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Abstract

The Swedish parliament has passed a planning frankei increase wind power production

and have the annual production of 30 TWh wind power2020. The expansion of a

continuously varying generation would result iniecreased need for the capability of power
system to keep the balance between generationarsimption. Therefore, it is important to

study the flexibility of Swedish power system.

Two models of Swedish power system are studiedhis thesis work. The first model is a
model of Swedish hydro power system which has lbeseloped at KTH. The KTH model is

formulated as a large linear optimization problemwated in GAMS platform. It has a

detailed representation of large hydro power pléntspresents a simple model of electricity
market and trading to other areas. The other misd&pollo which is developed by Sweco
Company. Apollo is also formulated as an optim@aftproblem and is a market model which
uses a simplified model of hydro power system.

The objective of this thesis work is to exchangé&éadaetween the two models in order to
compare, validate and if possible improve the n&deb exchange data, the inputs and some
outputs of Apollo are used as the inputs of KTH elaahd finally the outputs of KTH model

is compared with the corresponding outputs of Apoll

There are some differences between the two modhells must be removed in order to
exchange data. All of differences except one ofnttege removed by data adjustment. The
different methods that are used to remove thoderdrices are discussed in the report. Due to
the remaining difference and different efficienciasthe two models, scenarios cannot be
directly transformed from Apollo to the KTH mod@&herefore, three methods are introduced
as compensation for the remaining differences.rAftgplying those methods the same results
can be obtained in the two models.

As a result of the work on the data exchange sang@dvements are implemented in the
KTH model and some improvements are identified @ndposed for future work. The
improvements are toward removing all the differenbetween the two models and make the
models more similar to the real Swedish hydro posystem. It is also concluded from the
results that the Apollo hydro power schedules aasible according to KTH model of hydro
power system. This shows that Apollo does not asterate the flexibility of Swedish hydro
power system in the tested scenarios.



Sammanfattning

Riksdagen har beslutat om ett planeringsmal fordokiadkraftproduktion upp till 30 TWh
vindkraft ar 2020. En utbygnnad av kontinuerligtiggande produktion skulle medféra ett
okat behov for elsystemets formaga att balanserduftion och konsumtion. Darfor ar det
viktigt att studera flexibiliteten i det svenskaydtemet.

Tva modeller av det svenska elsystemet studeratd dxamensarbete. Den forsta modellen,
som ar utvecklad pa KTH, ar en modell av det svansitenkraftsystemet. KTH-modellen ar
formulerad som ett stort linjart optimeringsproblesam simuleras i GAMS-plattformen.
Modellen har en detaljerad representation av stéattenkraftverk, medan modellen av
elmarknaden och handeln med andra omraden ar migokeiklad. Den andra modellen heter
Apollo och ar utvecklad av konsultforetaget Sweémollo ar ocksd formulerad som
ett optimeringsproblem, och ar en marknadsmodeth smvander en férenklad modell av
vattenkraftsystemet.

Malsattningen med detta arbete ar att utbyta datkbamde tva modellerna for att jamfora,
validera och om mgijligt forbattra de tva modellerRér att utbyta data anvands indata och
vissa utdata fran Apollo som indata till KTH-modgll och slutligen jamférs utdata
fran KTH-modellen med motsvarande utdata fran Apoll

Det finns en del skillnader mellan de tva modekesom maste hanteras for att datautbytet
ska vara majligt. Alla skillnader utom en hantegasom att modifiera data. De olika metoder
som anvands for att hantera dessa skillnader disksiti rapporten. P& grund av den
aterstédende skillnaden och olika verkningsgradée itvd modellerna s kan inte scenarier
overforas direkt fran Apollo till KTH-modellen. Df@r foreslas tre metoder for att
kompensera de aterstdende skillnaderna. Med hjaldeasa metoder kan samma resultat
erhallas fran de tva modellerna.

Till foljd av arbetet med datautbytet har nagrabéiitringar av KTH-modellen implementerats
och ytterligare forbattringar har identifierats oéfreslagits som framtida arbete. Dessa
forbattringar syftar till att ta bort skillnadermaellan de tva modellerna och att géra de
modellerna mer lika det verkliga svenska vattertkyastemet. En slutsats fran projektet ar
ocksa att de produktionsplaner for vattenkraftem serhalls fran Apollo & genomférbara
enligt KTH:s modell av vattenkraften. Detta visst Apollo i de testade scenarierna inte
Overskattar flexibiliteten i det svenska vattentsgstemet.



Acknowledgements

Firstly | would like to express my gratitude to mypervisor, Mikael Amelin for his valuable
support and guidance. | would also like to thanknaat Séder for accepting to be my thesis
examiner and his advice on my master thesis.

Furthermore | would like to thank Johan Linnarsstakob Helbrink and Per Erik Springfeldt
from Sweco for providing data and answering my tjaas about their model.

Finally |1 wish to express deep thanks to my paremtd my husband for their love and
support.



Table of Contents

Y 0] 1= ox PP UPPPPPPTPTT [
SAMMANTATINING .ottt e e e e en e e e e e e e e i
ACKNOWIEAGEMENT ... ittt e et e e e et e e e e e et e e s aaae e e st e e eeesanaeaees ili
LISt Of tADIES ... e e Vi
I o o TN (=R Vil
NOMENCIATUIE ...t eeeeee ettt viii
O [ 1 70T [ 8 Tox 1o o TSP UPPPPPPPTPTR 1
i = 7= (ol (o[ (o 18] o PP PP UPOPPPPPPPTN 1
1.2 Objectives and Problem definition .........ccccooooiiii i, 1
1.3 REPOI OVEIVIEW .....ieeiieeeeeie e ettt e e e e et e e e e et e e e et e e e e aaaeeesteeeesennaaeeenes 2
B = = Lo (o {01 1T PPN 3
2.1 Electricity producCtion in SWEUEN ........ccuuueuruuieeeeieeeiiiiae e e e e e e e 3
2. 1.1 HYOIO POWET .....ceiiiiiiiiie et ettt e e e et et eete e e e e eeasbb e e e e aeeeennnns 4
2. 1.2 WINA POWET ...ttt ememme e e et e e e e et e e e e e e e e e e eea e e e eaan e eeennanans 6
2. 1.3 NUCIBAI POWET ...ttt ettt e ettt e e ettt ee e e e e e e e saab e e e e aeeeennaes 7
2.1.4 Combined heat and POWET ........ccoommmiiieeieii e e e e 7
2.1.5 CONAENSING POWEN .....uuneeeee s s e e e et e e e e et e e e e e e e e easa e e eanneeeesnaeeeesnnnns 8
. MOTEIS ... et 9
S L KTH MOEI ... et e e e e e e e e ee e 9
3.1.1 MOUEI SITUCTUIE .....ciiiiiiitiit s ettt e ettt e e e e e ee e e e e e e eeennens 9
0 2 o U = 11 o] o < T O UPPRRSPPPIN 12
L2 APONIO .. e —————— e e e e e ee e e e eaaaaaaaaaas 20
G T2t N 1 11 S PSP RRPPPR PP 20
T © 11 101 | £ SRR 21
A, DAta @CQUISITION .....euuuieiiiii e ee et i e+t e e et e e e e aa e e e e et e e e sesan e e eean e eeestaneeeeanaaaaeens 23
4.1 INStAlled CAPACITY.....cuuruenii et mmmm ettt e ettt e e e e e e e e e 23
4.2 BIAQING GIBA .. .cceeiuiiiiieieeie ittt ettt e ettt e e e e e e e eeettbt e e e aeeeeatan e naeeeeeennees 25
4.3 Power plants that are not included in KTH madel...........cccoooooiiiiiiiiiin e, 25
4.4 CONCIUSIONS ... e e e e e et 26
5. Data exchange between Apollo and KTH model................ccooiiiiiiiiiiieeen, 28
5.1 Objectives oOf data eXChaNGE ..........uuuiiieeie e 28



5.2 Data eXChange PrOCEAUIE. ...............oummm e e eeeeettae e e e e e et eeeia e e e e e eeeame e e eeeennnees 28

5.2.1 Preliminary differe@NCES .........cemmmmuiiiieeiiiiei e 29
5.2.2 Data adjUSTMENT........coooiii i icmm ettt e e et e e e et e e e et e e e e tae e e e st e e e eeaaaeaene 30
5.2.2. 1 HOUrlY trading.......cooeuuniieii e 30
5.2.2.2 Installed CAPACILY .....ceceeniiiiiiii e 31
5.2.2.3 Loss in external transSmisioas ............cooooeviiiiiiiiiiniieeeeeeee e 33
5.2.2.4 Loss in internal transSmMiSTI0BS ...........cooiiiiiiiiiiiieeeee e 35
5.2.2.5 Reservoir level at start and of the weekK..............cooveviviviiiiienieennnnns 36
5.2.2.6 Maximum capacity of reSersoir............ccccceeiieiiiiii e eeeeeciine, 36
5.2.2.7 INFIOW QALA.......ceeiiiemiii e 39
5.2.3 Categorizing differeNCeS. ....ccooueiiiiiiii e 40
5.2.4 Compensation MEethOodsS .......cccceeeiiiiiiiii e 40
5.2.4.1 Method 1: Considering trarssion limits ............ccccoeeeviiiiiciiiiceeeen.. 41
5.2.4.2 Method 2: Increasing inslb@apacity ...........ccccoeeevviiieiieiin e 42
5.2.4.3 Method 3: INCreasing Watel............oeeeviiiieeieiiiee e e eeee e 43
6. RESUItS ANd DISCUSSIONS .....c.cviiiiiiiiieieieeiiieeee ettt s 44
6.1 Results obtained by uSiNg MEthOd 1 .cceeaee oo 44
6.2 Results obtained by using Method 2 e oo 48
6.3 Results obtained by usSing Method 3 eoeeiie e 52
6.4 Checking load balance for one specific hour..............cccoooiiiii 56
6.5 CONCIUSIONS ... et 57
T ClOSUIE ... et 4o e ettt e e e ettt e e e e e e et et e e e e e e e aea s 58
7.1 SUIMIMABIY ..ottt et e e et e e e et e et e e e e eane e e e rn e e e eennaaeeenns 58
7.2 CONCIUSIONS ...t e e e et 58
7.3 FULUIE WOTK ...t ettt ettt e e e et e e e e 59
REIEIBNCES ... 60
Y o] 01T T [ PSPPI 63



List of tables
Table 2.1 Electricity production, Net export angsly in Sweden
Table 3.1 Transmission lines to neighboring coestri

Table 3.: Transmission lines between bidding areas insided8vy

Table 4.1 Installed capacities of KTH original mbdempared to installed capacities

of Apollo and SVK
Table 4.2 Examples of power plants with updatethltesd capacit

Table 4.3 Updated installed capacity of KTH comparethe original data and

Apollo

Table 4.4 Hydro power plants with different biddiageas based on Kuhlin
Table 4.5 Examples of hydro power plants that atentluded in KTH model

Table 4.€Installed capacity that is not inclucin KTH model based on Kuhlindatz

Table 5.1 Updated installed capacities of KTH coragdo Apollo

Table 5.2 Maximum capacity of reservoirs of KTH aubllo in TWh

Table 5.3 Calculation of start and end levels séreoirs in week
Table 6.1 Hydro power production of week 7, 201fgsnethod 1
Table 6.2 Internal trading of week 7, 2015 usindghud 1

Table 6.3 Exported energy of week 7, 2015 usindhouckd

Table 6.4 Hydro power production of week 7, 201bgisnethod 2
Table 6.5 Internal trading of week 7, 2015 usinghad 2

Table 6.6 Exported energy of week 7, 2015 g method

Table 6.7 Hydro power production of week 7, 201bgisnethod 3
Table 6.8 Internal trading of week 7, 2015 usindhuod 3

Table 6.¢ Exported energy of week 7, 2015 using meth

Table 6.10 Hour 105 of week7, 2015 in KTH model-noek 1
Table 6.1 Hour 105 of week7, 2015 in KTH mo+method :
Table 6.12 Hour 105 of week?7, 2015 in KTH modeldnoek 3
Table 6.13 Hour 105 of week7, 2015 in Apollo

vi

25
26
26
32
37
39
44
45
45
48
49
49
52
52
53
56
56
56
56



List of figures

Figure 2.1 Electricity production in Sweden per Seu

Figure 3.1 Sweden bidding areas and transmissierslcapacities in 20.
Figure 5.1 Different steps of data exchange

Figure 5.2 Loss in transmission lines

Figure 5.3 Example of loss in transsion lines for imported enetl
Figure 5.4 Example of loss in transmission lingsefgported energy
Figure 5.5 Example of loss in internal transmisdines

Figure 5.6 Position of hydro power plants in Swedsdative to each oth

Figure 6.1 Total hydro power production of KTH alydollo— week7, 2015 with
method 1

Figure 6.2 Hydro power production of KTH and Apaitoarea 1 — week7, 2015 with

method 1
Figure 6.3 Hydro power production of KTH and Apaitoarea z— week7, 2015 witl
method 1

Figure 6.4 Hydro power production of KTH and Apaltoarea 3 — week7, 2015 with

method 1

Figure 6.5 Hydro power production of KTH and Apaltoarea 4 — week7, 2015 with

method 1
Figure 6.6 Total hydro power production of KTH afgollo— week?7, 2015 with
method 2

Figure 6.7 Hydro power production of KTH and Apaltoarea 1 — week7, 2015 with

method 2
Figure 6.8 Hydro power production of KTH and Apaltoarea z— week7, 2015 witt
method 2

Figure 6.9 Hydro power production of KTH and Apaittoarea 3 — week7, 2015 with

method 2

Figure 6.10 Hydro power production of KTH and Apoaith area 4 — week7, 2015
with method 2

Figure 6.11 Total hydro power production of KTH alyabllo— week7, 2015 with
method 3

Figure 6.12 Hydro power production of KTH and Apoaith area 1 — week7, 2015
with method 3

Figure 6.13 Hydro power production of KTH and Apaih arca 2— week7, 201*
with method 3

Figure 6.14 Hydro power production of KTH and Apoaith area 3 — week7, 2015
with method 3

Figure 6.15 Hydro power production of KTH and Apoaith area 4 — week7, 2015
with method 3

vii

11
29
33
34
34
35
38
45

51

53

54

54

55

55



Nomenclature

Sets
i Hydro power plants
] Segment
d Day (24 h)
t Time (h)
z Price area
I Snitt
k Transmission line
D; Set of indices for power plants downstream of nesier
U; Set of indices for power plants upstream of reseivo
Variables
H;. Electricity production of power plant i during haufMWh)
M; . Content of reservoir i at the end of hour t (
Qijt Discharge in power plant i during hour t (t
Sit Spillage past power plant i during hour t (1
Htot,, Electricity production of all hydro power plantsprice area z hour t (MWh)
Snitt;,  Transmission through snitt | during hour t (MWh)
nory,  Transmission to Norway through line k during ho(it/\h)
fing,  Transmission to Finland through line k during hoyMWh)
dany, Transmission to Denmark through line k during hoyMwh)
tys; Transmission to Germany during hour t (MWh)
pol, Transmission to Poland during hour t (MWh)
DPy, Introducing penalty for internal transmission frawrth to south (MWh)
DN, Introducing penalty for internal transmission frewuth to north (MWh)
Nyt Introducing penalty for import to NorwegMWh)
fre Introducing penalty for import to Finland (MW
Ayt Introducing penalty for import to Denmark (MW
t; Introducing penalty for import to Germany (MV

Introducing penalty for import to Poland (MWh)

viii



Parameters

x|

i
Hi j
Mstart,i

Mslut,i

& =l

~

o~

b ol QI

S
S
®
U

i
Sned;
Rqh;

Rqm;
RShi
Rsm;

Vi

Vstart; ,
V2start;,

wi

st
wind, ¢
other,,
load,,
snittmax;
snittmin,
norminy ;
normaxy ¢
finminy ,
finmaxy ;
danminy

danmaxy, ;

Installed capacity of power planti (MW)

Marginal production equivalent for power plant geeent j (MWh/HE)
Content of reservoir i in the beginning of peri¢idE)

Content of reservoir i at the end of period (H!

