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The deregulation of the Nordic electricity markestcaused new challenges for all the
parties in the electricity production market. Thentinuous and rapid variation of the
electricity price has caused difficulties sincedarction planning is based on the price
and optimal production planning is important toced in this market.

Over 50 percent of the electricity in the Nordicgiva is produced by hydropower
which is the most important supply factor affectitng electricity price. In addition,
hydropower is a very flexible method of productalthough dependent on the current
hydrological situation.

Production planning for hydropower can be dividetbitime periods of different
length. The short-term planning covers the timegagefrom one day to the following
month and it is also affected by the mid-term plagrparameters. It also involves the
real time operation of the plants. The most impurtquestion for the short-term
hydropower planning is how to divide the energydorced in the best possible way
over the required time horizon.

The aim of this thesis is to develop a model foe tthort-term hydropower
production planning through which it is possibleojgtimize energy production, based
on the price forecast and the predicted water Jewéhin the next week. The river
system covered in this work is owned by severatigsmrand hydropower plants are
operated by a third party. In addition to the ndrmestrictions the river system has
additional restrictions listed in an agreement leemthe parties.

The optimization model developed in this work idireearized description of a
nonlinear river system. The model finds an optimwaly to discharge water between
days and to allocate energy between hours witlpla@ning horizon of one week, based
on the price forecasts. In addition the thesis amegp different heuristic bidding by
which the energy produced is offered to the NoradlIP8pot models in order to
overcome uncertainties related to the price foteddse restrictions of the river system
also limit the options when making bids.

The results of the optimization program are comgbangeth the results of the
previous program and it was concluded that the naragdeveloped adds profitability
and productivity. The new program allocates thelthsges within a week considerably
more aggressive and in more detail so that theltseeate economically optimal. The
comparison of the bidding models is restricted myaio hourly bids by which it is
possible to get more profitable results comparedtiase with the previous model.
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Pohjoismaisten sdhkdmarkkinoiden avautuminen Raikilséhkdliiketoiminnan
osapuolille on tuonut uusia haasteita markkinddianimiseen. Sahkén markkinahinnan
jatkuva ja nopea vaihtelu on johtanut siihen, attiannonsuunnittelu on hintalahtoista
ja optimaalinen tuotannonsuunnittelu on tarke&aitajopystyy menestymaan
sahkomarkkinoilla.

Yli 50 prosenttia Pohjoismaissa tuotetusta sadhktistéetaan vesivoimalla, joka
onkin suurin sdhkdon hintaan vaikuttava yksittdindgekija. Taman lisaksi
vesivoimatuotanto on erittdin joustava tuotantorapgbka on kuitenkin erittain
riippuvainen kulloisestakin hydrologisesta tilarsize

Vesivoiman tuotannonsuunnittelu voidaan jakaa trigin aikajaksoihin. Lyhyen
aikavalin suunnittelu kattaa yhdestd vuorokaudestaraavaan kuukauteen, ja saa
rajoituksensa keskipitkdlta suunnittelulta. Se ahjayos reaaliaikaista operointia.
Tarkeimpana kysymyksena lyhyen aikavélin vesivoimgmnnittelussa on, kuinka
jakaa tuotettu energia parhaiten halutulle aikaduarille.

Taman diplomityon tavoitteena on kehittdd Iyhyenkaadlin vesivoiman
tuotannonsuunnittelumalli, jolla optimoidaan viik@isédinen energia hintaennusteen
perusteella tavoitellen haluttua vedenpintaa jakslmpussa. Kohteena oleva
jokijarjestelmd on jaettu useille osakkaille ja mailaitoksia ajaa kolmas osapuoli.
Jokijarjestelma sisaltdd normaalien rajoituksieséidsi lisdrajoituksia, jotka johtuvat
useista osapuolista.

Tassa tyossa kehitetty optimointimalli on lineamtisokuvaus epadlineaarisesta
jokisysteemistad. Mallilla pystytddn jakamaan viikeisdinen energia optimaalisesti
hintaennusteen perusteella. Lisdksi tyossa vextaillheuristisesti eri tarjousmalleja,
joilla tarjotaan tuotettu energia Nord Pool Sposahkoporssiin. Jokijarjestelméan
rajoitukset rajaavat myos tarjousten tekemista.

Optimointiohjelman tuloksia on verrattu aikaisemnkéytossa olleen ohjelman
tuloksiin ja voidaan todeta, etta kehitetty ohjelnparantaa taloudellisuutta ja
tuottavuutta. Ohjelma allokoi viikon sisdiset juokskset huomattavasti
aggressiivisemmin ja tarkemmin kuin vanha ohjelfjogen tuloksien voidaan katsoa
olevan taloudellisesti optimaalisia. Tarjousmalliewvertailu rajoittuu etupaassa
tuntitarjouksiin, joiden avulla saavutetaan huomat taloudellista hyotya verrattuna
aikaisempaan tarjousmalliin.
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TERMS AND THEIR DEFINITIONS
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Linear programming
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The multi-pass dynamic programming
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Nordic electricity market, referring tbet entire group

which includes the Nasdag OMX Commodities, Nord

Pool Spot AS.

Nasdaq OMX Commodities Electricity derivatives exbe

Nord Pool Spot AS

PJ

SP
STHS
TSO

Physical (Elspot and Elbas) adstretor. Owners are

Svenska Krafnat, Statnett, Fingrid and Energiaket.d
Petajoule
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Short-term hydro scheduling

Transmission System Operator



1 INTRODUCTION

The purpose of this thesis is to create an optitimizanodel for short-term hydropower
production planning and also to compare differadding models. This thesis includes
a description of the Nordic electricity market, hydower production planning, a
review of different programming models and examissesne bidding heuristics to
overcome price forecast uncertainty. They formftamework for this thesis.

1.1 Background

Nordic countries have deregulated their electrioitgrkets offering new challenges for
energy producers. The Nordic electricity market Iesn successfully transferred to the
competitive market place. This has also affectexl dbvelopment of other electricity
markets. Market parties need to focus on the gaiess of electricity and to develop
appropriate bidding strategies to maximize theiereie.

Production planning strategies are very importanthibse hydropower producers
who have reservoirs to store water. Those produzaansstore water in their reservoirs
and use this opportunity to decide the best timgigoharge water and produce energy,
according to the variations in electricity markeicgs in Nord Pool Spot. When prices
are high, water is released and energy is prodanédsold, and when prices are low,
the water is saved for future use at higher pri€es. regulating market is not taken into
account in thesis.

This thesis develops an optimization frameworkdioort-term production planning
of hydropower. In the optimization model the beskahce between the immediate and
future costs of using the water are taken into aet@nd uncertain factors such as
inflow and electricity price must also be considkte find the best possible solution.
The bidding strategy for the day-ahead market, Wwh& one important factor the
electricity producer is faced with and which musttaken into account in the model.
When developing the bidding strategy, it is impottto take into account the price
uncertainty. In addition different bidding modets the Elspot day-ahead market will
also be compared.

1.2  Focus and assumptions

The focus of the thesis is to create an optimipatiool for short-term production
planning for a hydropower producer operating in Nwedic area. The thesis is focused
on hydropower production. Other production methdais electricity are presented
briefly in Chapter 2.1.1.



The electricity market includes both physical mé&skand financial markets. The
physical market exists for trading physical delyvef electricity and financial markets
for trading derivate contracts. The focus of thissis is on the physical market and the
financial market is outside the scope.

The overall planning process of the hydropower peed ranges from long-term
planning covering several years to real time op@maihe short-term planning horizon
studied in this thesis is defined as extending foora day to one week. Other planning
periods are briefly presented in Chapter 5.1.

Although the Nordic market is divided into threeylproducers and a number of
small ones, this thesis assumes that the markegrigctly competitive and no market
player has dominant market power. In the thesisitieopower producer is regarded to
be a price taker. In the thesis uncertain fackush as the electricity price and the water
inflow, are not heavily concentrated on. There segeral studies and works where
forecasting inflows and prices are dealt with. Hedis uncertain factors are considered
as given.

1.3 Research objectives

The main objectives of this thesis are as follows:
1. Create an optimization program for a short-term rbgdwer production
planning
2. Examine bidding models for Nord Pool Spot market.

The purpose of thesis is to create a program whaih be used to better plan
production using the mandate report from mid-teon short-term planning. The
modeling simplifications from various real-life $§ms must be included because of
computational reasons. The optimization model ballunique because every associated
hydropower system is different.

The thesis studies production planning in a reatieg river system. However, the
power plants and reservoirs in the river are coedyrand the production has to be
planned according to commonly agreed rules statedGovernance Rules document.

The success of the thesis can be estimated by corgphe results from the model
developed with the current way of planning. Besitles indicator, the quality of the
results is examined by checking how well the newdehaesults follow the given
constraints.

1.4 Structure of the Thesis

The structure of this thesis is as follows. Chagtgives an introduction to the Nordic
electricity market. The chapter covers factors tifé¢ct the supply, the demand, and
Nord Pool Spot price formation. Chapter 3 focuseshe hydropower production, i.e.



the hydropower systems, reservoirs, inflows and ghaduction system. Chapter 4
reviews different optimization methods which can used to optimize hydropower.
Chapter 5 introduces production planning and diffiérbidding models. Chapter 6
covers the system modeling and structure. Chaptirciises on the model testing,
calibration and the results. A summary of the tssa$ well as comments about future
research are discussed in Chapter 8.



2 THE NORDIC ELECTRICITY MARKET

Electricity cannot be stored on a large scale. thtgty production and consumption
therefore has to be equal at every moment. Thianismportant characteristic of
electricity, which makes it different from the othmajor forms of energy. For this
reason, the Nordic countries have deregulated lberieity markets because of the
need to have electricity available at lower prices.

