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The purpose of the development plan for regionalvokks is to have a clear picture
about the present regional network, change fadads the effects they have on the
regional network. The development plan of the negi;metwork has been divided into
three study areas; Northern Ostrobothnia, Centrédukd and Hame and Pirkanmaa.

This thesis contains information about each aread growth, the development plan
of the main grid and possible production planseeggtly, wind power production. This
information was gathered from network planners,jgmomanagers and wind power
producers. Furthermore, the present electrical medhanical state of the regional
network was investigated from information containeg the network information
system.

This thesis presents change factors in each stuely, ahanges they will have on
regional network and some solutions how to preparthose changes. All the plans
made will be in general level; more detailed pleas be created based on these general
guidelines.

The biggest change factors are 220 kV power lirfee main grid changing into
110 kV use in Central Finland and Northern Ostrbb@ and also wind farms increase
in Northern Ostrobothnia. The increase in 110 kWeolines makes the building of the
new connections and substations possible. Thisstipessents two alternative solutions
for the longest Koivisto — Nivala power line andngmares them. Furthermore, wind
power projects are examined in three different ades and are created for wind power
networks at basic level.

In the future, the ageing power lines of the reglaretwork will be a matter which
must be followed carefully. The 50 % of the powaes$ (500 km) was built in the
1960’s and the 1970’s. This means that most ofptheer lines will be reconstructed
during the next 15...20 years when the lifetime asslito be 50...60 years. Therefore,
the mechanical condition of the oldest power limesst be more paid attention over the
coming years in order to the reconstruction neédlseopower line would come into the
open well in advance.
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Alueverkon kehityssuunnitelman tavoitteena on saadddollisimman kattava kuva
nykyhetken alueverkosta, verkkoon vaikuttavista tostekijoistd ja niiden
aiheuttamista muutoksista alueverkkoon. Alueverkarkastelu on jaettu kolmeen
alueeseen; Pohjois-Pohjanmaa, Keski-Suomi ja HarRerkanmaa.

Tybhon on koottu tietoa jokaisen alueen kuormitekskasvusta, kantaverkon
kehityssuunnitelmista sekda mahdollisista tuotannauunnitelmista, etenkin
tuulivoimasta. Tietoja alueiden muutostekijoistd eaatu verkostosuunnittelijoilta,
projektipaallikdilta seka tuulivoimayhtitilta. Lik&i on tutkittu verkkotietojarjestelmén
tietojen avulla nykyverkon mekaaninen seka sahkiite kunto.

Tyossa esitellaan alueen muutostekijat, niidenutibmat muutokset seké joitain
ratkaisumalleja, joilla muutoksiin voidaan varautiksityiskohtaisia suunnitelmia ei
esitella vaan tarjotaan suurpiirteisia ratkaisuejall joiden perusteella tarkempi
suunnittelu voidaan tulevaisuudessa tehda.

Suurimmat muutostekijat ovat kantaverkon 220 kVigggn muuttuminen 110 kV
kayttoon Keski-Suomessa ja Pohjois-Pohjanmaalla gaklipuistojen lisaantyminen
Pohjois-Pohjanmaan alueella. Kantaverkon 110 kYojeh lisaantyminen mahdollistaa
uusien yhteyksien ja sahkdasemien rakentamisen.ssiyoon tutkittu kahta
vaihtoehtoista ratkaisua pisimmaélle Koivisto — Nasgohdolle ja selvitetty niiden
toteutusmahdollisuuksia. Tuulivoimahankkeita orkasateltu kolmella eri skenaariolla
ja luotu niille hyvin karkealla tasolla tuulivoimarkot.

Tulevaisuudessa alueverkon ikdantyvat voimajohdobusavat tarkkaan
seurattavaksi asiaksi. Alueverkon 110 kV voimajakt#o noin 50 % (500 km) on
rakennettu 1960- ja 1970-luvulla. Tama tarkoittei@d voimajohtojen 50...60 vuoden
elinialla suurin osa johdoista tulee saneerata assan 15..20 vuoden aikana.
Vanhimpien voimajohtojen mekaaniseen kuntoon tutedkinnittaa tulevien vuosien
aikana tarkempaa huomiota, jotta johtojen saneteugstulisi ilmi riittdvan ajoissa.



PREFACE

The topic for this thesis was provided by Vattenfderkko Oy. The thesis was
examined by Professor Pekka Verho from Tampere &dsity of Technology. The
supervisor from Vattenfall Verkko Oy was M.Sc. Tuhonen.

| wish to thank Turo for providing me such an ieting and current topic as well
as kind suppot during the work. Furthermore, | wsithank Pekka for good advice and
for examining this thesis. As well, | want expresg gratitude to everyone who helped
me during the work. Special thanks go to my ni¢evemembers of the Substation and
Power lines -team for support. Above all, | acknedge heartfelt thanks to my family
for the valuable support throughout my studies.

Tampere, August 29 2011

Tomi Makela



TABLE OF CONTENTS

1.

[T goTo [¥ ox 1 o] o U PURUPPPPPPRPPPI 1
Regional networks in Finland ... 2
2.1. Definition of the regional NEtWOrK ..........c.ooeeiiiiiiiiiiiiii e 2
2.2. Regional network operation ............occeeeiiiiiiiiiiiiin e 3.
Theory of Nnetwork planning.............o oo 5

3.1, Overall philoSOPNY .......ccooiiiiii e 5
3.2. Technical reqQUIrEMENTS ........cooiiiiiceeeeee e 5
3.2. 1. LOAd fIOW e 5.
3.2.2. Fault calculations ... 6...
3.2.3. Load and fault current CapacCity ......c«eeeeeeainnieeeeeeeeeeeeeeeeninens 9
3.3, REl@DIITY ..ot e 10
3.4. Economic effiCienCy..........coooiiiiiiimmm e 12
3.4.1. Present value method ... 13
3.4.2. ANNUILY MELNO.......ouiiiiiiii e 14
3.5, Planning tooIS.......ccooiiiiiiiiii e 14
3.5. 1. TeKIa XPOWEN ....oeiiiiiiiiieie et et 15
35,2, P SS/E . it 15
The present state of the regional NEtWOIK . ..oocvevviiiiiiiiiiiiiiee 6.1
4.1, GENETAl..cciiiiiieee e 16
4.2. Northern Ostrobothnia .............uuuvieeeiiiiiiii e 17
4.2.1. Age distribution and mechanical conditiorpoWer lines.......... 18
4.2.2. Loading of main transformers........ococeeviiiiiiiiieeeeeeeees 19
4.2.3. Backup feeding of SUDStatioNs ...........ceuuvveiiiiiiiniiiieiiieiieeeeins 19
4.3. Central FINland...........coooiiiiiii e 20
4.3.1. Age distribution and mechanical conditiorpoWer lines.......... 21
4.3.2. Loading of main transformers........ococeeiiiiiiiiiineeeeeeees 22
4.3.3. Backup feeding of SUbStations .............ueuveiiiiiiiiiiiieiiiiiieeeein, 23
4.4, Hame and Pirkanmaa .........ccccuuuviiimmmemmmeeeeeeeeeeee e e e e 24.
4.4.1. Age distribution and mechanical conditiorpoWwer lines.......... 25
4.4.2. Loading of main transformers........ooceeeevvviiiiiiiie e 26
4.4.3. Backup feeding of substations .........ccccccccccieeiiiiiiiieeeeieeeeeeen, 26
Factors affecting regional Network.......ccccccoceiieiiiiieieeiiiieeee 28
5.1. Northern OStrobothnia .........ccoooiiiiiieeeciiiiie e 28
5.1.1.  Load groWth ....ccooeeiiiiieeieetmmmmmm e 8.2
S0 I VYT To 1 oo 1= R 9.2
5.1.3. Development plan of the main grid.......ceevveiiiciineenneeeeen... 30
5.2. Central Finland..........ooooiiiiiiiceeeee e 32
5.2.1. Load growWth ....cccooeiiiiiiieeee e e 2.3

5.2.2. Development plan of the main grid......eeeeeeeeniiiiiinnnenen.. 32
5.3.  Hame and Pirkanmaa ..............eeeeiieecccce e oo 34.



Vi

5.3.1. L0oad growWth ....cccoeeiiiiiieeee e e 4.3
5.3.2. Development plan of the main grid......cceevieciiiiinnneeeen... 34
6.  WiNd pOWEr NEIWOIKS ......cccoeieiiiiii e e e e e e e e e nnnnes 36
6.1, GENEIAI....iiiiiiiiiiiiiiiiee e ———— 36
6.2. Connection code for connection of wind powlanfs..............ccccc..u...e. 36
6.3. Simulation of wind power NEIWOIKS ......couemeeeeeeeeeiiieiieeeiiiiieieeeenn 38
6.4. Wind power projects of Kalajoki area ....ccccccooooeeeevviviveieeiiiiiiiieeeennn 39
6.4.1. Scenario 1 — Wind power capacity 217 MW.............cccceuuee. 39
6.4.2. Scenario 2 — Wind power capasity 372 MW.............ccccceuveee 41
6.4.3. Scenario 3 — Wind power capacity 1100 MW............ccccc...... 42
6.5. Wind power projects of Raahe area. R £
6.5.1. Scenario 1 — Wind power capaC|ty 514 MW ......................... 43
6.5.2. Scenario 2 — Wind power capacity 1033 MW...........cccceevn.... 45
6.5.3. Scenario 3 — Wind power capacity 1525 MW...........cc.ccc...... a7
7. Development Plan .........cooviiiiiei e —————— 49
7.1. Nivala — Vuolijoki — Koivisto regional network...........ccccccceeeeeeeeneenn. 49
7.1.1. Alternative 1 — Reconstruction of existirayyer lines............... 50
7.1.2. Alternative 2 — New connection from Uusnazal..................... 52
7.2. Backup connection of Haapavesi and Pulkkila........................c..... 54
7.3. Tikinmaa — Forssa regional NetWOrkK.....cccccceoovvvvvveviiiiiiiiiiieee e 55
7.4. Summary of development plan ... 57
8. CONCIUSIONS ...ttt e e e e 59
RETEIEINCES ...ttt ettt e e e e e e e e e bbb e e e ee e e s e e 60
Y 0] o 1= T [ G 64
Appendix 1 — Northern Ostrobothnia: measured amclized powers of the main
EFANSTOIMEIS. ..ttt e e e e e e e e e e e e e e e e e e e e e e e eeas 65
Appendix 2 — Central Finland: measured and caledlgbowers of the main
EFANSTOIMEIS. ..o ettt e e e e e e e e e s e e e e e e e e e e e e e eaeas 66
Appendix 3 — Hame and Pirkanmaa: measured andlatddupowers of the main
ErANSTOIMEIS ... e eeaa e e e e e e e e e e e e e e eeeeeeeees 67

Appendix 4 — Loadings of the power liNeS ... 68



Vi

ABBREVIATIONS AND NOTATION

Ibus Current matrix

I Earth fault current

ks Three phase short-circuit current

P Two phase short-circuit current

Sh The nominal power

Upus Voltage matrix

Up The zero sequence voltage

Uy The positive sequence voltage

U, The negative sequence voltage

Ua Phase-to-earth voltage phasor in A phase

Ug Phase-to-earth voltage phasor in B phase

Uc Phase-to-earth voltage phasor in C phase

Un The nominal voltage

Zo The zero sequence network impedance

Z1 The positive sequence network impedance

Z The negative sequence network impedance

Zs The fault impedance

Zin The Thevenin’s impedance

Ybus Impedance matrix

DSO Distribution System Operator

EIA Environmental Impact Assessment

ELY-centre Centre for Economic Development, Transport and the
Environment

EMV The Energy Market Authory

FINGRID The main grid operator in Finland

MEE Ministry of Employment and the Economy (in Finland)

RNO Regional Network Operator

TSO Transmission System Operator

VFV Vattenfall Verkko Oy



1. INTRODUCTION

The purpose of this thesis is to create a developplan for 110 kV regional network
of Vattenfall Verkko Ltd (VFV). The aim of the ddepment plan is to evaluate future
investment needs and schedule them for the negefifyears from the present, in other
words, about until the year 2025.

