Evaluating the detail level of reliability
analyses used in the investment
planning at Fortum Distribution AB

&

B o,
FKTHS

VETENSKAP

Sabina Stenberg G srensear

] 9

TSP

KTH Electrical Engineering

Master Thesis
Stockholm, Sweden 2009

XR-EE-ETK 2012:003






The department of Electromagnetic Engineering
Electrical Engineering

The Royal Institute of Technology, KTH

Examiner:

Patrik Hilber

April 2012






| would like to thank my supervisor at KTH, Carl Johan Wallnerstrém, for his constant support, no
matter what the hour. | would like to thank my supervisor at Fortum Distribution AB, Olle Hansson,

who knows exactly who to talk to and why.

This master thesis project is heavily based on interviews with people at Fortum Distribution AB. |
have peeked over the shoulder of the power systems operators in the network control room, walked
along the power lines with fitters in the field and spent entire days interrogating net planners,
process managers and asset managers about the grid and the fault management. Throughout the
project everyone | have met has been very helpful and eager to tell me about their job. | owe

everyone a big thank you.

A very special thank you to Henrik Rinnemo, for voluntarily giving so much of his time to answering

my questions, helping me solve problems and discussing the asset management at Fortum.

Another special thank you to Daniel Heidkamp who took his time to show me the actual electric grid,
beyond the computer screens and network plans. Mats Estéen for letting me watch him work in the
control center. Bo Andersson for spending a day with me talking about fault management. Ove
Levein for explaining all about the Lesjofors project to me, and many others for providing me with

data and answering all of my many questions.

During the five months I've been at Fortum Distribution | have learned a lot, about the electric grid as
well as the work at a DSO. This has been a sneak peek on the life as an electrical engineer, which has

made me even more eager to start my career. In addition to all of this, | had a lot of fun!






This master thesis project is a cooperation between Fortum Distribution AB and The Royal Institute

of Technology (KTH).

When maintaining and operating a power distribution system, which is the task of Fortum
Distribution AB, the aim is to always be able to deliver electric energy to the customers. A 100%
reliability is however not a realistic goal since too high reliability would cost too much. The net
planners at Fortum have to choose the most cost effective investments. Due to the complexity of the

power system, grid analyses are expensive and simplifications have to be made.

In this master thesis it is examined if Fortum Distribution AB’s methods for prioritizing between
different reliability investments for the rural power distribution system are detailed enough to give

the same result as more complex methods.

This is done by creating theoretical models of two 11 kV lines out of two different substations in a

rural part of Fortum’s grid.

The fault management process at Fortum Distribution AB is thoroughly described and implemented
in the theoretical models of the two case lines. The time it takes to perform specific tasks in the

fault management are listed for future reference.

A couple of investments for better reliability are applied to the case lines. The effect on reliability and
cost efficiency of different investments allow for the investments to be prioritized after which are

better to implement.

One of the case lines is in an area where reliability investments have already been performed. This
line is chosen because the results from the analysis then can be compared to the real investments.
To test and apply the result the other case study is performed on an area that has not yet been

renovated. For this case line cost-efficient investments are recommended.

The conclusion of the analyses is that the detail level of the analyses made by Fortum Distribution
AB most likely are sufficient for today’s grid. However, because of the ongoing project to weather-
secure the grid, changing overhead lines for underground cables is the number one priority. The
analysis in this thesis could have reflected the effect of extreme weather better, but even so, the
result shows such a significantly lower cost-efficiency for investing in cables that it might be
favorable for Fortum Distribution AB to review the benefits of changing overhead lines for

underground cables. In some cases other investments might be more beneficial.
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English
Professions
Fitter

Net planner

Power systems
operator

Location

Network
control center
Components

Aerial cable
Availability

Breaker
Cable
Fuse

Line

Manual
disconnector
Open point

Overhead line
Radial line
Remote
controlled
disconnector
Secondary
feeding

Secondary
substation
Substation

Unavailability
Economics
Annuity
method
Capital base
Depreciation
Energy Markets
Inspectorate
(E1)

Life cycle cost
analysis

Swedish

Montor
Natplanerare

Driftoperator

Driftcentral

Hangkabel
Tillganglighet

Brytare
Kabel
Sakring

Linje

Manuell
franskiljare
Oppen punkt

Luftledning
Radiell ledning
Fjarrfranskiljare

Sekundar
matning

Natstation

Fordelnings-
station
Otillganglighet

Annuitetsmetod

Kapitalbas
Avskrivning

Energimarknads
inspektionen

Livscykel-
kostnadsanalys

Description

The person in the field, repairing and maintaining the grid

The person planning investments in and reconstructions of the
grid

The person operating the grid from the control center, not to
be confuse with Distribution System Operator which is the
company delivering the electricity

The place where the grid is operated from

A cable hung on poles

Percentage of the time when the system or component is
working

Located in the substation, cuts the power automatically

An underground feeder, if not otherwise stated

Protection device. Burns off and breaks the power if a short
circuit fault occurs. Ground faults go unnoticed by the fuse
One feeder out of a substation

Power switches located here and there along the line that has
to be manually opened and closed

At some places along the line there might be an open
disconnector or breaker between the line and an adjacent line
Uninsulated line that will short circuit if the lines connect

The radial lines are the branches sticking out of the main line
Power switch that can be operated from the control center

By closing the disconnector at the open point the customers
can be supplied with electricity from the adjacent line instead
of the default source

Distributing the power from the medium voltage lines to the
low voltage grid

Distributing the power from the high voltage grid down to the
lines on medium voltage

Percentage of the time the system or component is failing

A cost depreciated by the annuity method will be depreciated
with the same amount every year
The value of all assets in the company

The cost of an asset is recorded as yearly depreciations
The regulating authority for the DSOs

An analysis of the total costs and income of an investment
(here) over its entire life length
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Net present Nuvardes-
value method metoden
Net tariffs Nattariffer

Purchase value = Nuanskaffnings-

Annual costs or income are re-calculated in today’s value
What customers pay for the service of having electric energy
delivered, separate from the cost of electricity production
The cost of acquiring the assets if they were acquired today

The owners demand for cost of restricted capital

Restrictions on revenue from the El

varde
Return on Avkastning
capital
Revenue Intaktsram
framework
Swedish Energy Energimyndigheten
Agency (STEM)
Fault Management
Cable bus Matbuss

Fault notation Kopplingssedel
Network plan Natschema

Residential grid Fastighetsnat
Sectioning Sektionering

Splicing a line Skarva en
ledning

Advanced and expensive measurement equipment is keptin a
bus to be able to use it on several locations

A document for keeping record of all the switching of breakers
and disconnector

A drawing of how the secondary substations are connected and
where the disconnectors are located

Out of Fortum's area of responsibility

Isolating a fault with the disconnectors and connecting
secondary feeding to the rest of the customers

Necessary for example when the line is broken off by a tree

AENS Average Energy Not Supplied

CAIDI Customer Average Interruption Duration
Index

COMin  Customer outage minutes

DSO Distribution System Operator

ENS Energy Not Supplied

LV Low voltage

MDT Mean Down Time
MTTF Mean Time to Failure
mMv Medium voltage

NPAM Network Performance Assessment Model

OH line Overhead line

PG Power Grid (Computer tool)

r Restoration time

SAIDI System Average Interruption Duration Index

SAIFI System Average Interruption Frequency
Index

SCADA  Supervisory Control and Data Acquisition

TSO Transmission System Operator

A Failure rate
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Denna svenska sammanfattning av examensarbetet riktar sig kanske framst till personer pa Fortum

eller den som annars har en inblick i arbetet pa ett elnatsforetag.

Det hdr examensarbetet ar ett samarbete mellan Fortum Distribution AB och KTH. Malet med
examensarbetet ar att undersdka om Fortum Distibution AB’s metoder for att prioritera mellan olika
investeringar for battre tillforlitlighet pa lokala landsbygdsnat ger samma resultat som mer komplexa

metoder.

Projektet har genomforts genom att gora teoretiska modeller av tva linjer i Fortums nat. Den ena,
102A Lesjofors, ar en linje dar omfattande upprustningar redan genomforts. Dar gors modellen av
hur linjen sag ut innan den byggdes om for att sedan kunna jamféras mot verkligheten. Den andra
linjen, 020E Charlottenberg, ar en linje som &r i behov av renovering. For denna linje kommer

rekommendationer baserade pa resultatet av denna studie att ges.

Indata till modellerna ar felintensiteter for ett par olika komponenter och atgardstiderna for att
aterstalla funktionen da ett avbrott intraffat. Komponenterna som beaktas &r luftledningar, kablar,
brytare, franskiljare och lagspanningskomponenter (vars felintensitet aggregeras till en).
Felintensiteterna uppskattas fran historiska data over avbrott i omradet. Ett mal ar att anvanda sa
lokala avbrottsdata som mojligt for att spegla de lokala variationerna av hur ofta fel intraffar.
Atgardstiderna har uppskattats genom intervjuer med natplanerare, driftoperatérer och montérer pa

Fortum och Infratek. Infratek ar ett bolag som bygger och underhaller infrastruktur.

Linjen delas upp i olika segment efter var franskiljarna sitter placerade, och kunderna som bor mellan
samma tva franskiljare slds samman till en s.k. lastpunkt. For varje lastpunkt berédknas felintensitet
och atgardstid for olika typer av felfall, som t.e.x. fel pa luftledning. For varje lastpunkt beraknas det
total antalet avbrott och den totala tiden da lastpunkten varit utan strom. Dessa multipliceras sedan
med antalet kunder vid varje lastpunkt, och det totala antalet kundavbrott och kundavbrottstimmar

anvands sedan for att berdakna SAIFI och SAIDI (se definition i avsnitt 2.1).

Ett antal olika investeringsscenarier undersoks for linjen. De olika investeringsalternativen ar bade
vanliga typer av investeringar, sa som kablifiering, men aven lite nyare investeringar undersoks. Att
sdnka spanningen pa en mindre radiell ledning till 1 kV och att installera en linjebrytare ar exempel
pa sadana investeringar som annu inte har anvandts speciellt mycket. Utover dessa investeringar
undersOktes dven alternativet att uppgradera de manuella franskiljarna till automatiska och att lagga

till en maojlighet till sekundar matning.
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Kablifiering var den investering som tidigare har utférts pa den verkliga Lesjéforslinjen. En modell
gjordes darfor dven av Lesjoforslinjen som den ser ut idag. Pa sa vis kunde den i verkligheten
genomférda investeringen jamféras mot de teoretiska investeringarna. Ovriga investeringar

beraknades genom att modifiera de befintliga modellerna for linjerna.

For investeringarna berdknas nya SAIFlI och SAIDI, samt minskningen av kundavbrottsminuter. En
LCC-analys gors av kostnader och inkomster fran investeringarna under dess livslangd, som antas
vara 40 ar. | den totala kostnaden ingar investeringskostnad, underhallskostnader,
kundavbrottsersattningar for langa avbrott och férandringar pa intdktsramen via regleringen.
Fordandringarna pa intdktsramen beror dels av en kvalitetsjustering baserat pa hur mycket SAIFI och

SAIDI har sédnkts, dels pa om kapitalbasen andras genom investeringen.

Med de totala kostnaderna och sdnkningen av kundavbrottsminuter tas nyckeltalen
SEK/kundavbrottsminut och SEK/isolerad km ledning fram. Dessa nyckeltal anvands av Fortum i
investeringsplaneringen. Investeringarna sorteras sedan efter kostnadseffektivitet. Slutsatserna av

projektet kan sammanfattas i ett antal punker:

e Vadersdkring har hogsta prioritet inom investeringsplaneringen pa Fortum idag. Analyserna i
detta examensarbete kunde ha speglat effekten av extremvader starkare. Trots detta ar
kostnadseffektiviteten for kablifiering sa signifikant mycket lagre &n for de andra
investeringarna att det kan vara vart for Fortum att rdkna pa vinsterna med att kablifiera for
att se om det kanske finns situationer dér andra investeringar hade varit [6nsammare.

e | Fortums analyser gors flera forenklingar, bl.a. att kablar ar felfria. Berdkningarna i denna
rapport har visat att kablar har mycket liten effekt pa systemets tillférlitlighet och att denna
forenkling nog kan anses vara acceptabel. Detta kan dock komma att forandras. Om
kablifieringen av néatet fortsdtter kommer en storre och stoérre del av det besta av kabel.
Detta gor att kablarnas felintensitet far en allt storre procentuell betydelse. Det kan vara vart
att fundera pa hur detaljerade berakningar man bor ha pa sikt om luftledningsnaten byggs
bort.

e Regleringen har en mycket stor paverkan pa hur kostnadseffektiva investeringar blir. Det &r
darfor fordelaktigt att ta med regleringens inverkan i berdkningarna for att kunna avgoéra
vilken investering som ger bast resultat. Regleringen av elnatsféretagen har dock, och kan
komma att, skifta och det &r inte sdkert att de regler som galler idag dven géller nasta
reglerperiod. Darfor kan det dven vara bra att valja investeringar vars ldnsamhet inte rasar
om en férandring av regleringen skulle ske, med tanke pa att livslangden pa investeringen

berédknas vara 40 ar.
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In this chapter the background and purpose of the project will be explained.

The task of a distribution system operator (DSO) is to provide the service of delivering electric energy
to its customers. When electric components fail and cause power outages the task of the distribution
system operator cannot be fulfilled, which leads to dissatisfied customers and increased costs. It is
therefore important to maintain and upgrade the electric grid in order to prevent power outages and
to keep a suitable level of reliability in the system. The net planners at the DSO have to choose
between different kinds of investments to lower the number and lengths of power outages, because
it is not preferable to invest too much in increasing the reliability of the power supply either. In the
end, the customers are the ones paying for the investments and the reliability must be in level with
what they are willing to pay for. The net planners have to prioritize the most cost effective reliability

investments.

Electric power systems are complex and intertwined, and can therefore be hard to analyze. They
consist of a vast number of different components that affect each other. When making calculations
of the grid, simplification is a must. The challenge is to find the level of complexity that is required to
make good-enough analyses of the grid. The more complex the analysis is, the more expensive it
gets. There is a trade-off between less costly analyses and better result. In this master thesis it is
examined if Fortum Distribution AB’s methods for prioritizing between different reliability

investments are detailed enough to give the same result as more complex methods.

Even in the world of science and research, the models of the electric grid are still simplified images of
the actual grid. The analyses contain many assumptions and estimations of the operation of the grid.
The opportunity of having access to data and to people working with fault management on a daily

basis has been used to describe and implement the fault management into the theoretical models.
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One of the main purposes of this master thesis project is to examine if more detailed methods of
prioritizing different reliability investments would render recommendations of other investments

than the ones implemented by Fortum.

A purpose of this thesis is also to describe the fault management at a DSO in detail and to implement

it in a reliability analysis of a part of Fortum’s grid.

The investments examined in this thesis are chosen to be investments that are new or in other ways

interesting for Fortum to have evaluated.

In addition, observations made during the course of the project, that could be of use for either

Fortum Distribution AB or KTH, will also be documented.

18



This chapter addresses the theory necessary for the project.

A large part of Chapter 2 is based on Billinton’s Reliability Evaluation of Power Systems [1].

In order to quantify the reliability of a system a stochastic model of the electric grid can be made,
where the functionality of each component is described by a probability distribution. Availability, i.e.
the probability that the component is operational at time t will depend on how often it fails, and the
time it takes to repair it. The life length of a component is the time before the component fails for
the first time. The expected value of the probability distribution of the life length will according to
the law of large numbers go to the average of all lifetimes for n components of the same type as
n = oo, The same is true for the probability distribution for repair time. This leads to a number of

concepts as explained in Billinton’s Reliability Evaluation of Power Systems [1, p. 21]:
MTTF = -3, T; - E(T) whenn - o
MTTF: Mean Time To Failure describes the average time before the component fails. The variable T;

describes the Time To Failure for component i. From this the failure rate can also be deduced:

1
~ MTTF

A

\: The Failure Rate describes how many times a year (for example) a component fails, counting only
the time when the component is in operational mode. For power components this number is usually
pretty small since the components of the grid usually last for many years. A km of power line, for

example, can have a A of approx. 0.1 failures / year, which means that MTTF is ten years.

MDT: Mean Down Time, or restoration time, indicates how long time the component is out of order
when it fails. This is not always the same thing as the repair time, described by the MTTR (Mean Time
To Repair). The fault has to be located before it can be repaired and the fitters must be available and
have to drive to the place where the failing component is located. This value varies depending on
what kind of fault it is, if it happens at night or in bad weather, if a lot of other faults are happening
and so on. Many faults are restored within 3 to 4 hours [2].

1 1
= MTTF ~ MTTF+MDT

A

The Mean Down Time for components in the power distribution system is often very small compared

with the time the components are in operation. Because of this the failure rate can be approximated

19



by the inverse of the sum of the Mean Time To Failure and the Mean Down Time. This means that
the failure rate can be approximated by the division of the total number of faults occurring during a

time period over the length of the time period.

The availability, A, depends on both the Mean Down Time To Failure and the Mean Down Time:

_ MTTF
~ MTTF+MDT

[hrs/year]

The time until a failure has occurred and been repaired can be said to be a cycle in a process that is
repeated all the time if MTTF and MDT are assumed to be constant. MTTF + MDT will then describe
the total time of one cycle and MTTF will describe the time that the component was in operation

during the cycle.

The unavailability U, i.e. the probability that the component is down at time t is described by the
time when it is not working relative to the total time for one cycle, which is the same thing as all the

time when the component is not available(1-A):

_ MDpT
~ MTTF+MDT

U 1-A [hrs/year]

To facilitate the calculations in electric grid analysis, it may be appropriate to make approximations
when calculating the availability and unavailability. The mean time to failure is often much greater
than the time it takes to restore the system operation. Even if a transformer would take up to 30
days to repair, this time is negligible compared to the 20-30 years it might had been running without
any problems. Therefore, for the sake of simplicity, the impact of the restoration time on the total

cycle time can be neglected when calculating unavailability:

___ MDT _ _ MDT _
" MTTF+MDT ~ MTTF

U

=~

Ar [Ars/year]

This leads to the conclusion that the availability of a component can be approximated by:
A=1—-Ar

As with all approximations, this will lead to an error. In the analysis of power systems the
uncertainty of input data however, is most of the time much greater (also because of the long

operation times), which justifies the simplification.

When the availability of each component is produced the availability for the entire system can be
calculated. In most electrical distribution systems on local level the customers are connected along a

radial line, i.e. all components are in series. In some places it may be justified with a little more
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redundancy and those places might for example have two transformers next to each other, so that if
one should fail the other can continue to deliver electricity. This is an example of a parallel system

(see Figure 2).

Figure 1: A series system

In a series system, see Figure 1, every single component has to work for the system to work. Failure
of one component will cause an outage for the entire system. The failure rate of the system will
therefore be equal to the sum of the individual failure rates of the components, assuming that no

two components fail at the same time.
AS =~ ?=1 Ai Eq. 8

Similarly, the time of unavailability for the system is the sum of the unavailability of each component,

because when a component was unavailable, so was the whole system.
~ \n
US = Zi:l Airi Eq 9

Example: A system with four components in series: Ax= 0.1, Ag= 0.09, Ac= 0.11, A\p= 0.08 and ra=1 h,

rg=2 h, rc=3 h, rp=4 h, will be unavailable for almost an hour a year.