Maximal content of reservoir i (HE)

Minimum discharge in power plant i during hourHE)

Maximum total discharge in power pla (HE)

Maximum discharge in power plant i segmentj (HE)

Minimum spillage from power plant i (HE)

Index of the closest power plant downstream of pquient i for discharge
Index of the closest power plant downstream of pgulent i for Spillage

Flow time from power plant i to the closest dowaatn power plant in whole
hours (discharged water)

Flow time from power plant i to the closest doweam power plant in
remaining minutes (discharged water)

Flow time from power plant i to the closest dowaatn power plant in who
hours (spilled water)

Flow time from power plant i to the closest doweam power plant i
remaining minutes (spilled water)

Local inflow power plant i (m3/s)

Water in the way between two power plants whemntéek begins in whole
hours (m3/s)

Water in the way between two power plants whemntbek begins in a time
less than one hour (m3/s)

Average annual flow of power plant i ( HE)

Scale factor for average annual flow during a v

Wind power production area z hour t (MV

Other production (Thermal power plants productiam@a z hour t (MW!
Load in area z hour t (MW

Maximum capacity of transmission toward south tigioanitt | (MWh
Maximum capacity of transmission toward north tiglosnitt | (MWh)
Maximum export to Norway through line k during hayMWh)
Maximum import from Norway through line k duringura (MWh)
Maximum export to Finland through line k during hoayMWh)
Maximum import from Finland through line k duringur t (MWh)
Maximum export to Denmark through line k during hogviwh)
Maximum import from Denmark through line k duringur t (MWh)



tysmin, Maximum export to Germany during hour t (MV
tysmax; Maximum import from Germanyuring hour t (MWh
polmin, Maximum export to Poland during hour t (MV
polmax, Maximum import from Poland during hour t (MW



1. Introduction

1.1 Background

Hydro power is the most important renewable ensmyce in Sweden and makes a significant
part of Sweden’s electricity production. In yead 2040 percent of total electricity production
was provided by hydro power. The other source néwable energy which is planned to be
expanded is wind power. In 2013, about 6,6 peroétdtal electricity production was supplied
by wind power in Sweden [1].

The renewable energy target which is decided byjfean Union obliged Sweden to have at
least 49 percent of its energy consumption proviftetch renewable energies. The Swedish
parliament has increased this amount to 50 pelattpassed a planning framework to have
30 TWh wind power per year in 2020 from which 20 iV® onshore and 10 TWh is offshore

2].

Wind power generation is a continuously varying eyation which leads to uncertainty in
generation. With the expansion of wind power get@na it is important to increase the
flexibility of Swedish power system since the cafigbof power system to keep the balance
between generation and consumption must be inateas&weden, hydro power is used as the
balancing power because it is able to quickly ckeahg generation when demand is changed.

There are many models that are developed for stgdthe flexibility of Swedish power
system. In this work, two models will be used talgme the flexibility of Swedish power
system. The first model is KTH model which is deyedd by KTH Electric Power Systems
Lab. KTH model is a model of hydropower system we8en with detailed representation of
large hydro power plants in Sweden and simplifieddel of demand, other generations,
electricity market and trading. The other modelAisollo which is developed by Sweco
Company. Apollo is a market model with seasonahmpiag of hydro power. Apollo has an
advanced representation of neighboring areas dutydiro power model uses one aggregated
reservoir per price area.

1.2 Objectives and Problem definition

The main objective of this study is to exchangeadatween Apollo and KTH model. Since
two models are discussed in this work, the objestiof data exchange can be divided to two
groups. The first group includes the objectivearfrthe perspective of KTH model. The
objectives of data exchange from the perspectiviK i model are to run the model on
interesting scenarios, identify possible improvetseand implement some improvements. The
second group of objectives includes the goals oé@®wCompany. The objectives of data
exchange from the perspective of Sweco are tothestvalidity of Apollo by investigation of
KTH model results and upgrade Apollo.



In order to exchange data, the inputs and someutsutpf Apollo must be used as inputs for
KTH model. After running KTH model with new inputdhe output of KTH model must be
compared to the corresponding output of Apollas lexpected to get the same outputs in the
two models, if all inputs of KTH are exactly thevgaas Apollo data.

The problem that we encounter in exchanging dathasthere are some differences between
the two models or between the forms of presentiath dn two models. Therefore those
differences should be removed to be able to exahdagp and use the inputs for KTH that are
exactly the same as Apollo data.

Some of the mentioned differences can be removatifierent ways; those differences are
called “removable differences”. Some examples godating data, changing the code or
changing the unit of KTH data. The different methadtiat are used for removing those
differences will be described in the report. Sonfieences cannot be removed that are called
“remaining differences”. Due to the remaining difnces and different efficiencies in the two
models, scenarios cannot be directly transformeth fApollo to the KTH model. Therefore
three methods will be introduced to compensateHerremaining differences. By using those
methods, we can obtain the results and compareutipeit of the models.

1.3 Report overview

Chapter 2 gives a background about electricity petidn in Sweden. Chapter 3 introduces
KTH model and Apollo. In Chapter 4, the reader &ad the updated data of hydro power
plants in Sweden. Chapter 5 covers methods thatuseel to exchange data. Chapter 6
discusses simulation results and Chapter 7 is ¢imelasions of this thesis work as well as
possible improvements that can be implementedarititure.



2. Background

2.1 Electricity production in Sweden

Sweden is part of the Nordic power system. Othemtiies which are part of Nordic power
system are Norway, Finland and Denmark. There eaasmission lines between those
countries and the generation and consumption atradéy in each country affect the whole
Nordic system. Therefore the increasing of wind eoproduction in Sweden will also affect
the electricity production in other Nordic counsidn this master thesis, the flexibility of
Swedish power system is studied, so in this chapterckground of the Swedish power system
will be introduced.

Hydro power and nuclear power make a significamt phelectricity production in Sweden.
Generally hydro is the source with the most contidn in electricity production in Sweden
and it acts as the regulating power in Swedish paystem. However in 2013 the share of
nuclear power was more than hydro power in elattrisroduction while the total electricity
production in 2013 was smaller than total eledyriproduction in 2012.

In year 2013, the total electricity production wedlen was about 149.2 TWh from which 60.8
TWh was provided by hydro power that is 40 peraantotal electricity production in year
2013 [1]. The amount of hydro power production defseon the measure of rain and snow in a
year. It means that in a dry year with low raintaé hydro power production is less than the
hydro power production in a wet year with heavyfaili.

Nuclear power accounted for over 63.6 TWh energp0i3 which is about 43 percent of
electricity production in 2013.The other sourcesewsfergy which are used for producing
electricity in Sweden are wind power and thermalv@o. The amount of wind power and
thermal power production in 2013 was 9.9 TWh an® TAVh respectively [1].

The following charts show the electricity produatiper source in years 2012 and 2013. Total
production was 162 TWh and 149,2 TWh in years 28® 2013 respectively.

Combined
CD”S:’:Ed heat and 2013 Gas turbine
a5 turbine” Combined
0% heat and

Combined heat
and power in
industry BT
4% 5%
Wind power
5% .

Combined

heat and 2012
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Figure 2.1 Electricity production in Sweden per Sotce



The following table contains the electricity protian per source together with import and export in
2012 and 2013 [1].

Table 2.1 Electricity production, net export and spply in Sweden

Power (TWh) 2012 2013
Total production 162 149.2
Hydropower 78 60.8
Nuclear power 61.4 63.6
Wind power 7.2 9.¢
Thermal power 15.5 14.9
Import 11.7 12.7
Export sl 22.1
Supply 173.7 161.8

2.1.1 Hydropower

Hydro power has been used for electricity produrctioSweden for more than 100 years and is
still the most important source for renewable epeéngSweden. The operation of hydro power
plants causes no emission of carbon dioxide andrvggtes back to the river after it leaves the
turbine. Hydro power accounts for about 45 percér@wedish electricity production. Most of
Swedish rivers have hydro power plants.

There are more than 1800 hydro power plants in Swelllost of them are small power plants
with the installed capacity of tens or hundred&itfwatts. More than 200 hydro power plants
are larger power plants with the installed capaaitynore than 10 MW while about 50 of them
have the installed capacity of more than 100 MW [3]

The good property of hydro power is that it is adleapidly regulate the production when the
demand changes. The electricity cannot be savathatever that is produced should be used
directly after production, but it is easy to sterater in reservoirs and use it later for electyicit
production. It is possible to regulate the flowdter into turbines and change the production
based on the demand [4]. Therefore hydro powesésl @s the regulating power in Sweden. It
can be decreased when the production from othercesuike wind is higher, and can be
increased when the other productions are not entugipply the demand.



Reservoirs

Electricity cannot be stored; instead the watet thaused for electricity production can be

stored in large reservoirs. The large amount oewahich is the consequence of snow melting
in spring and summer rains is stored in large wesex. The reservoirs are drained during times
of the year when water inflow is low and electgiaciiemand is high [4]. For example in winter

a considerable amount of the water which is storedservoirs is used to produce electricity.

How do hydro power plants work?

The sun’s heat evaporates water, causes the wateea and oceans to evaporate and the
evaporated water form clouds. The clouds providassand rain which will join rivers after
arriving to the ground. The water which is in foohrivers and streams flowing back to sea
and oceans can be stored in reservoirs and ussdlin power plants [5].

Hydro power plants use the potential energy of waktween two levels. With a greater
difference between two levels (head), more enesggchieved from water. The water that is
flowing from a higher level to the lower level pasghrough a turbine and causes the turbine
blades to rotate. The turbine drives a generataclwproduces electricity. After water passes
the turbine it will go back to sea or oceans butdy pass some other hydro power plants in its
way. The water will evaporate again after returniogsea and the stated process will be
continued [3].

Environmental impact

The expansion of hydro power plants and dams israfironmental intervention which can

change the life condition in that area. The chamgh natural water flow can damage some
plant and animal species and benefit some othengelvariations in water level harm the
beach vegetation. Converting flowing water to stiditer has bad effect on fishing [6].

The destruction of nature values has negative tetiactourism but on the other hand better
roads and services are good aspects.

Agriculture and forestry will be affected by consiting dams as the soil may change thus the
conditions of farming on the land will change. lendely populated areas, the construction of
large dams causes severe problems because marig pagp to move from the area [6].

Future hydro power plants

The possibility to build new hydro power plants Sweden is low. The level of electricity

production from hydro power plants will be remain@achanged. The future extra need of
electricity is expected to be provided by otherrgpesources so the share of hydro power
plants in producing electricity will reduce eventlie amount of production does not change

[71



2.1.2 Wind power

Wind power is a renewable energy source that ismoortant source to help decrease carbon
dioxide emissions. The electricity produced frormdvpower was about 9,9 TWh in year 2013.

At the end of year 2013 there were 2663 wind pgplants in Sweden with the total capacity

of 4382 MW [8].

Wind energy cannot be stored and it is not posdibleasily forecast how much wind will
blow, so variations of wind power should be bala@hbg a regulating power. Since there is a
large amount of hydro power in Sweden, hydro pasenostly used as the regulating power.

It is important to build wind power plants in plac&here wind blows a lot. The conditions for
wind power are good in Sweden. Sweden is a wintd-cmuntry, especially on the coast. The
best windy locations are Gotland and Oland on teetwoast and Sk&ne’s coast. In Sweden it
is more windy in winter than summer and this isdjas the demand is higher in winter [9].

How do wind power plants work?

The wind power plants are operated by sun. Thesstays provide different temperatures in
different places of world. Temperature differene@se different air pressures and this leads to
air motion which is the wind. A wind power plantra@rts the wind’s movement to electricity.
The wind power is transferred via a shaft and arlgeato a generator and the generator
converts kinetic energy of the wind to electriditQ].

Wind power expansion

EU has imposed Sweden to have at least 49 peréat# energy consumption be produced
from renewable energies. The government has inedettss to 50 .To reach that goal the
Swedish parliament passed a planning frameworkOoT\8’h wind energy per year in 2020.
The planning frame is to produce 20 TWh offshoredvpower and 10 TWh onshore wind
power in 2020. The planning framework does not m#aat this goal will definitely be
achieved but the future planning for wind powerdurction should be based on those amounts
of wind power.

A modern 2 MW onshore wind turbine produces 6 GWargy per year, which is enough to
provide electricity for about 1200 households eat® MWh per year. Therefore more than
1000 wind power plants should be built in Swedeadbieve the planning goal by year 2020

[8].

The wind power plants that currently work in Swedme mostly onshore power plants.
Onshore wind power plants have been built on lahdewffshore wind power plants are built
at sea. Better wind speed is available at sea cadpa land but it is more expensive to build
and maintain offshore wind power plants. The cdgbwlding offshore wind power plants is

about twice as high as building onshore wind poplents which is about 20 - 30 million

Swedish kronor per megawatt. A big part of the e@gbr connecting to the network. On the
other hand the annual production of offshore pomants is much higher; it is about 3300 to
4300 MWh per MW of installed capacity [8]. The pawsant “Lillgrund” which is located in
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“Oresund” was the third largest offshore power planthe world when it was built in 2007
with the electricity generation of 0.33 TWh per yg3.