The analysis of the regional network is dividedointhree areas; Northern
Ostrobothnia, Central Finland and Hame and Pirkannide present state of the
network, the change factors and possible measueededermined in every area. Exact
plans are not made rather the purpose is to cipatielines according to which the
regional network will be developed the coming years

At the first stage of this thesis, the regionawk operation and basic principles
of the network planning will be briefly defined. #&te second stage, the present state of
the regional network will be determined and the sgme problem sections are
identified. As the present state of the regionatwoek is determined, the age
distribution and mechanical condition of power $#navill first be examined.
Furthermore, the loading of the main transformeand ¢he backup feeding of the
substations are defined on the basis of the infoomand calculation of the network
information system.

At the third stage of the thesis, the change faabbrareas will be defined. The load
growth, the regional development plans of the ngnd and increasing production,
especially a wind power, are examined as the magsbitant change factors.

In the last part of the thesis, most important emast probable change targets are
identified. Furthermore, basic plans are createtthvban be used to prepare for future
changes. It is not intended to create exact netpwianks instead presents solutions.



2. REGIONAL NETWORKS IN FINLAND

2.1. Definition of the regional network

In the electricity market act, only the distributinetwork has been exactly defined. The
distribution network is a power network with a noali voltage of less than the 110
kilovolts (kV). The geographical area of resporigibs has been determined for the
distribution network operators (DSOs) where the B3f@ve connecting obligation of
network, the transfer obligation of electricity anlde development obligation of
network. DSOs have an exclusive right to build distribution network in own area of
responsibilities excluding service lines and thtenmal network of real estate.

According to the reason of electricity market dbg bigger voltage network than
the distribution network is the main grid or thgiomal network. In the reasons, it has
been stated that the main grid includes 400 kv 388 kV networks and most
important 110 kV power lines and substations. Tégianal network operation can be
carried on either as a separate business, alongsdmain grid operation, however,
separately from actual the main grid operation @raapart of distribution network
operation. All operation models are used in Finlghf

The new internal market directive of the electyioitas given in July 2009. The
directive has to be valid in national legislation March 2011. The most significant
changes in the directive apply to the securinghefihdependence of the transmission
network operators (TSOs, the main grid company) #m& regulators' tasks and
competence. In addition, the directive identifiesrfmodels of network operators: TSO,
DSO, their combination and closed distribution regtw The regional network term is
not found in the directive as it did not exist eithn the earlier directive. Table 2.1
shows the summary of the network defining in thggslation.



Table 2.1Summary of the network defining in legislation. [3]

Distribution network Regional network Main grid

< 110 kV network, 110 kV network, 400 and 220 kV
excluding service

Electricity g A which is not main networks and most
N lines and internal grid or service line important 110 kv
network of the real lines and substations
estate
Internal High, medium and New term:

low voltage network
New term: 'closed
Directive of distribution network’
which can be given
to certain
(EV) exemptations

Transmission network

Listed fuctions of the

transmission network
in directive

Market

Electiricity

According to the directive, the TSO is an operatbich is responsible for the use,
maintenance and developing of the transmissionar&wCorrespondingly, the DSO is
an operator which is responsible for use, maintemamd developing of the distribution
network. Transmission means “the transport of alg@tt on the extra high-voltage and
high-voltage interconnected system with a viewtsodelivery to final customers or to
distributors, but not including supply”.[2] The tibution means, “the transport of
electricity on high-voltage, medium voltage and lesltage distribution systems with a
view to its delivery to customers, but not incluglisupply”.[2] Criteria has not been
defined in more detail for separating of the traission network and the distribution
network from each other in the directive. The nekwvis defined as the closed
distribution network where is transferred electyiegn geographically limited industrial
area. The closed distribution networks can be a&bsgofrom the obligation to acquire
the loss energy with market based procedures awvitidhghe tariffs approved on the
authority. [3]

2.2. Regional network operation

The 110 kV power lines are classified as the reglioetworks in Finland’s electricity
market which do not belong to the main grid. Theibess of the regional network is
organized in different ways depending on is the emof the regional network a DSO,
industrial enterprise or regional network opergdRNO). At this moment, RNOs are 12
companies and DSOs are 55 companies which own 1Bek¥ power lines. In the
regulation model of the network operation, the k¥Opower lines owned by DSO are
included other network if the regional network gign has not been corporatized to a
separate company.



The regional network owned by industrial enterprssasually used as a service line
which means that other customers have not conndotatie network. In addition,
network operation has been organized in a sepapatpany.

The 110 kV networks of RNOs and DSOs vary froma klometers to over a
thousand kilometers. One RNO also owns 400 kV pawwer. This power line was
originally built for service line to the main gritNowadays, the power line has been
connected with other customers so the meaning ohexiion has changed from the
original. The 110 kV network lengths of RNOs arewh in Table 2.2. In addition, the
table shows five DSOs which have the most 110 kiwokk from other DSOs. [3]

Table 2.2The 110 kV network lengths of RNOs and five DS&s @009). [4]
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RNOs and DSOs own altogether about 8120 km of th® kV network.
Furhermore, the main grid operator (Fingrid) masaggproximately 7500 km of 110
kV network. This means that VFV owns 6,5 % of theldnd’s whole 110 kV network.



3. THEORY OF NETWORK PLANNING

3.1. Overall philosophy

The purpose of the network planning is to secueeatiequacy and reliability of the
network. The reliability means that the most usnatwork faults must not cause
interruption in electricity delivery. The task dfet network planning is to clarify the
necessary confirmations and investments. The tresgm and distribution are
economical if the network planning is carefully readarticularly, the economy must
be kept in mind when the network is planned. Theegessary investments have to be
avoided for the reason that the network investmarggenerally expensive.

The network planning is generally divided into tywarts: short term planning, in
other words, target planning which time perioddssl than five years. The long-term
plans will be made for 5...15 time period. Furtherejahe so-called over long-term
plans can be formulated to the time period of 15.y&8rs.

The network planning is made mainly with calculgtorethods. In which case, the
information about the components of the networkhswas loads, power lines,
transformers and generators are needed for cadtmsa(5]

3.2. Technical requirements

Network planning requires knowledge of the existeigctrical network to provide a
firm base on which to assess projects for futurewvoek development. Technical
requirements such as those which can influencedutads need to be considered.

The most important technical requirements are Idadv and fault current
calculations in the network planning of the regiometwork. This means, on the basis
of the load flow calculation is estimated lossesltages and production and
consumption of the active and reactive power. Gpoadingly, on the basis of the fault
current calculation is clarified fault currentsté point of the fault and values of fault
current at other points on the network. [5]

3.2.1. Load flow

The purpose of load flow calculation is to clarigltages, currents and active and
reactive power of all buses of the network. The bas been defined when its voltage
magnitude (U), phase angle)( active power (P) and reactive power (Q) is knoWme

powers mean net powers, in the other words, pramuceduced by consumption. The



buses are divided into types in the calculationghenbasis of which of four variables
are known. [6; 8]

Net active and reactive powers are known from P&ebu The unknowns are
voltage magnitude and phase angle which meanshdaimust be calculated. PQ-buses
describe a load bus or such generator bus wherg@dherator works with constant
reactive power control.

Net active power and voltage magnitude are knowmfPU-buses which mean that
phase angle and reactive power must be calcul&Bdbuses are always generator
buses where the generator works with constantgeltantrol.

Voltage magnitude and phase angle are specifieah ftb -bus and active and
reactive powers at this bus are not specified. Ndigmthere is only one bus of this type
in a given network. U-bus is named a slack bus or reference bus. Theepdragle of
voltage will be defined by way of reference busff@ence between production and
consumption is fed from reference bus. Usuallyenaice bus describes the background
network or generator.

Different variables (U, P, Q) have been generatigwnoh the linesvhere they are
free to change during the calculation. Furthermdine, positions of the on-load tap
changer of the transformers are able to changeetos, the bus type may change if
the study regulations are not realized. If the tigacpower limit of the generator is
exceeded, it changes from the PU-bus to PQ-bueathflow calculation, the following
equation (1) is formulated for currents and voleagkthe network. [8]

[I_bus] = [Xbus][ubus] (1)
Where
lpusis the current matrix which includes sums of cotsevhich come to the each
buses
Upusis the voltage matrix which includes voltages aftebuses
Yhus IS the admittance matrix which includes admittanoetween buses

Since in a network each bus is connected onlyfewaother buses, the admittance
matrix is very sparse. In other words, it has gdanumber of zero elements. If the
network is large, the direct solution method iswsldrherefore, different iterative
methods are used. These kinds of methods are famme Newton-Raphson and
Gauss-Seidel.

3.2.2. Fault calculations

The essential part of network planning is analg$ithe fault situation. Common faults
are short-circuit and tripping of components duever load. These are usually caused
by weather conditions or fault in the network comeuats.



Some of the fault situations are symmetrical, | dther words, three-phases short-
circuit faults. However, this is the case only whhe fault occurs when the voltage
reaches its peak value. Otherwise the three-phasedrcuit fault is asymmetrical.

In symmetrical system, the system impedances ih phase are identical and the
three-phase voltages and currents are completépnded. That means, they have equal
magnitudes in each phase and are progressivelladespin time phase by 120 degrees.
Thus, the symmetrical three-phase short-circuitrenir can be calculated with the
single-phase eguivalent according to Thevenin’sriér.

U
o =——2— 2
Lbe=7 =7 2)
Where
Iz is the three-phase short-circuit current
U,is the phase-to-earth voltage phasor in A phase
Zn i1s the Thevenin’s impedance

Z; is the fault impedance

In the equation, Thevenin’s impedancg 2presents the total network impedance seen
from the fault point. This impedance also contdlmes impedance of the main grid. In
addition to the impedance, there are also othetofacthat affect the short-circuit
current. These are according to the equation @n#twork voltage, the fault type and
the loading during the fault although this usudiys a minor influence on the fault
current. The typical short-circuit fault currenfwes in the 110 kV networks are 10...40
KA in Finland. [7]

The most common asymmetrical faults are a singbselearth-faults and two-phase
short-circuit faults. During these kinds of faultdifferent phases of voltages and
currents are not symmetrical. In calculation, tleéwork cannot be analyzed with the
single-phase equivalent which means each phaselbmwestamined separately.

Asymmetric situations are examined with symmetricanponents and sequence
network. Representing the network with symmetricainponents is a mathematical
method for network calculation where the phasorrdibates are transformed into
sequence coordinates. This is shown in Figure 2.1.

Figure 3.1 Positive sequence networl, anegative sequence network and the zero
sequence network.a



Components are called positive sequence netwodative sequence network and the
zero sequence network. The idea is that by commpedtiese sequence phasors, the
phasor diagram of the fault can be represented.aBgenmetrical phase voltages are

thereby formed as a combination of three symmeétnieworks.
The transitions from the phase values to symmetcmaponents and back succeed

with conversion matrixes which are presented iraéiqn (3) and (4). [8]

U, 111 U,

U, =1a’a U, (3)
U, 1aa Y,

u, 111 u,

U, = 1a & U, (4)
U, 1a’a U,

Where
U, Uy andU, are the phase-to-earth voltages
Uy, U; andU, are the zero, positive and negative sequence netwttages

a is the complex number operatdr’e

The impedances can be of different sizes on diftereomponent networks.
Impedances of the zero sequence network must berkmo order to asymmetrical
faults can be calculated. The negative sequeniveorieis also needed in two-phase
short-circuit faults. The two-phase short-circuitrent can be calculated with equation

(7). [8]

S . ™

T Z,+Z,+Z,
Where
Ik is the two-phase short-circuit current
Z is the positive sequence network impedance
Z»is the negative sequence network impedance



In earth-fault situations, all three component reks are needed and it can be
calculated with equation (8).

Where
It is the earth-fault current
Zp is the zero sequence network impedance

3.2.3.

