under the condition that the replacement does not endure
interruptions – as this will increase OPEX. This translates into the following
definition:
replacement if

ANcable (a)
ANoutage (o)
≤
(1 + i)t
(1 + i)t

(6.5)

where ANcable and ANoutage are defined via the annuities method, as defined in equation 6.1. The yearly costs of outages are calculated via the annuities method because the number of interruptions during the lifetime is one
of the variables. As the yearly costs vary because of the unpredictability of
interruptions, these costs are annuitized via the aforementioned method. This
leads to a fair comparison between outage and replacement costs.

6.3.4

Qualitative evaluation approach

Besides the quantitative (financial) aspects of maintenance strategies, other
aspects are evaluated. Often, in AM in DSOs, multiple business values are
taken into account to evaluate possible risks and decide on policies. Business
values taken into account may differ amongst individual DSOs. Therefore in
this study we have presented some qualitative aspects which may be used as or
translated into business values. The qualitative aspects which are taken into
account are the applicability, efficiency gain, nuisance and future-proofness.
107

108

6.4. EVALUATION RESULTS

The applicability is important because the maintenance strategy has to be
relatively easily to apply, due to the vast amount of LV assets. Otherwise the
complexity and amount of work would be unmanageable for an average DSO.
It is ever more important to work efficiently, to achieve high productivity.
Higher efficiency enables to perform the same amount of work with less personnel. Therefore, the efficiency gain is important, as better results can be
achieved with relatively less work.
Maintenance on the electrical infrastructure can be a nuisance for the public. Therefore the maintenance strategies are judged on the amount of nuisance
each strategy causes. Aforementioned regulations on excavation works are also
taken into account.
In the previous subsection, a quantitative evaluation of maintenance strategies is presented, which can be used to determine the most profitable strategy
for different situations. However, the most profitable solution may not be the
most profitable when circumstances change. The presented scenarios try to
cover all possible futures. However, to be sure, the strategies are also qualitatively judged on how future-proof they are.

6.4

Evaluation results

In this section the aforementioned scenario analysis and alternative strategies will be evaluated. Future scenarios and alternatives can be judged by using
a structured extensive evaluation. First the results quantitative evaluation are
discussed, in which the alternative scenarios are economically compared for
various scenarios. Thereafter the results qualitative evaluation of the alternative strategies are presented.
Quantitative evaluation
To provide some context, first the expected total costs for each scenario are
presented. These total costs indicate the ’severity’ of each scenario. Thereafter
the actual quantitative comparison between CM and the alternative strategies
is given.
Total costs In section 6.3.1 various scenarios were developed and described.
Now, the total costs regarding interruptions in each scenario are given.
In figure 6.1a the total costs for interruptions per large DSO per year
are presented for each of the four scenarios, including the costs for CML.
The costs are calculated using the current maintenance strategy – corrective
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maintenance (CM). For these calculations we considered a starting point of
5000 interruptions per year – in section 6.2.1 it is mentioned that for a large
DSO 4000-6000 interruptions occur every year. Interruptions directly caused
by excavation works account for 1500-2000 each year. Therefore taking 5000
interruptions is a conservative starting point. In figure 6.1b the same overview
of costs is given, but with costs of CML excluded. As aforementioned, the CML
can be used internally to compare and prioritize e.g. strategies and locations.
Excluding CML in the evaluation shows the comparison between strategies on
the basis of actual ‘direct’ costs. The total costs are lower for every scenario.
For scenario 2 active government the decrease in total costs is very high,
because this scenario assumes a large increase in the price of CML. In figure 6.1
it can be seen that large differences are expected between the various scenarios.
When no cost-reducing strategy will be applied, costs of interruptions will
increase with tens to hundreds of millions of euros. Eventually these costs
must be recovered from society. As many other costs regarding the energy
transition will also be recovered from society, it may be necessary to reduce
costs related to interruptions. In the following subsection the potential cost
reduction by using alternative maintenance strategies is evaluated.
Optimal strategy versus time In this study we analyse four different
maintenance strategies for the maintenance and replacement of underground
LV distribution cables and joints. These strategies have their advantages and
disadvantages, therefore they are compared quantitatively and qualitatively.
In this subsection they are compared quantitatively, by comparing the alternative strategies to CM. For each scenario the moment in time is calculated
for which an alternative scenario is more profitable than CM. This calculation is based on the maintenance investment decision framework introduced in
section 6.3.3.
However, the comparison also depends on the amount of interruptions - the
costs of using CM depend on the amount of interruptions during the lifetime of
the feeder. As was found in chapter 4, the probability of recurring interruptions
increases with each interruption - also interruptions in service cables and joints.
Therefore in this evaluation, we assume that the complete main cable including
service cables and joints is replaced. So for a given number of interruptions
the costs of CM is compared to the costs of replacing the complete feeder (and
accessories) using alternative strategies.
In figure 6.2 the results of the aforementioned calculations are given, with
the costs for CML included. In figure 6.3 the results are given, excluding
the costs for CML. On the horizontal axis the number of interruptions during
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Figure 6.1: Expected yearly costs of all interruptions for an average large DSO
in the Netherlands for all scenarios.
110