Cost of investment, operation and maintenance

The expansion of wind power in recent years hasentlael costs to be decreased significantly.
The costs are expected to decrease more with fudéeelopments. Installation of a wind
power plant and preparing it to deliver power te gnid costs about 10 to 13 million kronor per
MW. A few years ago it cost 15-17 million kronorrpdW. The costs are based on the type of
turbine, the distance to grid connection and othiastructures. Another important parameter
is the exchange rate of currency to Euro.

2.1.3 Nuclear power

Nuclear power is an efficient technology for elaity generation. The cost of electricity
production is low and the emissions of carbon dlexare also low. In a nuclear power plant
the electricity is produced by splitting the atommigclei of uranium. The splitting of atoms
generates heat and the heat is used to generate. Sthe steam drives a turbine and the turbine
drives the generator to produce electricity.

Sweden started using nuclear energy to producérielacfrom 1972. Today there are three
reactors in “Forsmark”, three reactors at “Oskamsiiaand four reactors in “Ringhals”. Two
reactors were closed in “Barsebéack”. Nuclear paagseounts for about 40 percent of electricity
production in Swedefi1].

The using of nuclear power has some disadvanta§ese nuclear accidents are very
dangerous like the disaster that happened in Firkasithe security management in nuclear
power is very important. Safety should always be finst issue in nuclear power plants to
protect people from danger. The shipment of nudieelr involves risks. The uranium mining
and waste from nuclear power plants are dangeroushe environment. The waste from
nuclear power plant must be stored for thousang®afs to prevent harming humans, animals
and nature. SKB is the Swedish nuclear fuel andevasmpany which is responsible to take
care of radioactive waste from nuclear power pl§tit$.

2.1.4 Combined heat and power

Combined heat and power means that the fuel is tsspdoduce heat and power at the same
time, so it is very energy efficient. In CHP povgants only 10 percent of energy will be lost
in the flue gas. The environmental impact of CHRoVg and the security is high. In year 2013
about 10 percent of electricity production was sigplofrom combined heat and power.

In combined heat and power plants that are usioméss as the fuel, 30 percent of the fuel is
converted to electricity and the rest is convettetleat, while losses are 10 percent. There are
also natural gas fired CHP power plants that h&igesame loss but they produce the same



amount of heat and electricity. The examples ohqumwer plants are “Ryaverket” in Géteborg
and “Oresundsverket” in Malmé [12].

2.1.5 Condensing power

The condensing power plants give the greatestraligtproduction relative to the used fuel.
Condensing power only produce electricity and nat lleproduced. 30-60 % of the used fuel is
converted to electricity and the rest is releasdtlie gas and losses of cooling water.

The Condensing power plants in Sweden are firedibgnd it is expensive to use them for
electricity production. Therefore they are usethasbackup power when the nuclear and hydro
power production is not enough due to failure ahegower plants or higher demand [13].



3. Models
3.1 KTH Model

The KTH model refers to a model developed in 204@ presented in a master thesis report
[14]. The model is a promotion of the model desxlitin Elforsk report 09:88 which is the
extension of the model used in system planning Hd6k[16].

The model is formulated as a large linear optinwaproblem which is written in GAMS.
GAMS is a language which is used to solve advaogtidization problems [17].

The model simulates the whole Sweden’s hydropowstes under the assumptions of perfect
information and perfect competition. 255 hydro povaants with their reservoirs and two
reservoirs without power plants are installed instimodel. Totally 257 reservoirs are
considered in the model. The model is simplifiedha way that only power plants with the
capacity of more than 5 MW are included in the ntpdtherwise there should be about 1800
power plants in the model. If enough informatisravailable, the small power plants can also
be included to have more precise model. With timgpkfication, the total installed capacity
which is considered to be installed in the existimgdel of KTH is 15640MW while the total
capacity of hydro power in Sweden is about 1620@ndans that only 96.5% of the installed
capacity of hydro power in Sweden is considerethénmodel.

3.1.1 Model structure

The objective function is to maximize hydropoweroguction. There are also some
punishments considered to minimize import from hb@ing counties and internal trading,
wind spillage is also minimized. The ability of mpdoower to satisfy a given load while power
productions from other sources are also giverestéd in the model. An important condition is
that there must be a certain target level for reses at the end of each week. Moreover there
are constraints on produced electricity and hydjicll balance for each power plant. If there
is not enough electricity produced in an hour, ¢hectricity must be imported. On the other
hand if there are surplus of electricity productiba electricity must be exported and if there is
not enough transmission capacity in the lines,whéer will be spilled. There is some water
spillage that is planned to exist in the model &xtra water spillage is not desired. To spill
water is the same as losing money, so an altemaiijective function in KTH model is to
minimize the spillage.

Objective function:

Maximize: Hydro power production for one week — @yt import from other countries -
penalty*trading between bidding areas - wind sgéla



Hydrological balance for each power plant:

Reservoir content at the end of hour t= Reservoirtent in the previous hour - discharged
water — spilled water + discharged water from prasipower plants which flows at hour t +
spilled water from previous power plants which ftoat hour t+ local inflow

Load balance

Load balance in area z = hydro power productioar@a z + wind power production in area z +
other production in area z + import from other arexport to other areas

Target level of reservoirs

There are some Requirements for all reservoirsecrt the end of the week.

Discharge rules

There are some conditions that affect the dischargmwer plant, for example the minimum
and maximum discharge is different in differentslayd for different times of the year.

Inputs

* Wind power production

» Other generation

 Demand

* Transmission capacity of internal and externaldine
» Start and end level of reservoirs

* Local inflow

Outputs

* Hydro power production

* Hourly trading in internal and external lines
* Water spillage

» Discharged water

On November 1st, 2011 Sweden was divided to faeotetity bidding areas. The model treats
each price area separately which means that théréenfour different load balances in this
model.

Figure 3.2 shows the map of Sweden and its neigidpaountries. The map shows all Nordic
bidding areas, the transmission lines to otherhi®mgng countries and between bidding areas
as well as the capacity of each transmission &g |
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Figure 3.1 Sweden bidding areas and transmissiomk’s capacities in 2012

The model considers the transmission constrairttsds: those four bidding areas and also on
transmission lines between Sweden to other cowsntfi@e countries that are connected to
Sweden through transmission lines are Norway, Deknfanland, Germany and Poland.

Tables 3.1 and 3.2 present the transmission linesthier countries and transmission lines
between four price areas.
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Table 3.1 Transmission lines to neighboring countes

External transmission Line name
lines

SE1- NO4 Norl
SE1- Finland Finl
SE2- NO3 Nor2
SE2- NO4 Nor3
SE3- NO1 Nor4
SE3- DK1 Danl
SE3- Finland Fin2
SE4- DK2 Danz
SE4—- Germany Tysl
SE4- Poland Poll

Table 3.2 Transmission lines between bidding aredsside Sweden

Internal transmission lines Line name
SE1- SE2 Snitt 1
SE2- SE3 Snitt 2
SE3- SE4 Snitt 4

3.1.2 Equations

In this section the equations which are used in Kmbldel for objective function and for
constraints are presented.

Objective function

Max Z Scalefactorl x Htoty , + Scalefactor2 = Htot, , (3.1
t

+Scalefactor3 = Htotz , + Scalefactor4 = Htot,,
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—Penalty * Z die + e + froe t o+t (3.2)
k,t
— penalty * Z DP, . + DN, (3.3)
1t

- Z VSl_t + VSz’t + VS3‘L- (34)
t

The objective function is to maximize the hydro gowproduction in one week. A penalty is
also considered to minimize the import from otheurdries. The penalty is 1 multiplied by the
amount of import which means that the objectivectiom will be decreased for each MWh of
import. Another penalty is also used for transnoissnside Sweden to prevent the unnecessary
internal trading. This penalty is 0,001 multiplieg the amount of internal trading and is much
lower than the penalty for import. The last partatfjective function is to minimize wind
spillage. The penalties that are used for impannfrother countries and internal trading can
change in different situations.

The indexz stands for bidding area ahdtands for hour. Since all the power plants in &me
are not included in the model, a scale factor &iisg up the production to compensate for that
amount of production which is not considered inrnhadel. The scale factor was introduced in
Obel’s report [14] but it was not described thérat thow these scale factors are calculated. The
maximizing of hydro production implies that the rebdvoids the water spillage if it is
possible. The start and end level of the watenvegegives the energy which is produced from
hydro power in a week. The objective function tiespread the hydro power production such
that the water spillage will be as small as possili the hours that wind power production is
high and the transmission capacity to export thevgvois not enough, the hydro power
production will be decreased by discharging lestewd he procedure will be reversed when
the wind power production is low.

As it was explained in section 3.1.1 the objectiuaction is to maximize hydro power
production. There are also some penalties on imjgodther countries and internal trading
between bidding areas. To include those penatii@bjective function some variables are used
which are introduced below:

DP,, andDN,, are variables that are used to include penaltynternal transmission.

DP,; = snitt;, (3.5)
DN = —snitt;; (3.6)
di.e Nt fr 0 De @ndt, are variables that are used to enable includinglpefor import.

dk,t = dank,t (37)
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Ny ¢ = NOTy ¢ (3.8)

fit = fing, (39
p: = pol, (3.10)
ty = tys; (3.11)

The maximizing of hydro power production impliesnaimization of spillage. Avoiding water
spillage is very important for a hydro power proeluaho aims to maximize the profit. To spill
water is the same as to spill money so there satsalternative objective function which is to
minimize the water spillage.

Minz Sit* Uit (3.12)
Lt

Hydrological balance

The hydrological balance states that the contetth@freservoir of a power plant in a specific
hour should be equal to the content of that reseduging the last hour minus the discharged
and spilled water from the reservoir in this holuspthe water flow from upstream. The water
flow from upstream can be the discharged and spiater that flows from upstream power
plants as well as local inflow. Many rivers haveesal branches which mean that there can be
several power plants located upstream so theihdrge and spillage must be added.

My =M1+ (Mspqre if t =1) — Z Qijt— Sit (3.13)
j

+ Z Qrinn;

i’EUi

+ Z Srinn;s .

iIEUi
+V; + Vstart; . + V2start;,

Qrinn is the amount of discharged water from the upstr@awer plant which goes to the
downstream power plant whe&inn is the amount of spilled water that flows from the
upstream power plant to the downstream power plgmed andSned present indices for the
power plants downstream.

M qre IS the content of the reservoir when the week tegirthe beginning of hour ¥Ystart
andV2start are the amounts of water which flow during therisdeefore the week starts and
reach the power plant. Since the model has a tiepeaf one hour/2start is the water which
flows during a time less than one hour whiktart is for the whole hour.
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. Rqm; 60 — Rqm;
Qrinn;, = WZ Qijt—(Rgh+1) T TZ Qijt-Rrqh; (3.14)
j j

Qrinn;, is the amount of discharge water which flows fr@ower plant i and reaches
downstream power plant during hourRigh; is the flow time of discharge water from power
plant i to the closest downstream power plant énvinole hour.Rgm; is the same aBqh; but

it is for the time that is less than one hour.

] _ Rsmy 60 — Rsm;
Srinn, = 60 *Sit—(Rgn;+1) T 60 * Sit—Rqh; (3.15)

Srinn;, is the amount of spilled water from power platitat reaches downstream power plant
during hour t.Rsh; is the flow time of spilled water from power plantto the closest
downstream power plant in the whole ho&sm; is the same aRsh; but it is for the time that
is less than one hour.

Mi,168 = Mslut,i (3.16)

A certain target level for reservoirs should beagied at the end of each week that is the end
of hour 168 of a week. To simplify the model, theeme target level is considered for all
reservoirs except Vanern and Vattern. The actut daused for Vanern and Vattern due to
their size and location in southern Sweden. In w&ékhe target level that is used for Letten is
also different from the target level which is usedall power plants.

ws; = Vgr * w; (3.17)

In equation 3.17w; is the average annual water flow for each resemndV;, is the scale
factor which is different for different weeks. Sedhctor for one week is calculated from
dividing the inflow of the week by the annual axgganflow. In spring there is a large amount
of water goes to reservoirs due to sprig floodtsm dcale factor is large in the spring. On the
other hand the scale factor is small in the wimteen there is a little amount of water which
goes to reservoirs.

Vi =ws; — Z ws;r (3.18)

L"EUl'
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The local inflow for one week in a power plant e tdifference between the average water
flow of the power plant and the average water ftivthe power plants upstream in that week.
The inflow of each power plant is assumed to beakiuall hours of the week.

Vstart;, = Z ws;/ (3.19)
i'€UiAt<Rqhy

At the beginning of each week it should be congdehat there is water that dropped from the
power plant upstream during the hours before thekwatarts. Therefore an extra factor is
included in hydrological balance for the water flbefore starting the week. For example, if
the flow time between two power plants is 5 hoitrgs assumed that the released water from
the power plant upstream corresponds to the meamahfiow to this power plant during five
hours before the week begins. Since the model haweastep of one hour, one equation is
considered for the water that is dropped duringtitmes equal to whole hours and a separate
equation is used for the water which is releasdatertime that is less than one hour. Equations
3.19 and 3.20 are the mentioned equations respéctivhey are used to include the amount of
water which is on the way between two power plariten the week begins.

(60 — (60 — Rqm))
60

V2start;, = ws;r * (3.20)

i"eU; A t<Rqh;+1 A Rqm;; <60

Efficiency

The power that can be taken from a hydro powertpgkmproportional to the head, gravity,
water flow and an efficiency ratio.

Power = Efficiency ratio * Gravity * Water flow * ehd

In reality the efficiency ratio is different for fuines and generators depending on the
production. In this model two different efficiencgtios are considered for two segments. Itis a
simplification of the model since the efficiencypd®ds on the head of water varying with
filling rate. Hydro power plants with high fillingate produce more power than those with
lower filling rate. There are many reservoirs iniethfilling rate have significant effects on the
head but it is not considered in this model [21].

In KTH model the efficiency ratio is divided to tweegments. First segment is for discharge
between 0 and 75% and the second segment is fdradige between 75 % and 100 %.

Qi,l = 0.75 * éi (321)

(_?i,z = Qi - Qm (3.22)
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The break point is at 75 % since the hydro powantsl usually have their best efficiency
around 75% discharge. The efficiency is considecedecrease by 5 % after the break point
[16]. The production equivalent for segment 1 aegnsent 2 are showed Iy, andy;, and
can be found from the following equations.