&Ja
Ly —

Z,+2,+2,+3Z,

Load and fault current capacity

(8)

One factor which restricts electricity transmissian a load capacity of network
components. The load capacity informs how mucherirand power can be transferred
through the component without being damaged. Teatper rise determines the load
capacity exclusively with cables and transformé&rse heat develops when a part of the
power changes into heat from an effect of the tasce.
On the power lines, a more significant factor ghart-circuit current because power
lines are not insulated and ambient temperaturés¢hem effectively. On cold weather,
power can be transferred significantly more tharw@mm weather. Figure 3.2 shows
the load capacity of three conductors as a funabbthe ambient temperature. Load
capacity has been calculated according to IEC E@7dard.

Load capacity of 110 kV conductors as
function of ambient temperature

Ambient temperature (C)

. ‘ —o—Duck Ostrich  —a&— Suursavo J
252
o 238 o7 ~7a) :
‘ 206 ]
= 1 200 189 1
2161 a0
> 152 ——
g - 1501 12 155 |
g 121
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| e |
25 121 e :
g | 113 e B, e U
— 96 ‘
| 87
[ [da} |
I U |
I I
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Figure 3.2 Load capacity of 110 kV conductors as function mbent temperature.

Voltage 110 kV, rated temperature of lines 80°C it 0,6 m/s.
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The conductors that are shown in Figure 3.2 arertbst general conductors which
are in use in the regional network of Vattenfallrkie® Ltd. The electrical values of
conductors are introduced in Table 3.2.

Table 3.1Electrical values of 110 kV conductors [9;10]

Cross;:;ﬂonal Resistance Current Short-circuit

(o] H o]
Type (aluminium/core) (20 /Ck,nI]DC) load cipacny current (tZ 200 "C)

mm?

Suursavo 106/ 25 0,273 429 11,2
Ostrich 152/ 25 0,19 537 15,9
Duck 305/ 39 0,095 837 31,6
2-Duck - 0,048 1280 -

The transformers are well protected from the exeedemperature rise by efficient
cooling and protection devices. In the abnormalagions, such as the backup feeding
of the substation, the temporary overload can Hewal (1,2*S). Excessive
temperature rise can damage the insulation of thesftormer and other structures
during the long. During the lifetime, peak loaduations stress transformers and may
shorten their lifespan. Therefore, the load gromitst be taken into consideration at the
planning stage in order to components last out tlifespan. Undersized power lines
and transformers have to be changed before omas which increases unnecessary
costs.

3.3. Reliability

The fault situations of the regional network areially caused by the environmental
conditions as overvoltage due to lightening. Theltacaused by the lightening are
short-term short-circuit faults and earth-faultsethcan be removed with reconnection.

In the regional networks, the permanent faultseatteemely rare. The falling of the
pole or the falling of the overlong tree to the gowne are the most general reasons for
the permanent faults. The falling of the pole ulsuel caused by the breaking of stay
wires.

The falling of overlong trees is prevented by diegithe right-of-way wide enough.
Furthermore, border zone next to the right-of-wsyképt 10 m high. The Figure 3.2
shows the right-of-way and border zones.
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i RIGHT-OF-WAY
BORDER ZONE

BORDER ZONE

LINE AREA

Width of the 110 k¥ right-of-way is usually 26-30 meters

Width of the border zone is always 10 meters

Figure 3.2Right-of-way and border zones.[11]

The fault interruptions consist of short-term intgations or long-term interruptions.
According to IEEE 1366 standard reliability of delily can be described with key
figures introduced below

System Average Interruption Duration Index (SAIDI):
t.

. . IJ
SAIDI =% 9)

S

System Average Interruption Frequency Index (SAIFI)

n;

SAIF| = 10
N (10)

Customer Average Interruption Duration Index (CAIDI

t,
i ' _ SAIDI
n, SAIFI

J

CAIDI =

(11)

Where
nj is the number of the customers who experiencéntieeruptioni
Ns is the total amount of customers
T; is the time without electricity that customgrlave to spend because of the
interruptions

In these equations the momentary interruptionspigéages lasting three minutes or
less, are taken into consideration. This is whyNtFI figure is used to measure the
short-term interruptions per customer. [8]
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Momentary Average Interruption Frequency Index (KAl

MAIE| = TotaINumbeOfMomentaryInterruptions (12)

TotaINumbaOfCustomes

Table 3.2 presents the fault numbers and faulugaqies of 132 kV power lines in
the Nordic countries in 2007. In addition, the &ldhows the division of faults
according to cause during the years 1998-2007.réwm the table one can see, nearly
half of the faults are caused by the lightning inl&d. Furthermore, permanent faults
are only 2 % of all faults, in other words, 0.3Itayper 1000 km.

Table 3.2Division of faults according to cause for 132 kyer lines.[12]

Line Num | Numberof Faults divided by cause during the period 1998-2007 (%o)
-ber faults per
Country km of 100 km Light- Other Ex- Ope-  Tech- Oth- TUn- | 1-pha- Perma-
faults ning natural ternal ration  nical er  known se nent
2007 2007 | 2007 1998- causes influ-  and equip- faults  faults
2007 ences mainte- ment

nance

Denmark | 3640 60| 1.65 125 Z1.7 489 16.7 24 12 32 6.0 47 5
Finland 13991 181 1.29 1921 442 39 21 13 05 09 47.1 75 2
Iceland 1247 12] 0.96 1.49 2.2 86.1 34 1.1 6.6 0.0 0.5 47 14
Norway™* | 10475 56| 0.53 1.05( 57.2 277 34 0.6 6.1 4.1 09| 26* 17
Sweden | 15418 197 | 1.28 242 632 44 28 1.9 19 19 24.0 42 5
Nordel 44771 506 1.13 L7 | 52.] 134 37 15 22 20 25.0 50 6

*The Norwegian grid partly includes a resonant earthed system, which has an effect on
the low number of single phase earth faults in Norway.

3.4. Economic efficiency

In the planning of the network, the aim is to fimdolution which functions technically
and the total costs are small in the long-term.t€oan be on-off, annual or variable.
Furthermore, costs must be specified from eachratbethat the total costs can be
compared. The division into the separate cost factan be made according to the
following equation:

C

:Cinv + C + Ci + Cm (13)

tot loss

Where
Ciot Is the total cost
Cinv Is the investment cost
CiossiS the loss cost
Ci is the interruption cost
Cm is the maintenance cost
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The investment costs make up a large part of tted tmsts in the building of the
regional network. The investment costs include netebuilding and land-use costs.
The loss costs include the load loss of the netwamk the no-load loss of the
transformers. The interruption costs contain tHialdity costs. The maintenance costs
comprise the costs which result from the mainteaam inspection of the network.

The investment costs are usually on-off and thajize at the first stage of the
lifetime of the network. The loss, interruption antdhintenance costs are annual and
remain constants or change yearly. Two methodsbeansed when different network
alternatives are compared, present value methadmuity method. [13]

3.4.1. Present value method

Amount of money is calculated with the present gatnethod which now would be
needed for amortize the lifetime costs of the nekwin the other word, talking about
the discounted costs where the length of the observ period, the interest rate of
money and the load growth have been taken intoideration. The discounting is
made with the capitalization coefficient by mulyighe costs of the first year.

C. =k* C, (14)

tot
Where

Ciot IS the total cost

Cois the cost of the first year

K is the capitalization coefficient

If the variable costs are constant every year, amtenance costs, coefficient
consists of only the length of the observationqueand the interest rate of the money.

T_
k:yy_l (15)
y-1
1 1
=== - 16
4 a 1+ p/100 (16)

Where
T is the observation period
p is the money rate

As loss cost is calculated, it must be taken imtasaderation that load and losses are
not necessarily constants but they vary every yiathe situations, where the load
growth can be estimated according to certain pert, céhe calculation of the
capitalization coefficient changes as follows.
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_b? _(@+1/100°

Y a 1+ p/100

(17)

Where
r is the growth percentage of the power

From the equation, it is noticed that the growth pdwer increases losses
quadratically. If the power is assumed to be cansthe equation (16) can be used. The
transformer loss calculation is a good exampleugeeof equations where losses have to
specify differing no-load and load losses. The oadllosses do not depend on the load
but they will be equal during everyone's hour a& flear, whereas, load losses change
according to the consumption. [13]

3.4.2. Annuity method

The profitability of the investments can not be gamed if their lifetimes differ. In that
case, the annuity method will be used when thd tmtsts of alternatives are changed
into annual level. The calculation is performedhaibhe annuity coefficient in which
case the amount of annuity is obtained by multthly investment costs on the annuity
coefficient. [13]

C,=e*C

inv (18)

o= P/ 1(1)0 (19)

1- -
1+ p/100"

Where
Can is the annual payment
is the annuity coefficient

3.5. Planning tools

VFV uses the network information system of TeklaoXger for the planning of the
medium and low voltage network. Furthermore, VF\$ laalicence to PSS/E software
whereby the transmission and the regional netwarkle calculated.

The starting point for this work is to model theyimal network with the PSS/E
software in order to more exact electrotechnicadnexations can be made for the
regional network. With Tekla Xpower is calculatée toads of the main transformer. In
the following chapters, the properties of Tekla ¥p@o and PSS/E have been presented
briefly.
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3.5.1. Tekla Xpower

Xpower is the network information system developgdrekla Plc. The user interface is
graphic and contains the menus and tool bars whrehtypical of the Windows
programs. The mains supply is presented graphicliiyvn over the background map.
Xpower creates the network topology directly whishgrounded on the location of
network components.

The program makes possible to optimize the diffelmnnection situations and
building projects of the network both technicallydaeconomically. The Construction
Project Planning (CPP) application supports netwdaaning by allowing the user to
create a network construction plan, including mateand work costs. The Power
System Analysis (PSA) application is used to penfearious network calculations for
both current and future network setups, such as floav, short-circuit and earth-fault
calculations. [14]

3.5.2. PSS/E

PSSI/E is software which can be used to simula@agepsystem in both continuing and
changing state. PSS/E can be used for the load daaulation, for the fault analysis,
for the forming of the equivalent and for the dynesrsimulations of the network.

In this thesis, PSS/E is used for the load flonc@laltion in normal and backup
feeding situations. The main grid company is askatkcessary, to calculate the values
of the short circuit currents.

In PSS/E, there is three Newton-Raphson and twos§&8eidel solution methods
for the calculation of the load flow. Gauss-Seiahgthods function better than Newton-
Raphson methods in the situation in which the ahitialues of voltages are removed
from real values. On the other hand, Gauss-Seidghods do not react well to the
series capacitances so the most useful of thei@olmethods are Newton-Raphson
methods which also are used in this thd4is]
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4. THE PRESENT STATE OF THE REGIONAL
NETWORK

4.1. General

Vattenfall Verkko Ltd (VFV) is responsible for 3980 customers' power network
services in the area of more than a hundred mualitigs in Hame, Pirkanmaa, Central
Finland and Ostrobothnia. VFV has about 62 000 Knelectrical network whereof
about 1400 km is the regional network including poVines 110 kV and 45 kV. In this
thesis, 110 kV network is only examined for thesmrathat the development plan of 45
kV regional network has been made Toivo Nivalaesih in the year 2009. [16]

Vattenfall's regional network , /

Power lines %

Voltage level Length (km)

H
110 kv 1026 / \
(

45 kv 409

Northern Ostrobothnia

Substations

g
€&

X ¥
Substation type Amount Central Finland |

110/20 kv 119

45/20 kv 16

Figure 4.1Key ratios of the regional network and the territon the year 2010.

Figure 4.1 shows the line length of the regionawoeek and the number of the
substations in the year 2010. There are 1026 ka1 6fkV network and 409 km of 45
kV network. Furthermore, there are 135 substatioristal whereof 119 are 110/20 kV
substations. The figure also shows the territorfst 6% with an orange color, which
extends from Karkkila to Hailuoto in the south amatthern direction and from Lapua
to Heinola in the west and east direction. Theyaislof the regional network has been
divided into three study area; Northern OstrobahniCentral Finland and
Hame/Pirkanmaa.
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4.2. Northern Ostrobothnia

A third of the 110 kV network is located in the Mwrn Ostrobothnia. The total length
of the network is about 330 km and it is dividetbisix different length power lines.
The power lines feed fifteen substations in tataluding 45/20 kV substations. All in
all, there are 21 substations from which six 11&20substations have been connected
to the main grid directly.