The deregulation process started in Norway in tiddia of the 1990s and it was
soon followed by other Nordic countries. The cdnsbn of Nord Pool, the Nordic
electricity exchange, was an essential and majdr gdathis integration. Today, Nord
Pool is a common Nordic wholesale electricity magace. (Nord Pool Spot 2011)

2.1  Electricity fundamentals

The Nordic countries are small in terms of popolatbut the level of electricity
consumption per capita is high, especially in Norvead Sweden. In Finland, as in
other Nordic countries, most electricity is consdmethe winter when a lot of heating
and lighting is needed. The electricity productimam district heating follows the
growth in consumption. (Antila 1997)

2.1.1 Electricity supply

Electricity is produced by several different method@he production of electricity in
different countries varies a lot. It depends oruratresources and economic factors. In
the Nordic countries the most important methodseradfrgy production are hydropower,
nuclear power, wind power, condensing power, andlsned heat and power (CHP)
(see Figure 2.1). In Norway 99 percent of eledirics produced with hydropower.
(Partanen et al. 2008) The most competitive reniwaburces of energy which are
used for electricity production are, at the mombgtdropower and wind power.

The production of hydropower is dependent on rdliafad the melting of snow near
the reservoirs which are both stochastic factonstiigy a normal hydrological year,
Norway exports electricity to other countries buten there has been little rain the
electricity is imported from other Nordic countri¢Bartanen et al. 2008)

In Sweden production is mostly hydro and nucleavgyo Sweden is also dependent
on the hydrological situation but not to the sameer’t as Norway. (Partanen et al.
2008)
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Figure 2.1. The power production structure in the Nordic cougdr (Partanen et
al.2008).

In Finland electricity production is based on hymbwer, nuclear power and fossil
fuels. In normal circumstances Finland export eileity, mainly to Sweden. In addition
a substantial part of the electricity consumedmparted from Russia. Estonia also
imports electricity for part of the year (see Fig&.2). (Partanen et al. 2008, Raiko &
Kirvela 2009)

Waste fuels
0,7 %

Qil
0,6 %
Nuclear power
27,9 %

Wind power
0,30%

Figure 2.2. Electricity supply in Finland by energy sources 20@0,8 TWh) (TVO
2011).



In Denmark electricity production differs considalgafrom other Nordic countries.
There is no hydropower or nuclear power and theggnis produced mainly by wind
power and condensing power. (Vartiainen et al. 2002

A great deal of electricity is being continuallyaisferred from one country to
another. No country manages solely on its own prboi throughout the year. The
amount of export and import of electricity diffédr®em year to year depending on the
hydrological situation. (Vartiainen et al. 2002)

The cost of different forms of electricity prodwartivaries considerably. The yearly
costs of maintenance and fuel constitute the bamsts. The variable costs are the cost
of repairs. In addition the emissions of CO2 han@eased the prices of production and
have created more uncertainty concerning the miidee electricity. (Vartiainen et al.
2002)

Poor possibilities for storing energy affect theotficity price which is determined
all the time by the most expensive production tetbgy. The electricity production
costs play a significant role in determining wher avhere to produce it, because the
investments in power generation plants are large lang-lasting. The costs of the
different energy forms vary considerably, even tioelectricity is a very homogenous
product. In particular, the initial investmentstbe hydro and nuclear plants are high
but the operating costs are low. For this readwsd forms of energy are used to cover
the basic load of the network. The constructiorto$ nuclear power are high but the
variable costs are low because the nuclear powantplfunction at full power
throughout the year regardless of the electricityep The plants are shut down only for
maintenance. (Kinnunen 2004, Partanen et al. 2008)

The combined production of heat and power (CHP) redatively low variable
costs. The steam produced with CHP is used by indos in district heating. Even in
cases where a CHP plant could produce electricityed on electricity prices, the
operation is normally based on the heat load. Eigushows the share of each of the
production methods in Finland. (Kinnunen 2004, &seh et al.2008)

Taking into account all forms of production, hydooger is the most flexible and it
has relatively low variable costs. For this reaswydropower is usually used as a
balance to production. Calculation of the hydropow@st differs from other forms of
energy. The producer determines the price of ebé#gtron the basis of the value of
water. Water value depends on the expectationsegptice of electricity and the inflow
forecasts. If the cost of the hydropower is lowsrt the electricity market price, it is
profitable to sell it in the Nord Pool. If pricesealower than expected then it is more
profitable to save electricity production for aglatime. The structure of the electricity
market and the electricity price is also strondheeted by the fact that the demand for
electricity is relatively inelastic. Household damdaespecially, remains relatively
constant in the short-term. Price elasticity in tha@ket is small, because of the fact that
the electricity contracts are still largely basedstable, fixed prices. (Kinnunen 2004,
Partanen et al. 2008)



Investment in renewable energy in the future wdlimportant and large because
trading of emission permits does not apply to th&hms strengthens their role in the
energy business. Emission trading will put pressuré¢he prices rise, but it can already
be seen that current prices of renewable formsnefgy will become competitive. In
Chapter 3.2 production of hydropower is descrilmethore detail. (Partanen et al. 2008,
Vartiainen et al. 2002)

2.1.2 Electricity demand

Electricity demand can be divided between househaidlustry and the public sector.

The household sector includes agriculture whileigtd/ also includes construction. The
public sector includes mainly services. In the Nobuntries industry consumes over
half of the electricity while households and thélpusector consume about 25 % each.
A major part of electricity has been consumed bedtry and the metal industry. They

use electricity almost every day through the yd@&e consumption is so high that it

includes almost all the basic production. (Partagtead. 2008)

The winters in the Nordic countries are normallyldcavhich increases the
consumption of the electricity. The heating of hesigand offices especially increases
consumption. The electricity demand of the pubdictsr and the household sector have
a quite similar profile. During the summer the aamption does not increase as much
as in winter because there is no need to cool disds to the extent they are heated in
winter. Furthermore, the demand of these sectoadas higher on weekdays compared
to the weekends while during the holiday seasonddreand drops significantly. The
electricity demand is also different during the diaye compared to the night when the
consumption is much lower. These characteristieseftected in the electricity prices,
which have typical seasonal and daily profiles.nfiinen 2004) Figure 2.3 shows total
energy consumption in Finland 1998-2010.
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Figure 2.3. Total energy consumption in Finland 1998-2010 (()AT 2011).



Sweden and Norway are the biggest electricity coresa in the Nordic countries.
In Finland the consumption is considerably lowet inus still twice the demand in
Denmark. (Partanen et al. 2008)

2.2  Electricity markets

2.2.1 History

The Nordic countries have liberalized their eleityi markets during the past 15 years.
The reason for the liberalisation was to creatéebe&onditions for competition and to

improve the use of production resources as welb @gsovide improved efficiency in the

operation of the networks.

Norway began liberalization at the beginning of 890s, Denmark was the last
liberalizing its electricity market in 1999. The MoPool was founded in 1993 as a
Norwegian electricity market. It enlarged its openas to Sweden in 1996 and to
Finland in 1999. (Nord Pool Spot 2011)

The Finnish electricity market was opened to coitipat in 1995 when the
Electricity Market Act (386/1995) came into effeétt the beginning, only the larger
electricity users, with a consumption of electyiaif over 500 kW were allowed to ask
for tenders for their electricity supplies. Sin@nudary 1997 all electricity users have
been free to choose their electricity suppliers.tifd beginning the high price of the
necessary metering equipment prevented the smaltesumers from tendering for
supplies. The opportunity to invite tenders fronectilicity suppliers were enhanced
when the load profile method in balance clearing wé&roduced in autumn 1998. Since
then an hourly electricity meter is not requiredb® able to buy electricity from the
competitive market. (EMV 2011)

The Nordic electricity market has removed barriar&l unnecessary regulation
making competition to reform the sectors where ostitipn is possible, i.e. generation,
sales and foreign trade. Clear rules for the aeteatarket were established which are
operated from a position of natural monopoly. Femmore the Electricity Market
Authority was established to oversee and ensureadlhaules are followed in power
network operations. It also carries out other putdsks and services. The name of the
Electricity Market Authority was changed to the ExeMarket Authority in August
2000 when its function was expanded in the nagaalsurveillance. (EMV 2011, Nord
Pool Spot 2011)

2.2.2 Market places

Nord Pool is a marketplace where producers seill ghectricity to the electricity retail-
ers and large end-users. Nord Pool Spot is an @agetralized and neutral marketplace
where the electricity market price is determinedaosupply and demand basis. Large
assets ensure that the market price is the sadaadjbt price. Trading in the Nord Pool
has always been done anonymously and without ateqanty risk. The price is based



on the different future price developments, aslirstack exchanges. Companies from
Norway, Sweden, Denmark and Finland as well asrddugopean countries such as
Holland, Estonia and Great Britain participate iarth Pool’s trading. (Nord Pool Spot
2011)

Nord Pool Spot is owned by the Nordic TSOs whighRingrid in Finland, Svenska
Kraftnat in Sweden, Statnett in Norway and Energjiatk in Denmark. Nord Pool Spot
is a trading place for next-day electricity prices one hour spot market. Nord Pool is
the market place for about 400 partners. Over 76f ¥he electricity consumed in the
Nordic countries is sold through Nord Pool. Thieeotplace where it is possible to sell
or purchase continuously is Elbas which is disalidsgefly in Chapter 2.2.3. (Nord
Pool Spot 2011)

2.2.3 Nord Pool - Markets

In the Nord Pool Spot, the parties send their bi@i$/ before 12.00 hours CET to trade
hourly contracts for delivery in the next 24-howeripd. Buyers define how much
electricity they need to purchase hour by hourwhdt they are ready to pay for it. The
sellers submit corresponding selling bids. The hidisthe sellers and buyers are
collected into a supply curve (sales) and a dencamek (purchasing). The system price
for each hour is determined by the intersectiorthef aggregate supply and demand
curves which are presented in Figure 2.4. (Nord Bpot 2011)

Price (EMWh)
™
Fuxed-pnce
Maximum bid | demand
pnce \(puxch.\se; | (sale)
System pnce
el \‘—
MWh
R R — N
>
Foed-pnce Tumover
supply

Figure 2.4. System price from the intersection of the suppig demand curves
(Partanen et al. 2008).
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The hourly Spot price is determined as the systanepNord Pool Spot average
prices in Finland 2008-2010 are presented in Figuse
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Figure 2.5. Nord Pool Spot average month prices (€/MWh) in &l 2008-2010
(Nord Pool Spot 2011).

The Spot market is also important in the Nordic kegglace for dealing with
possible grid congestion (called grid bottleneck#)ich results from insufficient
transmission capacity in a particular sector of dginel. Area prices are presented in
Chapter 2.2.4. (Nord Pool Spot 2011, Nasdag OMX1201

All the different market places are shown in Fig@ré. The figure also shows the
time periods for the relevant trades.