Hi= piq* Qi1+ piz* Qiz (3.23)
Miz = 0.95 % p; 4 (3.24)
Hi; = Z.ui,j * Qg j (3.25)

J

Equation 3.26 shows the hydro power productiomie loour per bidding area.

HtOtZ’t = Z Hi,t,Z (3.26)
i

Load balance

The load balance implies that demand and supplyt brigqual in each bidding area and thus
the load balance is satisfied all over Sweden. Linaghch bidding area is equal to the sum of
all power production from different sources plugport from other countries and from other

bidding areas minus export to other countries @andther bidding areas. The hourly trading

between bidding areas which is from northern tatsenn Sweden is considered as positive. If
the direction of transmission is from south to hattwill considered as negative energy in the
model. On external lines, the imported electrigtgonsidered positive and exported electricity
is considered negative.

Load,; = Z Htot,, + othery; + wind, ; — snitt,; + fin, s + nory, (3.27)
i

Load,, = Z Htot,: + other,; + wind, ; — snitt,, + snitt, ; + nor,; + nors, (3.28)
i

Loads, = Z Htots  + others, + winds — snitt,, + snitt,, + fin,, + nory;
i

+ dany (3.29)
Load,, = Z Htot, . + othery, + wind,; + snitt,, + dan,; + tys; + pol;; (3.30)
i
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Variable limits

A limit is considered for the water level in theseevoir. The reservoir level should be between
the allowed limits.

o
IA
=
IN
=

(3.31)

Equation 3.32 presents the limit for discharge ashesegment of each power plant in each
hour. In equation 3.33, another limit for dischargeshown. The sum of discharged water in
two segments for each power plant should be hitteer the minimum discharge of the power
plant in each hour during the simulated week.

0<Qit<Qy (3.32)

Z Qije = Qi (3.33)
j

For some power plants there are requirements faimim spillage. A simplification of the
model is that there is not any upper limit for sgé.

Si < Sit (3.34)
There are transmission capacities that are comsidier the model for lines between bidding
areas. Trading between bidding areas inside Sweldeunld be in a range between a lower and
upper limit. Another solution is to increase praiilue in the areas with a shortage of electricity
[14].
snittmin; ; < snitt;, < snittmax;, (3.35)

There are also some limitations for transmissions tfrom neighboring countries.

Nnorming ¢ < NoOry; < NOrMaxy ; (3.36)

Additional discharge rules
For some power plants there are requirements faimaiim discharge during a day which is

shown in equation 3.37. It means that the amountisstharged water should be more than a
specific value during a day. Minimum discharge sudge different between weekdays and
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holidays. In KTH model, d represent day. For exarjstl corresponds to Monday that is hour
1 to 24.

Z Q;j: > daymin power planti dayd ford=1to7 (3.37)
Jit

There is also a requirement for weekly minimum kigsge in some power plants. The sum of
total discharged water during 168 hours shouldreatgr than the minimum weekly discharge
for those power plants.

z Q;j: > weekmin power plant i (3.38)
Tt

Some power plants have different requirements anirmim discharge for different hours in a
day, equation 3.39 present the requirement. Fanplathe average discharge for power plant
i should be x m3/s on weekdays between 8:00 to0LZ:Be owner of power plants can choose
to discharge more water in some hours and lesswat®mme other hours but the requirement
for average discharge must be fulfilled [14].

Z Q;j: for specific hours > minimum discharge for the specific hours (3.39)
jit

For some reservoirs there are requirements thatrdatel should not change too much during
a day. A similar requirement also exists for digsgka Equations 3.40 and 3.41 are used for the
mentioned requirements respectively.

M;;, — M;;, < Volume change of the day ford =1to7 (3.40)

Z Qijt, — Z Qi j:, < discharge change of aday ford =1to7 (3.41)
J J

In two power plants of the model, short time regatais not allowed. It means that discharged
water is the same in all hours and discharge shmtidbe changed during the week.

Z Qij: = Z Qiji-1 (3.42)
Jj J
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3.2 Apollo

Apollo is a model developed by Sweco Company toukate electricity market. Similar to
KTH model, Apollo is also formulated as an optintiaa problem. The model includes
seasonal planning of hydro power plants whichv&déid to long-term planning and short-term
planning. The long-term planning is the weekly deion of hydro power plants and the short-
term planning is the hourly simulation of hydro povplants. There is one aggregated reservoir
per area in Apollo. The model also presents advnepresentation of neighboring areas and
variable costs of thermal generation.

The optimization problem in Apollo is formulated lzesiow:

Objective function

* Minimize system cost (or maximize the profit fomgeators under perfect competition)

Constraints

* Hydrological balance for each reservoir

» Load balance in each bidding area

* Price sensitive demand

* Reservoirs storage bounds at the end of the week

* Ramping constrains for time steps of one hour and fiours for aggregated reservoirs.

The data of inputs and outputs of Apollo that isded to be used in KTH model is provided in
a data file for years 2015 and 2040.

A brief description of different data that is prded in Apollo data file can be found below.

3.2.1 Inputs

Demand

The yearly demand is given per 4 bidding areas. fidvely demand is found by multiplying
the yearly demand by a ratio that is given in theded. The ratio for each hour and the hourly
demand for one year are given in the Apollo ddéa fi

Wind power production

The data for hourly wind generation is given foslore wind power plants in SE1 and SE2. In
SE3 and SE4 the model gives the data for both oastied offshore wind power plants. The

wind power generation is planned to be increasdtlercoming years, so the data that is given
for wind power production is higher for year 2040.
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Wave power production

A time series of data with the time step of onerhswiven for wave power production located
in area3.

Solar power production
The hourly solar power production is given for fameas in the model.
Inflow

The amount of water inflow is given per week and @ea in Apollo data file which is the
input of Apollo. The inflow is given in terms of ergy.

3.2.2 Outputs

Hydro power production

The model includes seasonal planning of hydro poplants. The weekly hydro power
production is given for three bidding areas but weekly hydro production of area 4 is not
given. The hourly hydro production for all areaslso given in Apollo data file.

Reservoirs’ content

The model uses just one aggregated reservoir pat bBut there is no reservoir considered for
SE4. Apollo considers run-of-the-river hydro getierain aread. This means that there are
only 3 reservoirs in Apollo model. The reservoiatet which is the actual amount of water
stored in each reservoir is given per week. Forgiservoir’s start level in a specific week, the
data which is given for that week can be used andhie end level the data which is given for
the next week can be used.

Hourly trading

Apollo has an advanced representation of neighboaireas considering 1 percent loss in all
transmission lines. The actual values for hourditng to neighboring countries are given in
Apollo data file. There are 11 transmission linestf different price areas in Sweden to other
neighboring countries in Apollo. Compared to KTH dBf one extra transmission line from
Sweden to Lithuania exists in Apollo. The data ofithy trading inside Sweden is also given
for three internal lines which are the same lire&&H model.

Nuclear power production
The hourly nuclear power production is given as seteof data for area 3.
Thermal power production

The hourly data of thermal power generation fofedédnt types of thermal power plants is
given; there are many types of thermal power plantie model. The number of the types of
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thermal power plants varies in different years.the data for year 2040 there are a fewer
number of thermal power plants available in the ehoth year 2015 there are 40 series of
hourly data given for thermal power generationlirageas, but in year 2040 there are 34 series
of hourly data for thermal power generation in SeredThere are more thermal power plants
located in area 3 and 4 than area 1 and 2.
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4. Data acquisition

The objective of data acquisition is to update daéa of hydro power plants that are used in
KTH model. The data of KTH model was achieved frpear 2009, so some data of power
plants may have been changed since that time. S{fi¢¢ model should be compared to
Apollo, it is important to use the same data ofrbydower plants in the two models. Therefore
the data for installed capacity, bidding area, avarel river of hydro power plants that exist in
KTH model are updated in this chapter. Another tgpelata that is collected is the installed
capacity and bidding areas of small hydro powentgldhat are not included in KTH model.
The data of those power plants are collected howéwey are not added to KTH model
because for including those in KTH model, otheadatch as maximum capacity of reservoirs,
maximum discharge, delay time between power plantsaverage annual water flow are also
needed. The goal of collecting data of hydro pomants that are not included is that data may
be used in future work. If other mentioned datd thaneeded can be achieved, these acquired
data can also be used to add the small power plartkSH model and have more accurate
model.

4.1 Installed capacity

There are 257 reservoirs considered in KTH maueglof which 255 reservoirs are those
belong to hydro power plants. Two of them are amlservoirs to store water and they do not
have power plants, it means that their installqehcdy is zero. As it was described in chapter
3, the power plants with installed capacity of lésan 5 MW are not considered in KTH
model. Therefore total installed capacity of KTH debis lower than the actual total installed
capacity of hydro power plants in Sweden and totsthlled capacity of Apollo. The following
table shows the installed capacity of KTH model ehhivas found from data of year 2009, the
table also contains the installed capacities frgoolld and Svenska Kraftnat.

Table 4.1 Installed capacities of KTH original modeécompared to installed capacities of Apollo and SK

Installed capacity KTH (original) Apollo Svenska Kraftnat
(MW)
SE1 5491 5262 5255
SE2 771t 800( 801¢
SE3 2184 270¢ 259¢
SE4 25C 231 341
Total 15640 16202 16203

It can be seen in the table that the total inslatlgpacity of KTH model is 562 MW lower than

Apollo. The installed capacities of area 1 and d@eae higher while the installed capacities of
area 2 and area 3 are less than Apollo. The reafsbiy difference in area 3 is that there are
many small private hydro power plants with ins@ltapacity of less than 5 MW in this area.
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On the other hand another reason can be the ohl fdamn 2009. Therefore the installed
capacities of those 255 hydro power plants whiehcansidered in KTH model are updated.

The data was checked using multiple references. firbe source which is used to check
installed capacities is the homepage of Leif Kudinich provides data of 1505 hydro power
plants in Sweden [19]. Another way to find instdlleapacity of power plants which should be
more reliable is to check from the owners’ webE2@]-[24]. The installed capacities of all 255
hydro power plants except 23 of them were foundnfrmwvners’ website. Some owners like
Holmen and Jamtkraft do not provide data of insthitapacity in their homepage [25], [26].

Table 4.2 shows some examples of hydro power plark§’H model with their updated data
of installed capacity and owners.

Table 4.2 Examples of power plants with updated inalled capacity

Power plant ~ Owner Installed Installed Installed Installed
capacity capacity capacity capacity
original Kuhlin owners updated KTH

KTH (MW) (MW) (MW) (MW)

Harspranget Vattenfall 1001 977 977 977

Harrsele Statkraf 20< 22¢ 227 22¢
Stalon Vattenfall 105 130,2 130 130
Hjalta E.or 16t 17¢ 17¢ 17¢
Krangede Fortum 240 248,4 250 250
Norrénge Fortunr 44 50 5C 50
Vargfors Vattenfall 131 122,1 120 120
Ligga Vattenfal 367 326,7¢ 324 324
Gallejaur Vattenfall 214 219 221 221
Kvistforsen  Statkraf 13C 14C 14C 14C

A problem which exists in data acquisition is tligta from different sources have some
differences, in that case it is important to beedatbl recognize which source is more reliable.
For installed capacity the data from owners’ wedssghould be more reliable so it is used as
the updated data. The following table shows thgimai and updated installed capacities of
KTH model per area compared to the installed capaciApollo.

Table 4.3 Updated installed capacity of KTH compare to the original data and Apollo

Installed capacity KTH (original) KTH (Updated) Apollo
(MW)
SE1 5491 543( 5262
SE2 7715 787¢ 8000
SE3 2184 214¢ 2709
SE4 250 253 231
Total 15640 15705 16202
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4.2 Bidding area

The bidding area of each hydro power plant of KTedel was checked to ensure that the used
data is reliable. For finding bidding areas Leiffin’s website is used again. The other source
which was found to check price areas was a lishfBvenska Krafnat [27]. This source is the

price list of 2014 for the Swedish transmissiordgand contains data for some power plants
which are not only hydro power plants. The biddingas of 63 hydro power plants that exist in

KTH model were found from the list.

The bidding areas that were found from Kuhlin's lepage are almost the same as KTH
original data from 2009 except for 4 hydro poweans. The data from Svenska kraftnat do not
provide the bidding areas for all hydro power ptasb among those 4 hydro power plants only
one of them is available in that list. That pow&np is Vargfors and the price area given by
Svenska kraftnat is the same as data from 2009 dfedent from Kuhlin. Finally the original
data which was obtained from year 2009 is usedaum one of the differences based on
Kuhlin was not correct according to Svenska Kréaftiiable 4.3 shows those 4 power plants
with different bidding area and rivers they arealed in.

Table 4.4 Hydro power plants with different bidding area based on Kuhlin

Power plant River Price area Price area  Price area Price area
original Kuhlin Svenska  updated KTH
KTH (MW) Kraftnat (MW)
(MW) (MW)

Vargfors Skellefteélve 1 2 1 1
Vassinkoski Oreélven 3 2 - 3
Noppikoski Oreélvel 3 2 - 3
Kvarnholm Lagan 4 3 - 4

4.3 Hydro power plants which are not included in KTH model

It was mentioned previously that the hydro powanp with the installed capacity of less than
5 MW are not included in KTH model since the ddtattare needed was not available. There
are also a few power plants with installed capesislightly more than 5 MW that are not
considered in KTH model because the data for thexm mot available as well. The data of
hydro power plants which are not included in thedlel@re achieved from Kuhlin’'s homepage.
The data that is found from Kuhlin’s homepage idelinstalled capacity and bidding area. As
it was explained in the beginning of this chapt@me other data are also needed to consider
these power plants in KTH model but those datarmteavailable in Kuhlin’s homepage.
Therefore it is not possible to add these powentplao the model. Table 4.5 shows some
examples of these small power plants with theia dditinstalled capacity and bidding area.
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Table 4.5 Examples of hydro power plants that are at included in KTH model

Power plant Area Installed capacity
(MW)
Hednas 1 2.15
Kvarnforsen 2 4.2t
anundsjo 2 5
Brynge 2 S
Sippmikk 2 4
Sundshagsfors 3 5
Tanger 3 4.6
Langed 3 4.97
Alvestorp 3 4.2
Hogsby 4 3.5

Table 4.6 contains the total installed capacity amstalled capacity per area that are not
included in KTH model based on the data from Kuklinomepage. There are some power
plants with unknown price areas in Kuhlin’'s homepag

Table 4.6 Installed capacity that is not includedri KTH model based on Kuhlin's data

Area Installed capacity (MW)

SE1 22,356

SE2 172,78¢

SE3 442,83t

SE4 97,00"
Unknown 32,127

Total 767,117

4.4 Conclusions

After updating data, the installed capacity of Kfitbdel was slightly increased and became
closer to the installed capacity of Apollo. Howetlegre is still a significant difference between
total installed capacities of the two models. Th&erence is due to the small power plants that
are not included in KTH model.