The regional network of Northern Ostrobothnia ahd main grid are shown in
Figure 4.2. The substations of VFV are illustrateth red circles and the substations of
Fingrid with yellow circles. The 110 kV and 45 k\er lines of VFV are shown with
black and light blue lines. Correspondingly, thed IV and 220 kV power lines of
Fingrid are shown with red and green lines

Figure 4.2Regional network of Northern Ostrobothnia.

The 110 kV power lines of coast area have beenemad to the main grid in
Ruukki, Kopsa, Merijarvi and Tynka. In the middlarpof Northern Ostrobothnia, there
are connections to the main grid in Vihanti, Nivatad Vuolijoki. The regional network
is radially used so that it is fed from Vihantitiaapavesi and Pulkkila. Furthermore, it
is fed from Nivala to Haapajarvi and from Vuolijoto Pyh&jarvi and Pyhasalmi. The
110 kV network continues from Pyh&salmi to Koivistsubstation of the main grid.
The 45 kV power lines between Nivala and Pulkkia l@ackup connections.
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4.2.1. Age distribution and mechanical condition of power lines

More than 50 % of the 110 kV power lines (176 kn®&revbuilt in the 1960’s and the
1970's. This means, that more than half of 110 kWer lines should be reconstructed
during the next twenty years as the lifetime of KM power lines is assumed to be
50...60 years. However, it is possible to raise tifetilne for 10...20 years by
improving the mechanical condition of power lindhe age distribution of 110 kV
power lines is introduced in Figure 4.3.

Figure 4.3Age distribution of 110 kV power lines accordingte conductors.

About 72 km long Vuolijoki — Ruotanen power linedaabout 30 km long Nivala —
Haapajarvi power line are the oldest power linethefarea. Both power lines were built
in the 1960’s. These power lines should be recootd as the first one due to weak
mechanical condition.

Nivala — Haapajarvi power line has been built withaoncrete foundations.
Therefore, some of the poles are askew and rotted the base. Furthermore, overhead
earth wires are missing about 20 km distance. 8ngijl 70 % of the foundations of
Vuolijoki — Ruotanen power line have weathered sohe of the poles have rotted.

In addition to the above power lines, Kopsa — Ratti power line is also
mechanically in weak condition. Power line is abbutkm long and it has been built in
the year 1970. Some of the poles have rotted arth d8the poles are in askettopsa
— Pattijarvi power line will be taken out of usethiin a few years so that the substation
of Pattijarvi will be connected to 110 kV powerds of Fingrid (Figure 4.2). The
substation of Junnilanmaki was completed in 2010 &rnwas connected to 110 kV
power line of Fingrid at that time.
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Other power lines of the area are still in gooddithan on the basis of the condition
inspections that have been done in the years 20686809. However, a more exact
condition inspection would be good to make Pyhasalfihtipudas power line after a
few years in which case the mechanical conditiosh l&€etime of the power line could
be estimated in more detail.

4.2.2. Loading of main transformers

In the area of Northern Ostrobothnia, there aréesix 110 kV substations and twenty-
two 110/20 kV main transformers which nominal pasvare about 360 MVA in total.
The biggest individual transformers are 25 MVA whiare located in Etelankyla,
Haapajarvi, Haapavesi and Vasaratie.

Mainly, two main transformers are on substationscivtalso feed 45 kV power
lines. However, two main transformers are also unnllanmaki and Pyhé&jarvi. The
oldest main transformers are located in JunnilannMErijarvi, Nivala and Pyhajoki.
The main transformers were manufactured at theo€a860'’s.

In Appendix 1, the measured and calculated powkteeomain transformers have
been presented expect for 45/20 kV transformerse Wbiggest loads of the main
transformers (>75 %) are in Etelankyla, Haapajdftaapavesi and Pulkkila. The main
transformers two of Haapajarvi and Pulkkila are@dtrin a hundred percent loads.

However, it is possible to disengage of the seamiath transformer of Haapajarvi
by changing the connection of the main transformara/hich case, the bigger 25 MVA
transformer feeds the loads of the smaller 20 MYaksformer. Also in Pulkkila, the
load of transformers can be lightened by changihg tonnection of the main
transformers so that the bigger 16 MVA transformél feed the loads of the smaller
10 MVA transformer. If the connection of main tréorsners is changed, the protection
arrangements of feeders have to be checked siachtt circuit currents can change.

By changing the connection of the main transformleeds can be lightened rapidly
in which case the new transformers do not neecttbdught yet. The new transformers
will be topical at that stage when the loads ofssations increase from the present ones.

4.2.3. Backup feeding of substations

The individual substations are possible to feedmvelium voltage network if they are
located at the end of a radial power line or thayehbeen connected to the power line
of Fingrid directly. The problematic backup feedirgjtuations are faults and
maintenance which take place on 110 kV power lifregthermore, more than one
substation has been connected to the same poweerThis kind of power lines are
power lines which are fed from Vihanti and Nivafagure 4.2).

For example, if a fault or maintenance is betwedmaiti and Lumimetsa, it causes
outgates for several substations. The power lieeddeHaapavesi and Pulkkila directly
and Piippola and Rantsila through Pulkkila. Durihg peak load, power could be over
30 MW. Part of 30 MW power will cover from 4 MW hsa power plant which is
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located between Pulkkila and Rantsila. Furthermtirere are a couple of connections
to other network company from which about 2 MW poweuld be obtained. The rest
of power should be obtained from Nivala throughk¥5network. However, this is not
possible since the nominal power of the feedingdi@mer is 15 MVA. The changing
of the transformer does not help a situation bezaus not possible to transfer the
needed power thermally with the present 45 kV pdimerand voltage drop would be a
problem already on smaller power.

In order to the substations, which are connectetiggpower line of Vihanti, could
be fed in the worst case of failure, 110 kV powee Ishould be built from Nivala to
HaapavesiThe length of the power line would be about 30 kid the estimated costs
about 4 200 000 euro. [17]

During the peak load, it will be also difficult tsackup feed substations which are
fed from Nivala when the feeder of Nivala is out sdrvice or a fault takes place
between Nivala and Vasaratie. In that case, thstatibns of Haapajarvi, Hitura and
Vasaratie should be fed from Vuolijoki. Howevere thower of the substations which
are fed from Vuolijoki can be total over 70 MVA the winter, in which case, voltage
drop would be excessive on the substations of Bliturd Vasaratie. Voltage would be
about 99 kV on both substations which is under Bowad voltage in the backup
feeding situations (0,90*). Thus, Vuolijoki — Ruotanen power line should be
reconstructed in order to the backup feeding sutoeethe peak loads of the winter and
considering possible load growth.

4.3. Central Finland

In Central Finland, there are 215 km of 110 kV oegil network and 29 substations
from which four are 45/20 kV substation. Most of tfubstations are directly connected
to the main grid or they are located at the entild®f kV power lines of VFV. Koivisto —
Pihtipudas and Keljo — Muurame are the only powesd where located more than one
substation.

Koivisto — Pihtipudas power line also continuesnirdihtipudas to Nivala and
Vuolijoki so that disconnector is open the nortlespbf Pihtipudas. Keljo — Muurame
power line also continues a few kilometers from shbstation of Muurame to Mantyla
which is customer’s substation. The regional nekwafr Central Finland is introduced
in Figure 4.4.
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Figure 4.4Regional network of Central Finland.

The power lines of VFV are illustrated with blaakdalight blue lines. The 110 kV
power lines of Fingrid or other company are illagdd with red lines. Furthermore, the
220 kV power lines of Fingrid are shown with grdares. The regional network of
other company is power line which leaves to thetlswast from the substation of
Alajarvi. In more detail, the substation of Soimishbeen connected to the power line of
other company.

4.3.1. Age distribution and mechanical condition of power lines

The oldest 110 kV power lines of Central Finlandeveuilt in the 1970’s. The oldest is
Koivisto — Viitasaari power line. The power line svauilt in 1973 and its length is 55
km. The mechanical condition of the power line lsoathe most weak of the power
lines of the area. Weathering has been perceivéld 26 % of the foundationand
rotting with 20 % of the poles. Thus, the poweelshould be reconstructed as the first
one of the power lines of Central Finland.

In addition, Keljo — Saynatsalo is power line whialas built in 1970’s and its
mechanical condition is weak. The length of thev@oline is 11 km and weathering
has been perceived with 15 % of the foundationsrattthg with 10 % of the poles.
Keljo — Saynatsalo power line should be also reitonted from the power line of
However, it can be assumed that the lifetime ofptver line is still left 10...15 years.
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Figure 4.5Age distribution of 110 kV power lines accordingte conductors.

Figure 4.5 shows the age distribution of 110 kV po¥ines. A third of the power
lines were built in 1970’s. This amount consiststlud above mentioned Koivisto —
Viitasaari and Keljo — Saynatsalo power lines. A® c@an see from the figure, the
majority of the power lines have been built in #880’s. This means that there will be
still lifetime left for several years on the mos$tpower lines on the basis on the year of
constructionThe power lines are also mechanically in good omdllerst observations in
the inspections have been the loosening of stagswivhich can be tightened in the
following inspections.

4.3.2. Loading of main transformers

In Central Finland, all the substations are thestatlbns of one main transformer. The
nominal powers of the transformers are 471 MVAatak and the oldest transformers
have been manufactured in the 1970's. All in allghe transformers have been
manufactured in the 1970’s. Five of these have lseeviced in 1996-2001.

The measured and calculated powers of the maisftraners of Central Finland are
presented in Appendix 2. Kumpuniemi, Tikkakoski ealunperd main transformers
are in the load of more than 75 %. The main tramséo of Tikkakoski is in the biggest
load (84 %). The transformer will be changed fdrigger one 20 MVA transformer in
the year 2011. However, the changing of the maamsfiormer only improves the
normal situation. The backup feeding of the sulmstats still difficult in the fault
situation. Consequently, a light substation has\ig@nned to connect the power line of
Fingrid between the substations of Uurainen andvisto (Figure 4.1). The light
substation would be improved the backup feedingTidkakoski and some of the
present loads could be transferred for the newtatibs.
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4.3.3. Backup feeding of substations

At the moment, the worst backup feeding situat®iKeljo — Muurame power line in
Central Finland. During the peak load, if a faakds place between Keljo and Valkola,
the three substations of VFV and the customer’s substation are without the
electricity. The substations have to be fed throtnghmedium voltage network.

However, the backup feeding of the substationdiffscult through the medium
voltage network. The substations of Halkokangagkk@a, Kuohu, Kaho and Nuutti
and two backup connections from Jyvaskylan Enengige to be used in the backup
feeding situation. Furthermore, there are about®/% of reserve power and 3,6 MVAr
capacitor in use on the substation of Muurame.N®Ar capacitor is also use in the
centre of Korpilahti. Despite backup connectionsitage drop is about 11 % on the
feeders which are fed from the substations of Kahd Nuutti. This means that the
backup feeding does not succeed within allowedtséiwith present backup connections
and in the worst fault situation.

Consequently, 110 kV backup connection has beempthfrom the substation of
Toivila to Mantyla. The length of the new powerdimwould be about 36 km. The
preliminary line of the power line is shown on adK dash line in Figure 4.6.

Figure 4.6 Toivila — Mantyla backup connection.

The building costs of the power line would be abB@&30 000 euro including the
connection to the substation of Toivila and thelding of the additional bay to the
substation of Mantyla [15]. The building of ToivlaMantyla power line improves the
delivery reliability of substations essentially. riiermore, it would be possible to
connect new substations to the power line if thed$oof Jamsa area increase in the
future.
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The weak backup feeding situation is also on Kaéivis Pihtipudas substations. The
backup feeding from Vuolijoki to Kuhnamo will su@mk for seven months (April —
October) in year in which case the power of sulmsiat which is fed from Vuolijoki, is
no more than 50 MW in total. In that case, voltagiévary 103...107 kV in Kuhnamo
depending on what is the voltage on the substatiafuolijoki (118...121 kV).