Current day Following day 5 years ahead
) ) ) ) . T’ine >
Balancing Elbas Elspot Financial market
market Hourly Hours next Days, weeks,
| contracts day months, years
( Stamett ) Physical 5 years ahead
| (Nordpool) | L devery
S@iaKaty| Spx ¢ Nord Pool) (Nord Poal)

— Spot— Spotr—

(_ Fingid ) -

( "gxrxerginct.ac' )
e | TSOs (Transmission system operators)

) in the Nord Pool area.

Figure 2.6. The time span of market places.
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The Elbas Market provides a continuous cross boirdes-day market place that
covers the Nordic countries plus Germany and Esatofihe market is based on the
hourly contracts and power trading which happen$@4rs a day 365 days a year. It
supplements the Elspot and the national Nordic ledigng power markets. The
characteristics of Elbas products are quite simglery hour of the present trading day
products are traded in at least 8 and not more 3Raimdividual one hour series. Their
underlying assets of 1 MWh of electricity are suggblto a particular market area.
(Nasdag OMX 2011, Nord Pool Spot 2011)

The trading for longer periods of time is carriagt  the financial market. This
market for price hedging and risk management ireducharkets for futures, forwards,
options and contracts for differences. At the Nor&iower Exchange, the market
participants which are authorized to trade areedalexchange members”. (Nord Pool
Spot 2011)

Exchange members can hedge purchases and salewaf with a time horizon of
up to four years. At the Nordic Power Exchangeghemo physical delivery of electric
power. The trade happens through futures and farveantracts which are traded
continuously. The contracts are standardized ptsduthich are financially settled.
Settlement happens between Nord Pool Clearingisceeand individual members. The
financial market has a major impact on future eiqeans of Spot prices. Different
market places are presented in Figure 2.6. (Na€i¥ 2011, Nord Pool Spot 2011,
Kiesel et al. 2007)

2.2.4 Area prices

The Nordic electricity market is divided into priceas based on the physical
transmission capacity constraints. Transmissiora@#p should be built so that the
price areas can to be moved. Despite these attehmes are always situations where,
because of limited transmission capacity, bottl&ngituations arise. To counter this
threat the Nordic countries have been divided gmalgcally into fourteen price areas.
They are Finland (FI), Sweden (SE1), Sweden (S&gden (S3), Sweden (S4), East-
Norway (NO1) South-Norway (NO2), Mid-Norway (NO3J)orthern-Norway (NO4)
West-Norway (NO5), Western-Denmark (DK1), East-Dankn(DK2) and Estonia (EE)
(see Figure 2.7). Norway is divided into severaeareas, depending on the amount of
water available for electricity production. The kigh TSO Fingrid has tried to keep
Finland as one price area. Frof df November 2011 Sweden was divided into four
bidding areas. (Nord Pool Spot 2011, Fingrid 2011)
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Figure 2.7. Nord Pool Spot price areas 15.11.2011 08:00-090BT) (Nord Pool Spot
2011).

When the price of the electricity in a deficit aneareases, the participants in this
area will sell more and purchase less while in gplea area a lower price leads to
purchasing more and selling less. The capacity &atwthe high price area and the low
price area are calculated so that the participatiltze minimum price. The power will
always go from the lower price (surplus) area t® ligher price (deficit) area. (Nord
Pool Spot 2011, Nasdag OMX 2011)

2.2.5 Bidtypes

A bid indicates how much volume (MWh/h) the parsyready to sell or buy at a
particular price (EUR/MWh). The three different égof bid model in Elspot are the
hourly bid, block bid and flexible hourly bid. Eatype of bid has different features
making the product structure flexible for the mangarticipants.

The hourly bid is the basic type of Elspot markayibg or selling. Each party
selects the range of price levels in the hourlyibdividually. The bid consists of up to



13

62 different price levels in addition to the cuitreeiling and floor price limits set by
Nord Pool Spot. (Nord Pool Spot 2011)

The basic bid is a price-independent bid for alirisoIn the price-independent bid it
is not any price range apart from the ceiling dodrflimits. The parties will receive a
schedule of deliveries equal to the specified vauor all hours regardless of the price
level (see an example in the Table 2.1). (Nord Fpait 2011)

Table 2.1. Price-independent bid (Nord Pool Spot 2011).

Price -200 2000
hour €/MWh | €/MWh

01-24 | 70 MWh | 70 MWh

Parties who submit price-dependent bids acceptNioad Pool will make a linear
interpolation of volumes between each adjacent gfasubmitted price steps. Once the
Elspot price for each hour has been determinedaaocdmparison between party bids
has been made the traded volumes and the Spos prieeestablished (see the example
in the Table 2.2). (Nord Pool Spot 2011)

Table 2.2. Price-dependent bid (Nord Pool Spot 2011).

Price -200 20 20,1 22 22.1 25 25.1 2000
hour | €/ MWh | €/ MWh | €/ MWh | €/ MWh | €/ MWh | €/ MWh | €/ MWh | €/MWh

01

02

-10 -10 -30 -30
03 50 MWh | 50 MWh | 0 MWh | 0 MWh MWh MWh MWh MWh

A block bid is an opportunity to sell productiontlwvian ‘all or nothing’-condition
for every hour within the block. The block bid iscampiled bid with a fixed price for
several hours lasting at least 3 hours up to a maxi of 24 hours. The parties can
freely choose the start and stop times of the bl&lkck bids are very useful in
situations where the startup costs of power pradncire high. Each party can offer
fifty block bids per portfolio (see the exampleTiable 2.3). (Nord Pool Spot 2011)
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Table 2.3. Block bid model (Nord Pool Spot 2011).

Start Stop
Start (FI) Stop (FI) (NOR) (NOR) Amount Price Name
HH:MM HH:MM HH:MM HH:MM MWh €/MWh
01:00 07:00 00:00 06:00 10 50 MODEL
07:00 11:00 06:00 10:00 10 50 MODEL
11:00 15:00 10:00 14:00 -20 70 MODEL
15:00 22:00 14:00 21:00 -20 70 MODEL
22:00 01:00 21:00 24:00 -20 70 MODEL

The block consists of price and volume pairs whaohnstitute the bidding curve.
The procedure is the same for all hours when thealydids are submitted. Linear
interpolation between the price-volume points igied out by Elspot to construct the
bidding curve. From the point of the bidding curvédse volume dispatched is
determined for each party. It corresponds to tHeutated market-clearing price. All
transactions are settled at the market price. Blmdk are valid only for an exact time
period and contain only one price and volume. Tdreyaccepted or rejected as a whole.
The bids are mainly used by large industry playdreh can temporarily decrease their
load. (Nord Pool Spot 2011)

Block bids can be linked in situations where thetaaf starting one generator at
night is favorable because it is planned for thmesgenerator also to run during the
daytime. All block bids must be connected to orgdhig portfolio in the same bidding
area. (Nord Pool Spot 2011)

The flexible hourly bid is a sales bid for a singteur with a fixed price and volume
but the party has not specified the hour. The bithe accepted at the highest price of
the day when that price is higher than the limttisethe bid. The flexible hourly bid
offers companies which have power intensive consiamphe possibility of selling
back power to the spot market by closing down itrialsprocesses for the hour in
question. Finally, all bids have to be sent fortladl hours of the next day before noon to
Nord Pool Spot. (Nord Pool Spot 2011)
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3 HYDROPOWER

Hydropower is the largest form of energy productionthe Nordic power market.
Chapter 3.1 discusses the general aspects of hydesp Chapter 3.2 describes the
basic structure of hydropower plant. Chapter 3.3cdbes the hydrological
environment.

3.1 General

Hydropower is the most important form of renewablectricity production in the
Nordic countries. Hydropower plants can be stantegulated and stopped more easily
than other types of power plant. The flexibility afplant depends on the water flow of
the rivers and the water volume of reservoirs. ffaimum and minimum water levels
of the reservoirs are defined by legislation amedi are imposed if the boundaries are
broken. (Antila 1997) The role of hydropower asegulating power decreases during
dry seasons. The consumption of electricity is égghin winter time when the water
inflow is lowest. This means that if water is digaied reservoirs will be emptied and,
because of the small inflow, the reservoirs fill slpwly. It is thus important to know
what is the most profitable time to discharge. With reservoirs, water can easily be
used at the right time by regulating productionrgeachanges in the production of
electricity in the short-term are dealt with maibly hydropower. (Vilkko 1999)

The impact of hydropower on the environment is edusainly when the dams and
regulation reservoirs are constructed. The construcof dams impacts on the
movement of fish which can affect fish stocks aistlihg. This effect has been reduced
by restocking the fish and by the building of fildders. Limiting of water level
fluctuations can also benefit the fish stocks atieiorecreational activities. Overall, the
environmental effects of the use of hydroelectmeover are quite small. Hydropower
companies actively participate in environmentakgecton. (Antila 1997, Vilkko 1999)

3.2  Hydropower plants

All hydroelectric power stations operate in a bakyc similar manner. Plants are
divided into different power classes purely by siktajor hydroelectric power plants
are more than 10 MW, small power plants are 1-10,NMWhor plants are less than 1
MW and micro plants are less than 100 kW. (Saaal.€1999)

In hydropower plants water flows through the tuebtonverting potential energy
into mechanical energy. Hydropower plants produtergy as a result of the water-
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level difference (called the head). The dischargater flows down through a turbine
which rotates a generator and converts the mediaeitergy into electricity. The
amount of electricity a system can produce dep@mdghe quantity of water passing
through the turbine and the height from which treger falls (see Figure 3.1). (Vilkko
1999)

The power from a hydro power plant can be derivethe following way. Above
the plant, the water has potential energy whichbmdescribed by the equation

E =mgh (3.1)

whereE is the amount on Energy (3}, is the mass of water (kg), is the gravitational
acceleration of the Earth (9,8F/s) andh is the head of the plant.