Us=01%140.09%24+0.11%34+0.08+4 = 0.93 h/year Eq. 10

oy

Figure 2: A parallel system
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For a parallel system (see figure 2), however, all components must be out of order for the whole
system to be out of order. This means that the probability of system unavailability is the product of

the probability for the individual components' unavailability.
Up = [T Aimi
The total failure rate can be derived:

1 = Ity A Nitq 7

p 1+Z?=1 Airi

The same example system as in Eq. 10 will give the unavailability of 0.0019 hours, which is less than 7

seconds!

Us=01%1%0.09%2%0.11%3%0.08+4 =0.0019 h/year

In this master thesis project only series system will be concerned. The rural distribution lines are
almost always built radially, but with one or more so called normally open points to adjacent lines. An
open point is a connection to another line via for example an open disconnector. When something
happens on the line the entire system will be blacked out, because it is a series system. The fault will
however not spread to the adjacent line since the disconnector is opened. When a fitter reaches the
location the fault can be isolated with disconnectors and the open disconnector closed. The
customers that are not connected directly to the failing line segment can get the power back earlier
than the rest through the adjacent line. The customers on the failing line segment have to wait the
entire restoration time. Line is an important term in this thesis and refers to one feeder out of a
substation. The entire line can be disconnected by the main breaker in the substation. Line in this
context must not be confused with for example the term overhead line, which refers to a component

(of any length).

To only use availability as a measure of the system is not quite enough to describe the significance of
faults in a power distribution system. If a part of the system often fails, it is a problem, but if the
number of subscribers who have an outage is not particularly numerous, it may be less of a problem
than a single failure affecting multiple major load points. In order to compare different systems or
different investments within one system, several customer-oriented system indices have been
developed as described in [1, pp. 223-224]. The indices describe the unavailability of the system from

different angles.
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SAIFl: System Average Interruption Frequency Index describes how many faults a year that on

average affect a customer.

SAIF] = Zi AN [ faults ]

YN year and customer

where N; is the number of customers affected by fault i and A; is the failure rate for this specific fault.
A shutdown of power line x in a system can for example lead to interruption of y number of
customers. The failure rate of all possible faults that may occur in the system are multiplied by their
impact and summed together to give the total number of customer interruptions during the year. By
dividing the number of interruptions per year by the total number of customers in the network the

average customer outage frequency is known.

SAIDI: System Average Interruption Duration Index describes, instead, on average how much time

each customer has been disconnected during the year. The unit is hours / year and customer.

i (AiriNy) _ XE(UiNY) [ hours ]

SAIDI = =
YIN; YIN; customer and year

SAIDI concerns the average unavailability. The unavailability for every fault is described by A; * r, i.e.
how often this fault occurs, multiplied by how long it lasts. The unavailability of the fault is then
multiplied by its impact, i.e. how many customers this particular case affects, just like for SAIFI. These
numbers are summed up to produce the total so-called customer outage hours. Divided by the total

number of customers the average yearly outage time per customer is obtained.

Customer outage minutes: A common value used within Fortum Distribution AB is the “customer
outage minutes” (COM) where the customer outage hours have been re-calculated in minutes. The
value is used among other things when deciding where reliability investments are needed and also to

measure the effect of the investments.

CAIDI: Costumer Average Interruption Duration index. By dividing SAIDI by SAIFI the average length

of each customer interruption is known. The unit is thus hours / failure.

SAIDI
SAIFI

CAIDI =

[hrs/failure]

Example: Different fault scenarios for an arbitrary electric system are shown in table 1. Depending on

location in the system different amount of customers are affected of the outage.
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0.1 faults/km 3 hrs 30
0.01 faults 5 hrs 20
0.02 faults/km 4 hrs 10

_ (0.1%25%30)+(0.01%20)+(0.02+10%10) __

SAIFI = s = 1.3 faults/year
SAIDI = (0.1*25*30*3)+(0.01*6200*5)+(0.02*10*10*4) — 39 hours/year
CAIDI = 2228 = 32 = 3 hours per outage

SAIFI ~ 1.3

ENS: Energy Not Supplied is a term used when estimating how much electricity that could have been
delivered during the time of the outage if the system had been in operation. In the other indices
customers are counted equally regardless of consumption, a large factory can be regarded as equal
to a single-person household. This might lead to that the significance of an outage is overlooked. ENS
is calculated by estimating an average power, L,, for every affected load point, and then multiplying it
by the unavailability of the specific fault. If this is then divided by the total number of customers, the
obtained value is the AENS: Average Energy Not Supplied, i.e. how much more energy the average
customer would have bought if no interruptions had occurred. The unit for ENS is kWh / year and for

AENS the unit is kWh / year and customers.
ENS =¥ La,U; [kWh/year]

Z‘{l LaiUi

AENS = SN,

[kWh/year and customer]

The reason for having several different system indices is that different actors have different
perspectives and approaches to interruptions. To the owner of a paper mill, it is essential to
continuously have power since even a very short disconnection leads to a tedious and expensive
start-up of the work again. Paper mill owners are therefore much more interested in SAIFI than
SAIDI. In such networks, it can (at least according to the mill owner) be unfavourable to introduce a
lot of protection components such as disconnectors which, even if they reduce outage time, will lead

to an increase of SAIFI. This is due to the introduction of new components with their own failure
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rates and repair times into the system. To a food retailer, however, short outages cause no major
problems, but the longer they are the more food could be lost. Therefore, the retailer is more

interested in the SAIDI value.

In this project the system indices considered will be SAIFI and SAIDI. The customers on the case lines
are almost all household customers with similar energy consumption and the SAIFI and SAIDI indices

will therefore be enough to describe the reliability of the lines.
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This master thesis report addresses the methods of choosing different investments for an enhanced
reliability in the system. The reliability can however not be obtained at any cost. The cost of
increased reliability must be reflected by the saved expenses due to unavailability of the system.
Unavailability of the system leads to a number of costs, direct as well as indirect. When the system
fails it must be repaired, which leads to direct repair costs. When the outages are longer than 12
hours the customers are entitled to compensation. The long outages are few, but the compensations
are high and can therefore be very costly for the company. This is especially true for bigger
disturbances, for example in case of a storm, where many customers can be out of power for a long

time.

A distribution system operator (DSO), like Fortum Distribution AB, has a monopoly situation as the
owners of the distribution network. This is because building more than one line to the customer’s
house is not economically feasible, which causes a natural monopoly. To ensure a fair and
competitive situation a regulatory authority has been assigned the task to regulate the allowed
revenue of the DSOs. Among other things, security of supply will affect the allowed revenue. This is

further discussed in section 2.3.

Other costs are more indirect and harder to measure, like the goodwill of the DSO. If the customers
experience reoccurring outages they will not be satisfied with their DSO, which will have negative
consequences for the company. Fortum is a corporate group and dissatisfaction with one company
can spill over on the rest in the group. In reality, the degree of reliability in a power grid can only be
as high as the customers are willing to pay for and depends on what costs they have for outages. This
is however out of the scope of this thesis, which will only concern the measureable parts of outage

costs.

When an outage has occurred it generates several costs directly connected to the repair; cost for
personnel working with the fault management, material used in the repairs and so on. The fault
management in the field was earlier a part of Fortum Distribution AB, but has now been outsourced.
Fortum is working on developing a list of costs of different repair jobs to be able to judge if the
infrastructure service company is charging a reasonable amount for different jobs. This list (see table

2) has been used in the thesis to estimate the repair costs of the different kinds of faults [3].
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4100 12 600 0.083
16 100 50 400 0.1
7 800 19 100 0.05

The repairs are divided into categories depending on the failing component. In the top category
concerns all low voltage faults. The second concerns cables on medium voltage and the third
category includes, on medium voltage; overhead lines, disconnectors, breakers and transformers

20/0.4 kV and 10/0.4 kV.

The costs are divided into two categories as well. The cost of getting the power back to the
customers is one. This category includes both permanent actions and temporary solutions, such as
supplying the customers with electricity via a temporary cable over ground. When temporary
solutions have been used, work still remains to be done. These costs fit into the second category, but
are not always needed. The frequency of remaining faults can be seen in table 2 and describes that
for example 10 % of the medium voltage cable faults will lead to a remaining fault. To calculate the
average cost of every fault on MV cables the “Cost of remaining fault” is multiplied with the

frequency of remaining faults and added to the “Cost of power back”.

Long outages (>12h) are not included the regulatory model described in section 2.3, these are
instead associated with direct costs. The customers have the right to compensation if they have had
an outage longer than 12 hours. The size of the compensation depends on the customer’s annual
network tariff and is regulated in the Swedish law Ellagen (1997:857). Outages longer than 24 hours
will not only increase the compensation to the customers, but are also associated with a functional
requirement. It is illegal to have outages that long, which may in addition to the customer
compensation also lead to legal costs. Exception to this rule might however be accepted if it can be

shown that it is not reasonable that the DSO could have avoided the outage [4].

It is stated in the law [5] that for outages between 12 hours and 24 hours the amount of
compensation will be 12.5% of the customer’s yearly net tariff, unless it is lower than a minimum

compensation amount. The minimum amount is calculated as 2% of a yearly set base amount and

! 1 Swedish krona ~$7 ~10 €
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then rounded up to the nearest even 100 SEK. The base amount for 2011 was 44 000 SEK [6] which

equals a minimum compensation of 900 SEK.

For an outage longer than 24 hours, every additional 24 hour period will be compensated by an
additional 25% of the yearly customer net tariff. The maximum amount is however 300% of the net
tariff [5]. To this amount the possible legal costs must be added since it is not legal to have outages
longer than 24 hours. This requirement is however new and there is no data on average legal costs

available.

The legal rules described in this section give strong incentive for the DSOs to avoid outages longer
than 12 hours. Extreme weather situations where many customers are without power for several

days can be devastating for a DSO, especially a small one.

28



The Swedish electricity market was deregulated in 1996. However, due to the nature of electric
power distribution systems, the infrastructures of the distribution systems are natural monopolies.
This creates a need for supervision of the electric power distribution system tariff levels. The
authority acting as regulator in Sweden is the “Energy Markets Inspectorate” (El). The task of the El is
to ensure that the DSOs get fully compensated for the cost of distributing electricity and the cost of

restricted capital, while also seeing that the costumers pay fair prices.

One of the incentives for investing in better reliability is the effect better security of supply has on

the allowed revenue. In this chapter the regulation coming in 2012 is described.

After the de-regulation of the electricity market the DSOs could be fully compensated for their costs
regardless of efficiency and quality. To address this problem a new authority was formed in 1998:
The Swedish Energy Agency (STEM). The task for STEM was, among other things, to create a better
model of regulation. [7, p. 19] In 2003 the Network Performance Assessment Model (NPAM) was
implemented. The idea of the NPAM was that the service of distributing electrical energy creates
customer values and that the DSOs should be compensated in level with these values [8]. The NPAM
used a fictive power distribution network to calculate the Network Performance Assessment, which
is the total expected cost of operating a power distribution system. After the regulatory period,
because this was an ex-ante model, the NPA was compared to the actual revenue of the DSOs. If the

revenue was too high the DSO had to pay the customers back [9].

The NPAM met heavy opposition from the DSOs as many of them had to repay their customers each
year. The amount of legal claims against the authority was growing every year. Because of this, and

the fact that the EU requires an ex-ante regulation by 2012, the model was abandoned in 2009.

During the time since the fall of the NPAM the focus has been on preparing the new regulatory
model that will come into force in 2012. The Energy Markets Inspectorate (the part of STEM handling
the regulation was announced an authority in 2008) still controls the tariffs, but they are in some
ways self-regulating. If the DSOs charge too much, the rules of regulation might be harder in the next

period [10, p. 57].

In the new model a reasonable revenue framework for the DSOs will be determined before the
regulatory period starts, a so called ex-ante regulation. The DSOs send a proposition to the regulator

who decides if the suggested frame work is reasonable. The regulatory period is four years and the
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Energy Markets Inspectorate (EI) might review a DSO’s decision of a revenue framework during or

after the period if it turns out that the decision was based on false data [11].

The method of evaluation of the proposed revenue framework is a template method where El
calculates the reasonable total costs and fair return on capital for a distribution system operator,
taking objective prerequisites for the specific company into account. The template revenue is then
compared to the suggested one. After the regulatory period the company’s actual revenue is checked
to make sure that the DSO has kept the revenue within the boundaries of the framework. If the
actual revenue exceeds the predetermined levels, the framework will for the next regulatory period
be reduced by the amount exceeding the framework. Similarly, if the revenue has been kept below
the expected value the DSO has the right to an increased revenue framework. If the revenue has
exceeded the framework by more than 5%, the framework will be additionally reduced by an

overcharging fee [11].

Controllable costs Non-controllable costs Capital base

Efficiency requirement Depreciation Return (WACC)

Adjustment for quality

Operational costs Capital costs

Adjustment for last periods over- or
under-charging

Revenue Framework

The flowchart in figure 3 shows the parts that make up the framework for the revenue. The total

costs for a DSO includes operational costs and capital costs.
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Operational costs can be said to be any costs that are not capital costs, and are divided into
controllable costs and non-controllable costs (see figure 3). The non-controllable costs are directly
added to the revenue framework, since it is considered that the DSO can do nothing to affect these
costs. This can be for example charges to superior grids. The controllable operational costs are for
example costs of maintenance, administrative costs or cost of personnel. These costs are calculated
from historical data from the company and are associated with an efficiency requirement [12]. The

operational costs have to be lowered by 1% every year [11].

Capital costs are costs of acquisition of the capital base and the cost of restricted capital. The capital
base includes all assets necessary to perform the service of delivering electrical energy. This is for
example distribution lines, control equipment and electricity meters. To be able to measure the
DSQ’s capital costs the value of the capital base must be determined. The DSO’s calculate the value
of the capital base and state this number in the proposition to the regulator. There are four different

ways of calculating the capital base.

This is the method to be used primarily. It aims to evaluate the purchase value of the capital base. In
other words, the DSOs calculate what it would cost them to obtain their entire capital base today.
This way of regarding the grid as brand new has been questioned. El did however try to ask the DSOs
what the grids were worth today, which turned out to be too hard, if not impossible, to calculate. It

was therefore decided to go with this method for the first regulatory period [11].

The evaluation of the capital base is done with norm values of different assets. El has produced

hundreds of norm values [13].

If there is no norm value of an asset in the capital base of a DSO, the asset can be valued with the
acquisition cost. This means that the price of the asset when it was bought is re-calculated to today’s

value.

If the acquisition cost is not known the book value of the asset can be used to value it.

In some cases there are prerequisites that the DSOs would like the regulator to take into account,

and the assessment of capital might be done differently. An example of this is the assessment of

31



cables in the Stockholm city center. Fortum Distribution AB has applied for a different assessment

method here, because of the much higher cost of installing cables in the center of a big city [11].

When the capital base is known, the cost of keeping it can be calculated. The capital costs consist of
cost of acquiring the capital base, which is recorded as depreciation, and the demand of return that
the shareholders have. It is the shareholders return on invested capital that gets adjusted according

to the quality of the electrical energy.

Depending on the quality, which in this regulatory period will be measured only by the security of
supply, deductions and additions to the return of capital will be made. The reliability in the system
will be measured against historical data (2006-2009 in the first regulatory period) and if the DSO has
improved the quality an addition to the return of capital can be made. If the reliability has declined,

the return will decrease — creating incentives for better quality of the electricity supply.

Regional and local distribution systems will be measured differently. The regional grid will be
measured in Energy Not Supplied, ENS (see section 2.1.2), and the local distribution systems will have
their quality measured in SAIFI and SAIDI. This thesis concerns only the local distribution system and

therefore only the quality regulation of those systems is described in this section.

SAIFl and SAIDI are divided into announced and unannounced outages. The planned outages, for
maintenance and such activities should be announced in advance. The announced outages are not as
costly or annoying for the customers. The planned outages must however be communicated to the
customers well in advanced in order to count as an announced outage. For the unannounced outages
the SAIFI and SAIDI are produced for outages longer than 3 minutes and shorter than 12 hours.
Shorter outages are not considered to be interruptions of power supply, but more a quality issue of
the same type as for example voltage instability or flicker. The unannounced outages longer than 12
hours are already subject to cost for the DSOs through direct outage compensations (see section
2.2.2). In order to not punish the DSOs twice, unannounced outages over 12 hours are not included
in the regulation. SAIFI and SAIDI of announced outages are calculated for outages longer than 3
minutes. In this thesis only the disturbances, i.e. unannounced outages, have been regarded and the

calculations will hence only include the unannounced SAIFI and SAIDI.

In order to scale the quality adjustment of return on capital the average yearly power and energy
output in the grid is taken into account by valuing the cost of outage in SEK/kW and SEK/kWh. The
costs have been estimated by the Energy markets Inspectorate and can be seen in table 3, which is

collected from table 4 in [14].
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Equation 26 is then used to calculate the quality adjustment, Q. The E, in the formula stands for the
annual average energy consumption in the area and T, is the hours of a year. The quality adjustment
is shared between the DSO and the customers by multiplying the adjustment with 0.5. The idea is
that the cost of quality should be accounted to the DSO and the customers equally. The formula and

explanations of the calculations can be found in [14, p. 27].

SAIDI —SAIDI E
Q=05+ {[( UAO'norméo UAO'aCtual) * (T_j:) * PE,UAO] + [(SAIFIUAO,norm -
E. SAIDI —SAIDI E
SAIFIy40.actual) * (T_;) * pW’UAo] + [( Ao,norm60 AO,actual) . ( T_j) . PE,AO] +

E
| (SAIF L0 m0rm = SAIF 1o, actuat) * () * Puvo |}

The announced and unannounced outage SAIFI and SAIDI for the current year are compared to the
norm value that were calculated with the historical data. If the reliability is better now than

compared to the norm value the result, and adjustment to return of capital, will be positive.

There are limits to how large the quality adjustment can be. In case of extreme weather during a
year, the quality adjustment can be much too large for a small company to handle. In order to
protect the companies from such events, the deduction can at most be 3% of the revenue framework
or the entire return of capital [14, p. 32]. Too high security of supply is not economically justifiable
either and hence an upper limit on the addition to the return of capital has been assigned. It is as

well 3% of the revenue framework.
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In this thesis theoretical models of two lines in the Fortum grid were made in order to be able to
analyze the lines and examine the effect on reliability for different investment alternatives. The goal
was to model the lines and the fault management at Fortum as close to reality as possible to give as
true results as possible. The two case lines were analyzed with the reliability analysis methods
described in section 2.1. In order to estimate the input data as accurately as possible it is crucial to
understand how outages are dealt with at the DSO. Several interviews have been made with the
Fortum personnel, such as process managers, net planners and fitters, to learn this. Study visits have
been made, both to the network control center and out in the field with the fitters. Section 3.3 and
3.2.2 is based mostly on interviews with Daniel Heidkamp [15]. All other sections are based on

interviews with Bo Andersson [16] and Mats Estéen [2].

Figure 4 can be used to describe the fault management process at Fortum Distribution AB.