During the peak load, the power of substationslmambout 70 MW. In that case,
voltage is less than 100 kV in Konginkangas andr&uho. Thus, Vuolijoki — Ruotanen
power line should be reconstructed in order to lihekup feeding would succeed at
least to Konginkangas also on the peak loads.

4.4, Hame and Pirkanmaa

In Hame and Pirkanmaa, there are about 480 km @k¥1power lines in total which is
nearly half of all 110 kV power lines of VFV. Thewre also 59 the 110/20 kV
substations, which nominal power is about 1380 M¥Aotal.

More than one substation are connected to the pdimes of Nokia and
Hameenlinna, Tikinmaa — Forssa and Tikinmaa — Laioph power lines, Vanaja —
Kuhmoinen power line and Heinola — Hartola poweeliOther substations are located
at the end of a radial power line owned by VFVhayt have been directly connected to
the main grid or the power line of other company.

Figure 4.6 Regional networks of Hame and Pirkanmaa.
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Figure 4.6 shows the regional networks of HameRinkanmaa. The longest power
line is about 110 km long Vanaja — Anttula powereli Five substations of VFV and
one customer’s substation have been connectee foctiver line.

Most substations are located on Tikinmaa — Forss&ep line. There are eight
substations of VFV and two customer’s substatidrige loads of Tikinmaa — Forssa
power line have been divided so that the discommmestopen between Kylmakoski and
Urjala. In the normal situation, the power whichfed from Tikinmaa is maximum 60
MW and the power which is fed from Forssa is maximib MW.

4.4.1. Age distribution and mechanical condition of power lines

About 55 % of the power lines of Hame and Pirkanmvaee built in the 1960’s and the
1970's. The oldest Tampella — Nuoramoinen power ias been built in the year 1965
and it is 33 km long. Tikinmaa — Toijala power lim&d power line which feeds
Herttuala have also been built at the end of 1966igure 4.6)

In spite of the age, Tampella — Nuoramoinen, Tikkam- Toijala and Herttuala
power lines are still in good order. However, tleyuld be reconstructed during the
next fifteen years.

Figure 4.7 Age distribution of 110 kV power lines accordimgthe conductors.

Figure 4.7 shows the age distribution of 110 kV powines in Hame and
Pirkanmaa. As one can notice from the figure, #gianal network was built most in
the early 1970's. The regional network was buititdkl30 km at that time. All in all,
about 200 km of the regional network has been luilhe 1970’s which is 41 % of the
110 kV network of Hame and Pirkanmaa.
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The weakest power line that has been built in 19T9about 20 km long Urjala —
Humppila power line. On the basis of the inspectidormation of the years 2006 and
2008, weathering has been perceived with 20 % efdhndations and rotting with 28
% of the polesOther power lines that have been built in the 1920d after that are
still in good order so there will be a lifetimetlébr several years.

4.4.2. Loading of main transformers

The measured and calculated powers of the mairsfoaners are introduced in
Appendix 3. The main transformers, which are inro8® % loads or the main
transformer has been manufactured in 1960’s, haea histed to the table. Harjuniitty,
Lempaald, Luolaja and Tervasuo are in the biggeat I(>75 %). Harjuniitty and
Tervasuo are located in Nokia and Luolaja is lod&eHameenlinna.

The loading of above mentioned substations canigigehed in three ways; by
changing a bigger main transformer, by adding aorsgcmain transformer or by
building a light substation. The loading of Lemg@&ébuld be lightened by changing the
current main transformer for a bigger one. Due he tated current of 20 kV
switchgears, the main transformers of Harjuniittyolaja and Tervasuo can not be
changed for bigger ones. For this reason, second trensformer will be added to
Luolaja during the year 2011. The lightening of jdaiitty and Tervasuo requires the
changing of the medium voltage network topologiNwkia.

4.4.3. Backup feeding of substations

Tikinmaa — Luopioinen power line will be the mosffidult to backup feed if a fault
take place between Tikinmaa and Pélkéne. The didstaof Palkane, Sahalahti and
Luopioinen are located on the power line. Furheentie substation of Valkeakosken
Energia has been connected to the power line. Wnerieeder of Tikinmaa is out of
service or a fault take place between TikinmaaPRa&ltane, all the four substations will
be without the electricity.

During the peak load, the backup feeding of theswilons is difficult since the
distances between the substations are long angother needed by the substations can
be 30 MW in total. Especially, the backup feedifigahalahti is difficult for the reason
that the needed power can be about 15 MW. Sahaddietil from Herttuala and Orivesi.
However, the problem is that the voltage drop wdddover 10 % when the feeders of
Sahalahti are fed from Herttuala.

Due to the backup feeding situation of the submtati the 110 kV backup
connection has been planned to build from Hiki&rmsa power line to Luopioinemhe
length of 110 kV power line would be about 22 krheTcosts of the backup connection
would be about 3 550 000 euro including connectitmnthe substation of Luopioinen
and the branch of Auttoinen [15]. The backup cotinads shown on a black dash line
in Figure 4.8.
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Figure 4.8Luopioinen — Auttoinen backup connection.

In Hame and Pirkanmaa, the backup feedings of therall0 kV power lines
succeed with the present connections. For exanjiknmaa — Forssa power line is
possible to feed to both directions if the feedeout of service in Tikimaa or Forssa.
Furthermore, the substations of Vanaja — Kuhmoipewer line are possible to feed
from the Hikia — Jamsa power line if the feedeMahaja is out of service or between
Vanaja and Lammi is a fault.

The substations of Heinola area could be fed froailida and Joutsa if the
substation of Fingrid is out of service. In the kgt feeding situation, it would be fed
from Joutsa to Lusi and from Kalliola to the cerdféHeinola. (Figure 4.6)
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5. FACTORS AFFECTING REGIONAL
NETWORK

5.1. Northern Ostrobothnia

In the Northern Ostrobothnia, load growth, wind gowand the development plan of the
main grid have been examined as factors which plysaifect the development of the
regional network.

5.1.1. Load growth

The loads of substations are predicted to incregssbout 2 % per year until 2025. The
effect of load growth has been examined for thel lcapacity and voltage drop of 110
kV power lines in normal situation and backup fegdsituation. The over loads of the
main transformers are not take into consideratimtesthe loading are monitored
monthly.

In the normal situation, there will be no problewith the load capacity and voltage
drop of power lines. In the 2025, the biggest leadild be on Nivala — Vasaratie power
line which would be about 60 % of the maximum lgagacity (Appendix 4).

Instead, the problems that have been presentetiapt€r 4.2.3 (Backup feeding of
substations) would increase in the backup feedingtoon when the loads increase
according to the prediction. The power of the safiists, which are fed from Vihanti,
would be about 45 MW during the peak load. At ttmement, it would be possible to
feed about 20 MW with the existing backup connectidhus, 110 kV backup
connection should be in use in order to the badegoing would be succeed in the
worst case.

Also the backup feeding from Vuolijoki to Vasarati®uld become more difficult
in the year 2025. Table 5.1 shows the loads anthge$ of the substations which are
fed from Vuolijoki during the peak load. It has besssumed that the voltage is 118 kV
on the substation of Vuolijoki.



Table 5.1Power and voltages of substations.

Substation Power 2025 (MW) Voltage (kV)
Pyhéasalmi 11,0 101,5
Pyhajarvi 13,8 100,7
Haapajarvi 34,3 97,9
Hitura 6,1 96,5
Vasaratie 15,4 96,3
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As from the table is seen, the voltage of substatiwould be less than 100 kV in
Haapajarvi, Hitura and Vasaratie. Even though |akaeest allowed voltage is 100 kV in
the backup feeding situation, the minimum voltageuld be good to be 105 kV. For
this reason, the rapid voltage change could beVl@/iken it is transferred from normal
situation to backup feeding situation. The rapidtage change is already affecting 20
kV voltage due to the on-load tap changer of thenrtransformer does not have time to
act quickly enough.

5.1.2. Wind power

At the moment, wind power is one of the most imaorrenewable energy sources. The
growth of the wind power production has been veapid over the past decade. The
wind power capacity of the world has increased ftbmyear 2001 for the year 2009 an
average 23 % per year being 159 213 MW at the éttteoyear 2009. [18]

In Finland, growth has not been as fast as in thedwDuring the ten last years, the
growth has been 18 % per year on an average. Ting pawer capacity was 197 MW
in March 2010. [19]

Ministry of Employment and the Economy (EEM) hasa®the goal in a long-term
climate and energy strategy that wind power capaeduld be 2500 MW in the 2020
[20]. This means that a new wind power capacityukhde installed about 230 MW
every year in order to the goal will be achieved.réach goal, it has been set a support
system for the wind power in which case the prodgets a guaranteed price from the
produced energy. The guaranteed price is 83,5mer®Wh and it will be valid during
12 years. Furthermore to the ones who invest fasfdditional bonus has been given
until the year 2015 when the guaranteed price B3l@uro per MWh. Wind power
plants are admitted to the support system untilttial power of generators exceed
2500 MW. Teemu Kontkanen has presented in his msdteesis that technical and
economic viable wind power capacity is 3275 MW iortiiern Ostrobothnia. [21; 22]
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Figure 5.1Wind power projects of Northern Ostrobothnia.

Figure 5.1 shows the wind power projects of Nomh@strobothnia which VFV has
known by March 2011. Furthermore, the regional ekwof VFV and power lines of
Fingrid are shown in the year 2010. The power & wind farms varies between
15...250 MW. The total power of wind farms is 2625 MW ialnis more than MEE has
set as the target to build in a distributed in Hr@and by the year 2020. Furthermore,
the power is more which is admitted to the supmydtem. Thus, it will be very
probable that all planned wind power capacity doessrealize to the area. By March
2011, about 760 MW of wind power has been planpetie¢ Kalajoki area, 535 MW to
the Pyh&joki area and 1330 MW to the Raahe area.

5.1.3. Development plan of the main grid

Fingrid reconstructs the main grid so that it Wi possible to connect new power
production to the network which is in accordancéhwthe Finnish climate and energy
strategy by the year 2020. Fingrid is ready to ezhimne new nuclear power plant and
2500 MW wind power to the main grid. [23]

Fingrid must reconstruct the network of the wholgtr@bothnia so that it will be
adequate considering power production that has pkemed to the area. The purpose
of Fingrid is to replace the ageing 220 kV networkthe area by the year 2020 by
extending 400 kV network and developing 110 kV retw A significant part of the
power lines of Ostrobothnia has been earlier cantd with 400 kV structure. The
main grid of Northern Ostrobothnia is introducedrigure 5.1.
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Figure 5.1 Development plan of the main grid until 2020. Therent network orthe
left and the 2020 network on the right.

The current network is shown on the left and th22@etwork on the right. The
backbone of the existing network is 220 kV substetjVentusneva, Kalajoki, Levasuo
and Pyhankoski together with 400 kV substationkkdiala and Pyhaselka.

As a first of the network investments, Fingrid islding 400/110 kV substation to
Uusnivala. The project is scheduled for completion2011. Uusnivala makes the
building of new connections possible for VFV.

After 2015, Fingrid phases out the 220 kV voltageel of the west coast and builds
400 kV power line partly to the place of 220 kV pavine. Furthermore, the necessary
reconstructions are made for 110 kV power lines poskibly 400/110 kV substation
will be built to Ruukki. If the wind farms are btiBeveral, other 400/110 kV substation
will be connected to the 400 kV power line betwétnukki and Kalajoki. The most
probable place is Kalajoki where the existing 220/1kV substation is located
currently. [23]
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5.2. Central Finland

In the Central Finland, load growth and the devedept plan of the main grid have
been examined as factors which possibly affect dbgelopment of the regional
network.