By updating data of bidding areas it was found thatbidding areas that were used in original
KTH model is almost the same as updated biddingsar€here are only four bidding areas
according to Kuhlin’'s homepage that are differaoint bidding areas used in original KTH
model. However the original KTH bidding areas wased finally because one of those four
different areas was checked from Svenska kraftndtfaund to be the same as area used in
original KTH model.
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By collecting the data of power plants that areinoluded in KTH model it was found that the

total installed capacity that is not included in KTodel based on Kuhlin’s data is 767 MW.

The installed capacity that is not included in Kirtédel is more significant in area 3 compared
to other areas. The reason is that there are mawgte power plants in area 3 with small

installed capacities that are not included in KTbidal.
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5. Data exchange between Apollo and KTH model

The main goal in this work is to exchange datavben KTH model and Apollo. The models
were presented in previous sections. The inputsoampluts of Apollo model are presented in
the form of an excel file containing all hourly anéekly data of Apollo’s inputs and output.
The data for Apollo is given for the whole year buforms of hourly and weekly data which
are dedicated to short-term and long-term plann@gpectively. On the other hand, in KTH
model the simulation is done for the period of @reek. Some specific weeks are simulated in
KTH model since data is available only for thoseekse and all weeks of the year are not
simulated. The data of hydro power plants in KTHdeloare based on the actual scenario of
year 2009.

5.1 Objectives of data exchange

As it was explained in the introduction sectione thbjectives of this master thesis or
particularly the objectives of data exchange whscthe main task in this work can be divided
into two parts. As two models are discussed in thirt, the specific objectives for each
model must be considered. The objectives of dathange from the perspective of KTH
model are to run the model on interesting scenardentify improvements and implement
some of them if implementation was possible intiime frame of project. The objective of data
exchange from the perspective of Sweco Companyoigest the validity of Apollo by
investigation of the results from KTH model as wadlupgrading Apollo.

5.2 Data exchange procedure

The inputs and outputs of each model were discubséate in chapter 3. The goal in the
starting point of data exchange was to use thewiatig instructions:

1. All of the inputs of Apollo and all outputs extérourly hydro generation should be used as
input for KTH model.

2. The output of KTH model which is hydro generatiwill be compared to hydro generation
of Apollo.

Some kinds of data can easily be exchanged, as #iiemo differences between the forms that
they are presented in the two models. They are sienies of data for one week with time step
of one hour:

* Hourly wind generation
* Hourly other generations
* Hourly demand

28



Hourly wind generation and hourly demand are inpdit&pollo and hourly other generation is
an output of Apollo, but all of them are used aguis for KTH model. For hourly other
generation, all data of hourly generation thatlseeth from Apollo except for hydro generation
and wind generation are added and used as onestnes of input in each area for KTH
model.

It is expected to get exactly the same hourly hygiperation if we could use inputs for KTH
model that were exactly the same as Apollo data,tihe problem is that there are some
differences between the two models or betweendirad of presenting data in two models. For
example the unit of given data may be differenthie two models or the data is old and needs
to be updated. To be able to exchange data, thdianed differences which are called
preliminary differences should be found and somjusichents should be done to remove
differences. Despite of some adjustments, sombeoflifferences cannot be removed and will
remain at the end. The preliminary differencesdivegled to two types; the differences that are
removed are called “Removable differences” anddifferences that cannot be removed are
called “Remaining differences” in this report. Higat is not possible to run the simulation
with remaining differences and the solution will be#easible, so some compensation are
needed to get the result.

The different steps of the procedure of exchangiata until reaching the results are shown
below:

Removable

Prelimi / differences Adjustments \
reliminary
Result
differences \ — / esults
Remaining

. Compensation
differences P

Figure 5.1 Different steps of data exchange

5.2.1 Preliminary differences

There are some differences between these two mbeéise starting data exchange. These
differences can be between the pre-assumed datd pbwer plants or between the form of
presenting data of inputs and outputs in the twaei® To be able to exchange data and use
Apollo data in KTH model, it is necessary to remakiese differences. If we can remove all
the differences and use exactly the same data aoApr KTH model, we can expect to get
same results. But we are not able to remove altlitierences, so we classified differences to
two types which are removable and remaining difiees.

The preliminary differences between the two modelsear in the following cases:

* Hourly trading
* Installed capacity
* Loss in external transmission lines
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e Loss in internal transmission lines

* Maximum capacity of reservoirs

* Reservair levels at start and end of the week
* Inflow data

In data adjustment, | will try to remove the diBaces that are possible to remove but some
differences are not possible to remove and willaemAfter the part for data adjustment, in
section 5.2.3 the above mentioned differences lvdlicategorized and it is determined either
they belong to removable differences or remainiiffgi@nces.

5.2.2 Data adjustment

Some data adjustments are needed to remove tleeediffes. In this section, the methods that
are applied to eliminate removable differences viné explained. Moreover remaining
differences will be determined and the reasons ré@iaining differences cannot be removed
are discussed.

5.2.2.1 Hourly trading

The actual hourly trading is the output of Apollehich should be used as input for KTH
model. In KTH model the capacity of internal andeemal transmission lines are given to the
model as input and the actual trading will be takem the results of simulation so similar to
Apollo actual trading is an output in KTH model.

The problem that occurs and should be resolvedia ddjustment is that the output of Apollo
which is actual trading should be used as the ifiputKTH but the input for KTH is the
capacities of transmission lines. Therefore the ehathould be changed so that the actual
trading can be used as input for KTH model instgfatansmission capacities.

In KTH model there are two sets of data which githesslower and upper limit of trading for
each transmission line that specify the transmissiapacity. These times series of data for
each line are given for 168 hours correspondingn® week. The first series of data provides
the lower limit or the minimum value and the secsedes of data provides the upper limit or
maximum value. For external transmission lines, tifa@smitted energy is negative if it is
export from Sweden and is positive if it is imptmrtSweden. For internal transmission lines the
transmitted energy is positive if the transmissitirection is from north to south of Sweden,
and is negative if it is from south to north of Sisa.

Trading in each line and for each hour should bevéen the lower and upper limit. For
example for the line norl which is the line betwe#il and NO4, the trading is defined as
following:

norlmin < Tr < nor1l max (5.1)
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To have the actual trading of Apollo as input fofHK model instead of line capacities, the
lower and upper limits should be replaced withthkie of actual trading in the input file for
each hour and each line. This means that the lan@mupper limits will be the same and equal
to the value of transmitted energy in each hout thaaken from Apollo. Now the lines
capacities are not inputs anymore and hourly tgdna fixed value given as input for KTH
model.

Example:

The capacity of line “norl”, in KTH model beforetdaadjustment which is given as input is
shown below:

—405MWh < Tr < 421MWh (5.2)

The actual trading in hour 1009 which is the flisur of week 7 of year 2015 is taken from
Apollo, it is 600 MWh export. Now the lower and @vdimits of above inequality should be
changed to 600 MWh but with a minus sign as itxigogt. Therefore the trading in hour 1009
will be fixed on 600 MWh export and the actual tradis used as input for KTH model.

—600MWh < Tr < —600MWh (5.3)

In section 5.2.2.3, | will explain that this amoumitl slightly be changed due to some further
data adjustments.

As an example for internal lines is the line sniittween SE1 and SE2, the trading is defined
as following:

snittlmin < Tr < snitt1 max (5.4)

The actual trading of this line in the first hodrveeek 7, year 2015 is taken from Apollo. It is
1243,6 MWh from SE1 to SE2. Now the lower and ugjpeits of above inequality should be
changed to 1243,6 MWh .

1243,6M"" < Tr < 1243,6MWh (5.5)

This amount will also be changed due to some furtlaga adjustments that will be explained
later in section 5.2.2.4.

As a result, the difference in hourly trading iSramovable difference” because it has been
removed by data adjustment.

5.2.2.2 Installed capacity

In KTH model, the whole Swedish hydropower systensimulated. Therefore all the hydro
power plants of Sweden must be considered in théem&ut as previously mentioned, some
small power plants with installed capacity of l&ssn 5 MW are not considered in KTH model
because the data for them were not available dirtiee of collecting data. On the other hand,
most of those power plants that are not includedTf model are considered in Apollo and
this causes the total installed capacity of Aptdibe greater than KTH model.
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In chapter 4, the data collection was explainece dhta for installed capacities and bidding

zones of existing power plants was updated andi#te of small power plants which are not

considered in KTH model was collected but not adaetthe model. Those small power plants

cannot be added to the model, since all the reduega for those power plants to be used in
KTH model are not available. The only data that walgected for those power plants was their
names, installed capacities and bidding zones. Sother data such as maximum total

discharge, maximum capacity of reservoir and detag of those power plants are also needed
to be able to add them to KTH model.

The objective function of KTH model is to maximibgdro power production. In objective
function of original KTH model, some scale factonere considered for hydro power
production in each area to compensate for hydreemgion of power plants that are not
included. The scale factors are removed in the tgplddTH model because we want to see the
difference between results of the two models casid installed capacity as a difference and
later in section 5.2.4.2 the data of installed céj@s will be changed to be exactly the same as
Apollo by calculating new scale factors for eackear

Since the installed capacities of existing powantd were updated and changed in input files
of KTH model, we can say that some data adjustnretdased to installed capacities of existing
power plants was done before. The following talilevss the installed capacities of KTH
original model compared to updated installed cdjgecof KTH model and installed capacities
of Apollo.

Table 5.1 Updated installed capacities of KTH compad to Apollo

Installed capacity KTH (original) KTH (Updated) Apollo
(MW)
SE1 5491 543( 5262
SE2 7715 787¢ 8000
SE3 2184 214¢ 2709
SE4 250 253 231
Total 15640 15705 16202

It can be seen in the table that the updated cagmeire closer to the capacities of Apollo, but
the difference between updated capacities of KTéHApollo still exists. This difference is due
to not considering power plants with the capacftiees than 5 MW in KTH model. Especially
in area 3 we can see a significant difference, lzdhere are many private power plants in
that area with small installed capacities. In drdhe installed capacity of KTH model is larger
than Apollo which is not the result of not considgrsmall power plants. This difference
became smaller but was not eliminated after updatistalled capacity.

As a result, the total installed capacity of powtants in KTH model is lower than the total
installed capacity of Apollo and the difference ¢@removed if we add all small power plants
that are not included in KTH model. It is not pdésito add those power plants as all needed
data for adding them are not available. Therefbwe tbtal installed capacity and installed
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capacities in each area will remain different ia ttvo models. The difference in total installed
capacity of power plants is a “remaining differehas it cannot be removed.

5.2.2.3 Loss in external transmission lines

In Apollo, 1 percent loss is considered in the sraission lines. This means that 1 percent of
transmitted energy is lost in the transmissiondinkssume that it is intended to receiv€ “

MWh energy from Sweden in another country, th%%gkY” MWh must be sent on the

transmission line. The arrived energy will B& MWh while % X Y” MWh is lost in the line.

100

— X Y” MWh “Y” MWh
99

1
Loss:”; X'Y” MWh
Origin Destination

Figure 5.2 Loss in transmission lines

In KTH model there is no loss in transmission linksneans that exactly the same amount of
energy that is sent from the origin will be arrivexthe destination. Now the difference is
obvious, we cannot use exactly the same data sh&tken from Apollo for external hourly
trading as the data that is taken from Apollo iterafconsidering 1 percent loss in the
transmission lines.

It was previously explained in the section for Hpudrading that there are two sets of data in
KTH model for 168 hours in each line that specifiee minimum and maximum amount of
trading. Those two values (maximum and minimum)usthde set the same to have exactly the
same number that is taken from Apollo. Therefore data that is given to KTH input for
hourly trading is the energy that is intended tosbat on lines (data in origin) while the data
that is taken from Apollo is the energy that iS\ed to destination.

The model or data should be changed so that 1 pdiass is also included in KTH model. The
solution to remove this difference is to changeadat that 1 percent loss is taken into account
in the input data of KTH model.

It is worth to mention that the energy which exist®idding zones inside Sweden is important
to us for KTH model. The load balances for eachepdrea inside Sweden should be satisfied
and the energy which is received in other countniesent to other countries is not important
for satisfying load balances in KTH model. Thereféhe amount of import after arriving to
Sweden and the amount of export before sendingher eountries must be calculated and used
as input for KTH model.

As it was mentioned, the data taken from Apollafier arriving to destination. Moreover the
energy inside Sweden is important, so the datadbi@rmines import must be kept unchanged.
The positive value in an hour is the imported epdhait will be used as input for KTH model
without change.
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As an example consider the line “finl1” which is timee from SE1 to Finland. In hour 1009
which is the first hour of week 7, the value ohsmitted energy is 1100 MWh. Since the value
is positive, it shows that the trading is impodrir Finland to Sweden.

1100 MWh 1111,11 MWh
Loss: 11,11 MWh
Sweden Finland

Figure 5.3 Example of loss in transmission lines fomported energy

The value that is taken from Apollo is 1100 MWhnsiglering 1 percent loss the value in the
origin must be 1111,11 MWh. But the energy in Sweidamportant for us and should be used
as input which is the value that is taken from Apdbr import. The imported energy has plus
sign in KTH input data, so the values that aretpasshould be kept unchanged.

For exported energy, the value that is taken frgolld must be increased by one percent and
be used as the input for KTH model. Since the v#hae is taken from Apollo is the energy
after arriving to destination so the value showdrxreased by 1 percent to achieve the energy
that was sent from the origin. The value that stida¢ considered in the load balance of the
related bidding zone or the total load balancevire@:n should be the amount that is increased
by one percent. The negative value in an hourasetkported energy, so the negative values
that are taken from Apollo should be increasedrim®y percent.

The following example assumes the first hour of kv&ewhich is hour 1009 and the line is
“norl” which is from SE1 to Norway. The transmittedergy is -600 MWh, the negative value
shows that it is export from Sweden to Norway.

606,06 MWh 600 MWh
Loss: 6,06 MWh

Sweden Norway

Figure 5.4 Example of loss in transmission lines f@exported energy

The value that is taken from Apollo is -600 MWh.rSalering 1 percent loss, the value in the
origin must be -606,06 MWh. As the energy in Sweidemportant for us and will be used as

input, the value that is increased by one perdemtld be used for export. The exported energy
has minus sign in KTH input data, so the values #ne negative should be increased by one
percent.