Information to customers

Analyse and
switch

Electricity
back

Power cut
detected
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If a fault occurs at medium voltage the breaker will detect the fault and break the power. This will be
registered by the SCADA system and sent to the grid operators. Faults that occur on lower voltages
will not be detected by the SCADA system and can therefore not be sent to the grid operator. In this

case the information has to come from the customers.

When the power systems operator receives the message from the SCADA system that an outage has
occurred this is filed in the computer tool Succel by entering the name of the breaker that cut the
power into the computer. This opens a so called “fault notation”, a file where all the different
switching of disconnectors and breakers will be noted. Succel is a DMS, which means Distribution
Management System created to help system operators. Succel was created in the end of the 1990’s

as a way to enhance the information to the customers and to take better statistics.

If an outage occurs on lower voltage levels, the system has no way of knowing that it happened. The
customers have to inform the DSO about the problem. They do this by calling to a call center that
receives their call and sends a message to the network control center that an outage has occurred.
The call operator tries to determine where the outage is, first through the phone number of the
caller before the call is even answered. If the outage in this area is already known, through other
customers, information is given to the customer. The customer will be asked to answer a couple of
questions like; do the neighbors have power? Has the main fuse in the house gone? The customer is
also informed that if the problem is in the customer’s own building, and the Fortum fitters are sent
out anyway, the customer will be charged with the costs. Fortum is not responsible for the
customer’s residential grid. The call operator also checks if the lack of power can be related to unpaid
bills. If many customers are calling, the call center can make an announcement through media and

on the phone waiting line so that the customers don’t have to wait for the information.

When the power systems operator is given the message of an outage from the call center the errand

is filed in Succel and a fitter is called.
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When the operator has opened the fault notation it is checked if there is any work being done on or
around the line at the moment. This is because if there is, the workers could be hurt if the operator
tries to turn the power back on. The people working close to the line are listed in the computer and
the operator must read the list and make sure that no one is working on the line. If no one seems to
be close to the line the system operator can try to put the power back on. Many outages occur
because of faults that “fix themselves”, for example tree branches that blow into the line and cause
an outage. When the power is turned back on the branch is no longer on the line and everything
works perfectly again. Another example could be moist that gets into the equipment and causes an
electric short circuit. The arcing burns the moist away and when the power is turned back on,

everything works again.

If the re-closing of the breaker only led to the breaker opening again, the problem has to be fixed.
The operator then normally fetches the network plan of the area. If there are remote controlled
disconnectors in the area they are now all opened and the breaker is then re-closed to see if the fault
is on the first line segment. If not remote controlled disconnector number two is closed and this is
continued until the breaker cuts the power once again. This means that the line segment where the
fault is has been found. If possible the power systems operator now isolates the fault with the
remote controlled disconnectors and then calls the fitter responsible for the area. The information
on which fitter that is on duty and the phone number is found in the computer in a list that is

continuously updated to show which fitter to call.

The fitters were earlier employed by Fortum, in the division “Fortum Service”. This is now outsourced
and the repairs and maintenance of the grid is done by companies like Infratek, Eltel and Relacom. In
their contract with Forum it is stated how fast they must reach the area where there’s an outage.
Fitters in Varmland have 90 minutes to get to the place of the fault for example. In Bergslagen they
have 120 minutes. The time to reach the fault does of course vary a lot, depending on where the
fitter is, what time of the day it is and what the weather is like. An estimate of the general time is

about 60 minutes, according to system operator Mats Estéen.

When the systems operator calls the fitter the power systems operator tells the fitter which
disconnector to go to and open. In many cases the fitter also suggests which disconnector to start
with. The fitters are often very accustomed to the parts of the grid where they work and have a lot of

experience of where the faults normally occur.
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If there are remote controlled disconnectors in the grid, the operator opens them all and then closes
them one by one. But if the disconnectors are manual they have to be opened by the fitter. In this
case it is important to figure out in which way to section the line to save as much time as possible.
The remote controlled ones can easily and fast be opened and closed, but it takes a lot of time for
the fitter to go back and forth along the line to open and close disconnectors. The normal procedure
is to send the fitter to somewhere in the middle of the grid and open that disconnector. This will
determine on which side of the middle the fault is located. Often the other side can then be fed from
a secondary feeding. The first disconnector to be opened does not always have to be the one in the
exact middle. If the line consists of for example one part of underground cables and then overhead
lines one often start the sectioning on the part with overhead lines since they have a lot more
problems than the cables. The decision where to start is based on the experience and knowledge of

the operators and fitters.

When the first disconnector is opened the fitter knows on which side the fault is and sections
through the next couple of disconnector on that half of the line. At one point the power will go out
again and then the segment of the line where the fault is located is found. The fitter will isolate the
fault with disconnectors and the operator will close the breakers of any alternative feedings. Or, if
there is an open disconnector to another line the fitter will go there and close it so that the other

customers can get the power back. The sectioning work is often done in pairs to avoid that the fitter
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has to go back and forth in the grid. One fitter follows the other one, closing disconnectors behind

the other.

When the line segment where the fault is has been identified, the process of finding the exact
location of the fault starts. The fitter always considers if there are different places where a fault is
more likely. Is there a place that fails more often than others? Or, have trees in the area recently
been cut down? Trees close to the lines are often left by the forest workers who fear to break the
line when cutting these trees down [15]. These trees are now unprotected from the wind and much
likelier than before to fall on the line. If there is no “obvious” place to start, the fitter starts by
examining the overhead lines, if there are both cables and overhead lines on the line. The overhead
lines will be checked by going by car as far as possible and when the line no longer can be seen from
the road the fitter walks along it. The situation will of course be different if the fault happens during

the night. Then the fitter will have to walk along the line while lightening it with a flashlight.

If the fault is not on the overhead lines, but likely on a cable, the cable bus is called to the place. The
cable bus is a bus with measurement equipment for finding cable faults. Since this equipment is very
expensive Infratek only has one cable bus and it is based in Orebro, a city located a couple of hours
away from the areas examined in this thesis. It might therefore take some time until the cable bus
can reach the area. The fault will be found by leading a lot of current into the line. The location of the
fault is calculated by the equipment in the bus and the distance to the fault is showed in a display.
The fitters will go to the distance showed and dig the cable up. If there is no cable bus available, or if
the cable is very short, the fitters can use a simpler method. This method also means leading a lot of
current into the line. When the current reaches the fault it will make a noise that can be heard by the
fitters will be walking along the ground above the cable with a microphone. Once they hear the

location of the fault they can dig the cable up.
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The fault is then repaired. Common repairs are removing trees from the lines or splicing of lines or
cables. Generally, the thicker the cable or overhead line, the more work it will take to splice the line.
Non-insulated lines are the most vulnerable to all kinds of impact, a tree branch brushing on it might

cause a short-circuit, but it is also a lot easier to repair if something happens.

It is worth noting, that even if some faults are quick to repair — like cutting down a tree that is leaning
on an overhead line, the fault repair might still take time. Handling a chainsaw is not a one man job,
someone else has to be there in case something goes wrong. When the fitters work in pairs this is of

course not a problem.
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When the fault is repaired and all customers have the power back, there is still some work to be
done. The fault notation must be archived. This ends the errand and this is the measured outage end
time in the statistics. When there is a lot to do the archiving of errands sometimes have to wait
which leads to errors in the statistics. When archiving the errand, the operator answers questions on
what caused the fault and what components were damaged and so on. The fault is also positioned in
the computer tool PoDIS, where it later can be seen together with all other previous faults on the
line. Other things the operator does after an outage is for example to stop the automatic phone
messages about the outage and inform the media that the power is back on. It is also checked if
there is still work to be done on the line, some customers may be fed by a temporary line because

the original one is still broken. The work on the broken line is then ordered in another computer tool.
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4. RELIABILITY ANALYSIS OF SPECIFIC LINES IN FORTUM’S GRID
4.1. METHOD

This project aims to examine if Fortum Distribution AB’s methods for prioritizing between different
reliability investments for the rural distribution grid are detailed enough to give the same result as
more complex methods. This is done by in Excel creating theoretical models of two lines out of two
different substations in the Swedish county of Varmland. The theoretical SAIFI and SAIDI for the lines
will be calculated and consequently also the costs that depend on the reliability indices. Costs of
repairs will also be added. These base cases will be compared to the outage statistics collected by
Fortum to see if they correlate with the real lines (as far as the outage statistics can depict the real

lines).

A couple of investments for better reliability will then be applied to the model lines, and the costs
and reliability indices will once again be computed. The cost efficiency of the different investments

allow for them to prioritized after which are better to perform.

One of the case lines is one in an area where reliability investments have already been performed.
The model will be done according to the original structure of that line. This is because the results
from the analysis then can be compared to the real investments to see if different detail levels give
different priorities. To test and apply the result the other case study is performed on an area that has

not yet been reconstructed.

On the already renovated line the results of the theoretical investments will show if more detailed

methods would have led to recommendations of the same investments. On the other case line

recommendations for reliability investments will be given.

Case lines:
* Already renovated
* |n need of renovation

Reliability models in Excel:
Input: Failure rate & Restorationtime
Result: SAIFI, SAIDI and costs

Business ratios:
1. SEK/Comin
2. SEK/km line

Investment scenarios: LCC analysis:
Result: New SAIFl and SAIDI Total cost of investment
Life span: 40 years

Figure 7: Schematic of the method used in the master thesis project
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4.2. CASE LINES
The lines for the two case studies were chosen with help of the net planners at Fortum Distribution

AB. With their knowledge and familiarity with the Fortum grid two lines fitting the requirements
could be found; one line that had already been renovated and one that was in need of better

reliability.

A summary of the properties of the case lines can be seen in table 4.

Charlottenberg Lesjofors

(before 2001)

37 km 61 km

Cables 5 km 15 km

Total 42 km 76 km
Number of customers 312 303
8,2 5,0*

5,5 13,4*

Table 4: Properties of the case lines. SAIFI and SAIDI from actual outage data.
* The SAIFI and SAIDI for 102A Lesjofors are computed using outage data
for 2001-2006. For 020E Charlottenberg data from 2001-2011 is used.

4.2.1. LINE TO2A IN LESJOFORS
In the Bergslagen area lies the small town Lesjofors. It has one substation (102) with 7 lines feeding

the area. The 102B line covers the ten secondary substations in the northern urban area while 102C
and 102D feeds the western and southern parts of the town, with 7 and 8 secondary substations
respectively. The lines 102G and 102X both feed the factory “Lesjéfors Springs & Pressings”. The rural
areas south of the town are fed by 102E with 36 secondary substations. Line 102A is the biggest line
and feeds the 53 secondary substations in rural parts north of the town. This line has undergone
extensive reconstruction during the past years and is the line chosen for the first case study. The

model will be made after what the original line looked like.
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Today the line supplies 303 customers distributed along more than 75 km of power lines. Before the
year 2001 nearly the entire line consisted of overhead lines. The only longer piece of cable, the urban
part excluded, was located on L4. This part was changed from overhead lines to underground cables
during the 1990’s. The rest of the line was made of overhead lines. This construction had some
weaknesses. For instance, the first part of the line was a long overhead line (L1) along a lake. This
part of the line was often damaged due to beavers that were cutting down trees close to the lake
[17]. When this part had to be repaired, many customers were out of power since it happened close
to the substation. Another area that possibly could have been built differently is the very long
rounded line going south (L3-L5), this line could maybe instead have been electrified from the other

way, straight from the substation.
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The original line had 14 disconnectors on the main line that could be used to section the line in case
of outages. A few of the disconnectors were fuse disconnectors that could disconnect the failing
segment without causing an outage for the rest of the customers. The system had one open point to
a secondary feeding at the substation 184 Tyfors located on the northeast part of the line. The
northern part of the line formed a loop and had an open disconnector at the far west point (D14).
This assured that the customers at the end of the northern part would not be cut off for long if a fault
occurred, but could be supplied from the other direction. The customers on the southern part did not
have this opportunity, they would all have a blackout until the fault was repaired if it happened on

the south side.

This area suffered from many and long outages, but during the first decade of the 21th century a lot
of work was done to improve the reliability of the line. The first improvement was to change 4.5 km
of overhead line at L7 to an aerial cable. An aerial cable is hung on poles just like the overhead lines,
but is much stronger and will not be short-circuited if a tree branch falls on it. This was done in 2001.
The next investments were done on the lines just north of this line segment. In 2003 another 5 km of
overhead lines, at L14, was changed for aerial cable. The same year 3.5 km underground cable was
dug down at L3 and just over 1 km at L2. The biggest part of the renovation was made during 2006.
Many projects of turning overhead lines into cables were carried out and since then the line consists
of 73 km of cables and 18 km of overhead line. Of this 12 km are cables to new customers. (This does
not add up to the original 76 km because cables are normally placed next to roads and therefore are
longer than overhead lines feeding the same point [18], and the cables were not installed in the same

topology as the overhead line.)

The second line to analyze was chosen to be line 020E in Charlottenberg. The town of 2000 people is
situated right by the border to Norway in the Swedish county of Varmland. The town substation
(020) has 13 outgoing lines of which three supply the urban area, five support important loads like
the power station and the big border trade malls, and last four supply the rural areas around the
town. Line 020E is one of the rural lines and supplies the eastern part, which consists of 44 secondary

substations with a total of 312 customers, see figure 9.
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The 43 km long line has almost no underground cable, except for two radial lines to the two
substations in the far north and two sea cables in Lake Raksjon. The main line goes straight east and
connects with an open point at the substation 082 Jérpforsen, see figure 9. There is a more than 10
km long radial line going straight south from the middle of the line down towards Lake Fjallsjon. This
part of the line has no connection to another line or substation and has therefore no possible
secondary feeding. In case of blackout the 93 customers living at this part of the line are left without
power until the line is fixed. There are two other open points on the line, both situated in the
beginning of the line. One of the open points is to the line 020D and the other one to the line 020G,
which are other lines out from substation 020, see figure 10. The latter open point has a remote

controlled disconnector.

020

020D . 020G

020E
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Along 020E there are eight remote controlled disconnectors that quickly can section the line, see

figure 9. The main line has manual disconnectors at two places and many of the outgoing radial lines

can be manually disconnected. Many of them are combined with a fuse.

The line has had many problems and Fortum is planning to reconstruct it. One of the problem areas
for 020E is the long radial with no secondary feeding (L6-L9in figure 9). Many of the line’s customers
are without power if a fault occurs. Another issue is the amount of overhead line, a large part of the

line goes through forest areas and is often blacked-out due to trees.

The idea of this thesis is to make a model of the Lesj6fors line as it was designed before 2001 and
calculate the reliability indices and the costs. Different investment scenarios are then applied to the
model. The purpose is to determine if the investment alternative chosen by Fortum is the one that
even more detailed reliability analyses would indicate as the best one. To be able to do this one of

the investment scenarios is the Lesjofors line in its current design.

This is the investment that was actually carried out on the Lesjofors line. To measure its effect on

reliability and its cost efficiency, a model of Lesjofors as it is today is made. For the other investment
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scenarios the two models of the case lines only had to be modified accordingly to the investment
that was being made. The actual reconstruction of the Lesjofors line was so extensive that a new

model had to be built.

The model of the current grid topology on 102A Lesjofors was made in basically the same way as the
model of the original line. The components were listed and the line was divided into line segments
according to where the main line disconnectors are located. An image of the current design of the
Lesjofors line can be seen in figure 13. As can be seen the line is divided into 14 line segments just
like the original line. There are four radial lines for the current line as well as the original. The
location of the sectioning equipment is however a bit different and the cables do not go exactly
where the overhead lines went. The sectioning equipment has been located with the help of PG and
the network plan for the current line, which was easier than for the original line where the
equipment was positioned by the fitter. This lead to some inconsistencies, some places should
logically have had a disconnector although it was not marked on the map. Because of this a few
existing disconnectors have not been taken into account in the model because they were probably

there on the original line as well, this in order to make the two cases as comparable as possible.
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Because the line segments were re-structured, the load points are not made up of the same

secondary substations anymore. Now there are for example only 18 load points compared to the 19

of the original line. Some of the customers have been moved to other load points and some

customers that were earlier fed by 184 Tyfors is now added to the 102A Lesj6fors line.

Only one of the disconnectors is a combined fuse disconnector, D10, which can disconnect the long

overhead line to the substation 184 Tyfors. There are also two remotely controlled disconnectors on

the line, D4 and D7. If the fault is on either L4 or L7 it can be found very quickly. The remote

sectioning is assumed to be done within the initial 3 minutes of the fault management.

A new sectioning order had to be created now that the line is different. The sectioning order

assumed in this project can be seen in appendix 2.
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With the sectioning order the calculations of the restoration time of the power at every load point

for every fault scenario was made. The rest of the input data was equal, the items that change were:

e Lengths of cables and overhead line

e number of customer per load point

e sectioning time
From the model the new total number of customer outages and customer outage hours were
collected. After relating it to the number of customer at each load point the SAIDI and SAIFI of the
current Lesjofors line according to the model could be calculated. The results are then compared to

the outage statistics for 2007 until today. The result can be seen in table 5.

Current 102A Lesjo Actual grid

SAIFI 3.41+£1.18 1.96

SAIDI [hours] 6.21 +£2.19 6.12

Table 5: Reliability indices for the Lesjofors line in its current design
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In this section it is described how the models of the case grids were made.

The knowledge of the fault management process, see chapter 3, was used to create the models of
the case lines. The first step in the process is to list all the important components along the line. It
was decided that the components to be included in the model was; overhead lines, cables,
disconnectors and breakers. These components were chosen because they are the ones considered
to be most important for the reliability and therefore are used in reliability analysis on research level.
The components along the lines were identified in the computer tool Power Grid (PG). This computer
tool is a GIS system that allows the user to, among many other things, study the topology of the grid
and access information on different components. PG can also be used for net calculations and
planning of reconstructions. In this project PG has been used to fetch information on for example the

structure of the grid or the installation year of different components.

The data collected of the case lines were filed in Excel. Interesting details were for example length of
overhead lines and cables and positions of sectioning equipment. Listing the components for the
Lesjofors line took some more work since this area had already been reconstructed and the data in
PG concerned the current design of the grid. However, demolished lines and equipment can be
shown in PG and the information could be listed for hand from this. The positions of the sectioning
equipment were marked on a map by one of the fitters who had been working in the area during the

period before the reconstruction [19].

1 1
10 14
15 4
44 53
24 19
11 14

The main lines were divided into segments depending on where the sectioning equipment was

located. The Lesjofors line was divided into 14 segments and had four radial lines going out from the
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main line and separated by sectioning equipment, see figure 8. The customers connected to the
same segment or radial are affected the same way by outages on the line, and are therefore merged

into one “load point”. The 53 secondary substations on line 102A make up 19 load points.

The Charlottenberg line is divided into 11 segments and has 15 radial lines with sectioning
equipment. The 44 secondary substations form 24 load points, see figure 9. Table 6 shows the

number of different components along the lines.

One of the most important part of the project, the part that will affect the result the most, is the
input data. This chapter is therefore written with the intent to thoroughly explain the origin of the

data used in the project and the assumptions and simplifications that are made.

The calculations of failure rates for the different components are built on the outage statistics kept
by Fortum. The outage statistics are managed by Succel (see section 3.1.1.). A lot of information
about the outages is kept in Succel and can be collected. Table 7 is an example of some of the data

that can be listed. The information in Succel is in Swedish but has been translated here.