CHAPTER 6. ADVANCED REPLACEMENT STRATEGIES

111

the lifetime of an asset is given. On the vertical axis the moment in time of
replacement is given – in years from now. The curves represent the moment in
time for which replacement using an alternative strategy induces lower annual
costs than using CM. This moment in time is given for each combination of
scenario (separate plots), alternative strategy (colour of curve), and number of
interruptions during lifetime of asset (x-axis). Therefore every point left of the
curve (for either CBM, JUW, or PM) corresponds to CM being more profitable.
Every point right of the curve corresponds to the alternative strategy (so either
CBM, JUW, or PM) being more profitable.
This can be further explained by an example. In figure 6.2, scenario 3
energy transition max, one of the points of the curve of JUW is at the combination of 1 interruption, 50 years. This means that JUW is more profitable
than CM when a replacement prevents one (or more) interruption(s) and the
feeder is replaced at least 50 years from now.
In every scenario JUW is the most profitable alternative strategy. This
is easily explained by the cost-reducing effect of combining multiple utility
projects. As one may expect, including CML causes alternative strategies
to be profitable for lower ages and number of interruptions. Furthermore,
in scenario 3 energy transition max it can be seen that the profitable age
of replacement is lower than in other scenarios. Scenario 3 energy transition
max is the scenario in which it is expected that costs of interruptions increase
extremely.
In every figure the variable on the x-axis is the number of assumed interruptions during the lifetime of a feeder. The expected technical lifetime of a
feeder is determined here on 70 years. In practice, many cables are not old
enough yet to draw conclusions on this lifetime. On average, in these 70 years,
the number of interruptions endured by a feeder is 1.5-3. However, when an
interruption occurs and is solved by corrective maintenance, the costs related
to this interruption are already made and cannot be prevented any more by
an alternative strategy. The number of interruptions on the x-axis has to be
prevented by timely replacement of assets, in order to make the alternative
strategy more profitable than CM.
The consequences of these quantitative outcomes are further discussed in
section 6.5. In the following subsection we will evaluate the various maintenance strategies on a qualitative basis.
Qualitative evaluation
In table 6.4 the qualitative evaluation of the maintenance strategies is given.
For every strategy a short explanation is given.
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Figure 6.2: Moment in time of replacement and number of interruptions for
which alternative strategies are more profitable than CM for each scenario,
including costs for CML

Alternative
Corrective
Maintenance (CM)
Preventive
Maintenance (PM)
Condition-based
Maintenance (CBM)
Joint Utility
Works (JUW)