The difference is removed by changing the datacafrlly external transmission that is taken
from Apollo. All positive values which representport are kept unchanged and all negative
values which represent export are increased bypaemeent. A simple MATLAB code was
written to apply the stated changes. Changed valieeased as the inputs for KTH model.

The difference caused by not considering loss tereal transmission lines in KTH model is
removed by data adjustment, so this difference‘ismovable difference”.
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5.2.2.4 Loss in internal transmission lines

In the previous section, it was explained that tcget loss is considered in transmission lines
in Apollo but there is no loss in the lines in KThbdel. The previous section described that it
is possible to adjust the data in order to considss in external transmission lines. In this

section, loss in internal transmission lines wél discussed and it will be shown that the data
can be adjusted for considering loss in interraigmission lines.

The difference between this case and the previage for external lines is that here, both of
areas are located inside Sweden. Both of origin destination are bidding zones inside
Sweden, so export for one area is import to anahea when considering load balances. Since
the amount of energy inside Sweden is important$oto be used as input in KTH model, both
of the values that we have in origin and in destmamust be used correctly.

As an example, assume hour 1009 which is thetfoat of week 7. In this hour there is 1243,6
MWh energy trading from SE1 to SE2. The data thatken from Apollo is after arriving to
destination.

1256,16 MWh 1243,6 MWh
Loss: 12,56 MWh

Areal Area2

Figure 5.5 Example of loss in internal transmissiofines

The value that is taken from Apollo is 1243,6 MV@uonsidering 1 percent loss. The value in
the origin must be 1256,16 MWh. If the transmissi®from north to south the value will be
positive and if it is from south to north of Swedewill be negative. Thus the value is positive
in this example.

The problem is that only one set of data is comelen KTH model for both of the values
before and after transmission. It means that whemant to give the input to KTH model for
internal trading, we can give only one value thedudd specifies export from area of origin as
well as import to destination area. It does not enaky problem for the original model of KTH
because there is no loss in lines and the valeetharsame. On the other hand, when we want
to use Apollo data as input, loss must be consitlarel the problem occurs here. Two values
are different but we can only give one value asitinghich should specify both of them.

However it is possible to remove the differencesdaya adjustment in another way. The
internal transmission must be kept the same aslépolKTH input files, instead the load in
each hour must be increased by the amount of tosisei corresponding transmission line in
that hour. For the example that was showed in édub in hour 1009, the load in area 1 must
be increased by the amount of loss in line from 8E3E2. The original load in area 1 is 976.3
MWh in hour 1009 and it should be increased by @ABVh. Therefore the load which must
be used as input in updated KTH model for areallLbei 988.86 MWh. The load changing
should be done for all hours in areas 1, 2 andcauee they are the origins of internal trading.

The difference that was caused by not considesg In internal lines in KTH model, was
removed by data adjustment. Therefore it is a “neabte difference”.
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5.2.2.5 Reservoir level at start and end of the wke

There are 3 reservoirs considered in Apollo foadkdo 3, area 4 is assumed to be run-of-the-
river, SO no reservoir exists for area 4. The auntd each reservoir in each week is the output
of Apollo and is given in Apollo data file. The memum capacities of reservoirs in Apollo
model are also given.

In KTH model there is one reservoir per each poplant. It is assumed that all reservoirs
except Vanern (Vargtn) and Vattern (Motala) have shme start and end levels. In KTH
model two ratios that show the level of water isemoirs at start and end of the week are
given as input. For calculating those ratios theteot of a reservoir at start and end of the
week must be divided by the maximum capacity of teservoir.

Therefore in Apollo we should give three differaart and end levels for three reservoirs in
three areas. In KTH model we have also three stadt end levels but one of them in for
Vanern, one for Vattern and one for all other poplants. This is one of the differences that
exist between the two models that can be removéd. model should be changed so that
similar to Apollo, start and end levels of resersaire given based on their bidding area. Thus
the code is changed such that we have four stdread levels for reservoirs in four areas. In
Apollo there is no reservoir in area 4 but in KTHbahel there are some reservoirs in area 4, so
the code was changed based on four areas. To hesaine condition as Apollo, the start and
end levels of reservoirs in area 4 was set to besime as each other. Therefore no water is
considered in reservoirs of area 4.

To exchange data and use Apollo data in KTH mdtelyvalues for reservoirs contents at start
and end of the week must be taken from Apollo. fidgervoir content of each week is used as
the start content of that week and the reservanterd of the next week is used as the end
content for the week. To obtain the ratios thatregeded in KTH model, those values should
be divided by maximum capacity of reservoirs.

The difference was removed by changing the codd,is@ “removable difference”.

5.2.2.6 Maximum capacity of reservoirs

The maximum capacity of reservoirs in KTH modelbobe used to calculate the ratios for
start and end levels that were described in previaection. We may get wrong result if we use
the maximum capacity of reservoirs given in Apods the maximum capacities may be
different in the two models.

The difference that exists between the two modglgshat the start and end contents of
reservoirs are given in terms of energy in Apollthe unit is MWh (Mega Watt hour) in
Apollo. But in KTH model the maximum capacities @fservoirs are given in HE (Hour
Equivalent). To calculate start and end levelseservoirs based on Apollo data, the maximum
capacities of reservoirs in KTH model should bevested to MWh.
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The following formula is used to calculate maximaapacities of KTH model in MWh, This is
the same formula that is used to calculate storemn [15].

Mimwny = (Yix + z Yir1) X Myur) (5.6)
i’EDi

D;: The set of indices for all power plants downgstidar reservoir i

The important point for calculating maximum reserveapacities is the location of power
plants in relation to each other which is showrfigure 5.6. We should know which power
plants are located downstream to power plant i. Sitma of production equivalent of the power
plant itself and the production equivalents of detsmam power plants should be multiplied by
the maximum capacity in hour equivalent. The préidmcequivalent of downstream reservoirs
should also be considered because we have to eorikat the water in a reservoir will finally
reach the downstream reservoirs and will be usedoiwnstream power plants to generate
power [15]. The obtained value is the maximum capaaf reservoir in terms of energy
(MWh).

The maximum capacities of reservoirs in KTH modstulated in MWh are shown in the table
below. The maximum capacities of Apollo are alsespnted in the table. It is possible to
compare the two models in this context.

Table 5.2 Maximum capacity of reservoirs of KTH andApollo in TWh

M 0, MaXimum reservoir KTH Apollo
capacity (TWh)
SE1 14,556371 14,81379
SE2 12,920077 15,73691
SE3 2,705975 3,13535
SE4 0,1593319 -

It can be seen in the table that the maximum ctipacdf reservoirs are different in the two
models, especially in area 2 there is a signifiadifference. The capacities that are used in
Apollo are more close to what exists in the reabrbpower system of Sweden. The
calculations for converting maximum capacity ofem®sirs from HE to MWh were checked 4
times to make sure that this difference is not tlecalculation mistakes. A part of the
difference between the reservoir capacities intii® models can be due to not considering
small power plants in KTH model. It was explaineddre that in KTH model the power plants
with the installed capacities of less than 5 MW rawé considered. The small power plants that
are not considered affect the KTH reservoir capanitwo ways: First, the reservoir capacity
of these hydro power plants is not included. Secadnel production equivalent of the small
hydro power plants is not included when the contérhe reservoirs in the model is converted
from HE to MWh. Therefore, the size of the resenwonight be accurate but the energy content
of the reservoirs can be underestimated. Anotleesare for different reservoir capacities can be
possible errors in the input data of KTH model.
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The figure below shows the location of power plamsrelation to each other. They are
represented by the numbers assigned to each pdaverimp KTH model.
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Figure 5.6 Position of hydro power plants in Swederelative to each other
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The following table is an example of calculating tieservoir level at start and end of week 7.
The start and end content of reservoirs are takem fApollo and divided by the maximum
reservoirs capacities of KTH model to obtain th@safor start and end level.

Table 5.3 Calculation of start and end levels of servoirs in week 7

Area M q,Maximum Apollo’s Apollo’s Start End
(2015) capacity of reservoirs in reservoir reservoir level level
KTH model (TWh) content at the  content at the
start of week 7 end of week 7
SE1 14,55637 7,07407- 6,66483! 0,48597: 0,45786:.
SE2 12,92007 6,16266! 5,48540! 0,47698- 0,42456.
SE3 2,705975 1,261002 1,124917  0,466007 0,415716
SE4 0,1593319 - - - -

Since the start and end levels are calculated barsedaximum capacity of reservoirs in KTH
model, the difference between capacities of resesno the two models has no impact on the
results. It was tested such that the capacity sérirs in KTH model in each area was
calculated by a scale factor to become the sanigako’s capacity of reservoirs in that area.
Then the results of simulation after the capacitiese changed found to be the same as
previous results when KTH capacities were usedshliws that the different capacity of
reservoirs in KTH model has no impact on resulternvthe start and end levels are changed
based on KTH capacities. Therefore it is considaettemovable difference”.

5.2.2.7 Inflow data

The actual inflow data is given per week per are@pollo. The data in Apollo is given in
Mega Watt hour (MWh). In KTH model, The local infldV;) for one week in power planis
the difference between the average water flow efgyoplanti and the average water flow of
the power plants upstream in that week. The avenader flow of each week for each power
plant vs;) is calculated by multiplying the average annuaiflof the power plant by a scale
factor(Vss) which is particular for that week. The scale éaaif each week can be changed in
the input file of KTH model. The following equati®nvhich were introduced in chapter 3 are
used in KTH model to acquire local inflow.

ws; = Vg *w; (5.7)
Vi =ws; — Z wsr (5.8)
i'eu;

The average annual flow for each power plaw,(is given in the input file of KTH model.

The unit of average annual flow is HE (Hour Equerd) which leads the local inflow to be in
Hour Equivalent as well. The difference between tihe models is the unit of inflow data,
which is “MWh” in Apollo and “HE” in KTH model. Inorder to remove the difference and
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exchange data, the unit of average annual flow ldho& changed to MWh to obtain the local
inflow in MWh.

We can use the following formula to convert thet whilocal inflow in KTH model to MWh.
Wi it awny = Wiqup) — Z Wirhey) X (Vig + Z Yira) (5.9)
iIEUl' L'IED,:

To find the weekly scale factgV,;) of each area, all water flow differences thatakalated

in MWh must be added, then the inflow data thafiven in Apollo data file for each week and
each area should be divided by the sum of water didferences in KTH model that is found
from (5.9). Then new; should be used in new input file of KTH model.

Apollo inflow in area z

Vsp(2) =
of QiezWi-ir uwn)

The difference in inflow data is removed by datpustinent, so this difference is a “removable

difference”.

5.2.3 Categorizing differences

The differences were introduced in previous sestamd the methods that were used to remove
differences were introduced. However one of thafferdnces is still remained and cannot be
removed. To summarize the result of previous sestithe differences which belong to each
group are listed below.

Removable differences

* Hourly trading

» Loss in external transmission lines

e Loss in internal transmission lines

* Maximum capacity of reservoirs

* Reservair levels at start and end of the week
« Inflow data

Remaining difference
* Installed capacity

Although most of the differences were removed bta dadjustment, still it is not possible to
obtain the solution after running the simulatiord dhe solution of the optimization problem
will be infeasible because in data adjustment noorestraints were considered in KTH model
so we are limiting the flexibility of KTH model. Tis compensations are needed to be able to
run the model and obtain results.
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5.2.4 Compensation methods

It had been mentioned that despite of removing sdifferences by data adjustment, we get
infeasible solution after running the simulatiorheTresults that should be compared are the
hourly hydropower production of the two models whis the output in both models. The
reason of getting infeasible solution is that byuating data to have the same inputs as Apollo
we are limiting the flexibility of KTH model so thieydropower production is not enough to
satisfy load balance. To solve this problem, tleiHility of model should be increased in
another way to compensate the lack of hydro geioerat eliminate the remaining difference.
There are three methods of compensation for lackiydyo power generation that will be
introduced in the next sections. The results ofusations that are obtained by using three
methods will be presented in chapter 6.

5.2.4.1 Method 1: Considering transmission limits

The first method that is used to compensate fordbk of hydro generation is allowing the
model to have more import from other countries Esd transmission between price areas. In
this method the flexibility of model is increased.

The hydro generation is not enough to satisfy ttdad balance. By increasing import (or
decreasing export), the power deficit will be sigghland the load balance is satisfied.
Moreover to satisfy the load balance in each biglidirea, the internal trading should also be
flexible.

It was explained previously that in KTH model thare two sets of data which gives the lower
and upper limits of trading for each transmissimr Ithat specify the transmission capacity.
Those limits were set to be the same to have gxtmtlsame trading as Apollo. In this step, to
increase import a 40 MWh range is added to the ujimé of external transmission lines in
week 7 of 2015. It means that the trading in a igdwour can be increased in the range of 40
MWh.

The example in hourly trading section was the fistir of week 7, year 2015 in line “norl”:
—600MYWh < Tr < —600MWh (5.9)
Then, due to external transmission losses it was@éd to:
—606,06""" < Tr < —606,06MW" (5.10)
In this step 40 MWh range is added to upper limitdxternal lines:
—606,06""" < Tr < —566,06MWh (5.11)

It is worth to mention here that the value whictadgled to the upper limit can be any number
higher than 40 MWh. As the objective function of K is to minimize import from other
countries, the minimum import that is needed tesBatoad balance will be used. 40 MWh is
the minimum import that is needed in each line @ach hour for week 7 of 2015. This number
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was found by trial and error; different values wersted until reaching this minimum value.
Therefore even if the range is more than 40 MWhenimport than necessary will not be used
by the model.

Another range is also considered in internal trassion lines. For internal transmission the
lower limit is decreased by 300 MWh in week 7 ofl20This number is also obtained by trial
and error. This allows the model to have less matetrading which is more desirable in the
model as a punishment is considered in objectiveetian for internal trading. The ranges
which are considered for internal and externalsmaission lines are particularly for week 7, for
other weeks and years the limits can be different.

Example for hourly trading from SE1 to SE2, firsiuin of week 7, year 2015:
1243,6M"h < Tr < 1243,6MWh (5.12)

The internal transmission in this hour was setddiked on 1243,6 MWh which is the value
that is taken from Apollo. But in this step the Ewimit is decreased by 300 MWh.