020E MV Tree on street OH LINE 311 464
020E MV Tree, wind OH LINE 98 391
020E LV Tree, wind OH LINE 11 69
020E LV Unknown, fuse replaced CABLE 7 5

020E MV Tree, wind OH LINE 98 141
020E MV Tree, wind OH LINE 28 51

020E MV Snow(no tree) OH LINE 28 50
020E MV Component failure OH LINE 12 14
020E LV Component failure CABLE 7 35

All outage data used to calculate the failure rates are on medium voltage level (except low voltage
failure rate), longer than 3 minutes and shorter than 12 hours. This is possible to filter in Succel. The

reason for the outage length limitations is that this kind of data is used in the regulation of the DSQO’s,
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see section 2.3. SAIFI and SAIDI calculated from these outage data are used to adjust the revenue
framework. These adjustments will be taken into account in this project and SAIFl and SAIDI
produced by the model are therefore obtained in the same way as the ones in the regulation. The
long outages (>12h) will be handled separately since the cost of these outages is much higher than

for the shorter ones, see sections 2.2.2 and 4.4.

All extreme values in the data have been kept. When extreme weather situations occur it can have a
great effect on SAIDI of that year. Storms are however a natural part of the weather over time. The
outage data for the case lines are collected during several years and removing extreme values from
the data might give a false value of what the real situation is like. None of the case line does however

seem to have been hit badly by the biggest storms in the recent Swedish history, Per and Gudrun.

The failure rates of the components modeled in this thesis are listed in table 8.

0.3+ 0.1 0.08 + 0.04
0.02 + 0.01 0.02 + 0.01
0.001 0.001
0.05 0.05
0.08 + 0.02 0.05 + 0.02

A 95% confidence interval for the input failure rates has been calculated in accordance to equation

(2.29) in [10] which reads:

A

where n is the number of occurrences, in this case the number of outages. For this equation to be

valid n has to be sufficiently large. The limit is n>15 according to [20, p. 184].

The calculations of the input fault rates to the models were made as follows.
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2005.01.01-2011.07.01
6,5
Outage data for LO20E
66
36.7
=66/36.7/6.5=
=0.3+ 0.1

faults/km and year

2001.01.01-2006.01.01
5
Outage data L102A
22
51.9
=22/51.9/5=
=0.08 + 0.04

faults/km and year

A main goal in the project has been to keep the input data as local as possible. This goes especially
for the overhead line fault rate, since this value is the single most important for the resulting SAIFI
and SAIDI of the models, see appendix 6. The same type of overhead line can have very differing fault
rates depending on location. The terrain in the area is a far more important factor. If the line goes
through forest with many trees growing close to it, the risk of outages increases. If the area also is

very windy, the risk increases even more.

The overhead line fault rates were therefore the first to be calculated, to check if it was possible to
use only the outage data from the actual lines. For the Charlottenberg line the time period chosen
was 2005 — end of June 2011. This period was chosen because in this time no construction of
underground cable (longer than 300 m) was done. Since the lengths of the lines are assumed to be
directly proportional to the failure rate per km, it is very important to carefully measure the lengths
of overhead lines and cables. This is another reason for keeping the data as local as possible, smaller
areas allow for more precise length measurements. On the Lesjofors line there had not been enough
overhead line outages that a time period where there had been no construction of overhead lines
could be chosen. Instead the time period 2001-2005 was chosen. In this time (see section 4.2)
construction of the aerial cables was done on the north part of the Lesjofors line and also some
changing for underground cables on the south part. The work was done during 2001 and 2003. This
changes the lengths of both cables and overhead lines, since the latter is demolished. However, since
the area was kept small, the change in length could be computed and a mean cable length for 102A

Lesjofors could be calculated (see equation 31). In this time period there had been 22 outages due to

55



overhead lines, which is enough to produce a statistically approved value according to theory of

statistics, see equation 29.

Before 2001 I 60.7 14.8

After 2001 55.1 19

After 2003 I 46.6 28.7

Table 9: Line lengths in Lesjéfors

The calculation of the mean lengths can be described with the (not-to-scale) figures 14 and 15.
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Figure 14: The change in cable length on 102A Lesjofors during 2001-2006
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Figure 15: The change in overhead line lengths in Lesjéfors during 2001-2006

Calculation of the mean OH line length in the period 2001 to the end of 2005:

(60.7—w)*1+55.1*1+(55.1—w)*1+46.6*2
Loy = S =5191km ¢tq 25

Knowing the number of outages in a certain time period and the lengths of the overhead lines in the

area the failure rate per km and year can be produced.
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2005.01.01-2011.07.01
6.5
14 substations around 020
67
509.5 km
=67/6.5/509.5=
=0.02 + 0.01

faults/km and year

2001.01.01-2006.01.01
5
10 substations around 102
20
243.1 km
=20/5/243.1=
0.02 + 0.01

faults/km and year

When producing the fault rates for the cables the idea was to have at least as many outages of cables
in the chosen time period as there were overhead line outages. Choosing the essentially same
number of data points for the different failure rate calculations will give the same order of accuracy.
For the cables, however, the outages on the specific lines are not as many as for the overhead lines.
Cables have a smaller failure rate than overhead lines, there is also a lot more overhead line than
cables in rural grids today. For the cable failure rate calculations either the time period or the
geographical area for the statistics must be widened in order to cover more faults. Even when all the
years available in the statistics are included for the case lines, the number of outages is not as many
as the overhead line outages in the chosen time periods. Therefore the area of data collection was
widened. The concession area where 020 Charlottenberg is located, 33 Arvika, was used when
producing the value for the failure rate of cables on 020E. Fourteen substations (see Appendix 1)
located around 020 were chosen (including 020). There had been 67 outages due to cables in this
area, which corresponds to the number of overhead line outages along LO20E during 2005-2011.
When computing the value for 102A Lesjofors ten substations in the area around the 102 substation

was used (see Appendix 1). In this area there had been 20 cable failures.

Having larger areas for data collection complicates the measuring of line lengths. From PG a list of
cables and overhead lines in the different concession areas can be extracted, a so called MV-report.
The list contains among other things: lengths, types and installation years. This has however been
found to not always be exact, especially the installation year (see discussion in Appendix 2). Zooming
in on and measuring every line graphically in PG (which was done for the case lines) would however
be too time consuming. Because of this the data in the MV report had to be trusted. The lengths of

the cables in the area are summed and the increase of cable length during the time period is
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assumed to have equally big throughout the time period (i.e. not as carefully calculated as the

Lesjofors cable length increase).

14 substations around 020 10 substations around 102

Cable length end of period 647.6 km 284.3 km

Length cable beginning of the period 371.5 km 201.8 km
Mean cable length 509.5 km 243.1 km

Table 11: Cable lengths in the areas around the substations

Calculation of the mean cable length

284.3-201.8
Leyy, = 2018 + 25202 = 2431 km .26

647.6—371.5

Le,,, = 3715+ =509.5km  Eq 27

The substations that were used are listed in appendix 1.

Failure rate of breakers and disconnectors

_ 020E Charlottenberg 102A Lesjofors

0.001 faults per component and year 0.001 faults per component and year
0.05 faults per component and year 0.05 faults per component and year

Table 12: Failure rate of breakers and disconnectors

Data could not be collected in Succel for these components. If the data is scarce for cables, it is even
worse for breakers and disconnectors. This could partly be because they are not as exposed to
weather and wind as power lines are. Many breakers and disconnectors are located inside
substations and are therefore more protected. They are also smaller, and the chances, for example,

that a tree would hit them are therefore smaller compared to an overhead line.

Since data could not be collected from Succel in this case, reliability data earlier used in analyses of
the electric grid of researchers at KTH were used [21, p. 158]. Lina Bertling (now professor at
Chalmers) made her PhD at KTH and in her doctoral thesis a reliability analysis is made of the rural
overhead line distribution system “Flymen”, owned by the former Swedish DSO “Sydkraft”. The
outgoing lines from Flymen are basically of the same size as the case grids in this project and this is

also a 10 kV system.
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2005.01.01-2011.07.01 2001.01.01-2006.01.01

6.5 5
Charlottenberg 020E, 020B, 020U Lesjofors 102A and 102E
60 21
112 89
=60/6.5/112= =21/5/89=
=0.08 + 0.02 =0.05 + 0.02
faults/sec substation and year faults/sec substation and year

The faults on the low voltage grid are put together into one value. This is because it is assumed that
outages on low voltage grids do not spread to the medium voltage grid because of protection
equipment in the secondary substations [17]. A simplification in the project is that it is assumed
that every secondary substation has the same amount of low voltage faults a year. This is probably
not true since some secondary substations have a large low voltage distribution grid with a lot of
overhead lines and others have just a few short underground cables. Since the low voltage faults do
not affect many customers at the time and therefore have a limited effect on the reliability the
simplification is assumed to be acceptable. The total number of outages on low voltage level is
divided by the number of secondary substations. When calculating the low voltage failure rate for
the Charlottenberg line three lines out from the substation is used, see table 13. This is because the
low voltage faults on LO20E Charlottenberg alone were too few. On all three lines 60 low voltage
faults happen during the time period 2005.01.01 — 2011.07.01. The two extra lines were chosen to be
rural lines that were fed from the same substation as 0202E Charlottenberg. The lines that feed the

Charlottenberg town area were not used.

The procedure was the same in Lesjofors. One other line had to be added in order to have a sufficient

number of data points, L102E that supplies the southern part of the Lesj6fors area.

Another important variable in reliability analysis is the restoration time. The restoration time
describes the time from a fault occurring until the power is back on again. This is, as explained in
section 2.1 not equal to the repair time. The fault has to be discovered and found, and then repaired.
The restoration time is varying between parts of the grids and between different kinds of failures.

Because of the complexity, the restoration time is often assigned a mean value for all kinds of faults
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and for the time it takes to perform all tasks associated with restoring the power. As stated in [22]
the use of mean values can however have significant disadvantages. In this project the restoration
time has been divided into three parts; fault isolation time, fault location time and repair time. The
information on the time it takes to perform the different tasks in fault management was obtained
during the study visits and interviews with the Fortum personnel. AlImost all data are based on
statements from the power systems operators and fitters. In order to model the sectioning time

properly a simulation of sectioning was performed on the Charlottenberg line.

Discovering the fault 0.05 hrs

Reaching the first disconnector 1hr

Time between two disconnectors 0.2 hrs

Sectioning with remote controlled 0.167 hrs

disconnectors

Patrolling 4 km/hr
Fix cable time 3 hrs
Repair time for cables 4 hrs
Repair time for OH lines 3 hrs
Repair time for disconnectors 2 hrs

Repair time for breakers 1hr

Table 14: Times of tasks in the fault management

Fault isolation time
This part of the restoration time describes the time from a fault’s occurrence until the line has been

sectioned and the customers on the lines where the fault did not occur have the power back. This
includes several steps, like the power systems operator discovering the fault and calling a fitter or the
time the fitter needs to get to the location of the fault. The greater part of this is however the
manual sectioning. Depending on which line segment the fault is located, it will take more or less
time to find and isolate. If the failing segment is right at the disconnector to first be opened, the fault

will soon be isolated for example.
Lesjéfors

The fault isolation time will be very different depending on the sectioning equipment installed on the
line. The Charlottenberg line has remote controlled disconnectors operated by the power systems
operator or even automatically by the system. This shortens the fault isolation time drastically in

comparison to the Lesjofors line where all disconnectors have to be operated manually.
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Discovering the fault
As explained in section 3.1 the SCADA system tells the power systems operator that a breaker has

disconnected a failing line. The power systems operator will need a few minutes to for example go
and get the net plan, try re-connecting the breaker and calling the fitters. This time is added to the

total fault isolation time.

Discovering the fault [2]: 0.05 hrs

Fuses
At some places in the grid there are fuses that can disconnect the line behind it without the

customers located before the fuse noticing it. The breaker will also not notice the fault and this
means that the SCADA system will not send a message to the power systems operator. In this case
the power systems operator is dependent on the blacked-out customers to inform the DSO about the

outage.

The fuses can only break for the short-circuit faults, which are assumed to account for 60% of the
faults. In the other cases the breaker will break and the SCADA system will notify the power systems

operator.

A simplification that is made on the Lesjofors line is that it is assumed that the person calling the
DSO is calling from the failing line segment. This might give a slightly faster result on finding the
fault. On 020E Charlottenberg most of the fuses are placed at radial lines, meaning that the person

calling will always be calling from the failing segment.

The fitter reaches the first disconnector
The fitter has, according to the contract between the infrastructure service company and the DSO, a

certain maximum time to get to the failing line after having received the call from the power system
operator. This maximum time is 90 minutes in the Swedish county of Bergslagen, but one of the
power systems operators was asked to estimate the average time it takes a fitter to reach and open

the first disconnector as it often is performed faster than the maximum time.

First disconnector [2]: 1 hr

Sectioning
As discussed in section 3.2 the sectioning order on a line is decided by the power systems operator

and depends on the power system operator’s experience and knowledge. To find the likely order of
sectioning on the original Lesjofors line a power systems operator was asked to explain in what order
the disconnectors were opened [2]. It must however be noted that the order of sectioning is often

decided during the actual fault, and depends on the system operator. The order in which the
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interviewed power system operator would have opened the disconnectors is described in the flow

chartin figure 16.

The breaker
102A-S cuts power

s s
| Fault located on L6 | Fault located on L7
NO_T N

0
/ﬁ Open F1 and re-
[ Fault located on L3 close 102A-S
T Voltage held? Voltage held?
Yes
Yes

| Fault located at L1 N Voltage held?
/ h Open F6 and \ 4
Voltage held? NoP{ Fault located on L4 close F5. Open F8 and
Yes + close F7
v

Yes

Open F2 and close

[/ . Al F1 to see if the fault /—
| Fault located on L3 i i :
is on the upper side Voltage held? NoP»| Fault located on L2 }
A /
No Voltage held? -No{ Fault located on L8

Fault is located on
the upper side. Open
F5 and F7 and re-

Fault is located on
€—VYes Voltage held? ><€— the lower side. Open [€—Yes: Voltage held? Nop|
F3 and close F2.

Open F4 and
close F3

close 102A-S
Yes
N
Open F10, F11
Voltage held? and F12and €—VYe Voltage held? ><€———— Open F9 and
close F9 close F8

No

/7 J Yes T\Lo
| Fault located on L10 /

( Fault located on L9
( Fault located onL.12

( Fault located on L13

H(aull located on L11 |«€No

Voltage held?
Yes
Close F11

Open F13 and

close F12 Fault located on L14)

Voltage held?

The power systems operator explained that the first disconnector to be opened would be D1 in
image 7. This is done to check if the fault is on the first line segment. Even though that disconnector
is not in the middle it can be wise to start here since L1 is a risk area (see section 4.2). The next move
would be to open disconnector 2 (D2) and close the first disconnector again. This would show if the
fault is on the north or the south side, and depending on the result the rest of the line will be

sectioned, either on the north or the south side.

Simulation of sectioning time
In order to examine just how long time the sectioning of a fault takes, a field test was performed with

the help of one of the fitters working on the Fortum grid. The test was performed on the
Charlottenberg line, even though this line has remote controlled disconnectors. The reason for doing

so is that the line in Lesjofors nowadays has cables for the most part and is therefore hard to
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simulate a sectioning on. Instead Charlottenberg was chosen and the result will then be applied on

the model of the original Lesjofors line with overhead lines.

The sectioning was initiated by going to the first disconnector on the line and “opening” it. This was
done by parking the car as close as possible to it and the walking through the forest to the
disconnector (in the case the disconnector was not located next to the road) and then allowing some
time to pass. In this time the fitter would have called the control center and opened or closed the
disconnector. The control center only had to be called when any line segment was going to be
energized. The first disconnector was “opened”, and the first line segment was energized. Thereafter
the fitter went to the second disconnector and opened it. This time the network control center did
not have to be called since the segment was without power. When the second disconnector was
opened we went back to the first one and closed it. This was then continued for all seven

disconnectors that were in the simulation.

4.0 12.0

Figure 17 shows the pattern of sectioning. The location of the different disconnectors can be seen in
figure 9. The pattern follows the same basic rules of opening one disconnector and then going back
to close the disconnector behind it, energizing only one segment at the time. One exception to this
rule was made. The location of the disconnectors made it more convenient to open both D9 and D5

at the same time, thus saving time.

To estimate the time it takes to go from one disconnector to the next and open it, the value which
will be used in the model, the total time of sectioning was divided by the number of trips between
disconnectors. Since one has to go back and forth between the disconnectors, the seven
disconnectors lead to 14 trips. The total time, 03:50 h, was hence divided by 14, producing the mean

value of 12 minutes. In reality sectioning is often performed by two fitters working in a team to
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speed things up. One fitter then opens disconnectors and the other one closes them behind the
other one. This method was not possible to simulate since only one car was at hand. The time
estimates will however not be greatly influenced by this since the total time is divided by the number

of trips. This experiment can hence be used both for single sectioning and sectioning in team.

The time between two disconnectors is affected by a number of things. If the fitter is used to the
area there is no problem to find the disconnectors, but if not they can sometimes be hard to find.
The fitter has got help from the operator who has the network plan to look at, but the disconnectors
can sometimes be located inside the forest and hard to spot. Walking up to the disconnector through
the forest will also take some time. Other times they are located by the roadside and very easy to get
to. These disconnectors can of course be operated a lot quicker. Another variable is the connection
to the network control center, sometimes more fitters are calling and there is a waiting line to speak

to the operator.

Time between two disconnectors: 0.2 hrs

Isolation
When the failing line segment has been identified the fitter will isolate the fault and connect the

secondary feeding. The isolation is often done by again opening the disconnector that was just

closed, before the power went out. This is assumed to be done immediately. Sometimes however,

CLOSED CLOSED JusT OPEN
CLOSED

the fitter has to go somewhere and open another disconnector. This time is then added to the total
fault isolation time, as is the time it takes to go to the secondary feeding point and give the power
back to the other customers. This is assumed to be the same time as going between two

disconnectors while sectioning.
Charlottenberg

The isolation of the fault on the 020E Charlottenberg line is much quicker because of the remote

controlled disconnectors.
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Discovering the fault and isolating it
The remote controlled disconnectors are so quick at sectioning that a fixed value is assigned to

isolating the fault, independent of what segment of the line that is failing. In this part the time to

discover the fault and register it in the computer etc. is also included.
Discovering the fault and isolating it [23]: 0.167 hrs

Local sectioning
Some disconnectors on the main line are manual and all disconnectors to the radial lines are manual.

These disconnectors have to be opened by hand and it is assumed that the fitter will always try to
section the failing line segment with the manual disconnectors before starting to look for the fault
(but after isolating the failing line segment). It is also assumed in the model that the fitter starts
with the disconnector closest to the distribution station and goes out along the line. The time to
open the first manual disconnector will be equal to the time it takes the fitter to reach the area. The
time to open the next manual disconnector is the same as the time between two disconnectors on

the Lesjofors line.
First manual disconnector [2]: 1 hrs
Next manual disconnectors?: 0.2 hrs

Fault location time
When the fault is isolated and the customers that can have the power back early do have the power

back, the fitter starts looking for the fault at the failing line segment. This procedure will be the same
for both the Lesjtfors line and the Charlottenberg line. Since the faults are most often on the
overhead lines, the fitter will begin by examining those parts of the line segment. As described in
section 3.2.2 this is done with the car in daylight and by walking next to the line at night, so called
patrolling. A simplification in this project is that it is assumed that the fitter always patrols the line.
This might give a slightly longer fault location time, but the alternative is found to be too complicated
to model. (In appendix 6 a sensitivity analysis on the input data can be seen) The approximate time
per km for the patrolling has been simulated by walking under the lines along a line corridor and

clocking the time.