Applicability

Efficiency gain

Nuisance

Future-proofness

++

−

−

−−

−

−

+/−

++

+/−

+

++

+/−

++

++

++

+/−

Table 6.4: Qualitative evaluation of maintenance strategies for LV distribution
grids
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Figure 6.3: Moment in time of replacement and number of interruptions for
which alternative strategies are more profitable than CM for each scenario,
excluding costs for CML.
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Corrective maintenance This is the most simple (applicability ++) of all
strategies. A downside of this strategy is that it requires rapid response to
interruptions (efficiency gain -), making it not efficient. It is however advantageous that only failed assets are replaced. For customers it is disadvantageous
that interruptions may happen spontaneous from time to time (nuisance -),
although the average household only endures less than 2 outages caused by
LV interruptions during their lifetime. Although CM is currently the most
profitable, low-quality assets will remain in operation. This leads to potential
higher failure probabilities, thus making it not future-proof at all (futureproofness –).
Preventive maintenance Due to the vast amount of LV assets, PM is practically impossible to carry out (applicability -). It will take tens of years and
large sums of money to preventively replace assets. This leads to an inefficient
strategy (efficiency gain –). However, as maintenance is planned, the nuisance
can be reduced although it will certainly exist with such a large operation (nuisance +/-). The big advantage of PM is the fact that the complete asset base
of the LV level can be made ready for the future, by using new components,
materials and techniques (future-proofness ++).
Condition-based maintenance One of the requirements for CBM is the
availability of condition assessment of some kind. Currently, options exist via
data analysis (chapter 4) and measurement devices [10]. Where data analysis
is not accurate enough, measurement devices are expensive or not yet available
on a large scale. Therefore the applicability is not as good as other strategies
(applicability +/-). However when a DSO can discover and replace/repair
malfunctioning LV assets by using condition assessment, an efficiency gain
would be achieved (efficiency gain +). As only malfunctioning cables are
replaced and thus the amount of unexpected outages decreases, the nuisance
of maintenance will decrease (nuisance ++). However, as only failed or almostfailed cables are replaced, this strategy is not explicitly future-proof (futureproofness +/-).
Joint utility work Replacing or repairing LV assets in combination with
other planned excavation works decreases costs, because the excavation works
can be combined for multiple types of assets and utilities (efficiency gain ++).
This will also lead to less excavation works in total (nuisance ++). In the cases
where it can be applied, JUW is easily applied, because the actual work is
comparable (applicability ++). However, the benefits of combining only exist
114

CHAPTER 6. ADVANCED REPLACEMENT STRATEGIES

115

when excavation works are needed for multiple utilities/companies. Therefore,
not all low-condition or malfunctioning assets can be replaced or repaired
(future-proofness +/-).