The power of the plant P is the change of energy time,

P=E/t (3-2)
Combining equations (1) and (2) gives

P =mgh/t (3.3)
The mass of water can be written in terms of volihand density

m= pV (3.4)
Giving an equivalent form of equation (3)

P=pVgh/t (3.5)
The volume of water over time is actually the degjeQ through the plant, giving

P = pQgh (3.6)

The hydro power plant cannot utilize the potengiaérgy fully, which means that the
real power from the power plant is given with sagffeciency factom

Poet =mpQgh (3.7)

The efficiency factor is due to friction in the watchannels. If the water mass did
not encounter any friction in the water channelkttee potential energy would be
converted to kinetic energy. Because this nevempdéag normal hydropower plant
efficiency is 80 to 90 %. (Seppanen et al. 2010)
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Figure 3.1. Hydroelectric dam (Kemijoki 2011).

Above the hydropower plant there is normally a pltaservoir. The plant reservoirs
are used to prevent water from running past thbeirtas. It is also possible to store
water in the reservoirs for later use. (Vilkko 1999

If there is too much water in the plant reservaid dt is not possible to discharge
water through the turbines, water must be discltasgighout going through by the
turbines. This is called spillage. Spillage normaticcurs during heavy inflow,
particularly during the autumn and spring and iameethat a lot of the potential energy
in the water is lost. The hydropower producerstryprevent or minimize spillage.
(Antila 1997, Vilkko 1999)

The bigger the flow and the higher the fall, theren@lectricity is produced.
However, the increase in the power produced isanbhear function of the rate of
discharge as shown in Figure 3.2. The conversioction typically increases until a
peak is reached. After the peak, production cam elecrease due to reduced plant
efficiency and decreased head. (Antila 1997, Vilkk99)
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Figure 3.2. The production functions of a hydropower plant viitlee genérators.

Power plants can be classified by taking into antdéeatures such as their ability to
regulate their discharge. The types include lakeer-, pumped- and tidal power plants.
Hydropower plants which are located at the rivemuthoare usually used to regulate
hydroelectric power because they can be used tergenelectricity at the time when it
is needed and the price is highest. In spring whést of the water accumulates in the
lakes electricity demand is low. (Saari et al. 999

In the pumped plants water is pumped from a loweellto a higher reservoir when
the prices are low and when the prices get higlieing periods of peak demartie
water is released back through the turbine to tiveef reservoir. Low-cost off-peak
electric power is used to run the pumps. In FinJahdnisko power plant located near
Kemijarvi is an example of a pumped plant. (Sakal €1999)

In the tidal power plants the water rises as alreguunar gravity and its motion-
induced energy passes through the turbines intdldheiver bed where it is drained
back into the sea. Tidal power, also called tidergy, is a form of hydropower that
converts the energy of tides into a useful formpotver i.e. electricity. (Saari et al.
1999)

3.3  Hydrological environment

3.3.1 Water cycle

The water cycle means that water follows in a cadus cycle (see Figure 3.3). Solar
energy warms the surface of the water constandiysiag it to evaporate. Water is
evaporating all the time from seas, lakes, the mpoand vegetation and is then
condensing into clouds. The clouds move by windnfraver the sea to the coast and
then inland. The water falls back onto the surfaseain or snow, depending on the
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temperature. If the ground cannot absorb the wategmains on the surface and flows
back to rivers, lakes and seas. The absorbed akst®igoes back to lakes or the sea by
flowing under the surfac€kuchment 2001)

~N
Evaporation
(Water Vapor)
J \
N\ 4
Flowing into Condensation
rivers (Atmosphere)
J A
4
Precipitation
(Rain)
/

Figure 3.3. The water cycle.

When the temperature is low, precipitation comesrdas snowfall and remains on
the ground. The accumulated snow is called the sieservoir. Snow can melt directly
into reservoirs or it may evaporate into the aithe spring. The amount of snow varies
greatly from year to year. The biggest snow resesvar snow pack are at high altitude
in Norway and Sweden and are normally at their maxn in March-April. Melting
water as well as rainfall mostly goes into soil @and ground water and from there to
the runoffs of the rivers and underground flowse Tater cycle is an endless process
and the amount of water on Earth stays constardrdfywer can thus be considered a
renewable energy sourd&uchment 2001)

3.3.2 Reservoir and inflow

The reservoirs of hydropower can be divided into tvategories: seasonal reservoirs
and plant reservoirs. A seasonal reservoir came st@ignificant part of the annual water
inflow. The power plant reservoir which is locawdidectly below the seasonal reservoir
is completely controllable. There are restrictioogncerning the maximum and
minimum water level of the reservoirs. A plant mes@ which is situated directly
above a power plant has much smaller storage dgpthen the seasonal reservoir.
(Antila 1997, Vilkko 1999)

Run-of-river plant is situated in the river with seasonal reservoirs directly above.
The water inflow has to be discharged or spilledngdiately or as soon as possible,
depending on the reservoir storing capacity. Ascilesd in the Chapter 3.2 water
spilling means that the water is channeled pasptweer plant and the energy is lost.
High Spot price in some cases could be a good nei@sspill to get additional water to
downstream plantgAntila 1997, Vilkko 1999)
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The role of hydropower as a balancing power is amsjled during dry years.
Furthermore growth in electricity consumption irases the need for regulating power.
As a new component, the increasing share of windsatar power adds to the need for
balancing production. For example there is no avrtver wind power and production
volume cannot be linked to consumption or to thecteicity price. Furthermore, the
amount of electricity produced is hard to forecadtich adds to the need for balancing.
Controllable hydropower is an almost perfect waypmducing regulating power and to
maintain reserves for the power system. Hydropawaer be controlled if plants have a
seasonal reservoir which collects rain and mekimgw during the year. The water from
seasonal reservoirs can be used whenever it isededdlydropower plant is fully
controllable, if the plant is situated between seasonal reservoirs or there is a turn-of
the-river plant under itln Finland most of the controllable plants are oplrtly
controllable. (Vilkko 1999, FEI 2011)

Water inflow is the most important factor in thedngpower production. The water
catchment area is the area from where the watessflato a reservoir. As described in
Chapter 3.3.1 the inflow to the hydropower systera result of the precipitation and of
the snow melting. Due to the climate the waterowmflvaries a lot during a year and it
depends on the amount of rain and snow. Figurest3odvs the range of inflow energy
during the years 1978-2006 in Finland. The figuse dlustrates the seasonal variations
in the inflow.(FEI 2011)

2000 g T T T
N I N N N O N N SN N A A
it I R A A N A RN A A N R
479 St S N St
I | | | ' | I | | l | l
1400 f=——t-———"1— _T—.'."— I
| | | lasa | N N R 1
1200 p——t— {1
! | [ e . | | | ] [ | I
S
Py A S S S " S S — — —
B R
600 f-—-—-—-b—-—-}—-— e e e e e
_ | | e | Al La |
"0 1 T 1 R R0 M e e |
200 "‘-""Z‘]Z'_.___'L._\'_T‘"I ,i-_;, : D '\/V\/\é\g
0 (it ”-’l l [\"NA """"" , Mastins i “l-“'- | ]
I II IIT  Iv vl vII VvIII IX X X1 XI1I
Median Min - Max 25% and 75% 5°oand95°o Last year
This year

Figure 3.4. Inflow energy for Finland (SYKE, Vesistomallijatelm& 2011).
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Because of the spring flood the seasonal resertiawe to be emptied early enough
so that it is possible to store the incoming watesr a very short time period. When the
reservoirs have been filled again up to the maxintewel, it is important to take care

that the inflow forecasts are correct in order ¢k the water level within the allowed
limits. (Vilkko 1999)
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4 OPTIMIZATION METHODS

Generally speaking, optimization can be understa®d procedure to select the best
element from a set of alternatives according toespnedefined criteria. In the simplest
case, this means solving problems in which onessezknaximize (or to minimize) a
real function systematically by choosing the valoégseal or integer variables from
within an allowed set. This formulation, using alrealued objective function, is
probably the simplest way to state the optimizatmoblem; the generalization of
optimization theory and techniques to other forriafes involves a large area of
applied mathematics. More generally, it means figdihe "best available" values of
some objective function given a defined domainjuding a variety of different types
of objective functions and different types of donwi(Bazaara et al. 1993)

There are several planning methods which can bed ushen optimizing
hydropower. In this thesis the following optimizati methods are considered: linear
programming, non-linear programming, heuristic rod) dynamic programming and
stochastic programming. This chapter presents amviaw of optimization methods
applied to the short-term planning problems whiahexplained in Chapters from 4.1 to
4.5.

4.1  Linear programming

In hydropower optimization linear programming (LRethods are used because they
are easy to build and understand. An LP modelvisyd a simplified model of a real
system because the real-life problems include nmamylinearities. LP is a widely used
method for short-term hydro scheduling and in thecess of solving nonlinear and
discrete problems. (Bazaara et al. 1993)

A simplified hydroelectric model has been developgdHreinsson (1988) so that
power production and water can be managed separates approximation is suitable
for plants having large daily reservoirs with fixed controllable heads. The model
optimizes the hourly power production of a systdrhymropower plants. In this model
losses are minimized in turbines and waterwayshat dame time maintaining the
production so that it meets the load. The probkem mixed integer nonlinear type but it
has been simplified so as to be solved it in tvages by Linear Programming (LP).

Borghetti et al. (20008) present mixed-integerdinprogramming (MILP) models
of increasing complexity, which take into accounbstnof the hydroelectric system
characteristics and which can be solved by compiiteg models take into account the
main effects on power production through an enhéfioearization technique.
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Nilsson and Sjelvgren (1996) have presented a rixteder linear programming
(MILP) for short-term hydropower production planginin this model the schedules
include points with good efficiency and the plammpjproblem is divided into separate
sub-problems for each hydro plant. In this model thathematical methods such as
Lagrange relaxation, dynamic programming and neivpsogramming are used. Also
Chang et al. (2001) have studied MILP as a toothenshort-term hydro scheduling
(STHS) function.

Garcia-Gonzalez and Castro (2001) present a mobtlefenthe non-linear input-
output surfaces are linearized using binary vaesmband a mixed integer linear
programming (MILP) approach is used to solve trabjam.

A common method to solve linear problems is therint point method (IP). It can
be used to solve large-scale hydro scheduling prol A large literature study on the
IP methods having a focus on their applicationghie power system field has been
carried out by Quintana et al. (2000).

Piekutowski et al. (1994) present a short-term @ydeneration optimization
program where the optimal generation schedulesl@ermined and export and import
capabilities are investigated. The optimal hydrbesiling problem is formulated as a
large scale linear programming (LP) algorithm.