5.2.1. Load growth

In Central Finland, it has been predicted thatltiaels of substations will increase 2 %
per year on average until the year 2025. If theldaacrease according to the prediction,
it will affect Koivisto — Pihpudas power line also normal situation. The voltage drop
between Koivisto and Pihtipudas is about 10 kV. Vbkage will be about 105 kV on
the substation of Pihtipudas if the voltage is k¥5on the substation of Koivisto. This
is near the voltage drop which has been allowed inormal situation (0,95*).
Because of this, the Koivisto — Viitasaari poweelshould be reconstructed if the loads
increase according to the prediction.

The backup feeding situation of Koivisto — Pihtipgdsubstations will also worsen
if the loads increase. During the peak load, thekbpa feeding will succeed only to
Viitakangas in the year 2025. The power lines whiehve Vuolijoki should be
reconstructed in order to the backup feeding sutaeleast to Konginkangas, In
Chapter 7.1, Vuolijoki — Nivala — Koivisto regionaétwork is examined in more detalil
considering load growth and the development plathefmain grid in Central Finland
and Northern Ostrobothnia.

5.2.2. Development plan of the main grid

In Central Finland, the most significant changeh&f main grid is 220 kV power lines
are brought into 110 kV use. The 220 kV power limg¢sch are brought into 110 kV
use are Petdjavesi — Jamsa and Petajavesi — Alpg@mer lines (Figure. Furthermore,
400 kV power line will be built to the place of Bgtvesi — Pyhanselké or Petajavesi —
Nuojua 220 kV power line and one power line will blught into 110 kV use. The
development plan of the main grid is introduceigure 5.3 until the year 2025. [25]
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Figure 5.3 Development plan of the main grid until the ye@22. [25]

Existing Petdjavesi — Jamsa and Petdjavesi - Aiaz20 kV power lines, which are
brought into 110 kV use, are illustrated on a radidline. Petgjavesi — Pyhanselka and
Petdjavesi — Nuojua power lines are shown on angitash line

The new 110 kV power lines will bring opportunitites build new substations and
connections for VFV. For example, the substationSoini could be connected to
Petajavesi — Alajarvi power line whereby the delwveeliability of the substation
improves.The length othe new power line would be about 5 km and itssesiuld be
about 740 000 euro including the connection to plgver line of Fingrid by line
disconnector. [14]

After the change of voltage level, it would be pbksto connect 110/20 kV light
substation to Petdjavesi — Jamséa power line. Tgig kubstation could be used to
improve delivery reliability in Jamsa and Petdjaasa. Correspondingly, it would be
possible to connect light substations to PetdjaveByhakoski or Petdjavesi — Nuojua
power line which could be used to replace ageingMpower lines. The substation of
Kannonsaha could be replaced by light substatid@antral Finland and the substation
of Reisjarvi in Northern Ostrobothnia (Figure 4ritiat.4). [25]
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5.3. Hame and Pirkanmaa

In the Hame and Pirkanmaa, load growth and theldpreent plan of the main grid
have been examined as factors which possibly affextdevelopment of the regional
network.

5.3.1. Load growth

In Hame and Pirkanmaa, it has been predicted hiealibbids of substations will increase
2 % per year until the year 2025. In the normalation, load growth does not have an
effect on the regional network. The lowest voltageuld be about 112 kV on the
substation of Kuhmoinen when it is assumed that ubitage is 118 kV in the
connection points of the main grid. Correspondingie biggest loading would be on
the power line which leaves Heinola to Hartola. Toeding would be about 70 % of
the maximum load capacity.

In the backup feeding situations, there will be hpemns if the loads increase
according to the prediction. If Tikinmaa — Forssavpr line is fed from Tikinmaa to
Jokioinen with the 2025 loads, Tikinmaa — Toijataver line would be in about 118 %
load (Appendix 4). Correspondingly, if Tikinmaa erbsa power line is fed from Forssa
to Tarttila, the about three kilometers long poviee between the substations of
Jokioinen and Humppila would be in an about 1150%d! Furthermore, Humppila —
Urjala power line would be in a hundred per ceridi@nd the voltage would be about
103 kV in Tarttila. Thus, the reconstruction neefl§ikinmaa — Forssa power line are
examined in more detail in Chapter 7.3.

5.3.2. Development plan of the main grid

The main grid investments of Fingrid have minoeeffon the regional network of VFV
in Hame and Pirkanmaa. However, the backup feedfiffigkinmaa — Vanaja power line
allows for looped network in Hameenlinna. Accordinghe plans of Fingrid, Tikinmaa
— Vanaja power line would be reconstructed in thary2018 at which time VFV could
be built about 4 km power line to the same polédge &valuated costs of the power line
would be about 1 060 000 euro including the coriaedb Vanaja. [17; 25]
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Figure 5.4Development plan of Hame and Pirkanmaa until 2025}

Development plan of Hame and Pirkanmaa are showh2@25 in Figure 6.3. The
110 kV power lines, which Fingrid intends to reconst, have been presented on red
dash lines and the new 400 kV power lines have beesented on blue dash lines. [25]
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6. WIND POWER NETWORKS

6.1. General

The analysis of wind power networks has been dd/idéo area of Kalajoki and Raahe.
In the areas, wind power networks have been exaimméhree different scenarios. In
scenarios, the estimated amounts of wind poweraiypaase on the numbers informed
by wind power companies or areas which have besmeld by provinces.

In all scenarios, it has been assumed that Firtggsl done the investments which
where presented in Chapter 5.1.3 (Developmentgidme main grid). Furthermore, the
connection points of the main grid are in the 4Q0/kV substations of Siikajoki and
Kalajoki. Also, there is third connection point @40 kV switchyard which is located
near the center of Raahe.

6.2. Connection code for connection of wind power
plants

In the connection code of the main grid, the polirarts are classified for the wind
farm when connecting to different voltage levéhen the nominal power of the wind
farm is more than 250 MVA, it will be connected400 kV network.Correspondingly,
100 — 250 MVA wind farm could be connected to 110dt 400 kV network depending
on the regional limitations. The smaller wind farmu® usually connected to either
directly 110 kV network or via 20 kV networkdowever, wind farms larger than 10
MVA connecting to regional networks also have toemhe following requirements.
[24]

The active power of wind farm must be possibledotwl and the consumption and
production of reactive power must remain within timeits. The upper limit of active
power must be possible to set with accuracy of%, 3n the range from 20 % to 100 %
of the wind farm rated power. The upper limit otiee power is measured as a 10
minute average value. The limit shall be adjustdileremote control. The ramping
speed of active power is limited to 10 % of ratesvpr per minute in upward control
when increased production due to increased wineédspe due to changed maximum
power output limit. There is no requirement to dosmping due to fast wind speed
decays, but it must be possible to limit the doamping speed to 10 % of rated power
per minute, when the maximum power output limiregluced by a control action. It
must also be possible to regulate the active pdveen the wind power plant down
from 100 % to 20 % of rated power in less thandords. This functionality is required
for system protection. [24]
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Fingrid gives individual settings for frequency tah to the wind farms.The
production of the active power is controlled prdporally to the frequency deviation of
the system frequency and the control is automhtithe frequency control, there must
be deadband in which case the wind farm does mitaactive power according to the
frequency.

The wind farm must have adequate reactive capé&xibe able to be operated with
zero reactive exchange with the network measuretheaiconnection point when the
voltage and the frequency are within normal operatilimits. The reactive power must
be controllable in one of the two following contmlodes: to keep the transfer of the
reactive power to the network or from network imsikertain limits determined by the
Fingrid, in other words, as constant reactive poegartrol, or control the voltage of the
connection point with help of reactive power, ire thther words, as constant voltage
control. At the moment, constant reactive power control $eduin the main grid of
Finland. [26]

Figure 6.1 Operating areas in regard to voltages and frequeac|[26]

Figure 6.1 shows the operating areas of the netwonlegard to frequency and
voltage. Normal continuous operation is in sectorV#hen the network frequency
varies within the limits of sector B and F, unimtgaited operation shall be possible in
minimum 30 minutes. If the voltage drops signifitgnbut the frequency remains
normal, requiring at least 60 minutes uninterruptg@eration according to sector D.
When also the voltage increases over a normal uppérbut not more than 10 % of
the nominal voltage and the frequency remains nbriin@ wind farm has to stay in the
network at least 60min. In the situation of se€tpthe active power may be reduced but
the wind power plants must stay connected to nétfarat least 3 minutes.
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In the disturbances of the main grid, a wind farmstrbe able to stay connected to
the system and continue operation during and diteensioning faults. A Wind farm
may disconnect from the network if the voltageh&t tonnection point do fall below the
levels shown in the following Figure 6.2. [26]

Figure 6.2 Voltage dip, which the wind farm must tolerate withdisconnecting from
the network. [26]

From Figure 6.2, it is seen that the wind farm tastay in the network if the
voltage returns within 0,25 seconds from at ledst%2 of nominal voltage and the
voltage increase to at least 90 % of the nominddage during the following 0,5s.
Otherwise the wind farm may disconnect from thewogk and the synchronous use is
lost.

6.3. Simulation of wind power networks

Wind power networks have been simulated with PS8agram. In this thesis, it has
only been used load flow calculation. The connectwints of the wind farms have
been selected on 110/20 kV substation in the né&wbrVFV. Correspondingly, the
connection points of the main grid have been setkcn 110 kV busbar in 110 kV
switchyard or 400/100 kV substation. Connectionnfgihave been selected on basis
that VFV is responsible for the network componenmtsch are between the medium
voltage network of wind power producers and theneation point of the main grid.
Medium voltage network of wind farms and 400/110 &Wbstations have not been
taken in account calculating costs of wind poweawoeks. Hence, the connection to the
main grid, 110 kV power lines and 110/20 kV subetet have been taken into account
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calculating the costs. In the Table 6.1, costssli@vn to above mentioned network
components.

Table 6.1Costs of network components. [17]

Connection studies have been made so that voltagée varying 116...120 kV at
the connection point of the main grid. Furthermareactive power is zero at the
connection point. This mean, that wind farms doprotduce reactive power to the main
grid and do not take reactive power from the maid.drhe internal network of wind
farms has been simulated by one generator anddramer so that nominal power of the
generator has been set the total power of the fanmi. The nominal power of one
transformer has been assumed 31,5 or 40 MVA depgrah the maximum power of
the wind farm

6.4. Wind power projects of Kalajoki area

1100 MW of wind power projects have been planneldtajoki area by March 2011.
In the first scenario, wind farms are estimatedraalize 217 MW, in the second
scenario 372 MW and in the third scenario 1100 MW.

6.4.1. Scenario 1 — Wind power capacity 217 MW

In the scenario 1, the estimated 217 MW of wind @owapacity is based on the
Environmental Impact Assessment (EIA) projects WhHiave been on view in Centre
for Economic Development, Transport and EnvironmehtNorthern Ostrobothnia
(ELY-centre) during the vyears 2010 and 2011. IAEthere have been Jokela,
Méakikangas and Tohkoja named wind farms in Kalapykia. Wind power capacity 217
MW consists of the amount which has been reportetha alternative 1 in the EIA
projects of the wind farms. [27]

In the alternative 1, Jokela wind farm has planteduild 14 wind power plants
which total power is 50 MW. Correspondingly, Makikgs wind farm has planned to
build 13 wind power plants which total power is M&V. Tohkoja wind farm has
divided into two regions; Tohkoja A and B. In attative 1, Tohkoja A wind farm has
planned to build 30 wind power plants which totaimer is 90 MW. Tohkoja B wind
farm has planned to build 10 wind power plants Whiatal power is 30 MW. [28; 29;
30]
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Figure 6.3Wind farms and wind power network of scenario 1.

The wind farms and wind power network of scenarard shown in Figure 6.3. All
four wind farms could be connected to the substaid Kalajoki with 2-Duck
conductor. The length of the power line is abouk&0 Wind farms should produce a
total of about 30 MVAr reactive power during maximyoower in order to the reactive
power would be zero on the substation of Kalajékir this reason, voltage would be
122 kV at its highest on the substation of TohkBjavhen voltage is 120 kV on the
substation of Kalajoki. The estimated costs ofwied power network are introduced in
Table 6.2.

Table 6.2Costs of wind power network.