’Found through simulation
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When modeling the fault location it must be taken into account that one cannot tell where the fault
will be located, sometimes it will be found in the beginning of the line and sometimes in the end and
so on. To compensate for this it is assumed that the fault is on average found after half the length

of the overhead lines.

When the fault is actually on a cable the fitter will still assume that it is on the overhead lines and
search the entire line before “realizing” that it must be a failing cable. In this thesis it is assumed that
the time to locate where on the cable the fault is, after the realization that it is in fact a cable fault,
is fixed. This is because when there is a fault on a cable the fitters have to wait for the cable bus,
which then will make measurements on the cable and say somewhat exactly where the fault is. This
ought to be independent of the length of the cable, which is also confirmed by the Infratek fitter

Daniel Heidkamp.
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The total time for patrolling a line segment will be calculated by multiplying the part of the faults
caused by overhead lines with the time to find an overhead line fault and then add the same number

for cables.
Patrolling time®: 4 km/hr
Fix cable time [15]: 3 hrs

Fault reparation
When the fault is found the reparation can begin. There are many different kinds of faults occurring

in the grid. Some repairs will take ten minutes, e.g. cutting down a tree leaning on the line, others
will be more time consuming. Sometimes spare parts must be fetched before the work can be
started. It is therefore hard to give a specific number on the repair time. Nevertheless, one of the
fitters was asked to estimate a value for the repair time of the four components included in the

model [15]:

Repair time for cables: 4 hrs

Repair time for overhead lines: 3 hrs
Repair time for disconnectors: 2 hrs

Repair time for breakers: 1 hrs

The goal of the analysis is to produce the system reliability indices SAIFI and SAIDI for the model
lines, i.e. the average number of outages for the average customer and the average length of these,
see section 2.1. The base case will then be compared to the SAIFI and SAIDI of different investment

scenarios and the most cost effective investment is deduced.

Every component in the case grids has been assigned its own reliability data; failure rate and
restoration time. The unavailability, U, for every component can be calculated by multiplying its fault

rate, A, with the restoration time, r.
Ui = Ai * 71

The case lines in this project are examples of series systems. This means, see section 2.1, that every

failure of a component will interrupt the function of the entire system. The customers at the load

* Found through simulation
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points connected to the failing line segment have to wait the entire restoration time, but other load
points might be able to get the power back sooner, thanks to sectioning equipment and secondary

feeding possibilities.

The reliability analysis is made as follows. For every possible fault scenario the effect on every load
point is calculated; number of faults per year, restoration time for this specific fault at this specific
load point and the resulting yearly unavailability. The results are listed in a table. Table 15 shows a
part of this table as an example of how the calculations are made. The table includes the values for
the first three of 24 load points and the faults on the different line segments (including both cables
and overhead lines). The other faults included in the model are faults on the disconnectors, breakers

and low-voltage grid.

Load point LP 1 LP 2 LP 3

Failing

component A r U A r U A r U

L1 1.146 4.727 5416 |1.146 [0.167 0.191 |1.146 |0.167 0.191
L2 0.347 0.167 0.058 |0.347 4.523 1.567 [0.347 4.523 1.567
L3 0.318 0.167 0.053 |0.318 |1.167 |0.371 |0.318 [1.167 | 0.371
L4 0.954 0.167 0.159 |0.954 0.167 | 0.159 |0.954 0.167 0.159
L5 0.895 0.167 0.149 |0.895 [0.167 |0.149 |0.895 [0.167 |0.149
L6 0.276 0.167 0.046 |0.276 0.167 0.046 [0.276 0.167 0.046
L7 0.897 10.167 0.149 |0.897 0.167 0.149 [0.897 ' 0.167 | 0.149
L8 0.558 0.167 0.093 |0.558 '0.167 0.093 [0.558 0.167 0.093
L9 0.722 10.167 0.120 |0.722 0.167 0.120 [0.722 ' 0.167 | 0.120
L10 0.847 0.167 0.141 |0.847 0.167 0.141 [0.847 '0.167 0.141
L11 1.070 [0.167 0.178 |[1.070 |0.167 0.178 [1.070 '0.167 0.178
Sum 8.028 6.563 |8.028 3.166 |8.028 3.166

The fault rates for every fault scenario are added for every load point. The sum is the total amount of
times load point i fails during a year. The “U” column holds the products of the fault rates and the
restoration times and is also summed. The total unavailability U describes how many hours a year
that load point i is without power. Different load points have different amount of consumers. This is
taken into account by taking the total number of outages for load point i times its number of

customers, which produces the column “Customers outages”. This column is summed and the sum is
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divided by the total number of customers on the line to produce the SAIFI of the line. An example of

the three first load points is shown in table 16 and the resulting SAIFI is calculated with equation 35.

Customers | Number of | Customer

outages outages

8 9.5 75.8
6 9.5 56.8
8 9.6 76.5
Sum 22 209.1

Table 16: Calculation of customer outages for the three first load points

209.1

SAIFIexample ="

= 9.5 outages per customer and year Eq. 29

When calculating the average outage time per year and customer, SAIDI, the total outage time for
load point i is multiplied with the amount of customers at that load point. An example can be seen in

table 17 and calculation (eq. 36).

Load Customers | Unavailability Customer

point [h] outage hours

LP1 8 7.0 56.1
LP 2 6 3.7 22.4
LP3 8 4.3 34.3
Sum 22 112.9

Table 17: Calculation of customer outage hours for the three first load points

112.9

SAIDIexample =

> = 5.1 hours per customer and year Eq. 30

SAIDI and SAIFI of the model describe the condition of the line. If SAIFI is high it means that there are
often outages here and some actions to lower the frequency of failures might be in place. If SAIDI is
higher than usual it means that the part of the year when the line is unavailable is bigger than usual.
SAIDI can be lowered either by shortening the outage time or by lowering SAIFI (i.e. lowering the
number of outages that leads to an increased unavailability). The SAIFI and SAIDI in table 16 and 17

are just examples of how the calculations are made. The actual results will be higher because the
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faults on the rest of the components are added. It is however noteworthy that the if the customers
on the Charlottenberg line are evenly distributed over the load points and if the load points are
somewhat equally affected by failures of different lines — the SAIFI and SAIDI will be close to the
numbers in the example. But load points with many customers or load points heavily affected by

outages might also change these numbers considerably.

4.3.4. CALCULATION OF COSTS
The cost of repair was calculated for the two lines as described in appendix 6.

Charlottenberg

Cost per repair [SEK] Failures per year Yearly cost
SEK

8755 10.2 89 002
21140 0.11 2263

8 755 0.5 4378

8 755 0.001 9
5150 3.6 18 676
114328 SEK

Table 18: Yearly cost of repair on the Charlottenberg line

Lesjéfors
SEK,

| OHline | 8 755 5.1 45 044
21140 0.25 5 200

8 755 0.7 6 129

8 755 0.001 9
5150 9.1 46 739
103 120 SEK

Table 19: Yearly cost of repair on the Lesjofors line

4.3.5. RESULT OF THE MODELS
When the reliability analysis is done on the two case lines the result can be listed.

4.3.5.1 Reliability
In appendix 9 are tables of the total number of annual faults and the total hours of unavailability for

every load point. These are then related to the number of customer at the load point, and finally
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SAIFI and SAIDI are calculated. The intervals are calculated by using the endpoints of the confidence

intervals of the input fault rates to produce a lowest and a highest SAIFI and SAIDI.

m 10.05 + 2.30 8.07 + 1.83
Actual grid (Succel) 6.35 9.50

Table 20: Reliability indices of the model line and actual outage statistics for 020E Charlottenberg

This can now be compared to the outage statistics. The SAIFI and SAIDI indices have been calculated
for the two actual case lines in the time periods that the fault rates for overhead lines were collected.
These time periods were chosen because overhead line faults are the most important ones, and also

the only data to be collected only on the specific lines.

m 5.27 + 1.96 10.49 + 3.86
Actual grid (Succel) 4.95 13.38

Table 21: Reliability indices of the model line and actual outage statistics for 102A Lesj6fors

4.3.5.2 Costs
The cost of reliability consists of repair cost, cost from the regulation and cost of long outages. The

cost of repair for the base cases of the two lines can be seen in table 22 and the cost of long outages
was calculated in section 4.4. The part of costs due to regulation will not be calculated for the base
case. Instead the SAIFI and SAIDI of the base cases will be used as the norm costs when calculating
the regulating costs for the investment scenarios, i.e. the change in SAIDI and SAIFI of the investment

alternative relative to the base case will be input to the regulation costs.
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114 328 SEK 103 120 SEK

2 826 SEK 3964 SEK
_k _*
117 154 SEK 107 084 SEK

The models of the grid that were created in this project are what the resulting conclusion and
recommendations are based upon. Therefore it is of utmost importance that the models can reflect
the reality well enough. The result of the models depends most strongly on the failure rates,
restoration time and the order of sectioning (at least in Lesjofors where the disconnectors are

manual).

The key assumption in this project is that local data will produce a more accurate failure rate than
average values of Fortum’s entire electric grid. Therefore a goal has been to collect the input data for
the failure rate as close to the case lines as possible. It is however assumed that the failure rate is
constant over the entire line. This might be a setback for this model because, as earlier mentioned,
the failure rate depends heavily on the terrain. The terrain can vary a lot locally, parts of the line can
go through forest and other parts through fields, where the latter has a lot less risk of having trees
falling it. An improvement to this model could be to use the local data for the components and then
come up with a way to classify the failure rates depending on what terrain they are located in. This
has not been done in this project because of limited time, but this could perhaps be input to another

master thesis. This is further discussed in section 6.3.

Keeping the data local was also only possible for the overhead line faults. Failures of the other
components in the project are so rare that the number of data points was not enough to produce a
statistically approved value, see section (4.3.2.2). Therefore either the geographical area or the time
period of data collection had to be broadened. This means that the failure rate values will be either
not as local the overhead line failure rate or collected partly in a different time period, when
reconstructions might have been made. The number of overhead line faults is what sets the
requirement for the other faults as well. This means that if for example 30 failures due to overhead

lines occurred on the case line, the area or time period must be widened until 30 cable failures have
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occurred when looking for the cable failure rate. The point of this is to keep the uncertainty of the
different input data in the same range. (It might have been statistically enough to broaden the area
or time period until 20 faults had occurred, but it was widened until 30 had occurred to have a value
as accurate as the one for the overhead lines.) Keeping the data local led to uncertainties in the input
data that makes the confidence interval of the result rather big. The resulting SAIFI and SAIDI have a
confidence interval of more than £20% for 020E Charlottenberg and over £30% for 102A Lesjofors.
The Lesjofors line model has a more uncertain result because it had less overhead line failures on the
specific line than the Charlottenberg line had. Perhaps it had been better to widen also the area or
time period for the overhead faults to obtain a more exact result. It is however hard to know if more
data points from other lines in the area would have given a more exact result, or introduced data
from problems that were not present on the case lines. Another problem with widening the area is
that calculation of the lengths of the lines gets more complicated. If the data is very local the lengths
of the lines can be manually calculated in PG. If not they have to be collected from a so called MV-
report in PG which is not always very accurate. The lengths of the lines are assumed directly

proportional to the failure rates, which is why it is important to measure them carefully.

Focusing on the overhead lines and adjusting the area and time period of the collection of data on
the rest of the components to fit the accuracy of the overhead line calculation was probably not a
bad idea. The overhead lines stand for the absolutely biggest part of the failures and the results are
heavy dependent on the overhead line data. Therefore the focus has been to collect the just right

data of this.

The breaker and disconnector faults were not possible to collect from Succel and had to be picked
from another project. The data do however come from a similar system and the faults do not affect

the results very much, and because of this it is assumed that the use of this data is acceptable.

In contrary to the failure rates, that are obtained through statistics, the data on the restoration time
is almost completely based upon statements from the personnel working with fault management.
The exception is the manual sectioning time that was simulated. The estimations of the average
restoration times are probably very good, since the persons asked work with fault management of
the electric grid every day. The average restoration time is however just an average. The actual
restoration times are probably very fluctuating. Sometimes the faults are really easy to find and
repair, if the fault happens during the day, in good weather and it is a tree leaning on the line, easy to
spot and easy to cut down. Other times the faults can be a cracked insulator and happens in the

middle of the night. It might very well take until daylight, or even longer, to find that fault. That the
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restoration times in this project describe the “normal” - when no problems occur- times is supported
by the SAIFI and SAIDI of the outage statistics. The statistics show that compared to the models, the
models tend to have a somewhat high SAIFI, whereas the SAIDI is lower than in the outage statistics.
This could mean that the models of the case lines describe a theoretical best SAIDI- that could be
obtained if everything went well. It could be useful to also try to improve the fault management as

well as investing in technical solutions.

Electrical systems are complex and hard to model, and so is the operation of the electric grid. The
fault management has been modeled in this project to obtain a reliability analysis closer to the
reality. Even so, many assumptions had to be made. The sectioning order is however not performed
in a pre-determined order, intuition and experience plays a big part in fault management, which is

hard to model.
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The long outages (>12 h) will be handled separately in this project. This is because of the special
circumstances of the long outages. They are rather rare, but when they occur they can lead to
extensive costs, as explained in section 4.2. In that section it was also explained that the quality
adjustment of revenue in the regulation was only dependent on the outages between three minutes
and 12 hours. This is another reason for keeping the long outages outside of those models and model

them separately.

Long outages are reported separately to the regulator and data on this is hence available, also
including information on the individual compensation that was paid. In this project data of the long
outages since 2008 was used. The aim here is still to keep the input data local, but because these
outages are so very rare, seven concession areas in Varmland and the adjacent county Skaraborg had
to be used to collect data. The numbers of medium voltage outages longer than 12 hours are listed in

table 23 for every year along with the total amount of customer compensation that year.

24 496 471 200 SEK
2 54 23 016 SEK
16 856 783 900 SEK
9 193 173 700 SEK
51 1599 1451 816 SEK

Because outages over 12 hrs on medium voltage level only were caused by overhead lines the only

category for medium voltage is the failure rate of overhead line outages longer than 12 hours.

In order to calculate the failure rate the total length of overhead line had to be computed. A lot of
work has been done on the grid in recent years to change the overhead lines for cables.
Underground cables have several advantages compared to overhead lines, especially in storms.
Windy weather often causes large disturbances on the electric grid, trees falling on the lines for
example. During the last decade two storms have greatly influenced the Swedish grid construction.
The worst one, Gudrun, hit in 2005 and two years later little brother Per also took down many trees
and power lines in a large part of Sweden. This led to a demand for more weather securing
investments and an extensive program to change overhead lines for cables was initiated. Fortum has

data on how many kilometers of cable that has been installed since 2006, see table 24.
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I N N N N
220 110 150 480 km
80 100 70 250 km

Table 24: Kilometers of installed cable

The outage frequency data has been collected from the Varmland/Skaraborg area (in order to fit with
the data of cable installation) so the top row is the one used in the calculations. The goal is to find an
average length of overhead line by calculating today’s length in Varmland/Skaraborg and then
compensate for the reduction in overhead lines. The value of 2011 is not known and has been

estimated as the average of the cable length increase of the three previous years.
Cable length increase 2011 = 363.3 km Eqg. 31
Total cable length increase since 2006 = 1453.3 km Eq. 32

It must also be taken into account that when cables are installed, they are longer than the overhead
lines that were removed. This is because cables are often placed along roads, whereas overhead lines
can be built pretty much straight from the substation to the customer. The demolished overhead line
can be assumed to have been 15% shorter than the cables [18]. This means that the 1453.3 km of
cable have replaced 1671.3 km of overhead line in Varmland/Skaraborg. The total length of overhead

line in the Varmland/Skaraborg area in 2011 can be seen in table 25.

407.7
881.9
508.4

27.8

1065.0

984.4

141.8
4017.0

Table 25: Overhead line length

The mean overhead line length is calculated the same way as the average cable length in the area

around the case lines when calculating the failure rate for cables (section 4.3.2).

1671.3

Length of OH linesgperqge = 4017 + = 4852.7 km Eg. 33

~
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According to the theory in this thesis the failure rate for long outages on overhead lines will be

described by the 51 long outages in the area divided by the line length and the number of years.

51
ALong on = PP 0.00263 faults per km and year

In order to know what yearly costs the long outages will cause on the case lines the average cost of a
long outage is deduced. The number of kilometers will then give the number of long outages a year,
and hence the cost of them. The reason for using average cost per outage, instead of relating it to
the number of customers, is because it is hard to know the number of customers that would be
affected by a long outage on one of the case lines. The long medium voltage outages are calculated

for the entire line and therefore an average cost per outage has been used.

Average cost of a long outage = Total cost of outages _ 14511816 = 28467 SEK

Number of outages 5

Cost due to long outages:

36.7 km * 0.00263 faults/km = 51.9 km * 0.00263 faults/km =
0.096 faults per year 0.14 faults per year

0.096 faults * 28 467 SEK/outage = 0.14 faults * 28 467 SEK/outage =
2745.0 SEK/year 3885.7 SEK/year

According to this way of calculating, the cost of long outages will be 2750 SEK for the Charlottenberg
line and 3900 SEK for the Lesjofors line. In this analysis, however, the assumption is made that the
long outages are dependent on the length of the line. It is not obvious that this is true. Long outages

might depend more on other factors like not having enough personnel.

The low voltage long outages were dealt with a little bit differently. Since the low voltage faults have
not been modeled per km line in this project, but rather per secondary substation, a failure rate per
km line was not deduced. The low voltage faults concern only a few customers at the time, most
often only one customer is affected. Because of this it was possible to calculate the long outage cost
taking the customers into account. The long low voltage faults during the last 4 years were studied
and the total cost and number of customers that had had a long outage were noted. The cost per
customer was produced and the number of customer affected by a long outage was weighed to

those who had not had a long outage on low voltage level. It was deduced that 0.23%o0 of the
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customers in the same 7 concession areas used for the long medium voltage outages had had a long
low voltage outage. The mean cost per customer outage was 1084 SEK, slightly above the minimum
compensation level. The yearly cost per line can be produced knowing how many customers that live

along the case lines.

80.7 SEK 78.4 SEK

None of the investment scenarios in this thesis will however change this cost estimation since none

of them affect the low voltage faults.

In the medium voltage calculations in this section it is assumed that the long outages depend on the
length of the overhead lines. This is probably not entirely true. More overhead line causes more
faults, but the circumstances that make the outages longer than usual might depend on other things.
Shortage of human resources is a commonly indicated cause in the data that have nothing to do with
the length of the line. The time of the day also plays a big part in how long outages get. The faults are
much harder to find during the night. During storms the reason for waiting can also be personal

safety.