6.5

Discussion and conclusions

Currently, corrective maintenance (CM) is used to maintain LV distribution
grids. Only when a component fails, it is replaced or repaired. CM has always
been and currently is a sufficient strategy to maintain LV distribution grids.
However, as shown in section 6.3.1 various future scenarios are possible. Each
of those scenarios will have certain financial consequences. In section 6.3.1
alternatives for CM are presented. These alternatives are compared quantitatively and qualitatively for the various scenarios. Those alternative strategies
are quantitatively and qualitatively compared in section 6.4.
From the quantitative evaluation it can be concluded that preventively replacing LV feeders (whether it is by using PM, CBM or JUW) is often not
profitable. When an extreme scenario as scenario 3 energy transition max occurs, older feeders from which at least 1-2 future interruptions are expected
may be replaced – especially when the replacement may be combined with
other works (JUW). In all other cases (scenarios, alternatives) a higher number of interruptions is needed to make alternative strategies more profitable
than CM. More insight is needed to accurately determine these expected interruptions, which could be achieved by using measurement devices as in CBM.
So, when the strategies are quantitatively evaluated, it is confirmed that CM
is still an optimal solution for DSOs. Furthermore, including CML in the
calculations results in earlier profitability of alternative strategies. Therefore
monetizing and incorporating CML in the decision framework may be used as
an incentive to invest in the maintenance of LV distribution grids. The use
of various different scenarios for the quantitative analysis gives insight in the
sensitivity of the study. As the parameters are differed over the scenarios, the
impact on the outcomes can be seen in the various scenarios. However, to be
prepared for the future, as well as reduce nuisance for customers and comply
with regulations, it may be interesting to look into other business values than
costs. The strategies were therefore also evaluated qualitatively.
First of all, JUW is a strategy which can be combined with other strategies.
Besides its financial benefits, it also scores well qualitatively seen. Because of
the synergy, nuisance is reduced and efficiency is increased. Therefore DSOs
are advised to intensively seek collaboration with other utilities and instances
such as municipalities. Furthermore, CBM can be viable option as well. The
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initial investment in measurement devices etc. may not be profitable at first
sight, but when malfunctioning components can be found accurately there will
be an increase in efficiency and a reduction in nuisance. Also, as aforementioned, measurement devices might be necessary and widely applied within
the energy transition anyway. When a DSO could integrate measurement
functionality in substation automatization, interruptions can be prevented by
preventively replacing components based on those measurements. When data
may legally be retrieved from smart meters (voltage and current, and thus
loading), it may be used to investigate whether loading influences the condition of LV assets. Another possibility is to combine CBM and JUW. This can
be done by measuring feeders in areas where excavation works are planned.
When malfunctioning assets are found, the feeders can be replaced by using
JUW. The last strategy, PM, showed that it is not profitable in almost all
cases. Often the age or the usage during the lifetime is used to determine
which assets to replace using PM. However for LV assets age is not an important indicator for condition and usage (here loading) is often unknown for LV
assets.
Besides the outcomes of the quantitative and qualitative evaluation, some
more considerations are relevant. First of all, the scenarios used in this study
try to cover all possible futures. However, the future will always remain uncertain. Therefore, unforeseen circumstances may occur. It is therefore necessary for DSOs to regularly evaluate the circumstances and possible scenarios.
Moreover, certain developments may make other strategies more profitable.
For instance CBM would benefit heavily from low cost, widely introduced
measurement devices. If the necessary functionality would be incorporated in
distribution automation and be employed throughout the network, this would
enable a CBM strategy. Another possible development may be caused by the
energy transition. The power flows expected from the technologies used in
this transition may cause unexpected increased degradation phenomena in LV
assets. Developments may also occur on ageing assets. Currently, the first
cables with plastic insulation approach the age of 50 years. These cables are
designed to last 50 years. After this lifetime, plasticizers may evaporate and
the insulation becomes brittle – increasing the probability of damages due to
external forces. When such a phenomenon indeed occurs – on a large scale
– a DSO might want to switch to preventive maintenance to prevent a large
amount of interruptions. Therefore it is necessary to be alert on for signals
which may indicate that a certain component is very likely to fail at a certain age (or other circumstance/characteristic than age). The final important
consideration is the fact that we do not take into account capacity-based replacements in this chapter. It is expected that LV assets will be replaced
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because their capacity will not be sufficient – due to higher loads within the
energy transition, as described in chapter 5. Therefore many new assets will
replace old assets, which may decrease the amount of interruptions and the
need to replace existing assets on the basis of condition.
Based on the findings in this chapter it can be stated that it is currently
too early to abandon CM as a maintenance strategy. However, to achieve
higher efficiency, lower nuisance and to be ready for the future it is sensible
to invest in CBM and join forces with other utilities. PM is not interesting as
a maintenance strategy as we cannot base the maintenance (replacement) on
time or usage.

6.6

Summary

In this chapter we have investigated alternative maintenance (replacement)
strategies for LV distribution grids. These grids play an important role in the
energy transition – both in generation and demand. Because of higher and
increasingly fluctuating loads, in the coming decades the reliability of these
grids may possibly decrease. For multiple scenarios it is analysed under which
circumstances and when a strategy is more profitable than current practice.
Four scenarios are developed, based on the values of carefully chosen parameters. These scenarios simulate different possible futures for which the
alternative strategies are tested.
So within this scenario analysis, the alternative strategies are compared both quantitatively as qualitatively. The quantitative comparison is performed
using a developed maintenance decision framework, which is able to determine
the moment in time and amount of prevented interruptions for which an alternative strategy is more profitable than corrective maintenance. The qualitative
comparison is based on various qualitative criteria.
Under all scenarios utilities are advised to actively seek collaboration with
other utilities and instances in order to increase efficiency, reduce nuisance,
achieve future-proofness and minimize risks.
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Chapter 7