Wind power network consist of the connection to shibstation of Kalajoki, about
20 km power line and nine substations if the noinpmaver of the transformer is 31,5
MVA. The total cost would be approximately 15,5 Iroih.
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6.4.2. Scenario 2 — Wind power capasity 372 MW

In scenario 2, wind farms are the same as in smedarbut the maximum power of
wind farms is 372 MW in total. The total power @sled on the amounts that have been
reported as alternatives 2 in the EIA projectshef wind farms. The maximum powers
of the wind farms would be Jokela 72 MW, MakikankssMW, Tohkoja A 188 MW
and Tohkoja B 45 MW.28; 29; 30]

Figure 6.4Wind farms and wind power networks of scenario 2.

The wind power networks are introduced in Figuekibwind farms would be built
with maximum power. Depart from scenario 1, Tohkéjashould be connected to
Kalajoki with own feeder and power line. The loampacity of 2-Duck conductor is
about 260 MVA if the voltage is 118 kV and ambitrhperature is 3C degrees. This
mean that wind farms can not be connected to Kilajah one 2-Duck conductor. The
estimated costs of wind power networks are showrainle 6.3.

Table 6.3Costs of wind power network.
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About 12 km of the power line should be built mtran in scenario 1. Furthermore,
substations would need to build three more everth& nominal power of the
transformers is 31,5 or 40 MVA.

Power lines are useful to build on the same pdlédskela, Makikangas and Tohkoja
wind farms are realized at the same titmethat case, the costs will lower because so
broad the right-of-way does not need to be built.

6.4.3. Scenario 3 — Wind power capacity 1100 MW

In scenario 3, it has been examined wind power owdsvif all 12100 MW wind power
capacity would be realizedlhe powers of wind farms are based on the numbers
informed by the wind power companies or estimatedilmers on the basis of the
planned areas. The biggest individual wind farm Mdae Tohkoja A (188 MW) and
the smallest Pyhjoki X (15 MW). Pyhajoki B incledevo 125 MW wind farm. The
wind farms and wind power network of scenario 3srewn in Figure 6.5.

Figure 6.5Wind farms and wind power network of scenario 3.

The power lines at different colors present owrdédrom Kalajoki. Four feeders
would be needed more than in scenario 2. Furthexpdehtékyld wind farm could be
connected to Tohkoja A power line and Pyh&joki Xnavifarm to Mé&kikangas —
Tohkoja B power line. After this, about 50 MW marewer would be able to connect to
Mékikangas — Tohkoja B power line.
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The power line which feeds the wind farm of Oulaiveould be the longest of the
power lines. The estimated length of the power Vuzaild be about 30 km. About 200
MW is able to connect to the power line of Oulainanmaximum. The maximum
operating voltage of 110 kV devices (123 kV) wobktome a restricting factor. If the
wind farm produced more power than 200 MW, the agst should be more than 123
kV on the substation of the wind farm when the agét is 120 kV on the substation of
Kalajoki. It would be possible to connect a maxim@s0 MVA load on other power
lines allowed by 2-Duck conductor. On the substetiof wind farms, voltages would
be below 123 kV although the voltage would be 1®0irk Kalajoki. Table 6.4 shows
the estimated costs to the wind power networksehario 3.

Table 6.4Costs of wind power networks.

Six connections would be needed to the substatfoMatajoki and power lines
about 125 km. Furthermore, 32 substations shoul@uik if the power of the main
transformer is 31,5 or 40 MVA. The estimated tatasts would be about 65 million
euro including the substations of wind farms.

6.5. Wind power projects of Raahe area

1525 MW of wind power projects have been planneBaahe area by March 2011. In
the first scenario, wind farms are estimated tdize&14 MW, in the second scenario
1033 MW and in the third scenario 1525 MW.

6.5.1. Scenario 1 — Wind power capacity 514 MW

In the scenario 1, the estimated 514 MW of wind @owsapacity is based on the EIA
projects which have been on view in ELY-centre afrtNern Ostrobothnia during the
year 2010-2011. Kopsa wind farm, the southern wiarths of Raahe and Siikajoki
wind farm belong to the wind farm projects of Raahea. [27]
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Figure 6.6 Wind farms and wind power network of scenario 1.

Wind power networks of scenario 1 are introduced Figure 6.6. Haapajarvi,
Ketunpera, Rautionméaki, Sarvankangas and Ylipadngeto the southern wind farms
of Raahe projects and Varessaikka belongs to $kkajind farm project. [31;32]

Based on the information of Fingrid, it would bespible to build 110 kV
switchyard to Junnilanméki, Kertunkangas or Mustgdanear the center of Raahe. In
this thesis, the switchyard is assumed to locat€einunkangas. It is possible to connect
about 200 MW of a wind power to the switchyard.][33

The estimated wind power capacities of Haapaj&®iunpera and Rautionmaki are
based on amounts which have been reported in Ebfeqts. If wind farms are realized
with maximum wind power capacities, they could larected to the switchyard of
Kertunkangas. After that, it could be possible tonmect 15 MW power to
Kertunkangas.

The wind power capacities of Sarvankangas and dlhive been estimated on the
basis of which possible is connected with one 2kDcmnductor and 110 kV nominal
voltage to Kalajoki. The estimated power is a tofahbout 155 MW. Voltage would be
over 123 kV on the substation of wind farms if Sarkangas and Ylipaa produced more
power than 155 MW and voltage is 120 kV in Siikajokhe costs of wind power
network are shown in Table 6.5.
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Table 6.5Costs of wind power network.

Three connections would be needed to Siikajoki.tHasmore, it would be
reasonable to build a switchyard to Karhunkangase. Switchyard of Karhunkangas has
been calculated according to costs because it wailduilt in practice for wind farms.
The costs of Karhunkangas consist of three 110 ikduit-breaker bays, which costs
would be about 1,8 million euro in total. The powees should be built about a total of
about 118 km. Furthermore, substations would bedextel8, if the power of
transformer was 31,5 or 40 MVA.

6.5.2. Scenario 2 — Wind power capacity 1033 MW

In scenario 2, the eastern wind farms of Raahe baesm examined in addition to the
wind farms of the scenario 1. Annankangas, Nikkaarto, Yhteinenkangas,

Someronkangas and Hummastinvaara belong to thereasind farms of Raahe. The
powers of wind farms are based on the numbers m€dr by the wind power

companies. It has been estimated that the wind poaacity of the eastern wind farms
is about 477 MW in total. The wind power networkssoenario 2 are shown in Figure
6.7.



46

Figure 6.7 Wind farms and wind power network of scenario 2.

Annankangas and Nikkarinkaarto could be connecieiti¢ substation of Siikajoki
with 2-Duck conductor. The length of the power limeuld be approximately about 35
km. The estimated 180 MW total power of the windrfa would also be maximum
power which could be transferred to the substatbrsiikajoki considering reactive
power compensation and voltage increase on theatidrs of the wind farms.

Someronkangas and Yhteinenkangas should be codnéotehe substation of
Siikajoki with own feeder and power line. It woudé possible to connect about 50 MW
adds wind power to the power line. Hummastinvaach \dartinoja could be connected
to the power line of Vareissaikka. The length ofrfirmja — Hummastinvaara power
line would be about 11 km. The costs of wind powetworks are illustrated in Table
6.6.

Table 6.6Costs of wind power networks.
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The connections to the substation of Siikajoki vdooé needed two more than in the
scenario 1. Furthermore, about 90 km of the powess| should be built more. The
substations would be needed 34 pieces. The tasts @oould be about 80 million euro.

6.5.3. Scenario 3 — Wind power capacity 1525 MW

In the scenario 3, it has been assumed that wimgpoapacity would be 1525 MW. If
the amount in question came true, it would be nealsie to build third 400/110 kV
substation between the substations of Siikajoki ldalhjoki, for example to Pyh&joki.
In that case, some of the wind farms of Raahe amldj#ki area could be connected to
the 400/100 kV substation of Pyh&joki. However, tloelear power plant that has been
planned to Pyhajoki affects the building of thesabion [34]. In this thesis, it has been
assumed that there is not 400/110 kV substati&®yhéjoki and it is possible to connect
1525 MW wind power capacity to the substation @t&oki. The wind power networks
of scenario 3 are shown in Figure 6.8.

Figure 6.8Wind farms and wind power networks of scenario 3.

Sarvankangas and Ylipda should be connected wéh twn power line to the
substation of Siikajoki if the power of the windfa altogether is more than 155 MW.
In the scenario 3, it is assumed that the wind $ammould be realized with their
maximum wind power capacity.

Raahe L wind farm would be possible to connect plosver line of Kopsa.
Difference with regard to wind power networks oksario 2, Hummastinvaara has
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been connected to Siikajoki with own power linewhich case Pertunmatala could be
connected to the same power line.

The wind farms of Pyhajoki area could be connette8iikajoki with one 2-Duck
conductor but it would require the building of thewer line structure on the nominal
voltage 133 kV. When the wind farms operate with thaximum power, the voltage is
more than 123 kV on the substation of wind farmshé voltage is the 118 kV in
Siikajoki. The costs of the wind power networks sinewn in Table 6.7.

Table 6.7Costs of wind power networks.

Eight connections to the substation of Siikajokiwebbe needed and approximately
more than 300 km of a power line. The estimatedscasuld be about 118 million euro
including the substations of wind farms.
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/. DEVELOPMENT PLAN

7.1. Nivala — Vuolijoki — Koivisto regional network

The longest power line of VFV is Koivisto — Nivaf@ower line that reaches from
Central Finland to Northern Ostrobothnia. The lengftpower line is about 220 km and
ten substations have been connected to power Tine.nominal power of the main
transformers varies 10...25 MVA. The total power lo¢ tmain transformers is about
200 MVA.

The power line has been connected to the mainigritie substations of Nivala,
Vuolijoki and Koivisto. In the normal situation, i fed from Nivala to Haapajarvi,
from Koivisto to Pihtipudas and from Vuolijoki toyRajarvi and Pyh&salmi. Nivala —
Vuolijoki — Koivisto power line and substations aretroduced in Figure 7.1.
Furthermore, the power lines of Fingrid and thesotubstations of VFV are shown in
the figure.

Figure 7.1Nivala — Vuolijoki — Koivisto power line and susisbns.



50

In normal situation, it would be possible to febe@ substations so that Vuolijoki —
Ruotanen power line would not be in use and Pyhdgind Pyhasalmi would be fed
from Nivala. However, the electricity supply of therea requires three separate
connection points to the main grid in the backugafeg situation.

For example, if a fault takes place between Nizald Vasaratie, the backup feeding
of the power line does not succeed from Koivisto/asaratie during the present peak
load (about 120 MW). In this case, the voltage wolok below 50 kV in Vasaratie.
Furthermore, the power lines would be more thah3@ % load between Koivisto and
Viitasaari. The backup feeding does not succedteirom Nivala to Kuhnamo since
the voltage would be below 90 kV in Kuhnamo and poever lines would be in over
load between Nivala and Haapajarvi.

The reconstruction of the whole power line with @&#®uck conductor would not
help a situation because the voltage would beatitiut 95 kV in Vasarati®ecause of
ageing and weak power lines of the area, two differalternatives to develop the
network have been examined in the following chapfEne starting point is in the first
alternative, that Vuolijoki — Ruotanen is still use. In the second alternative, it is
examined the network where Vuolijoki — Ruotanenoig of service and the third
connection point to the main grid is on the sulistabf Uusnivala.

7.1.1. Alternative 1 — Reconstruction of existingp  ower lines

As mentioned in last chapter, Vuolijoki — Ruotarmmawer line would not be needed in
the normal situation but the power line is espégciahportant in the backup feeding
situations. However, there also are situationshan iackup feeding in which case the
transfer capacity of the present power line isadgquate. For example, if a fault takes
place between Koivisto and Kuhnamo during the peakl, it is not possible to feed
from Vuolijoki to Kuhnamo and Konginkangas. The k#e feeding will not succeed
from Vuolijoki to Vasaratie either.