Another drawback of dividing the total amount of faults that lead to long outages by the length of all
lines is that every line gets a very small fraction of a fault per year. The average cost of long outages
per line then gets very small and is not giving enough incentives to invest in actions to prevent these
outages. Most years there will not be a long outage on the line, but if it does happen one year the
costs may be very large. Analyzing the long outages is preferably done with a wider perspective and
not just looking at one line. The preventive actions must however be thoroughly integrated with the

investment planning that is performed on one line at the time.

A better approach to this problem is discussed in section 6.3.2.

78



Different types of investment scenarios were carried out on the case lines. The decisions of what
investments to do were taken together with the net planners at Fortum. The investment alternatives
include some of the more common investments, like changing overhead lines for cables, but also
new and untested investments. An example of the latter is reducing the voltage on minor radial lines
to 1 kV in order to keep the fault from spreading, which is a new type of investment. The results in
this thesis can give an indication of whether it is worth to keep investigating and perhaps implement

this kind of reliability enhancing investment.
The investment alternatives examined in this project are:

e Changing overhead lines for underground cables

e 1 kV voltage reduction on radial lines

e Changing manual disconnectors to remote controlled ones
e Adding a secondary feeding possibility

e Line breakers

In this section the methods of planning investments for better reliability at Fortum is described. This
has been thoroughly studied in [24] and for this project interviews with the Asset Managers Ove

Levein [17] and Roland Lennartsson [25] has been conducted.

Fortum has a list with the 100 lines in the grid in the most need of renovation. The lines are ordered
after how many customer outage minutes they have [17]. The net planners pick a line from the top
and decide what investments are adequate for this area. Overhead line faults are the most common
ones and changing the lines for underground cable is therefore the number one priority when
choosing investments [25]. The net planner studies the line with the most customer outage minutes
and examines where on the line the most faults occur. When that line segment is identified the
ground conditions in the area is analyzed to find out if changing for underground cable is possible. If

this is not possible the second alternative is to have aerial cables or isolate the overhead lines [25].

Another investment that can be considered is for example installing remote controlled disconnectors
at the base of radial lines. If a long line is feeding only a few customers, digging a cable might be a
too costly way of assuring better reliability to them, but the problems on the radial line might affect
the customers on the entire line. If a remote controlled disconnector is installed, the line can be
quickly disconnected if it fails. The customers living on the radial line will have to wait for the line to

be repaired, but the rest of them will soon have the power back.
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The investments are evaluated and the improvement from the investment is estimated. If, for
example, half of a long overhead line is exchanged for underground cable most of the faults, due to
wind, threes and thunder for example, are eliminated. This means that the SAIDI can be estimated to
drop to half of its original value. When Fortum calculates the benefits of making the investments it is
assumed that cables have no failure rate [17]. This is because of the significantly lower failure rate. In
the same way, if a radial line is isolated with a remotely controlled disconnector the faults behind the
disconnector are assumed to only concern the customer behind that disconnector. This is because
the remotely controlled disconnectors are so quick that the customers on the main line hardly notice

that the power goes out.

As earlier discussed, simplifications are a must when analyzing the electric grid. The net planners
know from experience that overhead lines are the uttermost important component for the reliability.
It is therefore considered that assigning a fault value to cables does not contribute to the result
enough to make up for the extra complexity of the analysis. It is the same case with for example
considering the fact that some of the customers can get the power back from a secondary feeding or
that the customers on the main line also have an outage before the remote controlled disconnectors

have sectioned the line.

The net planners then insert the percentage reduction of SAIDI in a computer program (excel file)
that calculates what reduction in customer outage hours this corresponds to and, based on the
regulation, what savings can be made. The cost of investment is also given to the program that
calculates if the project is profitable. The investments are measured in two business ratios: SEK per
decreased customer outage minutes and SEK/km isolated line. By “isolated line” Fortum means the
length of the line where faults can now be assumed to have been eliminated. If remote controlled
disconnectors have been installed on radial lines, those lines are now isolated. Faults on these lines

will not affect the main line customers.

Total cost

Business ratio 1 = -
decreased customer outage minutes

. . Total cost
Business ratio 2 = —————
km upgrade line

The investment alternatives have to satisfy a certain level of both of these values. Investment
alternatives outside of the borders need extra motivation if they are to be performed [18]. Chart 1

shows an example of the diagrams used for determining if an investment should be performed.
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Planning investments in the grid requires experience and knowledge of the grid. The net planners at

Fortum know where the most faults occur and which investments are the most effective.
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The base cases of the case lines are changed according to the investments that are evaluated.
Examples of what can be changed in the models are lengths of cables and overhead lines, switching
time or how far the fault can spread. New values of SAIFlI and SAIDI are calculated for every
investment. SAIFI and SAIDI will be input to the calculation of the quality adjustment from the

regulation. The decrease in customer outage minutes is input to one of the business values.

The different investment alternatives are compared with one another according to the same two
business ratios that are used by Fortum Distribution AB (see section 2.3). A life cycle cost analysis
(LCC) is performed for the different investment alternatives to determine which one is the most cost-
effective, thus allowing for them to be prioritized. An LCC analysis considers the total costs and
income of an asset over its entire life length. The life length for the investment alternatives in this

thesis has been decided to be 40 years, the economic life length used by El [26].

All costs and benefits for the investment alternatives are calculated and summed up to a total cost.

The total cost consists of :

® Investment cost
The actual cost of for example installing cables and demolishing old overhead line. A list of
the costs and a description of the calculation of investment costs for every investment
scenario can be seen in Appendix 4.

e Changes to the revenue framework due to a Quality Adjustment
The improved reliability leads to a positive quality adjustment in the regulation that can be
subtracted from the investment cost. The reliability is compared to a reference, the level of
reliability before the regulatory period. After the regulatory period the reference level is
reset and is set to the then current value. This means that the investment will be granted the
Quality Adjustment for four years.

e Repair cost/benefits
Adding or removing equipment or lines might affect the yearly repair costs. This item might
be added to or subtracted from the investment costs depending on investment kind.

e Customer Compensation
If the investments alternatives have an effect on outages >12 hrs the yearly amount of
customer compensation might change. Note that for example adding more overhead lines
might increase the risk of long outages, and this item can hence be both positive and

negative.
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e Changes of the revenue framework by change of the value of the Capital Base
the DSO has a right to compensation for cost of capital according to the regulation. Changing
the amount of equipment or lines will change the capital base and hence change the revenue
framework. Adding more assets is favorable as it will increase the revenue framework. The
value of the asset will be added to the revenue framework by the annuity method which
means that the yearly value of the asset will be fixed, with compensation for the interest.
The interest level is set by El and the current value (Feb 2012) is 5.2% [11]. The costs used to
calculate the Capital Base are the investment costs in Appendix 4. This is a simplification

since El uses norm values.

The costs and benefits are calculated over the 40 year life length of the investments. It must be
considered that the value of money will not be as much in 40 years as today. If that money was at
hand today it could also be invested in something that might give at better return than the current
investment. To be able to produce a total cost for the entire life length of the investment the net
present value method is used as explained in [10, p. 33] . The net present factor (NPF) of the costs is
calculated by using the discount interest (z) at Fortum Distribution AB and assuming the inflation (i)

to be 2%.

NPF = ((1 +105) (14 555) - 1)‘"

where n is the number of years. All costs and incomes during the life length of the asset will be
multiplied with net present factor and added together to produce the total net present value of the

investment.

This cost is then divided by the number of decreased customer outage minutes the investment
alternative leads to, in order to produce the business ratio SEK/decreased customer outage minutes.
The second business ratio used by Fortum in investment planning (see section 2.3) is SEK/km isolated
line. This business ratio will also be calculated for the investment alternatives where this is

applicable. For some of the investments however, a length of isolated line cannot be deduced.
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In this section the different investment alternatives that have been implemented on models of the

case lines are described.

This investment is the most common one, and the fact that changing the overhead lines for cables
will reduce SAIFI and SAIDI is well known. It is however appropriate to include this type of investment
into the project. One reason is to compare it to the other investments, which may not be as easy to
evaluate. The result of, for example, the investment of adding a secondary feeding possibility can be
evaluated by comparing how much better or worse it is compared to the cable investment

alternative.

Changing for cables is the investment that was performed by Fortum on the actual Lesjofors line and
the current design of the line is described in section 4.2.3. The total investment cost for the
restoration that was carried out on the Lesjofors line is calculated in table 28, and is a little over 20

million SEK.

42.3 km 58.3 km 26 31
762 235 17 475 390 92 040 2108 000 20 437 665
SEK SEK SEK SEK SEK

From the investment cost the adjustment on the return of capital, the decrease of repair costs and
the amount saved on customer compensation and the capital base will be subtracted. The
adjustment of the return on capital depends on the change of SAIFI and SAIDI as described in section
2.3.5. The change for underground cables have improved the reliability and lowered SAIFI and SAIDI,
which will lead to a positive quality adjustment and hence a bigger revenue framework. The quality
adjustment is however assigned a negative value in table 29 since the positive quality adjustment can
be subtracted from the investment cost. Since there are now more cables on the line, there will not
be as many outages and the repair cost will be lowered. There will also be fewer long outages on
medium level. The change in customer compensation is noted in table 29. Since installation of cables
will be done along roads and not as straight as the overhead lines, the cables will be longer than the
demolished overhead lines were. This means that the capital base is going to increase and so will the

revenue framework. With the annuity method a yearly amount is calculated.
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Changing to cables on 102A

5810 acOMyear
s aseyer
e aseyer
a0 aseyer

Yearly Capital Base Value -21 089 ASEK/year

Table 29: Result and costs for the investment alternative of changing overhead lines to cables on the Lesjofors line

Charlottenberg

On the Charlottenberg line the line segments were examined separately in order to see where on the
line cables would have the most effect. The line segments were reconstructed into cables in the
model by adding the length of the overhead lines to the length of cables, with an additional 15% of
the original overhead line length [18]. The investment costs can be seen in table 30 ordered by cost

of investment.

Length OH [m] | Installed cable [m] | Substations Investment cost [SEK]
L3

= 1148 1320.2 4 842 884
1778 2044.7 2 858 494
1886 2168.9 2 897 698
1954 22471 5 1242 002
2593 2981.95 4 1367 419
3059 3517.85 3 1430 037
4084 4696.6 1 1589 032
4227 4861.05 3 1854 021
4592 5280.8 5 2 199 596
4149 5890.3 5 2374 472
6257 7195.55 10 3 336 691

Table 30: Investment cost for the different line segments on the Charlottenberg line

The cost and savings in SEK for every line segment was calculated and can be seen in table 31. The
installation of cables and demolition of overhead line will lead to a decrease in repair costs and
customer compensation for long outages. The enhanced reliability will lead to a positive quality

adjustment in the regulation, and so will the fact that there is now more line installed along the line.



842 884 -2220 -1 927 -86 -12 100
858 494 -3439 -2 061 -133 -9 294
897 698 -3 648 -3 819 -141 -9 585
1242 002 -3 779 -3 354 -146 -16 523
1367 419 -5 015 -3 979 -194 -15 994
1430 037 -5 916 -3 491 -229 -14 998
1589 032 -7 899 -4 411 -306 -13 257
1854 021 -8 175 -6 303 -316 -18 145
2199 596 -8 881 -12 143 -344 -23 632
2374472 -7 547 -6 039 -311 -42 540
3 336 691 -12 101 -14 003 -468 -39 377

In order to lower the unavailability of the line, some of the medium voltage radial lines can have their
voltage reduced with an 11/1 kV transformer at the base of the radial line. This is a new and
relatively untested investment, which makes this a very interesting investment alternative to

investigate.

On the customer side a 1/0.4 kV transformer has to be installed and an extra ground cable (PEN)
needs to be installed between the stations. If this is done, any faults on the radial line will affect
only the customers living on that specific line. This is because low voltage faults, as mentioned
before, see section 4.3.2, will not spread to the superior grid. The fault protection equipment in the
substation will disconnect the failing part. The down side of having low voltage lines, however, is
trouble with keeping the voltage level fixed. If the line is feeding too many customers, the voltage
will drop. A limit is set on 6 household customers [23]. Lower voltage does also mean more losses
since the current is increased when the voltage is decreased. This is out of the scope of this thesis but

should be taken into account when considering this type of investment.

This investment scenario is in reality only suitable on the Charlottenberg line. The Lesj6fors line does
not, in contrary to the Charlottenberg line, have very many radial lines with a suitable number of
customers. In Charlottenberg four radial lines fit the criteria for a voltage reduction investment, see
table 32. The rest of the secondary substations are either located right on the main line, connected
with a cable (which have so few faults that an investment is assumed to be unnecessary) or they
have too many customers connected to them. However, just to try this new investment alternative, it
was calculated for the Lesjofors line as well. On line segment L5 the five secondary substations were

divided into two radial lines, see table 33 and figure 8.
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4
6 875

LP14 Braten fjill and Asen fjall

Table 32: The load points on 020E Charlottenberg on which the 1 kV- investment are implemented

Load point Number of customers Length of OH line [m]

LP6 b 14 2393

Table 33: The load points on 102A Lesjofors on which the 1 kV- investment are implemented

The investment cost for the voltage reduction will be the same for all six radial lines. The cost of the
two transformers needed for the investment adds up to 55 100 SEK. The total cost then depends on
how much that can be saved on the regulation and customer compensation. Since transformers are
not taken into account in the model (due to their low fault rate), the repair cost will not be affected
by this investment. In reality the installation of extra transformer might increase the repair costs

somewhat.

Charlottenberg

Line Investment cost | Repair costs | Quality adjustment Customer Capital Base
[SEK] [ASEK/year] [ASEK/year] compensation Value
[ASEK/year] [ASEK/year]

RLP7 55100 0 -880 -59 -1 204
RLP8 55100 0 -438 -73 -1 204
RLP11 55100 0 -181 -29 -1 204

RLP14 55100 0 -1450 -66 -1 204

Table 34: Costs of the 1 kV investments on the Charlottenberg line

Lesjéfors

Line Investment Repair costs | Quality adjustment Customer Capital Base
cost [ASEK/year] [ASEK/year] compensation Value
SEK ASEK/year ASEK/year

1 kV a 55100 -960 -179 -1 204

1kV b 55100 0 -2135 -71 -1 204

Table 35: Costs of the 1 kV investments on the Lesjofors line
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The disconnectors on the Lesjofors line have to be opened manually by the fitter. Since the fitter
have to reach the area before the sectioning can start, the manual sectioning is very time consuming.
One investment scenario is therefore to upgrade manual disconnectors on the Lesjofors line to

remote controlled ones.

It was decided to not change all disconnectors into remote controlled ones, but to instead choose
four strategically placed disconnectors to upgrade. Disconnectors D2, D5, D7 and D10 were chosen,
see figure 8. The first three are located around L2 and remote control of these disconnectors enables
the operator to determine whether the fault is on the south side (L3-L5), on the northwest side (L6-
L7) or on the northeast side (L8-L14). This gives the fitters a good head start on where the fault is
located. Disconnector D10 was also upgraded since the northeast part is so long. When the remotely
controlled disconnectors are placed like this the fitters have to go to only one manual disconnector
each and section from there to know on which line segment the fault is. The fault sectioning is

described in appendix 3.

The investment cost of this investment alternative is not very high, compared to other kinds of
investments. Upgrading four disconnectors to remote controlled ones costs just above 200 000 SEK.
The investment will not lead to any difference in the repair costs (according to the information
available) and since the sectioning equipment cannot help to avoid a long outage for all customers,
only some, the customer compensation will not change. The total costs of this investment alternative

can be seen in table 36.

-85 205 ACOM/year
218 800 SEK
0 ASEKI/year
-25 264 ASEK/year
0 ASEKI/year
-13 102 ASEKI/year

This investment was performed on both 020E Charlottenberg and 102A Lesjofors since they both had
one long radial line with no secondary feeding. On both lines, the end of the radial lines were
connected to the nearest adjacent line. On the Charlottenberg line the line segment L8 (see figure 9)
was connected to the adjacent 255E Strand line and on the Lesjofors line the line segment L5 was

connected to another line out of the Lesjofors substation, 102C, see figure 20.
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The overhead lines are assumed to be drawn straight to the adjacent line, whereas the cables have to
be installed along a road. The lengths of the new lines were measured in PG and can be seen in table

37.

1569.1 m 3589.6 m
1720.4 m 4018.8 m

When the reliability of the line is improved, the quality adjustment is positive and adds to the
revenue framework (and will hence be negative in table 38 since it will be subtracted from the
investment cost). The revenue framework will also be increased due to the fact that the capital base
now is bigger. Adding more line will increase it and since no components are demolished in this

investment alternative the change of the revenue framework is quite large.

The new line will however also bring its own failure rate into the equation and might cause blackouts
itself. This depends on where the open disconnector is located. In this project it is assumed that the
open point will be located where the new line meets the adjacent line. This is done so that the
downsides of installing a new line will be caught in the model as well. As a test, it was also examined
what the SEK/COMin ratio would be if instead two open remote controlled disconnectors were
installed, one on each end of the new line. This way, faults on the connecting line would not affect

the case line or the adjacent line.
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The increase in repair cost from adding more power line has been calculated, even in the case where
the repair does not affect the customers (when there are two open disconnectors). This is because it
would be unfair to not assign those costs to the case line. Adding more overhead line will also
increase the risk of long outages, which is why the customer compensations increase. In this
investment alternative the total costs are calculated by adding the repair cost and customer

compensation cost to the investment cost. The investment will however lead to better overall outage

statistics, so the quality adjustment is still positive (and hence negative in the table).

Charlottenberg Investment cost | Repair costs Quality Customer Capital Base
[SEK] [ASEKI/year] adjustment compensation Value
[ASEK/year] [ASEK/year] [ASEK/year]
020E Cable 596 520 +717 -6 287 -35721
020E OH 551 130 +3 787 -3426 +117 -33 003
020E Cable 2 disc 676 920 +1 137 -6 600 0 -40 536
020E OH 2 disc 631 530 +4 207 -6 600 0 -37 818

Table 38: Costs of the investment to add a secondary of feeding on the 020E Charlottenberg

Quality
adjustment

Customer
compensation

Capital Base
Value

Lesjofors Investment cost | Repair costs
[SEK] [ASEK/year]

[ASEK/year]

[ASEK/year]

[ASEK/year]

102A Cable 1286 040 +1 402 -3 234 -77 011
1157 280 +2 664 -903 +269 69 301
1366 440 +1 840 -3 820 0 -81 826
1237680 +3 102 -3 820 0 -74 116

Table 39: Costs of the investment to add a secondary of feeding on 102A Lesjofors

5.3.5.

LINE BREAKERS

All other investment alternatives in this project, except for the 1 kV investment, still mean that the
line will disconnect all customers for every fault. In some cases the power can come back quickly for
some customers, but everyone will still have an outage. Installing a line breaker somewhere in the
middle of the line will assure that the customers closer to the substation do not have to have an
outage if the fault happens behind the second breaker. This is, just like the 1 kV-investment, a fairly
untested investment and it is therefore implemented on both the Lesjéfors line and the

Charlottenberg line. The total costs for both lines can be seen in table 40.

Lesjofors Investment Repair costs Quality Customer Capital Base
cost [ASEKI/year] adjustment compensation Value
[SEK] [ASEK/year] [ASEK/year] [ASEK/year]
102A Les;ofors 200 000 -7 813 0 -10 438
-7 150 0 -8701

0
020E 200 00 0
Charlottenberg

Table 40: Cost of the investment of adding a line breaker
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5.4. RESULT OF THE INVESTMENTS
In this section the result of the investments are presented. Both the impact on SAIFI and SAIDI and on
the business values is listed.