Conclusions, contributions &
recommendations
In section 1.2 a research question and several sub-questions were formulated. The research question was: "How can we assess the condition of low
voltage grids and formulate actionable policies for the DSO?". To answer this
question and the related subquestions, we first provided some background on
LV grids and their reliability. Furthermore, within a statistical analysis we
performed a descriptive analysis on the condition of LV distribution grids, and
compared various methods for a predictive analysis (survival analysis). The
chosen method (CPH) was used to create a survival model for the three main
types of LV distribution components, and their results were analysed. These
results were translated into a condition assessment of LV distribution grids.
Also, a method was proposed to combine condition assessment with capacity
planning. Finally, we have investigated alternative maintenance (replacement)
strategies for LV distribution grids.
In this chapter, first the main conclusions regarding the aforementioned
topics are presented. Thereafter the scientific and practical contributions of
this study, and additional recommendations are given.
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Conclusions

Characteristics of interruptions in LV distribution grids
First of all, stresses in LV grids are lower than for other voltage levels, due
to e.g. lower loads, and lower electric field strength. Therefore degradation
of insulating materials is less likely than on higher voltage levels with higher
stresses.
Moreover, in previous research it was stated that failure of LV components
is generally not age-related. This was also concluded in this study from the
interruptions registration, and further confirmed by survival analysis. Assets
in higher age groups did not fail more often than in other age groups. Also, the
survival curves of the three types of LV assets follow a straight line. This shows
an equal decrease of survival probability over time, meaning that old assets
will not have a faster decreasing survival probability. It is however inevitable
that survival probabilities will decrease, as an asset will always fail eventually.
A descriptive analysis was performed in which we explored patterns, trends,
and characteristics of LV assets. This descriptive analysis was based on the
interruption registration and asset database. It was found that relatively few
assets fail due to aging or wear, and excavation works was the largest cause
of failure. Also, plastic joints were more often incorrectly mounted than other
components. Excavation damages mostly occur during work weeks.
Condition assessment of LV distribution grids
Thereafter a predictive analysis was performed in this study. In order
to answer subquestion 2 (How can statistical analysis contribute to condition
assessment of LV grids? ) we have compared various methods which might
be able to contribute to condition assessment. The condition assessment is
a survival problem, for which the CPH method was found to be the most
suitable. The prediction error achieved with this method was sufficiently low.
But most importantly the CPH method resulted in a low prediction error for
low-density ages in the data sets (older assets), and low failure data sets - in
contrary to the other tested methods.
The CPH model for main cables, service cables, and joints provides us with
insights in which covariates significantly influence failure probability of these
components. The strongest predictor of failure probability is number of interruptions main cable, which indicate how many interruptions have occurred
in assets which are connected to the same main cable as the asset of interest.
When more previous interruptions are counted, the probability of a next interruption increases. Therefore more interruptions may be expected after the
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first interruption(s). This may be due to various reasons: the short circuit
current, the overall condition of the grid, or excavation works causing the interruption. Another interesting covariates is insulation. Cables (both service
and main cables) with PILC cable construction have a higher survival probability than plastic cables. This might be biased because ’weaker’ PILC cables
have already failed before interruption registration started. But also currently
still functioning PILC cables can be assumed to be of proven quality.
The CPH model can be applied to the existing asset base in order to
estimate the relative failure probability of all asset with sufficient data. The
resulting condition-based ranking of assets can be used to determine where
to install measurement devices, or where to prioritize investments. The main
conclusion from the CPH model is that it is possible to estimate the condition
of LV assets, based on historical data and covariate values. However, it is at
present not possible to predict interruptions solely on data. The model can
be improved iteratively in the future, by validating results and gathering more
and better data. However, a part of all interruptions will remain inexplicable,
as it is practically impossible to gather complete and perfect data on every
aspect of LV component condition (e.g. information on actual underground
conditions and the mounting of assets).
Advanced replacement strategies
Currently LV distribution grids are maintained using a corrective maintenance strategy. On the basis of condition, LV assets are only replaced when
they fail. On the contrary, in LV capacity planning, LV assets are replaced
when overloading is expected. In this study we have proposed a method which
combines condition assessment with capacity planning. For the case study (all
LV assets with sufficient data of a large DSO in the Netherlands) an overlap
of 40% exists of condition bottlenecks on capacity bottlenecks, which enables
prioritizing replacements in order to prevent condition-related interruptions.
This may eventually result in a cost reduction of 15% in this case study.
As aforementioned, currently often a corrective maintenance strategy is
used to maintain LV grids (in the Netherlands). However, maintenance costs
(which mostly consist of replacement costs) could be reduced with alternative
maintenance strategies - as planned maintenance is cheaper than unplanned
maintenance. In this study we proposed a maintenance decision framework,
which enables quantitative comparison of maintenance strategies. This was
used within a scenario analysis and in combination with a qualitative evaluation. The profitability of alternative strategies is heavily dependent on future
circumstances. Currently it is too early to replace corrective maintenance
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with other alternatives, and corrective maintenance will always be necessary
for unforeseen interruptions. However, efficiency can be increased and nuisance can be decreased by joining forces with other utilities. Condition-based
maintenance is a very promising strategy, however currently it is too early too
actively use as condition information is difficult too obtain (both from historical data as well as from measurement devices). If measurement functionality
is installed for other reasons (e.g. enabling flexibility, or increased grid loading), condition-based maintenance could increasingly be deployed. Preventive
maintenance is strongly discouraged as failure of LV assets is generally not
age-related.
This thesis answers the research question on whether the condition of LV
grids can be assessed and actionable policies can be formulated for the DSO.
The methods and the model developed in this study are able to give an indication on the condition of LV assets, and the variables which influence this.
However it is too early to predict LV interruptions based on historical data.
By gathering more data and iteratively improve the model by learning from
new interruptions, in the future better predictions are possible. Furthermore
DSOs are advised to monitor circumstances and explore alternative strategies in order to prevent a possible unmanageable increase in interruptions and
costs.