4.2  Non-linear programming

Many interesting real-world problems cannot be @nésd as linear functions.

Nonlinear programming (NLP) can be used to hand& groblem of optimizing an

objective function in the presence of equality anelquality constraints. Non-linear
programming is required when linearization of tlm+#inear elements is not feasible.
Commonly it is more important whether the problesrconvex or non-convex rather
than whether it is linear or non-linear. Most oé thon-linear methods can only solve
convex problems. (Bazaara et al. 1993)

Hydropower systems are normally non-linear or oftem-convex but the use of
non-linear programming might be useful in the omation because the real-world
cascades are to some degree non-linear. (Bazaalkda 603, Chachuat 2007)

Catalao et al. (2005) have studied how to use neali programming in short-term

hydro scheduling (STHS). Catalao et al. (2007) haeveloped a method for

optimization of power generation efficiency usingnhnear programming. The method
takes into account the fact that the hydroelecpiosver generation is not only a

combination of the water discharge and the headalaat that the maximum power

generation is also head-dependent. Catalao e2@)9] have also developed nonlinear
programming to solve the short-term hydro schedujmoblem under deregulation,

taking into account head-dependency. In the mdaehttual size of the hydro systems,
the continuous reservoir dynamics and constrathts hydraulic coupling of cascaded
hydro systems, and the complexity associated wigadisensitive hydroelectric

generation have all been taken into account.
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Various studies and comparisons of the NLP algaritthave also been made. For
example Guan et al. (1995) and (1999) have stugliednlinear method in Langrangian
relaxation-based algorithms for hydrothermal schiedu

Brannlund et al (1986) have studied how to solve #hort-term generation
scheduling problem of a large hydrothermal systeatuding transmission limitations.
In this study the integrated system is divided iatbydro and a thermal sub-system.
The hydropower sub-problem is solved with a redugeatlient algorithm which is
specially designed to solve nonlinear network flaneblems with additional constraints
of a non-network type.

4.3  Evolutionary methods

Scheduling problems are complicated nonlinear dynaptimization problems in the

hydropower systems and evolutionary methods arel @isesolve these scheduling
problems. Yuan et al. (2008) present a differerallution algorithm to solve the daily
optimal hydro scheduling problem (DOHGSB). An emted cultural algorithm is

presented by Nie et al. (2008) for solving the piiohsed optimal self-scheduling of a
hydro producer in the electricity market.

Orero and Irving (1998) have studied whether a gedgorithm (GA) can be used
to solve the problem of determining the optimal typschedule of power generation in
a hydro thermal power system. In the study theyyaed a multi-reservoir cascaded
hydro-electric system with a non-linear relatiopshetween the water discharge rate,
the net head and power generation. In additioreGal. (2003) have created a model of
how to use genetic algorithms to handle simultaslotine sub-problems of short-term
hydrothermal coordination, unit commitment, andrexuic load dispatch.

For solving the short-term scheduling problem ofifeyhermal systems Wu et al
(2000) have developed a model using a diploid ggreobased genetic algorithm (GA).
In this algorithm a pair of binary strings, eachthwithe same length, are used to
represent a solution to the problem. With this nhadis possible to take into account
the power balance and the water travelling timegvbeh cascaded power stations.

4.4  Dynamic programming

Dynamic programming (DP) is one of the earliesthuds applied to the short-term
hydro scheduling problem and a general approachatking a sequence of interrelated
decisions in an optimum way. The key idea behindadyic programming is quite
simple. In general, it is used to solve a giverbfm by dividing it into different parts
(sub-problems) and then combining the solutionsthef sub-problems to reach an
overall solution. The dynamic programming approsebks to solve each sub-problem
only once, thus reducing the number of computatidigs method is useful when the
number of sub-problems is very large. (Chachua?2@@oper 2001)
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For the short-term scheduling of a multi resenpaiwer system Turgeon (1981) has
created an algorithm which is based on the priecgdl progressive optimality. In this
method water head variations, spilling, and timdayke between upstream and
downstream reservoirs have been taken into account.

Yang and Chen (1989) present multi-pass, dynamiegramming (MPDP)
combined with successive approximations, to sdieedaily hydrothermal coordination
problem. With this technique it has been possibleetiuce the computing time and the
memory storage requirement.

For solving the hydroelectric generation schedulmgblem (HSP) Chang et al.
(1990) have developed an algorithm using multiptethod-based differential dynamic
programming (DDP). The algorithm can be used tuesaltype of constrained dynamic
optimization problems.

4.5  Stochastic programming

Stochastic programming (SP) is widely applied tdvesohydropower optimization
problems which include uncertainty. SP is suitafole the many real life problems
where decisions have to be made, based on pairtiyowm parameters. Such models
have been studied and successfully used in hydreppmduction planning.

Mo et al. (1991) have studied a method based arhastic dynamic programming
for handling uncertainties such as energy demandeg of energy carriers and the
dynamics of the system in generation expansion lgnod This model makes
connections between investment decisions, timestoaction and uncertainty. Mo et al.
(2001) have also studied the structure and ideatibn of a price model that is used in
stochastic optimization of hydro operation and it contracts.

Gorenstin et al. (1992) have developed an algoriviich is based on stochastic
dual dynamic programming (SDDP) where the problems bheen divided into several
one-stage sub-problems. This method is used for dpémal scheduling of
hydrothermal systems which include multiple hydesarvoir characteristic, stochastic
inflow and transmission networks represented bgeatized power flow method.

A general overview of stochastic programming modegls short-term power
generation scheduling and bidding has been caouedyy Kristoffersen et al. (2010). In
this study the concentration is especially on teeetbpment of the restructuring of the
electricity sector.

Garcia-Gonzalez et al. (2007) have created an agmtron model to schedule units’
hydroelectric production in the short-term (up td 2ours) in a competitive
environment. The model is formulated as a stoahgstfit-based hydro scheduling
problem and the pool is supposed to be organizedday-ahead market.

A stochastic mathematical model is developed byLBdurantaye et al. (2009) for
maximizing the profits when selling electricity plteced through a cascade of dams and
reservoirs in a spot market. The model is basedhenintegration of the price
stochasticity and the management of three poteotied scenarios.
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5 PRODUCTION PLANNING

In the modern business environment the main obedf a hydropower producer is to
maximize the profit against uncertain market prices be competitive the production
planning and risk management have become more amek nmportant. In the
production planning of hydropower system the follogvaspects must be taken into
account: investment planning, seasonal, weeklydaig operation planning and finally
the scheduling time periods to meet power demand.

This thesis concentrates on one week productionnplg. The main objective of
this planning is to utilize within a week and witha day the price differences in such a
way that the achieved price of the hydro productsomaximized.

5.1  Planning concepts

Electricity production planning can be divided irdidferent time horizons, which are
real-time, short-term, mid-term and long-tern piagnIn long-term (i.e. 3 - 20 years)
optimization models are based on long-term priced the target is to schedule
investments in new capacity and for refurbishmeajgets. (Antila 1997)

Mid-term production planning (i.e. 1 month to 3 g@ds moving towards looking at
longer horizon. The intention is to capture the m®gpensive months or weeks and
allocate annually available production accordingliye end result of mid-term planning
from the short-term point of view is a mandate tjigés target levels for the short-term.
The mandate is described in more detail in Chdpter(Varpenius 2011)

In the short-term (i.e. 1-4 weeks) planning theetinorizon is a day or a week ahead
and the detail is an hour or a shorter time. In pineduction planning there are
uncertainties which come from electricity price anoim random inflow. (Varpenius
2011)

In the planning, the non-storable nature of eleityriand the seasonal fluctuations in
demand must be taken into account. However, waterbe stored and a hydropower
producer can decide separately for each day andhoww much electricity to produce
or to save for the future when the prices are highleis means that today’s decision is
not only based on the current Spot price but afsthe future expectations. There are
uncertainties in price forecasts, which mean tha oannot trust them completely.
Furthermore inflows and reservoir levels affect greduction planning. When the
inflows are large, plants are able to produce laayaounts of electricity. When the
inflows are small and prices are low, it is reasib@do save water for later use. Due to
the uncertainty of rainfall and temperature, thiéoim to the reservoirs is stochastic. In
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situations when the water level of a reservoir amftbw are both high, it is more
profitable to discharge water earlier and perhapgeveer Spot prices than to save it for
a later date and perhaps run into a situation witehas to be spilled. Hydropower
production is a dynamic process where today’s dectaffects the decisions to be made
in the future. (Antila 1997, Vilkko 1999)

Overall production of all plants has to be equathe total power demand at all
times. The power demand is the sum of the poweswoption and the transmission
and distribution losses. The demand varies fromr hothour and from day to day.
Production planning decides how power plants, aajpgdiydropower plants, change
their production rate so that the total producimequal to demand at all times. (Vilkko
1999)

5.2  Production planning goals and decisions

The main objective of production planning is to maixe profit. Short-term planning is
based on four elements, which are revenue fronshlogt-term period, operating costs,
penalty costs and expected revenue in the future.

Operating costs include the cost of starting arapmhg generators and their
maintenance. The expected revenue from the futasepts the opportunity cost related
to hydro production. Operating costs are not takemaccount in this thesis. This is due
to the fact that the river system is co-owned dral dperating costs are treated as a
fixed cost. The expected revenue in the futureoisdirectly handled in the thesis. It is,
however, handled in the mid-term planning process the end water level can be
considered to include this information. (Antila 199This thesis concentrates on the
revenue for the short-term period. The revenuealsutated on the premise that all
production from the river system is sold to the-dahgad market with a Spot price. The
penalty costs for breaking the water level limit® ancluded in the optimization
program but because these cost levels are solegtate, in reality, never broken.

The most important factor in the short-term productplanning is the price of
electricity which will be produced on the followirtay. Other important factors which
affect the short-term production planning are resiemwater levels, inflows, discharges
and spillages. In the short-term planning the retrt planning mandate must also be
taken into account. It defines the reservoir lanand discharges which must be
followed. The limits defined by the mandate canrfgnged in cases when the prices
change significantly.