54.1. RESULT ON THE LESJOFORS LINE
The resulting SAIFI and SAIDI of the investments in Lesjofors can be seen in table 41. This table is

ordered after the investment alternative that resulted in the smallest SAIDI.

| Cables(today) | 341 6.21
.~ linebreaker 436 9.36
. 1kvlpeb | 506 10.17
. lkviea 518 1034
o Basecase | 527 10.49

Table 41: Resulting reliability indices for the Lesjofors line

The resulting business ratios for the different investment scenarios in Lesjofors are listed in table 42.
The table is ordered according to the investments with the smallest SEK/COMin ratio. For some of
the investments the second business ratio, SEK per km isolated line, is not applicable. This is the case
for the remote controlled disconnectors for example. They cannot be said to isolate any part of the
line, the benefits of this investment is rather to lower the overall restoration time. The investments

for which the second business ratio is not applicable have been marked with NA (not applicable).
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_ -90 630 -85 205 NA 1.1 NA
| Linebreaker 17630 -20 561 11 925 0.9 1000
. 1kviPeb 28531 5912 2393 4.8 12 000
. 1kvlPea | 31212 -2 686 947 11.6 33000
 Sec feeding (cable 2 Disc) 172 869 -12 884 NA 13.4 NA
| Secfeeding (OH2disc) = 176446 -12 884 NA 13.7 NA
. Secfeeding (cable) 159149 -11 332 NA 14.0 NA
| Secfeeding (OH) 175173 -4993 NA 35.1 NA
| Cables(today) 19886669 -75 810 42 400 262.3 469 000

Table 42: Result for the Lesjofors line. NA=Not applicable

In chart 1 the relation between cost and number of decreased customer outage minutes can be seen.

Cost and effect of the investments
on 102A Lesjofors

aa

Customer outage minute reduction
L
=]

t . d
T T T T T 1 LI I T T
-150 -100 -50 1] 50 100 150 200 19 800 19 900

1000 SEK

Chart 1: Cost and effect of the investments on 102A Lesjéfors
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5.4.2. RESULT ON THE CHARLOTTENBERG LINE
The results on the reliability for 020E Charlottenberg can be seen in table 43.

- 10.05 7‘1
- 10.05 7‘1
- 9.76 7.89
- 9.83 8.02
- 9.94 8.04

Table 43: Reliability indices for the investments on the 020E Charlottenberg line.
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Secondary feeding Cable 57382 17537

‘Linebreaker 45655 7832 20341 6 2244
‘Secondary feedingOH 109509 12 294 NA 9 NA
1kVRLPI4 31106 2426 875 13 35 549
1kVRPZ 33282 993 783 34 42506
Cablesonl7 | 1670817 26 219 4592 64 363 854
‘1kVRLPE 34681 500 973 69 35 643
Cablesonl6 | 686551 8219 1886 84 364 025
Cablesonlll 3004120 29 940 6257 100 480122
Cablesonld 1438229 10 287 4227 140 340 248
‘Cablesonl8 928210 5 966 1954 156 475031
Cablesonl9 | 1040229 6621 2593 157 401 168
‘Cablesonl5 1609217 9943 4149 162 387 857
1kVRLPIZ 36262 219 389 166 93218
‘Cablesonl3 623404 3386 1148 184 543 035
Cablesonl2 | 661237 3217 1778 206 371899
‘Cablesonll 1256461 5316 4084 236 307 655
Cablesonl10 1105504 4 498 3059 246 361394

Table 44: Result of the investments on the Charlottenberg line. NA= Not Applicable

Table 44 is ordered after which investment is the most cost-effective one. In chart 2 the relation
between cost and number of decreased customer outage minutes can be seen.

Cost and effect of the investments
on 020E Charlottenberg
c
235000
[8)
< 30000 -
o
3 25000 -
>
= 20000
£ W
- 15000
10000 * * ¢
E - .
- 5000 ® "f‘
g 0 T T T T T T 1
o - 500 1000 1500 2 000 2500 3000 3500
(©]
1000 SEK

Chart 2: The cost and effects of the investments on 020E Charlottenberg
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The work in this master thesis project has rendered a couple of recommendations for reliability

investments on LO20E:

e The most cost-effective investment of the alternatives examined in this project is to add a
secondary feeding possibility for the long radial in the middle of the main line. It seems to
make little difference if this is done with overhead line, cables and whether one or two

disconnectors are used.

e Toinstall a line breaker on the middle of the line (where D5 is located in the model, see
figure 9) is also as cost-effective as adding a secondary feeding. Both these investment
alternatives do however depend heavily on the regulation of the DSQ’s and the results are
calculated under the assumption that the rules of the regulation coming 2012 will be

constant for 40 years.

e The 1kV voltage reduction alternative would have the greatest effect when performed on
load point 14 in the model, the radial line to Asen fjill and Braten Fjall. This investment
alternative is not as dependent on the regulation as the others. When the change of revenue
framework due to the capital base is not accounted for this alternative is the most cost-

effective of all investment alternatives examined.

e Ifthe intent is to weather-secure the line by changing the overhead lines for underground
cables the most cost-effective area to do this would be at the base and middle of the long

radial. (L6-L7 in figure 9)

e Ingeneral, the results for 020E Charlottenberg suggest that the big radial line towards Lake
Fjallsjon (L6-L9 in figure 9) is where investments for enhanced reliability have the greatest

effect.
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This chapter holds a discussion of the result, a list of the conclusions that are drawn from the

analyses and suggestions for future work.

In this section the result of the thesis is discussed and particularly interesting aspects have been

highlighted.

In the results in section 5.4 the investment alternatives can be seen, ordered after best effect on
reliability in one table and cost-efficiency in the other. As can be seen, installing four remote
controlled disconnectors on the Lesjofors line would according to this method have had the largest
effect on reliability as well as being the most cost-effective investment. The investment alternative
that was chosen by Fortum is according to table 42 the least cost-effective and comes second in
terms of lowering SAIDI (table 41). It seems that there would have been several investments that
could have been chosen before changing the overhead lines on 102A Lesjofors to underground
cables. It must however be taken into account that the reconstruction of the Lesjofors line was made
during the ”Reliability Program”, which is a project to lower SAIDI in the Fortum grid by preventing
long outages due to extreme weather. During this program weather-securing actions were prioritized
above all other investments. If a storm hits and trees fall all over the line, the remote controlled
disconnectors are of little use. Secondary feeding possibilities are not helping either in situations like

those, since several adjacent lines often have an outage at the same time during a storm.

Among other things, this thesis has addressed the problem of quantifying the risk of long outages.
From historical data a failure rate of long outages per km overhead line has been produced. As
discussed in section 4.4 it is doubtful if the risk of long outages can be described as a per km line
value. The extreme weather events are therefore not reflected strongly enough in the calculations in
this project and weather-securing investment alternatives do perhaps not reach the priority they
deserve. Under the assumptions that no extreme event happens, changing for underground cables is
the least cost-effective investment according to the calculations made. This might however change
radically if a storm occurs. If all 300 customers along one of the case lines in this project had an
outage for five days during a rough storm, and if the compensation was 1800 SEK per customer and
day (which is a low estimate) — then the total amount of customer compensation would be over 2.7

million SEK!

Weather-securing actions are hence of great importance and Fortum Distribution AB is prioritizing

quality over cost when it comes to these kinds of investments. Considering the benefits of other
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investments as well can however be important. To justify the investment cost of 20 million SEK on
the Lesjofors line, a storm like the one in the numerical example has to hit the line every five years
during the 40 year life span of the investment. It is questionable if a single line will be affected by
great storms in the magnitude of Gudrun or Per that often. Especially the Lesjofors line, as it is
located in an area that is considered to have a lower risk for hard weather. To the cost of customer
compensation other costs must be added, such as cost of repair and cost of extreme work situations
during storms. The good-will of the company must also be taken into account when considering
weather-securing investments. Even so, the results of this thesis show such a significant difference in
cost-efficiency between cables and other investments that it might be favorable to review the
benefits of weather-securing options. Cables may not be the number one option everywhere; in

some cases other investments might be more beneficial.

Today Fortum makes the simplification that cables are perfect when calculating the benefits and
effects of different investments. This master thesis has shown that cables do indeed have a very
small effect on the system performance, especially compared to overhead lines. The benefits of
being able to do less complicated analyses are many, it does for example take less time and does not
require as precise data. The simplification that cables are perfect must therefore be considered to be
acceptable for today’s conditions. As the weather-securing projects continue however, more and
more overhead line will be changed for underground cable. This will lead to other kinds of problems
than the ones the DSQO’s are faced with today. Cable faults will be more common, both in absolute
and relative terms. A point will be reached when the simplifications that are valid today, have to be
reconsidered. If the goal is to weather-secure the greater part of the grid, plans should be developed
on how to handle investment planning when the configuration of the grid is changing. In the future,

more detailed reliability analyses might be necessary.

Upgrading manual disconnectors to remote controlled disconnectors is an investment that is worth
considering. In this analysis it is the only one that is a profitable investment, when good-will is
disregarded. The calculation of the benefits of this investment does however have a setback. Because
of lack of data the control equipment is not assigned its own failure rate, and is assumed to have the
same failure rate as a manual disconnector. This does not correlate with the experience of the
personnel at Fortum [23], [2]. The common opinion seems to be that the remote control of the
disconnectors often malfunctions. This means that the reliability improvement will not be as large as
estimated and the quality adjustment will be smaller. In addition the repair costs will increase. The

benefits of remote controlled disconnectors seem to be high, but before this investment alternative
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is implemented on a large scale it should be investigated further. It would be beneficial if it could be

assigned its own failure rate.

In this master thesis project a couple of the investment scenarios investigated were investments that
are new or not very widely used. These are the 1 kV voltage reductions and the line breakers. These
investment scenarios were implemented on both case lines to test the effect of them. The line
breaker investment shows advantages in both reliability and cost-efficiency. The effect is more
prominent on the Lesjofors line. The 1 kV-reduction investment does not affect SAIFI or SAIDI very
much, especially not on the Charlottenberg line where quick fault isolation is already at hand. But
since the installation cost of these investment alternatives is low, the cost-efficiency of the
investments is very good. For the Lesjofors line it is one of the top choices based on cost-efficiency.
The analysis in this thesis has shown that reducing the voltage on radial line to 1 kV or installing line
breakers on the middle of the line are interesting investments that are worth investigating further.
Another advantage with the 1 kV investment is that it does not seem to be as greatly affected of the

regulation of the DSO’s as other investments examined in this project.

The evaluation of the investment alternatives analyzed in this master thesis project is strongly
dependent on the authorities regulation of the DSO’s. In the calculations it is assumed that the new
ex-ante regulation starting 2012 will be the same for the investments full 40 year life length. This is
however highly unlikely and the conditions will probably change. This affects the quality adjustment
as well as the capital base value. The assumption made in this project is that; the quality adjustment
is based on historical values today, the goal is for the DSO to improve the reliability compared to its
own values of reliability for the time before the regulatory period. When the period is over and
improvements have been rewarded for four years, the reference level is reset and the improved level
is now the standard. It is however possible that the regulating authorities will develop general
standard levels that every DSO will have to reach. Depending on those levels, the incentives for

reliability investments may vary a lot.

Just like the rules of the quality adjustment, the methods of evaluating the capital base might
change. As discussed in section 2.3.4 the current method, where the grid is always considered to be
brand new, is questioned. The coming regulation gives very strong incentives to expand the grid and
increase the capital base. Replacing old equipment with new is not nearly as profitable as installing
more equipment. Some of the investment alternatives in this thesis are strongly dependent on the
generous evaluation of the capital base. This goes especially for the alternatives of adding a

secondary feeding. In appendix 5 a comparison of the total cost and SEK/COMin ratio of the
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investments for when the capital base is regarded and for when it is not is shown. As can be seen,
the effect of the regulation is large. Upgrading to remote controlled disconnectors is no longer a
profitable investment and the secondary feeding alternatives are no longer the most cost-effective
on the Charlottenberg line. The analysis in this master thesis project shows the role of the prevailing
regulation. The investment recommendations will change with changes in the regulation. Power
system investments are however done with life spans of 40 years or longer in mind. The
recommendations can therefore not change with the four year regulatory periods. When planning
investments for the electric grid it might be wise to at one hand try to forecast the regulation, but
also consider investments that have an acceptable SEK/COMin ratio even during periods of

unfavorable regulation.
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Weather-securing investment alternatives are favored by Fortum Distribution AB at the
moment. The analysis in this thesis does however show a significantly lower cost-efficiency
for the investment of changing for underground cables compared to other investments. Even
though extreme weather could have been reflected stronger in the analysis, this leads to the
conclusion that it might be favorable for Fortum Distribution AB to review the benefits of

changing to underground cables. It might not be the best solution for every line.

The detail level of the analyses Fortum Distribution AB makes in the investment planning is
most likely sufficient for today’s electric grid. The extensive ongoing work to weather-secure
the grid will however change the overall structure of it, which might change the conditions.
As the proportion of cables increases, for example, the simplification that cables are perfect

will become less acceptable.

Remote controlled disconnectors seem to be the best investment alternative when weather-
securing options are not prioritized the highest. This investment alternative outweighs the
rest, both in terms of effect on reliability and cost-efficiency. The availability of the control
equipment itself has however been questioned and further analyses on the reliability of

remote controlled disconnectors would be favorable.

1 kV voltage reduction on radial lines and installation of line breakers, investment
alternatives that have not been studied so widely before, show promising results. The line
breakers can have a large effect on the reliability of a line and it is also cost-effective
compared with the other investment alternatives studied in this thesis. The 1 kV voltage
reduction has limited effect on the overall reliability of the line, however, due to the cost-
efficiency of the investment it might be a very good investment option. Both these

investments are worth examining further.

The regulation of the DSO’s has a great effect on the cost-efficiency of the investment
alternatives. The coming regulation for 2012-2015 gives strong incentives to expand the
capital base. Investment alternatives like adding a secondary feeding possibility by building
more lines are hence favored in this regulatory period, which is reflected in the result of this
thesis. Alongside with forecasting the future regulation when planning investments, it can be

favorable to consider investment alternatives that are not too dependent on the prevailing
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regulation.

The fault management at Fortum Distribution AB has been described in this thesis and the
resulting knowledge has been implemented in the reliability analyses of the case lines to
obtain a detailed analysis. The average time of several tasks in the fault management has

been developed and listed for future reference.

Fault rates for several components on specific 11 kV rural distribution lines have been

developed and can also be used as reference for analyses on similar lines.
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The work in this master thesis project is merely begun. Many things can be done to continue and

refine the work. A few examples are:

Keeping the input data for the failure rates local has been a main goal in this project. The failure rates
can however be refined further. The failure rate was considered to be constant, but is probably
varying along the line. A way to weigh the local failure rate according to what the surrounding terrain
is like could be developed. Coefficients for different kinds of terrains could be produced by studying

the proportion of faults occurring in different terrain.

The risk of long outages has not nearly been studied enough in this thesis. When using models like
this one to determine which reliability investment to choose, avoiding the risk and cost of long

outages must be given more importance.

A better approach to this problem than calculating an “outages >12 hrs/km” failure rate might be to
evaluate the risk of long outages and setting a limit for the situations that are unacceptable at all
times. This can be done with a risk matrix. A risk matrix has the probability of an outcome on one axis
and the consequence of it on the other axis. Risk is commonly defined as the product of probability

and consequence.

Probability
1 2 3
Consequence
1 1 2 3
2 2 4 6
3 3 6

In the example matrix in figure 22 the different risks can be seen depending on what the probability
and consequence of the outcome “long outage” is. The risk of an event that has high probability but
low consequences, like for example long outage on low voltage overhead line, is the same as for an
event that has a high consequence but rarely happens, like for instance medium voltage cable faults.

To these risk levels different actions can be assigned, like for example:

e Risk level 1-2: Low risk, no actions needed.
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e Risk level 3-6: Medium risk, take actions to lower probability or consequence of event.

e Risk level 7-9: High risk, this risk is never accepted. Avoid at all costs.

This way of having a more quality based perspective on risk of long outages rather than trying to

quantify it can give a more pragmatic way to deal with long outages.
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In this appendix section the history of regulation of the DSOs in Sweden will be addressed.

The Swedish electricity market has undergone large-scale changes since the mid-90s. From being
strictly regulated, dominated by state-owned utilities and protected from foreign competition
through border tariffs, the electricity market is now deregulated and integrated with the other
Nordic countries [27]. The deregulation, which came into force on 1 January 1996, aimed to make the
electricity market more effective through competition [7, p. 8]. The generation and retailing of
electricity was therefore separated from the transmission and distribution, being natural monopolies
they cannot be subject of competition. The trade of electricity takes place at the Nordic power
exchange market Nord Pool and in the form of bilateral agreements. Nord Pool Spot AS, the market
for trade with physical electricity, is owned by the TSO’s Svenska Kraftnat in Sweden, Statnett SF in
Norway, the energy companies Energinet.dk in Denmark and Fingrid Oy in Finland. Nord Pool ASA is
an exchange market for financial trade on the electricity market and is today owned by Nasdag OMX.
The physical market is divided into two parts. Elspot is the 24-hour market for short term trading of
electricity. Since the consumption of power always has to be matched by equal power production,

Elbas is the adjustment trading market where bids can be made up to one hour prior to delivery.

Two years after the deregulation, in 1998, a new authority was formed, called The Swedish Energy
Agency (STEM). The task of the authority was, among other things, to supervise the net tariffs of the
electric grid companies and develop a more effective model for regulation [7, p. 19]. For the time
being the DSOs could get fully compensated for their costs of delivering electricity, regardless of
efficiency and quality. An ineffective DSO could claim as much revenue as an effective one. To
address the problem the Swedish Energy Agency initiated a project in 1998 to create a new

regulatory model.

This model was performance-based and was implemented in 2003. The idea was that the distribution
of electricity creates costumer values and the DSOs are allowed compensation in the level of these
costumer values [8]. It was an ex-post regulation, meaning that the net tariffs were controlled after
every regulatory period. If the tariff levels were found to have been too high, part of the tariff had to

be re-paid to the customer.

The model calculated the “Network Performance Assessment” (NPA) which is the total expected cost
of operating a distribution system. This cost is then compared to the DSO’s revenue to determine the
debiting rate. (See equation 23) The debiting rate must not be higher than a certain value, or the DSO

will be further investigated [28].
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Revenue

Debiting Rate = N

A debiting rate higher than 1 would imply that the DSO is overcharging the costumers. The NPA is

calculated with
NPA = CConnect + CAdmin + CDeliv + CService - CRel

The NPAM took distribution system- and costumer data as input, along with the revenue and
reliability indices, SAIFI and SAIDI. A radial reference network based on the distribution system- and
costumer data was created to estimate the capital cost, Cragia, Of the actual distribution system. The
fictive network often was very different from the actual network, but the objective was to create a
reference grid that took the different objective conditions of the DSOs into account. Some of the
DSOs can for instance have a majority of urban subscribers, whereas others have a more rural
network. In urban areas the cables can be shared by many costumers and the conditions and costs of
capital are different from those of the DSOs who have to install long lines to distant costumers. The

most important objective prerequisites taken into account by the model are [9, p. 30]:

e Yearly energy consumption, from which the maximum power demand is estimated
e Customer density

e and, as mentioned, the location of the consumer

The network created is initially fully radial and does not take any redundancy into account. The actual
networks however, often have component redundancy to lower the risk of system failure. To
compensate for this, the model adds a certain spare capacity to the reference net. The cost of spare
capacity, Cspre, is determined by the costumer’s will to pay. In a distribution system where the
costumers are willing to pay more to avoid outages the level of investment costs can be higher [28]
than in distribution systems where the customers do not find it as important. The total cost for
capital and investments is called connection cost, Ccomect, and is part of the NPA-equation (see

equation 24).