Vuolijoki — Ruotanen power line should be reconstied with 2-Duck conductor in
order to the backup feeding would succeed to Kdmgigas and Vasaratie. However,
the reconstruction of the power line does not inapra situation sufficiently in order to
backup feeding would succeed to Kuhnamo. Conselyyentvould be reasonable to
build the backup connection from Koivisto — Alajgpower line to Kuhnamo.

The Nivala — Haapajarvi power line should be retmasion before one of the 220
kV power lines is brought into 110 kV use. In tbase, the substation of Kinnula could
be fed from the substation of Nivala.
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Figure 7.2Investments of the alternative 1.

Investments of the alternative 1 are introducedFigure 7.2. At first, Vuolijoki —
Ruotanen power line should be reconstructed wibu2k conductor. Furthermore, the
backup connection should be built from Koivisto fajarvi power line to Kuhnamo.
The Nivala — Haapajarvi power line should be retmtsed before one of the 220 kV
power lines is brought into 110 kV use. After thise substation of Kinnula could be
connected to the branch which is located near Haapand the substation could be
fed from the substation of Nivala. The length ofweo line is about 50 km from
Haapajarvi to Kinnula. At last, the Koivisto — \dgaari power line should be
reconstructed. The costs and estimated schedulabaMe mentioned investment are
introduced in Table 7.1.

Table 7.1Costs of alternative 1.
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The total costs would be about 20 million euro. To&l costs do not contain the
cost of Haapajarvi — Kinnula power linghe estimated schedules are based on the
assumption that one of 220 kV power lines will grinto 110 kV use during the year
2015.

7.1.2. Alternative 2 — New connection from Uusnival a

In this chapter, a new connection has been exaniioed Uusnivala to Keitelepohja in
which case Vuolijoki — Ruotanen power line coulddeenolished. About 67 km of new
power line should be built and cashed about 50 kidaapajarvi — Kinnula power line.
The costs of Haapajarvi — Kinnula power line hawe lmeen taken into consideration in
the total costs, such as it was not taken intoidenagtion when examining alternative 1.
The investments of alternative 2 are introduceBigure 7.3.

Figure 7.3 Vuolijoki-Ruotanen power line demolished and newvegroline from
Uusnivala to Keitelepohja. Normal connection sitoat

The new circuit would be built from Uusnivala to iteééepohja so that 37 km from
Uusnivala to Haapajarvi would be 2-Duck conductod é80km from Kinnula to
Keitelepohja would be Duck conductor. Furthermasae of the Fingrid’'s 220 kV
power lines would be brought into 110 kV use. Thaductors of 220 kV power lines
are Condor and Finch. The electrical examinatioagehbeen made with the Condor
conductor.
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The Nivala — Haapajarvi power line should be retmesed with Duck conductor at
the same time if the power line were built from bivala to Keitelepohja. In that case,
the power lines could be built to the same polesthiermore, both power lines would
be worth connection to the substation of Vasardtigura and Haapajarvi so that
connection situation could be changed dependinghenloads of substations. For
example, if only the substation of Kinnula would dmnnected to the power line which
leaves Uusnivala, the power line would producetrea@ower to the main grid on light
load. Thus, Haapajarvi, Pyhgjarvi and Pyhasalmi ld/obe worth connecting to
Uusnivala — Kinnula power line.

After Kinnula — Keitelepohja power line, it woula possible to demolish Vuolijoki
— Ruotanen power line, because it could be fed ftdusnivala to Konginkangas.
However, the backup feeding does not succeed ton&mub during the peak load so it
would be reasonable to build the backup connedtiom Koivisto — Alajarvi power
line to Kuhnamo. Furthermore, the Koivisto — Viaasi power line should be

reconstructed. The costs and estimated schedulasedtment are introduced in Table
7.2.

Table 7.2Cost of alternative 2

Merely on the basis of the investment costs, alitra 2 would be about 160 000
euro cheaper than alternative 1. When attentiorpail to the lifespan costs of
alternatives, alternative 1 would be about 880 @0@o cheaper than alternative 2
(Figure 7.4). Alternative 2 would be more expenssuece the probable interruption
costs of the network would be bigger than alteugafi. Interruption costs have been
calculated on a fault frequency that has been ptedein Chapter 3.3 (Reliability).
Furthermore, the prices of EMV have been useddartterruptions. [35]

However, alternative 2 would be better than alteveal electrotechnically. In
backup feeding situation, voltage would be abow@ &Y in Konginkangas in the year
2025, if it would be fed from Uusnivala, whereasien it would be replaced from
Vuolijoki, the voltage would be 105 kV.
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Figure 7.4 Lifespan costs of alternatives. Money rate 7 %gdlgaowth 2 % per year,
loss cost 40€/MWh and observation period 40 years.

7.2. Backup connection of Haapavesi and Pulkkila

Irrespective of which one of the 220 kV power limal be brought into 110 kV use, it
would be possible to utilize the power lines alsothe backup connection of Haapavesi
and Pulkkila. However, the connecting of the backapnection to Nivala — Haapajarvi
power line requires that the power line has beennstructed before. If the alternative
2 of Chapter 7.1 was carried out, it would be reabte to connect the backup
connection to Uusnivala — Haapajarvi power line ttuthe stronger conductor.

Figure 7.4 Alternatives Al and A2 for Haapavesi and Pulkkigahup connection.
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Figure 7.4 shows the alternatives Al and A2 for theckup connection of
Haapavesi and Pulkkila. The Al has been describeal ldack dash line and the A2 on
a violet dash line. If Petajavesi — Nuojua poweelis brought into 110 kV use (a black
dash line), it could be built from the branch ofeypera to Haapavesi about 20 km of
the power line and from the branch of Korkiakantm$Pulkkila about 6 km of the
power line. Correspondingly, if Petajavesi — Pylsdigower line is brought into 110
kV use (a violet dash line), it could be built frothe branch of Nevalanmaki to
Haapavesi about 6 km of the power line. A new padimerwould not need to be built to
Pulkkila due to Petajavesi — Pyhékoski power linegjover the present 110 kV power
line. The costs of different alternatives are shawable 7.3.

Table 7.3Costs of different alternatives.

Cost caused by cashing of Fingrid's power linerf@seen taken into consideration
in the costs of alternatives A1 and A2. Becausa obmparison, the costs of Nivala —
Haapavesi 110 kV power line are also shown in ti@det The costs of Nivala —
Haapavesi power line have been calculated if ne KN power line is built to the
place of the present 45 kV power linehe cheapest alternative is the A2 without the
costs of Fingrid's power line.

7.3. Tikinmaa — Forssa regional network

As stated in Chapter 5.3.1 (load growth), Tikinmradoijala and Humppila — Huhtia

power lines will be overloaded in backup feedingaion in the year 2025 if load

growth is 2 % per year. Therefore, power lines #hdae reconstructed during the
coming years. Furthermore, the mechanical condibbmoijala — Urjala and Urjala —

Humppila power lines are weak so these power laesild also reconstruct during the
next ten years.
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Figure 7.4Tikinmaa — Forssa regional network.

Tikinmaa — Forssa regional network are introdugedrigure 7.4. As a first of the
power lines, about 11 km long Tikinmaa — Toijalalabout 3 km long Humppila —
Huhtia power lines should be reconstructed in ortterthe power lines are not
overloaded in the backup feeding situations (Appeddl Due to mechanical condition
and voltage drop on the substation of Tarttila ackup feeding situation, Urjala —
Humppila power line should be as the following. j&la — Urjala power line should also
be reconstructed for the same reason as Urjalampidila power line.

The investment costs and schedules for Tikinmaaorssa regional network are
shown in Table 7.4. The estimated schedules wilbased on the overloading and

voltage drop of the power lines in the backup fegdiituations when the loads increase
by 2 % per year.

Table 7.4Investment costs and schedules.
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7.4. Summary of development plan

The change in the voltage level of 220 kV poweediraffects the development plan of
the regional network widely in Central Finland axddrthern Ostrobothnia. Due to the
factors which are independent of VFV, the timingrofestments is difficult. However,
it has been assumed in the timing that the 220 &¥ep lines will bring into 110 kV
use during the year 2015.

Figure 7.5Investments and their schedules until the year 2025

Investments and their schedules are shown in Figuseuntil the year 2025. The
starting point is that the new connection wouldobiét from Uusnivala to Keitelepohja,
in spite of the fact that, it would become aboud 80 euro more expensive than the
reconstruction of the present power lines on theshaf the lifespan costs. The reason is
that the new connection would be more long-liveectbtechnically when the load
growths of the substations are taken into consiera

As a first, it would be invested in the backup cection of Kuhnamo and new
connection from Uusnivala to Haapajarvi in whiclsedhe Nivala — Haapajarvi power
line would be reconstructed at the same time. Eambre, Tikinmaa — Mantyla and
Luopioinen — Auttoinen backup connections shoulex&mined in more detail. Toivila
— Mantyla and Luopioinen — Auttoinen investmentsendeen described on the dash
lines since the investments of the regional netwar& not needed if some other
solutions are found. In this thesis, only 110 k\hwections have been examined as
solutions.

Near the year 2015, if the 220 kV power lines bringp 110 kV use, Kinnula —
Keitelepohja power line should be built. At the gatime, Vuolijoki — Ruotanen power
line could be demolished since the substationschvhre fed from Koivisto, would be
able to feed from Uusnivala. Furthermore, it woblel possible to build the backup
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connections to the substation of Soini and Haapai#ising the present 220 kV power
lines of the main grid.

Halfway through the observation period, the Tikirama Toijala and Humppila —
Huhtia power lines should be reconstructed. Togetlith the investments of the main
grid, it would be possible to build Vanaja — Kilggo connection in which case the
substations of Hameenlinna could be fed in loop.

At the end of the observation period, the Koivist&iitasaari, Urjala — Humppila
and Toijala — Urjala power lines should be recarded. The power lines are
mechanically in weak condition, in addition, if tHeads increase according to
prediction, the power lines are also overloadedthe backup feeding situations.
Furthermore, Tampella — Nuoramoinen and Lentolaerttblala power lines should be
reconstructed since they are the oldest power bihése regional network.

In summary, if the above mentioned investments aeied out, VFV should
reconstruct the present power lines about 200 kdnbard new power lines about 150
km during the next fifteen years. Furthermore, a0 km of Fingrid's power lines
should be cashed. The money should be reserved 4banillion euro for investments.
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8. CONCLUSIONS

The purpose of this thesis was to create a devedaprmplan for 110 kV regional
network of Vattenfall Verkko Ltd. The starting poifor the thesis was to model the
regional network with the PSS/E software in orderttwas possible to determine the
electrical and mechanical condition of the netwo@k the basis of the condition
information, the existing power lines should bengigantly reconstruction in the
coming years. Furthermore, the new 110 kV powezslishould be built when taking
into consideration the change factors which affleetregional network.

The loads growth, the development plans of the ngmd and wind power
production were examined as the most important ghdactors. In the future, the
biggest change factors are 220 kV power lines efrtfain grid changing into 110 kV
use in Central Finland and Northern Ostrobothnid also wind farms increase in
Northern Ostrobothnia. The increase in 110 kV polivess makes the building of the
new connections and substations possible.

Considering the plans of the main grid and loadsvgn, two alternative solutions
for the longest Koivisto — Nivala power line weneaenined and their possibilities for
implementation were clarified. Furthermore, windwgo projects were examined in
three different scenarios and were created for wimder networks at basic level.

As a final result, the investment proposal, whishpresented in Chapter 7.4, was
created until the year 2025. On the basis of theestment proposal, the network
company can provide for the future investment ne&tle modelled regional network,
which can be utilised in everyday operation, carctresidered also as one result of the
thesis.
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APPENDIX

Appendix 1  Northern Ostrobothnia: measured andutaied powers of the main
transformers

Appendix 2 Central Finland: measured and calculafgulvers of the main
transformers

Appendix 3 Hame and Pirkanmaa: measured and ctddulpowers of the main
transformers

Appendix 4  Loadings of the power lines
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APPENDIX 4 — LOADINGS OF THE POWER LINES