Short-term planning determines how much power reeged, at what time, and at
which Spot price. This is called the pre-spot phagech can be divided into two
phases: the first one is to create different pgciscenarios and compare the
optimization model against the pricing scenariod tncreate a bid to Nord Pool Spot.
The planning horizon is one week from Monday to d&yn The most important bid is
the one which covers the following day. Short-tgr@anning is set to cover one week
because the mandate includes a one week periodstatieng water level is the current
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actual water level. The end water level is thategivwy mid-term planning. The
decisions which have been made for the following aféect the decisions made for the
days and weeks after that. It has to be decidedh&hd is optimal to discharge water
on the next day or save it for later.

The objective of this thesis is to develop an opation model based on the Spot
price forecast. The river system in question i®amed by several parties, and its usage
is governed by governance rules. The governanes rae constructed in such a way
that a co-owning party can decide how much watexadhts to discharge from the
reservoirs the following day. Based on dischargjes,daily energy is calculated with
rules described in the rules. Finally, the houmrgduction allocation is selected in such
a way that it obeys the restrictions of the ruled adds up to the daily energy totals.
Thus the target of the optimization is to find gotimal plan for daily discharges and to
create an optimal hourly electricity production egtle. It is important to note that the
model is very different from that for a hydro systewned and operated by a single
production company. In the latter case, the decisiariables all have hourly values,
while in the case considered here, some optimizatariables have daily values while
others have hourly values. This model takes intmact the small differences in prices,
so some fine-tuning is needed by the trader tdalgetnaximum profit on the following
day. The restrictions are discussed in Chapter 6.4.

5.3 Bidding

In many electricity markets around the world eliedly selling happens in two-sided
auctions where producing and consuming parties ¢négr price-quantity bids. In the
electricity market the aim is to develop biddingastgies to optimize the profit, cost of
production and the evolution of energy demand. iridef optimal bids in electricity
markets is a complicated task that has to be chwig every day. The day-ahead
bidding occurs a day before the real operationearetgy delivery to the buyers. For a
producer a substantial part of revenue comes frowep sales in the day-ahead market.
It means that the bidding in the day-ahead matkene of the most important tasks for
the electricity producer. After the bidding rourmlit before the actual operation, small
parties have to make some backups due to inseaunpiyces, inflow and load. Backups
can be done in the Elbas market. (Vilkko 1999) Thissis focuses only on the day-
ahead bidding and does not take into account backup

The bidding strategies of the hydropower produger dependent on assets and
permission conditions. Generally speaking they quige similar. The producers can
store water in their reservoirs and decide the pessible time to produce energy.
When prices are high, water is discharged and gnsngroduced and sold immediately,
whereas when prices are low, the water is savedutare use at higher prices. It is
possible to start and stop the hydropower generagiockly according to demand. The
flexibility of hydropower makes bidding strategiesry essential for producers. The
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uncertainty of the prices and water inflows are amignt factors when the bidding
strategy is developed.

The contracts made between the parties in Elspotohligations to deliver and
receive power for a certain period of time i.e.tttkaone hour or more. The types of
different contracts are hourly bids, block bids dtekible hourly bids which are
discussed in Chapter 2.2.5. All bids consist ofiegpand a volume.

In thesis, the short-term bidding strategy probfema hydropower plant in a pool-
based electricity market is considered. It is asiithat the next-day price forecast for
hourly prices are accurate enough. In the elettrimiarket there is always uncertainty
in prices and the fluctuations is difficult to foeest exactly. If the forecast price at a
certain hour is higher than the actual price, tredpcer has made a bidding failure at
this hour. The bidding failure means that the ofiregacosts have not been covered by
the actual price. (He 2010) Figure 5.1 shows wihichprice it is profitable to offer for
a given amount of energy on the market.

Bid
price
€/MWh

Bid volume
MWh

Figure 5.1. Bidding curve submitted to the market.

Fleten and Pettersen (2005) have developed a nbagdeld on the stochastic linear
programming for constructing piecewise-linear biggdcurves. In this model the case of
a price-taking power marketer which supplies eleityrto price-sensitive end users is
considered. The objective of this model is to mizenthe expected cost of purchasing
power from the day-ahead energy market and the-gdon balancing market.

Fleten and Kristoffersen (2006) have developed aaehéor determining bidding
strategy which takes into account the uncertairitynarket prices when hydropower
producer participates in the day-ahead power mahkehis model market scenarios are
generated and a stochastic mixed-integer lineagranaming, including hydropower
production and aspects of physical trading, is bigpes.
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5.4  Mandate report from mid-term planning to short-  term
planning

The mid-term hydropower mandate is a directive Wigives the basic information for
short-term hydropower planning. The mandate givedexvtarget levels, average
discharges (i.e. base quota) and deviations frogets (i.e. maximum and minimum
price levels).

In this thesis, two different base quotas, theldisge base quota and the reservoir
base quota, are taken into account. The dischaage fuota is the average discharge
(m3/s) from the reservoir in question during thanpling horizon. In thesis the time
horizon is one week and the average dischargeeofldly. In the planning horizon the
reservoir water level is dependent on the infladerpla 2006)

The second quota is the reservoir base quota. Theope of the reservoir base
quota is to control the reservoir water level ogexveek so that the producer can reach
the water reservoir level at the end of planningZzum. The base quota is defined as

Vror —x) mg/s (5.1)

whereV;or is the total inflow to the reservoir. It meanstttiee reservoir’s local inflow
includes the discharges and spillages from thetplkdinectly upstream. (Kerola 2006)

Water also has maximum and minimum price levelss Thust be considered to
determine if it is profitable to discharge watemnor store it for a later use. Hence in
the production planning the water value is a funelatal factor to be taken into account.
When there is a lot of water in the reservoir, ¢hisra high risk of spillage if very high
inflow occurs. When the reservoir is near to bdurgit is more profitable to discharge
the water at lower market prices so as to avoillegp. If the reservoir is almost empty
there is a risk of water shortage. In this situatibe producer tries to get a higher
market price before discharging water. (Kerola 2006

The mandate report gives flexibility for productiplanning so that it is possible to
discharge extra water when the Spot prices are, luighthe other hand, it leaves the
possibility of saving water in the reservoirs whtte Spot prices are low. This
flexibility is given because there are always utaaties in the mid-term Spot price
forecasts.
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6 SYSTEM MODELLING AND STRUCTURE

This thesis develops a short-term optimization rhtmget the best possible profit from
hydropower to be sold in the Nordic electricity kets. The chosen model is
deterministic, which means that it disregards theettainties related to inflow and Spot
price forecasts. The deterministic approach givpprapriate results and is very
efficient time-wise, so that the planning processed not take too long. In this
optimization model some factors have been simplifia order to utilize linear
programming and to give a reasonable processing. tifhis short-term hydropower
production planning model does not affect futureragions. However, the model has to
be sufficiently accurate and robust. It is also am@nt that it can be trusted that the
program will function properly in all situations khis thesis linear optimization has
been used and all non-linear dependencies andctests are linearized to get a simpler
model and shorter calculation times.

The model is quite extensive and is presented irerdetail in Chapter 7. A model
of the river system includes 14 hydropower plamis 4 reservoirs. All model notations
are described in Appendix 1. The model contains tnthousands of variables and
constraints when optimizing the hydropower systemafone-week period.

6.1  Objective function
The objective function of the optimization modelhigtten

[N =2 ,,57(@ *Pror(d) — PEN (6.1)
wheresT(d) is the Spot pricePror(d) sold power to the Nord Pool Spot aPEN are
the total penalty costs. The optimization problesnto maximize the value of the
objective function so that all constraints aresfiztd.
Penalty prices are the sum of reservoir deviatiomfthe stopping water level

PEN = PENy, * Xyp + PENgown * Xaouwn (6.2)

where PEN,,, is penalty costs when deviation from stopping wigeel is up.x,, is
deviation from stopping water level is UPEN,,,, iS penalty cost when deviation from
stopping water level is downy,,,,, is deviation from stopping water level is down.



32

6.2  Model constraints
The reservoir water content during the first houthe planning horizon is set

x(0) = Xgare (6.3)
wherex; ..+ 1S starting water level for the optimization pekio

The reservoir hydro balance is written

x(d) =x(d—1) +v,(d— 1)+ Gg x (q(d — 1) + w(d — 1)), de[1,N] (6.4)
wherex(d) is the reservoir water contend(d — 1) is the previous day’s water content,
v,.(d — 1) is the previous day's inflow into reservair and Ggz(t) is a (R x P)-
dimensional matrix which determines the topologg delay between the reservoir and
the plants.
Water reservoirs have minimum and maximum watetesdn

Xmin(d) < x(d) < Xpax(d), deD (6.5)
wherex,,,;, (d) is the minimum storage ang,,, (d) is the maximum storage.

The reservoir end point level is taken from the #eidn mandate report. The end
point for the reservoir is calculated from the prforecasts and the inflow scenarios. In
weeks when the electricity price is lower than éaxs for the future, water is saved to
be used later.

Reservoir water level at the end of week has tefgahe following equations
Xstop — Xup <x(N) +v,.(N) + Gr(7) " (CI(N) +w(N)), d € [1,N] (6.6)

Xstop T Xaown = X(N) + v,(N) + Gr(7) - (q(N) + w(N)), d € [LN] (6.7)

wherexg,,, is the desired surface level at the end of thekyveg, is the deviation from
the stopping water level up ang,,,,, is deviation from the stopping water level down.
x(N) is the reservoir content leveq(d — 1) is the discharge through plant and
w(d — 1) is the spillage.
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The hydro balance for plants is written

q(d) + w(d) = vp(d) + G, (1) - (q(d) + w(d)) (6.8)
where q(d) is the discharge through the plamt(d) is the spillage and:,(7) is a
(P x P)-dimensional matrix which describes the topology ahe delay (in days)
between the plants.
Plants discharges which cause delay can be written

q(0) + w(0) = qstare + v, (0) (6.9)
where g4, is discharge previous day ang(0) is the local inflow forecast.
Water discharge has minimum and maximum limits

dmin(d) < q(d) < Giax(d), deD (6.10)
whereq,,i» (d) is the minimum discharge awgl,,,(d) is the maximum discharge.

Water spillage has lower and upper bounds. Wait#imgpoccurs when, without it the
water storage would exceed the maximum level. liBgiis important to avoid damage.