7.2

Contributions

The main contributions of this thesis are presented in this section. First
the scientific contributions are given, then the practical contributions.
Scientific contributions
First of all, the condition of LV distribution grids have not received much
attention in the past. Therefore condition assessment of LV distribution grids
based on historical data is a relatively novel topic. Condition assessment can
assist in maintaining or improving reliability of these grids.
Moreover, the CPH model is often used in medicine or some engineering
fields (such as production facilities). In this thesis it has been applied to a
different field - LV distribution grids. In e.g. medicine a fixed study time is
used, but in this research the complete lifetime of observations is used - which
results in an ongoing study.
The method used in this thesis provides an opportunity for other underground infrastructures, in which it can also be applied.
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By combining previous research on capacity planning with this novel research on the condition assessment of LV distribution grids, we propose an
approach to integrate capacity planning and condition assessment in asset
management of LV distribution grids. This strengthens the set of tools for
future LV investment decisions.
Maintenance strategies have been compared quantitatively and qualitatively for various scenarios, in order to investigate future replacement policies.
This has been done for various assumptions on the development of the condition of LV grids and the energy transition.
Practical contributions
The first practical contribution is that we found that failure of LV grid
components is generally not age-related.
We also found which parameters relate to a higher failure probability in LV
grids. The most important parameter is the number of previous interruptions
in components connected to the same main cable. Others include: soil type,
conductor material, and joint type.
DSOs are provided with the possibility to support asset management of
LV distribution grids with a automated integrated method which combines
condition assessment and the impact of the energy transition. Also, multiple
asset management approaches can be analysed and evaluated in order to get
more insight in how to manage their existing LV asset base.
The final practical contribution is the recommendation on how to improve
interruption and asset registration, in order to provide the DSO with more
information which can be deployed in the asset management of LV distribution
grids.