943,6MWh < Tr < 1243,6MWh (5.13)

Hydro generation is the output of the two modekbst thill be compared in the result section.
The advantage with this method is that we cansedlifference between results that is caused
by remaining differences, because increasing importiecreasing internal trading has no
impact on hydro generation.

5.2.4.2 Method 2: Increasing installed capacity

In this method the total installed capacity of Kiddel and the total installed capacity of each
area are changed to be the same as Apollo. Thisaahaé$ trying to eliminate the remaining
difference in installed capacity.

By dividing Apollo’s total installed capacity of ela area by KTH’s total installed capacity of

that area a scale factor will be obtained. Thealfest capacity of each power plant in KTH

model will be multiplied by the scale factor thaasvcalculated for the power plant’s bidding
area. With this method the installed capacity athearea and the total installed capacity of
KTH model will be the same as Apollo. The rangd thas considered in the first method will

be still remained to have more flexibility in theodel although we may not need it thanks to
increased installed capacity.

However if we want to have the realistic conditibat exists in Apollo, all power plants that
are considered in Apollo must be added to KTH maded the installed capacity must be
increased by adding the installed capacities o$eéhpower plants. If those power plants are
added their reservoirs will also be added and sottmer data will be changed as well. As it was
described before, it is not possible to add thellspoaver plants that are not included since the
data for them is not available. Therefore, withstmethod we can get the same installed
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capacity in each area but the condition is not thxdlce same as Apollo and this method is not
very accurate.

After using this method all differences that exdsteetween input data of KTH model and

Apollo data are removed. Therefore we expect toafjabst the same hydro generation in the
two models. However it will be shown later in clexp8, that after using method 2 the results
will not be the same. The reason for getting défemresults after using same input data will be
explained in chapter 6.

5.2.4.3 Method 3: Increasing water

The last method is to increase water. It was maatoin section 5.2.4.2 that although all
differences between the data which was used itvtbenodels were removed, the results will
not be the same. Therefore another compensatiohochethould be used to get the same
results. The water can be increased by increasiagmMater in the reservoirs. By increasing
water, the hydropower production will also be irged; thus there is enough hydro generation
to satisfy load balance. We should only increastemia the areas that we have lack of hydro
generation. The increase of water is done by derrgahe water level in reservoirs at the end
of the week. Different amounts of decrement mustdsted to find the best amount which
gives the hydro generation that is close to Apahd at the same time does not spill too much
water. In this method, the internal trading is ®ebe the same as Apollo, there is no limit
which allows different internal trading. Howevehet limit for external trading is kept as
before, because when we test different amountstbthe best amount the water may not be
enough to satisfy load balance and it must be casgied by more import. Method 3 is used
after applying method2, which means that the iteslatapacities are set to be the same in the
two models in this method.
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6. Results and Discussions

The results are obtained after running the simutatising the three compensation methods that
were introduced in chapter 5 section 5.2.4. Thedahbje is to get the same results in the two
models. In the first method there is one remaiwiifgrence between the input data of the two
models therefore it is expected to see dissimiégribetween the results of the two models. In
the second method it is expected to see resuKd kh model that are very similar to Apollo as
the compensation method is toward eliminating thl eemaining difference in input data.
However the results after using method 2 will netsimilar due to another reason. The reason
for different results after using method 2 is tiathigher discharge levels, the production
equivalent of KTH model is lower (see section 3dqRations 3.21 to 3.25). Therefore we get
a lower hydropower production in KTH model compatedipollo in area 2. In method 3, we
will try to remove this difference by increasingtemin the reservoirs of area 2, and then we
will get almost the same results in the two models.

In this section the hourly total hydropower prodoictand hydropower production in each
bidding area are presented for each method. Therefsgthat compare the hydropower
production in the two models will also be shown.rtver the exported energy and internal
trading in each model will be presented in tablEse simulation has been done for all the
weeks that are available in KTH model and for ye2045 and 2040 using the data from
Apollo. The analysis of the results and the conohsthat are derived from all weeks are the
same so this report will only present the resutisifsimulation of week 7, year 2015.

6.1. Results obtained by using method 1

The purpose of using method 1 is to prevent getifgasible solution and being able to
compare hydropower productions of the two modelse B adding more constraints to KTH
model after data adjustment, we get infeasiblet®oiun optimization problem because the
hydro generation is not enough to satisfy load rimda. Therefore we need to consider
compensation for lower hydro generation. In metdoda range is considered for external
trading which allows the model to have more impihian Apollo. Another range is also
considered for internal trading which allows loweternal trading than Apollo between
bidding areas and help to satisfy the load balamce#lding areas. Tables 6.1 to 6.3 show the
results of week 7 simulations in comparison to egponding data available from Apollo.
Hydro power production, internal trading and expdrénergy to other countries are the outputs
of KTH model.

Table 6.1 Hydro power production of week 7, 2015 irsg method 1

Hydro power production (MWh) KTH Apollo
SlEdl 496713 496698
SE2 861643 905585
SE3 181934 211821
SE4 4353 3800
Total 1544643 1617904
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Table 6.2 Internal trading of week 7, 2015 using ntkod 1

Internal trading (MWh) KTH Apollo
Snittl (SE1 to SE2) 214384 214384
Snitt2 (SE2 to SE3) 669170 693801
Snitt4 (SE3 to SE4) 57209¢ 60377:

Total 145565. 151196
Table 6.3 Exported energy of week 7, 2015 using nhetd 1
Exported Energy (MWh) KTH Apollo
SE1 13136+ 13135(
SE2 12413( 14342¢
SE3 10362: 12646°
SE4 8414( 11526
Total 44325 51650¢

The lower total hydropower production in KTH modicompensated by allowing the model
to have more import or less export. It is shownthe tables 6.1 and 6.3 that the total
hydropower production is higher in Apollo; instethé exported energy is less in KTH model.
In table 6.2, the internal trading is given. It sltbbe noted that the trading is from north to

south of Sweden when it is positive. The differeyptiropower production in each area is also
compensated by external or internal trading. Fangde in area 2, the hydropower production
of KTH model is less than Apollo which is compemshby less export to other countries as
well as less internal trading to area 3.

Figures 6.1 to 6.5 show the comparison betweenhhdwydropower production in the two
models and in different areas for week 7, year 204én method 1 is used.
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Figure 6.1 Total hydropower productions of KTH andApollo— week?7, 2015 with method 1

It is shown in figure 6.1 that the total hydropovpeoduction of KTH is lower than Apollo; the
first reason is the remaining difference in exclehdata that were described in chapter 5. The
lower installed capacity in KTH model which is dte not considering small power plants
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leads KTH model to have less hydro power productioan Apollo. At lower installed
capacity, the production equivalent is also loweeréfore less water can be used at best
efficiency to produce power and the hydro powedpution will be lowerThe other reason is
that in KTH model, at higher discharge levels theter from segment 2 is used which has a
lower production equivalent. Therefore in area2HKfas lower hydropower production than
Apollo. As a result the total hydropower productwinKTH becomes lower than Apollo after
using method 1. In table 6.3 it was shown that I[dveer hydropower production in KTH
model is compensated by less export to other ciesntr
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Figure 6.2 Hydropower productions of KTH and Apolloin area 1 — week?7, 2015 with method 1

From figure 6.2 it can be seen that the hydropgweductions of area 1 are almost the same in
the two models. Due to higher installed capacitKiiH model in area 1 we expect to get
higher production in KTH models, but we can sed #iaa 1 productions are almost the same
in the two models. The reason that we get lowedycton than expected in KTH model is
also due to lower hydro production at high disckaeyels, it was described before that the
production equivalent is lower at higher dischdeyels.
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Figure 6.3 Hydropower productions of KTH and Apolloin area 2 — week?7, 2015 with method 1
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In figure 6.3, it can be seen that the hydropowedpction of Apollo is much more than KTH
in most of hours especially from hour 12 to 1181it#d end of the week, the difference between
hydro productions of the two models is small whas production is much lower than previous
hours. A significant difference appears in the Bowhen higher electricity production is
needed. One reason for different hydro productamstated before is lower installed capacity
in KTH model. The other reason which causes a wemarkable difference between
productions of the two models is that in area 2diseharge level is very high and because the
production equivalent is lower at higher dischalgeels, thus the hydropower production is
lower than Apollo. The lower hydropower productionarea 2 in KTH model is compensated
by less export to other countries or less intetraaling to other areas which is shown in tables
6.2 and 6.3.
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Figure 6.4 Hydro power production of KTH and Apollo in area 3 — week7, 2015 with method 1

The hydro power productions of the two models i@aaB are shown in figure 6.4. It can be
seen that the hydropower production of Apollo isrenthan KTH model in this area. The
installed capacity of KTH is much lower than Apollo area 3 which leads to lower
hydropower production in KTH model. The installeapacity is the only reason which makes
the difference in area 3 because in this areaigeharge level is not high so the other reason
for difference in area 2 which was due to lowerduaion equivalent in higher discharge
levels does not apply here. The lower productioKTid model is compensated by less export
to other countries or less internal trading to pHreas.

In figure 6.5, it is shown that the hydropower protion of KTH model is higher than Apollo.

It can also be checked from table 6.1. The hydr@wowoduction of area 4 is much lower
compared to other areas because the total instedledcity of power plants which are located
in this area is much lower compared to other ar€éhs. installed capacity of power plants in
KTH model is more than Apollo in area 4 and thissss the hydropower production of KTH
to be higher than Apollo. The other reason canumtd more internal trading to other areas
because the higher power generation can be traesid other areas when there are power
deficit in those areas
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Figure 6.5 Hydropower productions of KTH and Apolloin area 4 — week7, 2015 with method 1

6.2 Results obtained by using method 2

In this section the results of simulation in weekf#ear 2015 when the installed capacity of
hydro power plants in KTH model is increased tathe same as Apollo in each area will be
shown. In this step the only difference that wasamed between KTH input data and Apollo
data is eliminated. To eliminate this differende installed capacity of each area in Apollo is
divided by the installed capacity of each area ifHKmodel. Therefore a scale factor is found
for each area then the installed capacity of eastep plant is multiplied by the scale factor of
its area. However this elimination is differentrfraemoving the difference. If we want to
remove the difference in installed capacity, allvpo plants that are not included in KTH
model should be added but it was explained befwaitit is not possible. In this step we only
increase the installed capacity of existing powants to obtain the same installed capacity as
Apollo in each area, so it is not the same as ¢adistic condition in Swedish hydro power
system. Therefore it is called the elimination ¢ Wifference and was not introduced as the
removable difference.

By increasing installed capacity, we expect toae¢sult in KTH model that is more close to
the result of Apollo. However we still need somexibility in the model to get feasible
solution because we still have the problem of ggtlower production in high discharge levels
due to low production equivalent. Therefore we lline ranges that were considered in the
first method for more import (less export) and ifwernal trading to be remained. The results
of hydropower production, exported energy and mdetrading in KTH model are presented in
tables 6.4 to 6.6. The results of KTH model are parad to corresponding data of Apollo in
the tables.

Table 6.4 Hydro power production of week 7, 2015 irsg method 2

Hydro power production (MWh) KTH Apollo
SE1 49504: 49669¢
SE2 87536 90558t
SE3 22946¢ 21182:
SE4 3971 380(
Total 1603845 1617904
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Table 6.5 Internal trading of week 7, 2015 using ntkod 2

Internal trading (MWh) KTH Apollo
Snittl (SE1 to SE2) 212751 214384
Snitt2 (SE2 to SE3) 663469 693801
Snitt4 (SE3 to SE4) 59157¢ 60377"

Total 146779t 151196(
Table 6.6 Exported energy of week 7, 2015 using nhetd 2
Exported Energy (MWh) KTH Apollo

SE1 13132« 13135(
SE2 14191 14342¢
SE3 12597¢ 12646°
SE4 10324: 11526!
Total 50245¢ 51650¢

It can be seen in the tables that the total hydoalyction of the two models became closer to
each other after increasing installed capacity. [bkeer total hydropower production in KTH
model is compensated by more import or less expd¢TH model which can be seen in tables
6.4 and 6.6. In table 6.6, the internal tradingiien. The different hydropower production in
each area is also compensated by external or altérading. For example in area 2, the
hydropower production of KTH model is less than Apavhich is compensated by less export
to other countries as well as less internal tratiingrea 3.

Figures 6.6 to 6.10 show the comparison betweemhhéwdropower production in the two
models and in different areas for week7, 2015 usiethod 2.
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Figure 6.6 Total hydropower production of KTH and Apollo— week7, 2015 with method 2

It is shown in figure 6.6 that the total hydropowepduction of KTH is very close to the
hydropower production of Apollo after using meth@ However the total hydropower
production of KTH model is still lower than Apoll@he reason for this lower production is the
lower hydro production in area 2 which is due teihg lower production equivalent at higher
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discharge levels in KTH model. Although a part @iver generation in area 2 is compensated
by more generation in area 3, but there is stiltliierence between total hydropower
productions of the two models. In table 6.6 it v&d®wn that the lower total hydropower
production in KTH model is compensated by less exjmoother countries.
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Figure 6.7 Hydro power production of KTH and Apollo in area 1 — week7, 2015 with method 2

In figure 6.7 it can be seen that the hydropowedpctions of area 1 in the two models are
very close to each other. The installed capacitpafer plants in each area is set to be the
same as Apollo in this method therefore the germrah area 1 become lower compared to
method 1 where the installed capacity of KTH models higher. However it can be
determined that the production in KTH model is lowean Apollo as it was shown in table 6.4
as well. The small difference that exists betwediHkand Apollo hydro production in areal is
due to lower production equivalent at higher disghaevels in KTH model. However this
difference is very insignificant compared to th&atgeneration in area 1.
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Figure 6.8 Hydro power production of KTH and Apollo in area 2 — week7, 2015 with method 2

In figure 6.8, it can be seen that the hydropowedpction of Apollo in area 2 is more than
KTH in most of hours. A significant difference appg in the hours when higher electricity
production is needed. The reason is that in KTH ehadie to lower production equivalent at
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higher discharge levels, we get lower hydropowedpction in area2. However the difference
is decreased compared to method 1 because thdledstapacity of power plants of KTH
model in this area set to be the same as Apolle.|®Wwer hydropower production in area 2 in
KTH model is compensated by less export to othenti@ées and less internal trading to area 3
which can be seen in tables 6.5 and 6.6.
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Figure 6.9 Hydropower production of KTH and Apollo in area 3 — week7, 2015 with method 2

The hydro power productions of the two models ieaa8 are shown in figure 6.9. It can be
seen that the hydropower production of KTH modeidnees more than Apollo after using

method 2 although in method 1 KTH production ineaBewvas lower than Apollo. The installed

capacity of the two models are the same in methothétefore we expect to get the same
production as the discharge level is not high iis trea. The reason that we get higher
production in area 3 is that area 3 produces mamgep to compensate for the lack of

production in area 2; however it can only compeansgpart of the production deficit.
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Figure 6.10 Hydro power production of KTH and Apollo in area 4 — week7, 2015 with method 2

51



In figure 6.10, the hydropower production in arem 4hown. The hydropower production of
area 4 is much lower compared to other areas andales of all figures set to be the same to
facilitate comparing figures. Therefore it is haodind out the difference between productions
in area 4. However it can be seen in table 6.4 ttmathydro production of KTH model is
slightly higher than Apollo in this area, even iguire 6.10 it can be determined that KTH
production is more in some hours. The differencewken productions in the two models
becomes lower in method 2 as the installed capaaiti the two models are the same. However
the slightly higher production in KTH model is usedcompensate for lack of production in
other areas.