Cconnect = Cradial + CSpare

Next the cost of administration, Cagmin, COSt Of energy losses in the system, Cpeji, and fees to superior
grids and other service costs, Csenice, are added to the model. Finally the total cost can be adjusted
with the so called “cost of reliability”, Cge. To give the DSOs incentives to improve the availability of
the system the NPA will be lowered if the reliability is unsatisfactory. See Equation 26. Cost of
reliability is determined by calculating the cost of outages in the DSO’s grid and comparing them to

an expected outage cost. If the actual outage costs are lower than the expected cost, Cge Will be zero
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and no reduction will be made. If the outage costs are higher than the expected value, Cge Will be the

difference between the costs. It will however never be higher than Cspare.

0 if COutage - CExpect <0
CRel = COutage - CExpect if 0< COutage - CExpect < CSpare
CSpare if COutage - CExpect 2 CSpare

Every year since the launch of the model in 2003 several DSOs had to re-pay their customers. The
model aroused heavy opposition because the DSOs felt that the repayments were unjustified and
every year the shareholders started legal processes against the regulator. In 2008 an agreement
between the parties was made and the level of repayments was lowered. In 2009 the model was
abandoned due to the criticism and the fact that the model is an ex-post model when the EU

directive requires an ex-ante regulation by 2012.

From the time of the fall of the Network Performance Assessment Model until the new regulation
comes into force in 2012 the focus of the regulator has mostly been on preparing the new model.
The tariff levels still have to be controlled, but are in some ways self-regulating since it is in the
interest of the DSOs to keep the tariffs on reasonable levels in order to avoid harder rules of

regulation in the new model [10, p. 57].
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In the beginning of this project it was requested that any inconsistencies or errors found in the
statistics or computer tools were noted. If there were any data that would have been useful in this
project, but was not available, that could also be noted. During the past months a few points were

gathered:

e On the Charlottenberg line, 020E, there is a disconnector that is listed as a fuse disconnector
but is according to the operators a manual disconnector without fuse [2].

LO20E-F675 is listed as a fuse disconnector.

e It might be an error in PG, or there is a disconnector that is closed where it might be better
to keep it open. The disconnector 102A-Fs268 (D9 on the model of “102A Lesjofors today”) is
located at L102A-K564 on the Lesjofors line. It can disconnect the 5 km long line to the
secondary feeding from the substation 184 Tyfors. This disconnector is listed as closed. It
would perhaps be better to keep it open, so that no faults on the 5 km overhead line would

affect the customers.

Collection of statistics is a tradeoff between acquiring a lot of useful data and not having too heavy
administrative work. The key is to collect only data that are useful, not collect anything twice and
keeping it easy enough so that it really gets done. The statistics are useless if they are not collected
correctly and therefore do not reflect the reality. From dialogues with fitters | also believe that one of
the key things in collecting data is to communicate why the data are collected and what they are
going to be used for. Taking statistics is an extra work task and if one does not know why it is

important and what it will be used for, the errors in the statistics might increase.

The computer tools used in this thesis are PG, Succel and PoDIS. There might be other ways to collect
the desired information, if that is the case the following can be disregarded. When an outage occurs
it is managed in Succel by the operator. If the fault is on MV level the power system operator opens a
fault notation (kopplingssedel) where all switching of disconnectors and breakers are noted. In the
fault notation the number of affected customers and where the power was cut is also noted. Fault
notations are made in order to have a record of which disconnectors that are opened and which that
are closed so that the operators know where the power is on. | think that fault notations are
excellent ways of also explaining what really happened during an outage. There is room on the fault
notation where the operator can make notes if wished, but this seems to be rarely done and not very

consistently. When doing analyses or investigating faults it would be helpful to have an explanation
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in the operator’s own words on what happened. The outage data that are available in Succel
“reports”, where time, failing line, customer outage hours and so on are listed, also contains the
cause of the outage. Here it is possible to see what the cause of the outage was, but it might still be
useful to have a longer explanation in the fault notation. There is a point to this, if the categories in
the “report” can be kept simple it will be easier to find a category for each fault, and less faults will
be noted with “unknown”. This will simplify the work with large number of data, that can be ordered
into categories. If one wants to study individual outages in detail, one can read the fault notation. It
can of course sometimes be too time consuming to write a more detailed explanation of what
happened, for example during major disturbances. The short notation “major disturbance” does

however speak for itself in a way.

In the fault notation it is also not clearly noted between which disconnectors the fault really was
located, which can be hard to figure out. The fault is positioned in the computer tool PoDIS and it is
possible to find where the fault was located by looking for the outage with the same date in PoDIS.
But an idea could be to have that information in the fault notation as well, or a link between the two
(if this is technically possible). It would be useful if one could click on the faults in PoDIS and choose
to open the fault notation, and the perhaps the other way around: open PoDIS from the fault

notation to see where the fault was.
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APPENDIX 3: SUBSTATIONS FOR CABLE FAULT RATE
The substations used for calculating the fault rate of cables in section 4.3.2 are shown in table Al.

020E Charlottenberg 102A Lesjofors

Table Al: Substations used for the cable calculations
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The remote controlled disconnectors will be opened first and the breaker will be re-closed to

see if the fault is on any of these line segments.

Two fitters are sent to the area. One goes to D1 and the other one to Q1.

Open D1

Open Q1 and close D1 —is the fault on the north or south side?

» North: The power is now on, feeding L1-L4. The fitter goes to D10 and the breaker at 184
Tyfors (L7910) is closed by the operator.
o Ifthe faultis on the north side every load point on the south side will have the power
back after 1.05 hours.

o D8 isopenedand D10 closed.

o D9is opened and D8 closed. This will show if the fault is on L8-L9 or L12-L14.
=  Fault on L8-L9: The power goes out. Open Q2 and re-close the L7910

breaker. If the power is still on the fault is on L8 or RLP11.

=  Fault on L12-L14: Power is still on. Open D11 and D12 and close D9.

= (Close D11. If the power goes out the fault is on L13, otherwise it is on L14.

» South: Power goes out. Open D5 and D2. D1 was closed before the fitter went on, this does
not affect the customers since the power is already out.
o Close D2 —Is the fault on the upper or lower side?
= Lower: The power goes out. The fault is on L3 (L4 was already tested with the
remote controlled disconnectors).
= Upper: The power is still on. Open D6 and close D5.
= If the power is still on the fault is on L6 (L7 was already tested), if not the

fault is on L5.

e When the fault is found it is isolated just like in the previous models and any local sectioning

is performed.
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When the breaker disconnects the line all four remotely controlled disconnectors are opened and the
power is turn back on.

e If the breaker breaks again the fault is on L1 or L2. The fitter goes to D1 and opens it so see
which one of the line segments that has failed. Within 1,167 hours a fault is located to L1 or
L2.

e If the power did not go out again, D2 is closed — is the fault on the south side (L3-L5)?

o Ifthe power goes out the fault was in fact on L3-L5. The fitters are sent out and one
of them goes to D3 and the other to D4. Within 1,167 hours a fault is located to be
on either L3, L4 or L5.

o If the power stays on the fault is not on the south side.

e Disconnector D5 is now closed to see if the fault is on L6 or L7.

o Ifthe power goes out the fault is on L6 or L7 and one of the fitter goes to D6 and
opens it. The other fitter goes to D14, ready to close it if the fault is on L6, and L7
therefore can be fed through D14. Again, within 1,167 hours the failing line segment
is identified.

o Ifthe power does not go out the fault was not on L6 or L7.

e Disconnector D7 is now closed to see if the fault is on L8-L10.
o Ifthe power goes out the fitters go to D8 and D9. Within 1,167 hour the fault is
located to either L8, L9 or L10.
o If the power stays on the fault was not on L8-L10.

e Disconnector D10 is now closed to see if the fault is on L11-14.

o Unless the fault has “fixed itself” the power will go out. (Can be worth a try, many
faults do fix themselves [16]) The fitters then go to D11-D12 (located at the same
place) and D13. All are opened.

= By opening D11 the operators can try to put the power on from 184 Tyfors
to see if L12 is failing.

= |fnot, D11 is closed again to see if the fault is on L11.

= Ifnot, D12 is closed to see if the power goes out- if it does the fault is on L13,
if it does not the fault is on L14.

o Toidentify the failing line segment will take 1,167 hours since D11 and D12 are
located in the same place and the fitter does not have to move between them.
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This appendix section describes the costs and the calculations of the investment costs.

In order to judge which investments that are the most cost effective, the prices of each item used in
the investment and the work associated with it was listed using the EBR catalogue [29]. These can be

seen in table A2.

Component and work Cost (SEK)
Installation of cable (EBR: G146 21-26) ~300 000 SEK/km
Demolition of OH line (EBR: G126 01) 18 000 SEK/km

Installation of 24 kV* OH line (EBR: G109/G110 12- = ~300 000 SEK/km
45)

Installation of a disconnector (EBR: G161 12) 25 700 SEK
Upgrading of manual disconnectors to remote 54 700 SEK

control (EBR: G161 21)

Installation a breaker [23] 200 000 SEK
Secondary substation cable 68 000 SEK
(Seriesatellitstation EBR:152 28) (exc. transformer)

Secondary substation overhead line (EBR: G152 11 38 400 SEK
11/0.4 kV transformer 50-100 kVA (EBR: G159 25-26) ~35 000 SEK
11/1 kV transformer (EBR: G159 72) 31 200 SEK
1/0.4 kV transformer (EBR: G159 71) 23 900 SEK
Demolition of pole mounted secondary substation 3540 SEK

(EBR: 211 15)

*The 12 kV lines are in this category

There are several different cables to choose from in the EBR catalogue, and the amount is therefore
an approximate value of the cost of installing 1 km 12 kV underground cable. Most of the secondary
substations on the overhead lines of 102A Lesjofors were pole stations, meaning that they were
mounted on the line poles and cannot be used for cable grid. The cost for new substations and their
transformers have to be added. The overhead lines and their substations do also have to be
demolished which leads to costs. All possible rest values have been neglected in all investment

alternatives. The costs of this investment alternative can be seen in table Al.
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Costeapie = installation of cable + demolision of overhead line

+ number of sec substations * (cost of Seriesatellitstation

11
+ 0—4kV transformer + cost of demolision of sec substation) =

= Xpm cabie * 300 000 + Xym opr * 18 000 + Xgypseation * (68 000 + 35 000 + 3540)

= Xpm cabie * 300 000 + Xym op * 18 000 + Xgupsration * 106 540 SEK

This investment alternative requires a 11/1 kV transformer, a 1/0.4 kV transformer and a grounding
cable, as explained in section 5.3.2. The grounding cable is however almost always already installed

and if some parts are missing it, the cost of installing one will be negligible [25].
Costyy = (31200 + 23 900) * Xyymper of voltage reduced lines =

= 55100 = XNumber of voltage reduced lines SEK

The cost of adding equipment to the manual disconnector in order to be able to operate it from the
control center can be seen in table Al. The total cost will of course depend on the number of

disconnectors that are changed to remote controlled ones.

COStremote disc = Xdisconnectors * 54 700 SEK

This is done by building a connection to an adjacent line. In this project, the benefits and costs of
doing that both with cable and with overhead line will be tried. The cost, and the result, will depend
on the distance to the other line. Cables have better outage statistics, but will have to be longer than
overhead line. The lines are then connected with an open disconnector, which will be remotely

controlled.
CoStconnection = Installing line * Xy, 1ine + disconnector + upgradinggisconnector =

=300 000 * Xz sine + 80 400 SEK

The cost of installing a line breaker was estimated by Henrik Rinnemo to be about 200 000 SEK.
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Result of the investments when the change in the revenue framework due to changes in the capital

base is not accounted for.

Lesjofors

Remote controlled
disconnectors
Cables (today)

Line breaker
Sec feeding (OH)

Sec feeding (cable)
Sec feeding (cable 2 Disc)
Sec feeding (OH 2 disc)
1kVLP6a
1kV LP6 b

Total cost
with Capital
base
[SEK]

-90 630

15 003 697
17 630
175173
159 149
172 869
176 446
31212
28 531

Total cost
without Capital
Base

-90 630

20 197 699
171 567
1197 251
1294 944
1379671
1269 532
48 964

46 283

121

SEK/COMin

-11

197.9
0.9
35.1
14.0
13.4
13.7
11.6
4.8

SEK/COMin
No Capital
Base

1.5

266.4
8.3
239.8
114.3
107.1
98.5
18.2
7.8

Change
when
regarding
Capital Base

-26%
-90%
-85%
-87%
-86%
-83%
-36%
-38%



Charlottenberg

Cables on L1
Cables on L2
Cables on L3
Cables on L4
Cables on L5
Cables on L6
Cables on L7
Cables on L8
Cables on L9
Cables on L10
Cables on L11
Line breaker
1 kV RLP?7

1 kV RLP8

1 kV RLP11

1 kV RLP14

Secondary feeding
OH

Secondary feeding
Cable

Secondary feeding
OH 2 disc
Secondary feeding
Cable 2 disc

Total cost with
Capital base
[SEK]

1256 461
661 237
623 404

1438 229

1609 217
686 551

1670817
928 210

1040 229

1105504

1256 461

45 655
33282
34 681
36 262
31106
109 509

57 382
111 813

71833

Total Cost without

Capital Base
[SEK]

1451978

1
2

798 314

801 858

705 844
236 614
827921

2019353

1
1
1
1

171 904
276 111
326 699
451 978
173 980
51034
52433
54 014
48 857
596 252

584 213

669 564

669 670

SEK/COMin
With
Capital base

236
206
184
140
162

84

64
156
157
246

42

34
69
166
13

SEK/COMin
Without
Capital
Base

273
248
237
166
225
101
77
196
193
295
48
22
51
105
247
20
49

33
37

37

Change of
SEK/COMin
when
regarding
Capital
Base
-13%
-17%
-22%
-16%
-28%
-17%
-17%
-21%
-18%
-17%
-13%
-74%
-35%
-34%
-36%
-34%
-82%

-90%
-83%

-89%

The two tables, A3 and A4, show the difference in total cost and cost per reduced customer outage

minute when including vs. not including the capital base’s change of the revenue framework in the

calculations. The far right column shows the reduction of SEK/COMin in percent when adding the

capital base evaluations to the calculations.
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This appendix section shows the result of a sensitivity analysis of the input data to the models.

020E Charlottenberg 102A Lesjofors (original line)

Effect on SAIFI Effect on SAIDI | Effect on SAIFI Effect on SAIDI

Number of faults on OH line +9.5% +8.1% +8.0% +7.4%
Length of OH line +82% +8.4% +8.0% +7.7%
Repair time OH 0 +4.1% 0 +1.4%
Time for remote sectioning (And isolation 0 +2.0% Not applicable Not applicable

of the fault, starting of secondary feeding)

Time for the fitter to reach the area 0 +2.0% 0 +4.8%
Number of low voltage faults +0.32% +1.7% +0.4% +0.7 %
Patrolling time 0 +1.2% 0 +0.2%
Sectioning time (Time to get from one 0 +0.5% 0 +2.0%

disconnector to the next and opening it)

Number of faults on disconnectors +0.1% +0.1% +1.1% +12%
Number of faults on cables +0.08 % +0.1% +0.5% +0.6 %
Length of cables +0.08 % +0.1% +0.5% +0.6%
Repair time disconnectors 0 +0.07 % 0 +03%
Fixed part of the cable time 0 +0.03% 0 +0.1%
Repair time cables 0 +0.02 % 0 +0.2%
Number of faults on the breaker +0.01% +0.01% +0.002 % +0.001 %
Repair time breakers 0 +0.01% 0 +0.001 %
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The customer outages and customer outage hours for every load point on 102 Lesjéfors are shown in

table A®6.
Line Loadpoint Customers U U*customer Outages Outages*
customers
L1 LP1 5 8.16 40.8 5.12 25.6
L2 LP2 17 7.72 131.3 5.12 87.1
L3 LP3 12 9.42 113.1 5.12 61.5
L4 LP4 1 11.19 11.2 5.03 5.0
LP5 60 12.46 T747.4 5.45 3271
L5 LP6 22 13.17 289.8 5.22 114.8
L6 LP7 2 7.95 15.9 5.03 10.1
LP8 11 8.80 96.8 5.07 55.8
L7 LP9 7 8.47 59.3 5.03 35.2
L8 LP10 54 9.54 515.4 5.17 2791
L9 LP11 13 11.08 144.0 5.13 66.7
LP12 7 10.73 75.1 5.07 35.5
L10 LP13 9 10.03 90.3 5.12 46.1
L11  LP14 21 8.91 187.1 517 108.6
L12 LP15 1 10.07 10.1 5.34 5.3
L13 LP16 31 11.70 362.7 5.66 175.5
LP17 1 9.29 9.3 5.15 5.2
LP18 23 9.29 213.7 5.15 118.6
L14 LP19 6 10.99 65.9 5.51 33.1
Y customers= 303 >Ycustomers*U= 3179.1 Ycustomers*outages= 1595.7
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The customer outages and customer outage hours for every load point on 020E Charlottenberg are
shown in table A7.

Load point Customers U Customer*U | Outages Customer*outages
LP 1 8 7.19 57.5 9.86 78.9
LP 2 6 4.08 24.5 9.86 59.2
LP 3 8 4.63 37.0 9.95 79.6
LP 4 8 4.01 32.1 9.86 78.9
LP 5 24 4.34 104.1 10.03 240.7
LP 6 25 6.94 173.4 9.95 248.6
LP 7 4 7.03 28.1 9.95 39.8
LP 8 2 7.35 14.7 10.02 20.0
LP9 6 7.04 42.2 9.95 59.7
LP 10 13 713 92.7 9.95 129.4
LP 11 6 7.05 42.3 9.93 59.6
LP 12 12 5.37 64.4 10.02 120.2
LP 13 3 4.89 14.7 9.87 29.6
LP 14 6 9.01 54.1 9.95 59.7
LP 15 9 8.79 79.1 9.94 89.5
LP 16 4 8.57 34.3 9.87 39.5
LP 17 4 8.56 34.2 9.86 39.5
LP 18 6 10.99 65.9 9.86 59.2
LP 19 32 11.55 369.5 10.11 323.5
LP 20 29 12.24 355.1 10.11 293.2
LP 21 11 6.20 68.2 10.03 110.3
LP 22 21 9.19 192.9 10.38 217.9
LP 23 45 8.50 382.7 10.28 462.4
LP 24 20 7.73 154.6 9.86 197.3
Y Customers= 312 Y Customers*U 2518.2 Y Customer*outage 3136.1
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