Whin(d) < w(d) < w,,,(d), deD (6.11)

wherew,,;, (d) is the minimum spillage, normally it is 0 amd,,,,(d) the maximum
spillage.

For each plant energy is defined by a piecewisalifunction of discharge.

Eplant(d) = FEplant(q(d)): deD (6-12)

where E, ., (d) is total daily energy which is calculated from tliéscharges.
(Governance Rules)

6.3 Restrictions from Governance Rules

Making the new program for hydropower productioarpling is challenging because in
the hydropower network there are many associateéepaln the network there is one
company which drives the river system and the otlerers plan their own production
taking into account the governance rules.
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The governance rules provide the restrictions andditions as to how the
hydropower system can be operated. These condiienschallenging because they
limit the possibilities for planning production the best possible way as they restrict
the possibilities for optimizing the productionofdropower in the most effective way.
These restrictions concern the following factors:

» for the whole night period (00-07 and 22-24) thisra minimum energy which

must be divided between these hours

e during the night hours (00-07 and 22-24) in eveoyrhthe minimum energy

level much be reached

» for the whole day period (07-22) there is a maximemnergy which must be

divided between the hours

e during the day hours (07-22) in every hour the gnésvel must be between the

maximum and minimum energy level

* in addition to that discharges have been limitedhsd minimum discharge has

been defined and from the largest reservoir thisimmim discharge must be
discharged continuously

» during the winter when the surface of the watethi@ reservoirs is frozen the

water level is not allowed to rise in the one & teservoirs
In addition to the factors presented above everfygeas its own virtual water
level in the reservoirs, which changes accordingow they allocate their production.

Restriction conditions of the minimum and maximunergy depend on the amount of
discharged water and water levels. (GovernancesiRule

e(d) =Ypenpr(d, h),deD (6.13)
wheree(d) is the energy from plant and(d, h) is the power from plant p every hour.
Each plant has maximum and minimum power

Pmin(d) < p(d) < Pmax(d), deD, heH (6.14)
where pin(d) is minimum power ang,,.,.(d) is maximum power. The maximum
power is a given parameter in the optimization @nsl based on the actual capacity of

each plant and the availability of the plant’'s getes.

Every plant has minimum power every day which cac&lculated

Pmin(d) = FPmin((I(d)); deD (6.15)
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whereFgp;gniminis @ function that gives the minimum share of thergy which has to
be allocated to the night time, based on the drgehthrough the plant.

Minimum night energy is sum of 00-06 and 21-24 fdaninimum energy

e, (d) = max(9 * Ppin(d), e(d) — 15 * Ppyax(d), FEnightmin(q(d); e(d)),
deD (6.16)

WhereFgpignemin IS the night time minimum energy share with gidgscharge.

The sum of hourly night time energy is sum for bloairs 0-6 and 21-24
en(d) = Xj-op(d, h) + X31p(d, h),deD (6.17)
wheree,, (d) is night time energy.
The day time energy is calculated from plant enamgy night min energy
e;(d) =e(d) —e,(d), deD (6.18)
The maximum day energy is the sum of the plant’simmam energy for the hours 6-21
eq(d) = X2, p(d,h),d €D (6.19)

Dividing energy from a day between night period atay period is essentially
similar to creating a “duration curve” for the hgdplants. As each co-owning party
controls the discharge on a daily level, but endsgprdered on hourly level, these
restrictions govern how much the power can changama period.

It is important to note that the day period equaipose additional minimum power
requirements for each hour of the period. Similanky night period can have an effect
on the maximum power that can be used during agiyt tiour.

Finally, the total power from the river system &ach hour is calculated as a sum of
the individual power plant schedules.

Pro(d) =1"-p(d,h), d €D (6.20)

wherel’ is a(P x 1) identity vector. (Governance Rules)
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7 MODEL CALIBRATION AND CALCULATION
RESULTS

In thesis a real river system has been studieditargl presented in more detail in
Chapter 7.1. In Chapter 7.2 it is considered ifahewers to the studied questions have
been found and solved. Also the developed modehlibrated to make sure that the
model is optimal compared to the desired results.

7.1  The river system

The river system, which has been studied in thesigfains 15 power plants and 4
reservoirs. In river system there are only two mesies (1 and 2) which can be affected
by the production planning of the hydropower compatudied in thesis, and so
discharging of these reservoirs is optimized ingfagram developed.

Description of the river system is presented inufeg7.1. Plants 1 and 8 have
seasonal reservoirs. Because of the small stoepgdaity, the reservoirs associated with
plants number 2 -7 and 9 - 14 are plant reservéimvever, usage of these plant
reservoirs is not modeled in the governance rutestaus a co-owning company does
not have any control over them. Water can be drgglthonly from reservoirs 1 and 2.
The discharge reservoir 3 and 4 cannot be affdmteduse they are not operated by the
hydropower company studied in thesis. From plan@aléertain amount of energy is
discharged continuously and so it cannot be affecte
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River
course

Figure 7.1. A description of the river system.

In figure a plant is described by the letter P agskrvoirs are described as by the

letter R. The sizes of the reservoirs in the figare indicative of actual sizes.

7.2  Optimality

The main question for thesis is whether or notdpgmization model developed gives
optimal results. The results are measured by cangpénem with the results from the
previous model. The previous planning logic of thel was built by another party and
it did not support a planning horizon of severaysddt was also difficult to combine
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usage of the tool with a follow up of mandate di@ts. The tool instructions were also
very cautious and the planning process did notadiceation of the best value. In thesis
the exact details of the results have been leftsouthat is not possible to find out the
amount of the energy the hydropower producer geéeerdn thesis the following
guestions have been studied and compared:
» How well is the program able to distribute the giyesompared to the Spot price
within a week?
* How does the model differ from the previous producplanning model?
* How much additional profit is it possible to gebrn this optimization program
compared to the previous system?
« What is the best bidding strategy for the optimaa2
* Is the program functioning as desired and aréhalconstraints met?
Answers to the questions are presented in Chapigmsnd 7.4.

7.3  Allocation of production according to Spot pric e

The most important issue in thesis is to deternmioe well, with the program, it is
possible to allocate energy within a week compaoethe daily Spot prices. In Figure
14 an old planning model is compared to a new madainst the Spot prices. It is easy
to see that the production should follow the Spatepcurve. When the hourly Spot
price is high, the production should be high ad @edl when the Spot prices are low the
production should also be low. If there are norresdns in the production, the peak of
the production curve should follow the highest typ&pot price over the time horizon.

The production in the model is optimized with a-evexek horizon. In the allocation
of production according to the Spot prices, accaunst be taken of the fact that in
normal circumstances day prices are much highen thight prices. Also there are
normally the spikes in the morning prices and a éspensive hours in the evening.

The mid-term mandate defines the end water lewelthe program which calculates
and share of the energy between hours over theewheék by taking into account the
Spot price forecast (see Appendix 2). In the oation program the strict reservoir
levels are determined and if the program breakdeels it has to pay penalty costs.
The penalty costs are defined so that the progreeaks the boundaries if the Spot
prices are really high. In this program account hasbeen taken of the costs of the
startup and shut down because there are many aitie are shareholders in the river
system.

As shown in Figure 7.2 the old planning model wasimmore cautious and over a
week discharge changes were much smoother. Thenuelel takes better into account
the price forecasts and increases discharges dogxpensive times. The curves are not
consistent because every day the market analyst tgalate the price forecast and
plans must be changed. A few different short-temaepforecast is purchased from
external companies. Based on these market anabyst inakes the Spot price forecast.
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Discharge (m3/s)

Spot price (€/MWh)

Old program

New model  ---- Spot price forecast

123456 7 8 91011121314151617 1819 20 21 22 23 24252627 28

Figure 7.2. Discharges from reservoir 2 against Spot price ¢tasts (four weeks

period).

An important part of production planning is thegeriforecast accuracy. In the new
planning model risks are based on the price fotegdsich makes production
considerably more profitable than in the old plagnmodel. Figure 7.3 shows how the
new model and old program distribute the energigims of the price forecast during a

four week period.
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New model  ---- Spot price forecast
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Figure 7.3. Energy amount against spot price forecast (fourksqeeriod).

As seen in figure 7.3 the change in the amounnhefgy from day to day produced
by the old program is much less than in the newehadkthe old program does not react
so closely to the changes of price and so it igoogsible to gain so much profit.
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For example, Figure 7.4 describes the planningsifhdirges during a week. Figure
7.5 presents the development of water levels daingek.

Discharge (m3/s)