7.3

Recommendations

In this study research has been performed which resulted in interesting and
relevant insights. However, we have found that various aspects of the topic
require more research. In this section recommendations for future research are
provided.
The effectiveness of statistical analysis always depends on the available input data. Therefore we recommend to improve the availability, quality and
accuracy of various data. Better data makes it possible to even more differentiate between assets or groups of assets, which may uncover more or different
relations.
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One example hereof is registering which asset has failed during an interruption. Currently, the asset has to be found reversely using proximity methods.
If technical personnel is able to report the asset ID of the actual asset, a higher
proportion of correct data could be used.
Covariates which may be interesting to investigate include PV, EV or HP
density, and loading of components. The first covariate could indicate bidirectional and fluctuating power flows, which may impact the condition of assets.
The loading of components could for instance be measured in substations, or
derived from smart meter data (when legaly possible). This may also impact
the condition of LV assets.
Also, the CPH model (or other suitable methods) could be extended with
time-varying data. Examples of time-varying data are precipitation or asset
loading. New relations could be discovered. For instance, the availability of
emergency crews could be increased in case of periods of high precipitation
(if high precipitation would indicate a high failure probability). Time-varying
data (of sufficient quality) was not available while performing the research.
An opportunity also exists in the validation of the survival model. Actually
failed assets could be checked for their relative failure probability. A high
relative failure probability would mean that the model was correct. This is an
extension of the currently used validation using part of the historical data.
A major opportunity lies in monitoring and measuring LV distribution
grids. Various options exist to incorporate measurement devices on the LV
level. The most elegant and most efficient way would be to incorporate monitoring functionality in distribution automation. Similar functionality may be
needed for power quality goals. Another possibility is to start measurement
pilots on locations based on the outcomes of the survival analysis (a ranking
of the assets based on relative failure probability). This would enable further
validation of the CPH model, and testing of measurement devices specifically
for LV condition monitoring.
Finally, we recommend to gather information on the physical condition of
LV assets when possible. When for instance excavation works are performed
for other instances (i.e. pavement is removed), feeders can be uncovered and
visually inspected. This can also be done when these assets are actually replaced, for instance based on the capacity. A database can be built up with
these visual inspections, which eventually could be used in a statistical analysis
to further assess the condition of LV distribution grids.
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Appendix A

Cox proportional hazard
regression
In this study we have used the Cox proportional hazard model for the
survival analysis of LV distribution assets, which is presented in chapter 4.
In this appendix more details and underlying mathematics are given. The
Cox proportional hazard regression [27], or cox proportional hazard model, or
simply cox model, is a proportional hazard model. These type of models are a
class of survival models used in statistics. The objective in survival models is
to find the time until a certain event occurs, and relate that time to covariates
which may be associated.
The most important characteristic of a proportional hazard model is that
the effect of covariates has to be multiplicative with respect to the hazard rate.
So for every unit increase in a covariate, the resulting hazard rate has to be a
multiple of the baseline hazard rate.
Proportional hazard models generally consist of two parts: the baseline
hazard function and the effect covariates.
The baseline hazard, λ0 (t), describes how the risk of an event develops
over time for the complete time span of the study. In this baseline hazard, the
covariate values are at baseline level - which for instance will be zero for many
numerical covariates.
The other part consists of the parameters. These parameters described how
the hazard develops under the influence of the covariates. In a medical context,
a covariate would be a certain patient characteristic which may increase or
decrease the survival probability of a given patient.
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The proportional hazard assumption [50] is the main assumption when
applying proportional hazard models. As aforementioned, the most important
characteristic of such models is that the effects of covariates are multiplicative
of the baseline hazard. The proportional hazard assumption assumes this
multiplicative relations to be present, otherwise the model is not valid.

A.1

The Cox model

The values of the covariates of subject i are given as: Xi = {Xi1 , . . . Xip }.
The hazard function for the Cox proportional hazard function now is as follows:
λ (t|Xi ) = λ0 (t) exp (β1 Xi1 + · · · + βp Xip ) = λ0 (t) exp (Xi · β)

(A.1)

which represents the hazard function at time t for subject i. The covariates
are given in the vector Xi .
The objective is to find the time to an event. The likelihood of an event
to be observed (for subject i at time Yi ) is as follows:
λ0 (Yi ) θi
θi
λ (Yi |Xi )
=P
=P
λ
(Y
|X
)
λ
(Y
)
θ
i
j
i
j
j:Yj >Yi
j:Yj ≥Yi 0
j:Yj >Yi θj