6.3 Results obtained by using method 3

In method 3, the water in reservoirs of area 1 2msl increased until the hydro production of
KTH model becomes close to Apollo. We increasewhéer in reservoirs of area 1 and area 2
because the difference in results of method 2 waseaas 1 and 2. Increasing water is done by
decreasing the reservoir level at the end of thekw&o find the best amount of water in
reservoir we should test many alternatives. The &e®unt is obtained when we get a hydro
production which is close to Apollo without too ntuspillage. In this method the range that
was considered for internal trading in method feimoved to have the same internal trading as
Apollo. However the range for external trading spk unchanged because we need some
compensation for lack of water when different ameware tested for reservoirs end level. After
testing different scenarios the best scenario i@rad which will be presented in following
tables and figures.

Tables 6.7 to 6.9 show the results of hydropowedgpction, internal trading and exported
energy to other countries after increasing water.

Table 6.7 Hydro power production of week 7, 2015 usg method 3

Hydro power production (MWh) KTH Apollo
SE1 49669: 49669¢
SE2 90557¢ 90558t
SE3 21189: 21182:
SE4 388¢ 380(
Total 1618052 1617904

Table 6.8 Internal trading of week 7, 2015 using ntkod 3

Internal trading (MWh) KTH Apollo
Snittl (SE1 to SE2) 21438« 21438«
Snitt2 (SE2 to SE3) 693801 693801
Snitt4 (SE3 to SE4) 603775 603775

Total 1511960 1511960
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Table 6.9 Exported energy of week 7, 2015 using nhetd 3

Exported Energy (MWh) KTH Apollo
SE1 131342 131350
SE2 143418 143426
SE3 12653° 12646
SE4 11535 11526¢
Total 51665( 51650¢

It was mentioned that the internal trading is fitedbe the same as Apollo which can be seen
in table 6.8. In table 6.7 it is shown that theatdtydro production of the two models become
very close to each other. The hydro productionalbfireas are almost the same as Apollo.
Moreover the exported energies in the two modedsaimost the same as each other.

Figures 6.11 to 6.15 show the comparison betweemyhdydropower production in the two
models and in different areas for week 7, year 204&n method 3 is used.
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Figure 6.11 Total hydro power production of KTH and Apollo— week?7, 2015 with method 3

The total hydro power production of the two modafter using method 3 is shown in figure
6.11. It can be seen that the total productiorhefttvo models are almost the same in the two
models after increasing the water in areas 1 arith@.difference in area 1, area 2 and in total
production that was caused by having lower producéiquivalent for higher discharge levels
in KTH model is removed after increasing water.

Figure 6.12 presents the hydro power productioaref 1 with method 3. The hydro power
production of area 1 in method 3 is increased afftereasing water. The hydro power
production of KTH model was slightly lower than Alpoin area 1 in method 2. This difference
was also due to lower production equivalent forhhitischarge levels, thus the difference is
removed when the water in area 1 is increased.
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Figure 6.12 Hydropower production of KTH and Apollo in area 1 — week?7, 2015 with method 3

It is shown in figure 6.13 that the hydropower protibon of area 2 in KTH model became the
same as Apollo after increasing water. The wates imareased by an amount that gave the
same hydro production in KTH model as Apollo. Tleagon for the different hydropower
production in method 2 was lower production equewaliat higher discharge levels which led to
lower hydro generation. Therefore the difference t® removed by increasing water in
reservoirs which leads to more hydropower productio
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Figure 6.13 Hydro power production of KTH and Apollo in area 2 — week7, 2015 with method 3

The hydropower production of area 3 is shown inrég6.14. It can be seen from the figure and
also from table 6.7 that hydro productions of thw® tmodels in area 3 are the same with
method 3. The hydro production of KTH model in aBaas more than Apollo after using
method 2. The reason was that more power was pedduncthis area to compensate for the
lack of generation in area 2. After using methoth8ye water in area 2 caused the production
to be increased and be the same as Apollo, therdfiere is no need for more production in
area 3 and the hydropower production of area 3rhesdhe same as Apollo.
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Figure 6.14 Hydro power production of KTH and Apollo in area 3 — week7, 2015 with method 3

In figure 6.15, the hydropower production in areaftér using method 3 in shown. As it can
also be seen in table 6.7, the hydro power produaif KTH becomes the same as Apollo after
using method 3 because there is no need of morra@tgon in this area to compensate for the
lack of generation in other areas in this method.
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Figure 6.15 Hydro power production of KTH and Apollo in area 4 — week7, 2015 with method 3

6.4 Checking the load balance for a specific hour

In this section, generations from different sourtesuding hydro power as well as demand
and trading in transmission lines are presentechéor 105 of week 7, 2015. Tables 6.10 to
6.13 present mentioned data for three methodswiea¢ used in KTH model and also for
Apollo. Load, wind generation and other generatiom input data for KTH model which were
taken from Apollo. Hydro generation and tradingriternal and external transmission lines are
the outputs of KTH model which should be compam@dpollo in method 1 and 2 but for
method 3 internal trading is also an input for Kitédel. It can be seen from tables how the
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hydro production and trading changes in differerdthnds and see that when the hydro
production is different from Apollo, external oténnal trading will also change to satisfy load
balance. It should be noted that negative sigrraufing represents export and positive sign
represents import.

Load = Wind generation+ Hydro generation+ Otheregations- Export+ Import

Table 6.10 Hour 105 of week7, 2015 in KTH model-miebd 1

Area Load Wind Hydro Other Internal External
(MWh) generation generation generation trading trading
(MWh) (MWh) (MWh) (MWh) (MWh)
SE1 1312 12.6 4456.7 163.2 -1805.5 -1515
SE2 2660.¢ 39.¢ 6845.: 356.: -4557.. -23.5
SE3 15275.9 91 1528.3 12355.6 2203.1 -902.1
SE4 4610.¢ 97.¢ 108.¢ 760.¢ 4159.* -516.1
Table 6.11 Hour 105 of week7, 2015 in KTH model-miedd 2
Area Load Wind Hydro Other Internal External
(MWh) generation generation generation trading trading
(MWh) (MWh) (MWh) (MWh) (MWh)
SE1 1312 12.¢ 4445 163.2 -1805.t -150¢
SE2 2660.8 39.8 6971.2 356.3 -4623.8 -83.5
SE3 15275.¢ 91 1810.: 12355.¢ 2174.¢ -1155.t
SE4 4610.9 97.8 73.7 760.8 4254.7 -576.1
Table 6.12 Hour 105 of week7, 2015 in KTH model-miebd 3
Area Load Wwind Hydro Other Internal External
(MWh) generation generation generation trading trading
(MWh) (MWh) (MWh) (MWh) (MWh)
SE1 131z 12.¢ 4456.. 1632 -1805.¢ -151¢
SE2 2660.8 39.8 7311.8 356.3 -4923.7 -123.5
SE3 15275.¢ 91 1627.: 12355.t 2384.. -118z
SE4 4610.9 97.8 23.2 760.8 4345.2 -616.1
Table 6.13 Hour 105 of week7, 2015 in Apollo
Area Load wind Hydro Other Internal External
(MWh) generation generation generation trading trading
(MWh) (MWh) (MWh) (MWh) (MWh)
SE1 1312 12.6 4456.2 163.2 -1805.5 -1515
SE2 2660.¢ 39.¢ 7310.¢ 356.: -4923.% -122
SE3 15275.9 91 1626.5 12355.6 2384.1 -1182
SE4 4610.¢ 97.¢ 22.¢ 760.¢ 4345.; -61€
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6.5 Conclusions

In the first method the lower installed capacitykdfH model leads to lower hydro production
in this model. Moreover lower production equivalentigher discharge level make the hydro
production of area 2 to be much lower than Apdiistead compensation is considered to for
the lack of hydro generation. The compensatioroissitlering limits for external and internal
transmission lines instead of using fixed amountgerefore the internal and external trading
can change in a range and compensate for lacknefrggon.

In method 2, the installed capacity of KTH modelswiacreased to be the same as Apollo. It
was explained in section 6.2 why we do not considetalled capacity as a removable
difference although we set it to be the same adldpo this method. The difference between
total hydro power productions of the two models vessentially reduced by increasing
installed capacity. However the difference thatassed by lower production equivalent in
higher discharge levels still exists. In this methihe compensation methods that were used in
method 1 should also be used to compensate for lgareeration.

In the third method, water in reservoirs of areantl 2 was increased to compensate for the
lower production which is due to low production a@lent at high discharge levels in KTH
model. In this method all previous compensationhoé$ except the range that was considered
for internal trading are still present. Therefdre hydro generations in area 1 and 2 become the
same as Apollo and the total hydro production ofHKmhodel will also become the same as
Apollo.
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7. Closure

7.1 Summary

The main objective in this thesis was to exchangg dhetween the two models of Swedish
hydropower system named KTH and Apollo. The proceduas to use the inputs and some
outputs of Apollo as the inputs for KTH model armhnpare the output of KTH model with
corresponding output of Apollo.

In order to exchange data, the differences betweart data of the two models were found and
analyzed. It was tried to remove all the differentait one of the differences could not be
removed. The differences that have been removedakby adjustment are called “removable
differences” and the difference that has not besmowved is called “remaining difference”

which was lower installed capacity of KTH model.

Although most of the differences were removed,dbleition of optimization problem was not
feasible due to limiting the flexibility of KTH mad and hydro generation was not enough to
satisfy load balance. The reasons for lower geierah KTH model were lower installed
capacity as well as lower production equivalentthe hours with higher discharge levels.
Therefore three methods were introduced to comperfsa lower hydro generation in KTH
model.

Three compensation methods:

Method 1. Considering transmission limits
Method 2. Increasing installed capacity

Method 3. Increasing water

The results obtained by using three methods hawen hesented and the hydropower
production of KTH was compared to hydropower prdauncof Apollo.

7.2 Conclusions

After using method 1, the differences between hyglbaver productions of the two models
were observed. It was discussed and concludedthieadifferences between hydro power
productions in the two models are due to loweraittesti capacity of KTH model and also lower
production equivalent of KTH model when the disdealevel is high. By using method 2 and
increasing the installed capacity of KTH model, thi#ference between total hydro power
productions of the two models was essentially deszd. In method 3 the water was increased
in area 1 and area 2 to compensate for the lowrerggon caused by lower production
equivalent in higher discharge levels. Thereforegatthe same hydro productions in the two
models after using method 3.
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In order to exchange data, some improvements wepéemented on KTH model and some
improvements are identified and proposed for futwmak. The improvements are toward
removing all the differences between the two models make the models more similar to the
real model of Swedish hydropower system. It is asacluded from the final results that
Apollo hydro power schedules are feasible accortbngTH model of hydropower system and
it shows that Apollo does not overestimate theilfliéiky of Swedish hydropower system.

7.3 Future work
Improvements which are proposed for future worklisted below.

1. Installed capacity of KTH model is much less thastalled capacity of Apollo. The
reason is that in KTH model the power plants witstalled capacity of less than 5 MW
are not considered. To be able to include thoseep@lants in KTH model we should
have some other data such as maximum dischargg, tilwle between power plants and
maximum capacity of reservoirs. One of the furtimprovements can be to find the
data for those small power plants and add themTid Kodel.

2. The total capacity of KTH reservoirs calculatedviivh is different from the capacity
of reservoirs which is given by Swedish energy &pdllo. As it was mentioned in
5.2.2.6 the small power plants that are not indualéect the KTH reservoir capacity in
two ways. By applying the previously mentioned ioy@ment which is adding smaller
power plants, their reservoirs will also be added #he production equivalent of small
power plants will also be included in convertingervoirs units. Therefore the impact
of not considering small power plants on resengaipacity of KTH model will be
vanished.

3. The start and end levels of reservoirs in KTH masié¢he same for all reservoirs except
for Vanern and Vattern. In this master thesis tloelehwas changed in a way to be able
to give different start and end levels for differemeas. However the model could be
more precise and improved if each power plant chalk its own start and end levels.

4. 1t is also a suggestion for future work to run toeigscenarios from Apollo resulting in
higher variation of the hydro generation.
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Appendix

Optimization Theory

Optimization theory or mathematical programmindviathematics is to solve a problem in the
best way. Examples for an optimization problem &neling the shortest path to reach
destination, maximizing the profit or finding theheapest ticket price for a trip. An
optimization problem concerns with maximizing ornimizing a function. That function is
called the objective function. The variables whoetm be controlled are called optimization or
decision variables [28], [29]. A standard optimiaatproblem can be expressed as:

minimize f(x), (A.1)
subjectto x € X

According to above general formulation, the objextiunction isf(x) and vectoix represents
optimization variables. Usually there are some thtions on how the variables should be
chosen represented by There are two types of such limitations which eoastraints and
variable limits. Constraints consist of more thame mptimization variables while variable
limits include just one variable [15].

Constraints gx)<b (A.2)
Variable limits x<x<Xx (A.3)

An optimization problem is divided into two maintegories which are linear problems and
nonlinear problems [30], [31]. If objective funati@nd constraints are linear functions then the
optimization problem is a linear programming probléLP problem). In general an LP
problem is formulated as below:

minimize CTx (A.4)
subjectto Ax=>b
x=0

If any variable is an integer variable, then th&rojzation problems is called MILP which
accounts for “Mixed Integer Linear Programming” [32

The linear programming problem can be a stochgstablem or deterministic problem.
Deterministic problems are formulated with known rgmaeters while in stochastic
programming some of the data that can include thiective or constraints is uncertain.
Stochastic optimization problems are divided tdedént categories that can be found in [33].
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