1 2 3 4 5 6 7
~~~~~~~~~ Sunday =====-Monday = = =Tuesday = - = Wednesday
= = Thursday == Friday Combined

Figure 7.4. Development of discharge plan (a one week horizon).

Waterlevel (m)

1 2 3 4 5 6 7 8
--------- Sunday ====-Monday - = —=Tuesday = - = Wednesday
—— —Thursday - - - Friday e Realised m  Target

Figure 7.5. Development of water level (a one week horizon).

The production is planned again every day baseth@mew price forecast. As can
be seen in Figure 7.4, at the beginning of the wegher prices have been forecasted so
the program has also planned much higher dischaEesy day when a new price
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forecast is received, a new production plan is atsde and new discharges are
calculated by the model. The model plans the sstatlsscharge for Saturday because,
in the planning of discharges for the Sunday, tlueleh already takes into account the
energy from the following week’s Monday despite faet that Sunday is normally the

cheapest day of the week.

Figure 7.5 presents the development of water le@lg a week. The model plans
discharges based on the price forecast and the Veatels. At the beginning of the
week the desired ending water level is definedhéorhodel. This level is taken from the
mandate report. The program then calculates thehaliges so that with the forecasted
inflows the desired ending water level is reachiédhe forecasts of the inflows are
incorrect, the desired water levels are not reached

From Figures 7.4 and 7.5, we can see the effeahftdw uncertainty on the
planning. The original plan is to start the weekhwhigher discharges and decrease the
discharge rate towards the end. However, it sebatghe inflow at the beginning of the
week was much greater than originally thought dredwater level did not decrease as
much as expected. This, together with the updatieg forecasts changed the realized
discharge plan into the form of a much smootheveur

Figure 7.6 shows the total hourly production agai@pot price forecast over a
single working day horizon. The profiles of pricege normally different during the
weekends compared to the working days, as candmeisd-igure 7.7.

The Spot price in the Nord Pool market behavesalfy so that the price is highest
during the day time of working days. There are geghrticularly in the morning and in
the evening, due to consumption profiles. At weelsethe spot price forecast is lower.
This is explained by the fact that consumption aekends is much lower than on
weekdays. The production curve follows the priaed¢ast curve quite closely. The new
optimization program offers the highest amountrargy during the weekdays from 10
to 12 am and from 8 to 9 pm. The evening peak lcaur be explained by household
sauna heating. Night-time production and consumptce much lower so the spot
prices are also significantly lower.
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Figure 7.6. Total production against spot price forecast overome working day
horizon (hourly).
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Figure 7.7. Total production against spot price forecast overome weekend day
horizon (hourly).

Figures 7.6 and 7.7 shows that the optimization ehgives the desired results:
during a weekday, the daily energy from the disgbdrwater is allocated to minimum
power during the night, and maximum power to the tilae peaks. At the weekend, it
might be beneficial to allocate the energy morengveover the hours, but the
constraints concerning day time energy and nighe tenergy mean this is not easy to
achieve. Appendix 2 shows an example of the opétion results for a complete week
on an hourly basis.
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7.4  Bidding results

In thesis different bidding models were compared iamwas found that the optimization
program developed offers the best bidding modejufe 7.8 shows six different
bidding models which were studied in thesis. Thebe different possibilities of
dividing the energy between the hours were consitland they were named in order to
distinguish them. Figure 7.8 demonstrates how thdets divided the energy across the
hours. The optimization model offers the maximurergg in the expensive hours and
minimum energy for the cheapest hours within thenework of the restrictions.

Optimization Weighted castle Castle 6h
1 383 5 7 9 11 13 15 17 19 21 23 1 8 5 7 9 11 138 15 17 19 21 28 1 3 5 7 9 11 13 15 17 19 21 23
Relative Bid Hour Castle BoxBid

AT

1 3 5 7 9 11 13 15 17 19 21 23 1 83 5 7 9 1113 15 17 19 21 28 1 3 5 7 9 11 13 15 17 19 21 23
Figure 7.8. Different bidding models.

BoxBid model distributes the same amount of energy fernthole day period and
minimum energy to night period hours in the framewaf the restrictions. Th€astle
6h model distributes energy of the day period equiadiiween the hours and allocates
the remainder equally to the six hours of the hsghrice forecast. In thé/eighted
Castle model the amount of energy is distributed in ailsimway to the Castle 6h
model. The difference is that a greater share @féimaining energy is divided between
the most expensive two hours, and a smaller shardivided between the most
expensive forecasted hours following the first thwurs. TheHour Castle model
divides the top energy simply on the basis of timaurs 9-11 and hours 17-19 get an
equal and the biggest share of energy. Retative Bid model examines the price
differences in the day (night) time period. By louk at the most expensive and the
cheapest hours of the period, it tries to deduce&tlwhours belong to a particular
“category”. The energy sum within each categoryhisn divided equally among the
members of the category.

Each of the bidding models tries to control the nipdang” nature of linear
programming results: if the price forecast for taiferent hours differs by 0.05
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€/MWh, this difference is negligible from the pration planning point of view.
However, the optimization model interprets thisaashance to make money and can
make very aggressive allocations based on sucH pried differences.

This thesis has carried out a comparison betweegettbidding models, which
shows that the optimization model significantly egvthe most profitable results.
Because prices can vary a lot during the day, itmigortant that the bidding model
weights the energy to the most expensive hourge®rduring the day can vary by
several euros.

With the optimization model the maximum energy @& planned so as to give the
operator the chance to regulate the productioth@fcompany but rather provides the
opportunity to use the flexible hour bids. The ftd& hourly bids are explained in
Chapter 2.2.5.

The result is gained by tH@ptimization bid. It distributes the energy in the most
effective way between the hours. The other mode&ldased on assumptions as to how
the energy is distributed. In Table 7.1 presentexample of the results obtained.

Table 7.1. Bidding model performance in % of improvement oabthieved price
optimization model results.

Week | Optimization ngt'lt:d CZﬁ'e Rdb?gve g';:lre Box bid
1 0.0 0.8 09| 11| 24| 54
2 0.0 1.1 12| 10| 24| 52
3 0.0 1.0 11| -08| 07| -42
4 0.0 03 03| -09| -18| 20

As shown in Table 7.1, using the results direatbnf the optimization model out-
performs all the other bidding models with a refatiesult being in a range of 1%. An
increase of 1% in the achieved price is a signiigenprovement on the annual level,
which would suggest that no bidding heuristics $thdxe used. However, it should be
noted that achieving an accurate Spot price fotecaasd especially locating the
workday morning and evening peaks on correct hisuasdifficult task over in the long
term.



45

8 CONCLUSIONS

This thesis presents a new approach to modelinghfort-term hydropower production
planning. The focus of the thesis is on the Nolgidropower system. The objective of
this thesis is to develop an optimization model &co-owned river system and to
examine different bidding models so that a new milagnand bidding model better takes
into account internal discharges and Spot pricedasts during the week.

The development of the new model is challengingabse the river is associated
with many parties and the production company, asred here, cannot operate the
river system autonomously. The hourly restrictioaseate extra challenges for
production planning and for building the optimizatimodel.

8.1 Summary

The last two decades in the electricity businesgiremment have brought many
changes but also new challenges for all the partiése Nordic electricity markets. The
deregulation and the internationalization of thekets have fundamentally altered the
key elements of the profitably of the energy mask&lectricity prices vary a lot and
prices have recently increased significantly. Noawedit is more difficult for the energy
producers to a make profit and forecast electrigtices. Hydropower production
planning is getting increasingly price-driven. ¢t more and more important for the
hydropower producers to plan their production aérgg. So it is profitable to invest in
production optimization and to optimize productagainst the spot price forecasts.
Hydropower is flexible and easy to regulate, bet pnoduction planning is difficult

because there are always many restrictions and af lgariations in the amount of
water. In this thesis an optimization model foryaidopower system was developed.
The river system consists of 15 plants and 4 reserand all discharge changes affect
all plants and reservoirs on the same day or tlé deey. With the optimization model
developed it is possible to discharge water frono tof these reservoirs. The
optimization model optimizes the energy againstgpet price forecast within a week
seeking the water level defined by the mandatertepothesis this new optimization
model was compared to the previous one. The newnigaition model uses the mid-
term mandate directive to assist with the shomitganning. This means that the
optimization model calculates the discharges duthey weekdays better than earlier
model. The old method was to run the hydropowerahitp and safely whereas the
new model takes more risks and discharges varylgneahin a week depending on the
forecast. With the new optimization program it @sgible to get much better results in
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terms of profit compared to the old program. It vessimated that the profit is more
than 10 percent higher.

In thesis the best possible bidding strategy wasliatl. Six different bidding
strategies were compared. They differ from eacterotiasically on how well they
follow the Spot price forecast curve. It was fouhdt the more closely the bidding
curve follows the Spot price forecast the betterisults. It can be concluded that the
optimization program is able to divide the energgrenoptimally across the week
compared to the old model. Despite of the compyegit the river system and the
restrictions, the development of a program whichcfions as desired and which
satisfies all the constraints was successful.

8.2  Future research topics

For future development it would be useful to depedoprogram which can make Spot
price forecast so as to give a new point of viemwaould also be easier to develop
different price scenarios if more forecasts weralable.

There is also a need for a bidding optimization elaghich takes into account the
uncertainties of Spot prices particularly in sitoas where the Spot prices is a lot lower
than the forecast. In this kind of situations itukb be more profitable to produce
energy at a later time. On the other hand if theegrincrease compared to the forecast
it would be more profitable to discharge more waitaw.

In addition, the mandate reports could be develguethat they take better account
of the water content. This would make setting &tsstopping water level unnecessary
and the optimization program could determine i§ iprofitable to discharge water or to
save it for later use.
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APPENDIX 1: MODEL NOTATION

A. Sets and units

P
R
D
H
DU
N
B. Parameters
s(d)
v, (d)
v, (d)
start

qmax(d)

qumin (d)

Xstart

xStop

xMax(d)
xMin(d)

Pmax(d)

Winax(d)
Wmin(d)

Set of indices of the plants

Set of indices of the reservoirs

Set of indices of the time periods (days) of thenping
period

Set of indices of the time periods (hours) of ptenning
period

Day unit, equivalent to 86 400 m3 (amount of wdtem
a flow of 1 m3/s for 24 hours)

Number of days

A 24-dimensional vector containing spot price tas for
dayd, [E/MWh]

R-dimensional vector of inflow forecast into researsp
[DU]

P-dimensional vector of local inflow forecast inttapts
[DU]

P-dimensional vector of discharges through planitsr fio
the optimization period

P-dimensional vector of maximum discharge through
plants [DU]

P-dimensional vector of minimum discharge through
plants [DU]

R-dimensional vector of reservoir starting water teom,
[DU]

R-dimensional vector of mandate based reservoir end
point [DU]

R-dimensional vector of maximum reservoir content/|D
R-dimensional vector of minimum reservoir content[D

Maximum power from plant, [MW]

Spillage maximum limit [DU]
Spillage minimum limit [DU]

Delay in water flow between plants



C. Decision variables

q(d)

w(d)

p(d, h)

D. Other variables

e(d)
€0t (d)
eq(d)
e,(d)

Proc(d)

Pmin (d)

PEN

PEN,,

PENdown

x(d)

Xdown
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P-dimensional vector of discharge [DU]
P-dimensional vector of spillage [DU]

P-dimensional vector of power every hour [MW]

P-dimensional vector of energy [MWh]

Total energy [MWh]

P-dimensional vector of day time energy [MWh]
P-dimensional vector of night time energy [MWh]

24-dimensional vector containing the total poweérthe
river system for each hour [MW]

P-dimensional vector of minimum power for a plant
[MW]

Total penalty costs
Penalty costs up
Penalty costs down

Reservoir content level for reservoir r (DU)
Deviation from stopping water level down (DU)
Deviation from stopping water level up (DU)
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APPENDIX 2: A ONE WEEK HOURLY PRODUCTION
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Figure 1. Total production against Spot price forecast overome week horizon
(hourly).