Li (β) = P

(A.2)

where θj = exp (Xj · β). The summation in the denominator is over j,
which is the set of subjects where no event has occurred before Yi . Also,
Li (β) is smaller or equal to one. This likelihood is called a partial likelihood
as the effect of covariates can be estimated without adjusting the hazard over
time.
If one assumes that the subjects are statistically independent of each other,
the probability of all occurred events is the following partial likelihood:
L(β) =

Y

Li (β)

(A.3)

i:Ci =1

where an event is indicated by Ci . The corresponding log partial likelihood
then is:


X
X
Xi · β − log
`(β) =
θj 
(A.4)
j:Yj ≥Yi

i:Ci =1
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When this function is maximized over β the maximum partial likelihood
estimates of the model parameters can be calculated. Therefore we need the
partial score function to produce the Hessian matrix of the partial log likelihood. The partial score function is:
!
P
X
θ
X
j
j
j:Y
≥Y
j
i
(A.5)
`0 (β) =
Xi − P
j:Yj ≥Yi θj
i:Ci =1

and the Hessian matrix of partial log likelihood is


i
0
θ
X
X 
j:Yj ≥Yi j j 
−
`00 (β) = −
 P

i2
j:Yj ≥Yi θj
i:Ci =1
θ
j
j:Yj ≥Yi
(A.6)
The Newton-Raphson algorithm is used the maximize the partial likelihood, using this score function and Hessian matrix. The inverse of the Hessian
matrix can be used as an approximate variance-covariance matrix for the estimate of β, but also to produce approximate standard errors for the regression
coefficients.
hP

0
j:Yj ≥Yi θj Xj Xj

j:Yj ≥Yi θj Xj
hP

P

A.2

i hP

Checking proportionality

As aforementioned, the covariates have to be checked for proportionality.
This is done by using statistical tests and graphical diagnostics based on the
scaled Schoenfeld residuals [51]. These are calculated as follows:
P

j:Yj ≥Yi

rij = Xi − P

θ̂j Xj

j:Yj ≥Yi

θj

(A.7)

for every j th component.
The Schoenfeld residuals are independent of time. If a plot shows a nonrandom pattern against time, the proportional hazard assumption may be
violated. In statistical software, for each the scaled Schoenfeld residuals are
correlated with time, to test for independence between residuals and time.
Moreover, this is done for the model as a whole. When relationship between
residuals and time is non-significant, the model meets the proportional hazard
assumption. An example is given in figure A.1, where the scaled Schoenfeld
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Figure A.1: Scaled Schoenfeld residuals versus time for the covariate Number
of previous interruptions of the main cable model
residuals for the covariate Number of previous interruptions is given for the
main cable model. The solid line in the figure is a smoothing spline fit to the
plot, with the dashed lines representing a +/- 2-standard-error band around
the fit. The corresponding relationship between the residuals and time is nonsignificant, also for the complete model. This can also be seen in the figure, as
the residuals do not systematically depart from a horizontal line. Residuals of
each of the values (0, 1, 2, 3, 4 or 5) for β follow a horizontal line. Therefore
this covariate is proportional with the baseline hazard.
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Nomenclature
AIC

Akaike information criteria

BS

Brier score

CAIDI

Customer average interruption duration index

CAPEX

Capital expenditures

CBM

Condition-based maintenance

CML

Customer minutes lost

CM

Corrective maintenance

CPH

Cox proportional hazard

DSO

Distribution system operator

EHV

Extra high voltage

FN

False negative

FP

False positive

HV

High voltage

JUW

Joint utility works

KM

Kaplan-Meier

LV

Low voltage

MV

Medium voltage

NPV

Net present value
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NOMENCLATURE

OPEX

Operational expenditures

PD

Partial discharge

PILC

Paper insulated lead covered

PM

Preventive maintenance

PVC

Poly-vinyl chloride

RF

Random forest

RSF

Random survival forest

SAIDI

System average interruption duration index

SAIFI

System average interruption frequency index

SMOTE

Synthetic minority over-sampling technique

SVM

Support vecor machine

TN

True negative

TP

True positive

TSO

Transmission system operator

xGB

xGBoost

XLPE

Cross-linked polyethylene
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