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More than 50 percent of the electricity time Nordics is produced with hydropower.
Hydropower production is flexible and ig capableof respomling to the fluctuating
electricity denand.Hydropower production is dependent on current hydrologicah-situ
tion and the supply of hydropower @ssignificant price driver in deregulated Nordic
electricity wholesalemarkets.The variation in electricity priceequires the producer to
utilize price-dependenproduction planning, which is importafur the producerto suc-
ceed but alsato respom to the variations in electricity demand. addition,hydropaw-

er is useful in managing water levels in reservoirs which helps to mitigate flooding

Optimal hydropower planning requires precise price forecasts and knowledge of the
available amount water, but also detailed knowleafgine hydro system limitationss
essential. Hydropower production is planned with aptzation models which utilize
mathenatical methods to form the optimal power production combination. All the water
systems are unique and the specific characteristics of the water system must be included
to the models.

This thesis is focused asingleriver system, and especially a sgcific part of it. The
river system is located in FinlanBxperimental knowledge shows that the river section
is hard to model with existing data. Thus, stepponse tests are planned and anpl
mented in the river system. More precise stream flow ro@ityreservoir storingae
pacity are modelled withoth historicaldataand dataacquiredfrom stepresponse tests.
Theend resulbf this thesigs aforecasting tool, which strigdo model the stream flow
routing and water level behavior

The function ofthe forecasting model created in this study issitmplify the operatin
and shorterm planning of the river system. The forecasting tool basestepresponse
tests resultss compared to othalternative or prioforecasting tooresults. Theore-
casing tool predicts the \ater level behavior more precisdlyan antecedent models.
The errors in water levels in production plannargdecreased and the modelled water
levels are closeo realizedwhen created forecasting tool is used
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Yli 50 prosenttia Pohjoismaiden sahkonamicsta tuotetaan vesivoimall®esivoima
on hyvin joustava tuotantomugtjoka pystyy vastaaman nopeastikin muuttuvaan
sahkonkysyntaanVesivaman tuotanto orkuitenkin hyvin riippuvainen hydrologisesta
tilanteestaja sen saatavuus on suurin yksittaingntaan vaikuttavaekija sahkon
avoimilla tukkumarkkinoilla Sahkén markkinahinnan vaihteluwuoksi vesivoiman
tuotannonsuunnittelu on hintalahtdistgotta tuottajat pystyvat menestymaan
sahkomarkkinoilla, mutta myos vastaamaan muuttuvaan sahkon kysyigsaroiman
avulla pystytadan myos hallitsemaaresivarastojen kayttaytymistgoka on yksi
avaintekja esimerkiksi tulvasuojelussa.

Vesivoiman optimaalinen tuotannonsuunnittelu vaatii tasadkintaennustettga tietoa
kaytettavissa olevan veden maarastautta myos vesiston tarkkaa tuntemusta.
Tuotannonnuunnittelussa kaggén optimointimalleja, jotka hyddyntavat erilaisia
matemaattisia metodeja l0ytddkseen optimaalisen tuotantosuunnitelman. Kaytdnnoéssa
kaikki vesistot ovat eriaisia, joten tuotannonsuunnittelussa kaytetyt mallit ovat raataloity
vastaamaan vesist@minaisuuksia.

Tassa diplomityésd on keskitytty mallintamaan eraan Sessa sijaitsevarjoen
omindsuuksia, ja erityisesti yhta sen osddméa osgoestaon koettu kokemusperaisesti
vaikeaksi mallintaa olemassa olevalla dataBan vuoksi vesistééion suunnitelu ja
suoritétu askelvatekoketa, joiden avulla veden kulkeutumista ja varastoaltaan kokoa
on mallinnettu tarkemminAskelvastekokeistaaadun datan avulla on luathalli, joka
pyrkii ennustamaan wen kulkeutumistaja vesipintojen kayttaytymistéedellisia
mallejaparemmin.

Tassfd tyossad tehdyn mallin on tarkoitus helpotfaaparantaavesivoiman lyhyen
aikavalinsuunnittelua ja opeintia. Askelvastekokeiden pohjalta luodun ennustemallin
tuloksia on verrattu muiden olemassaolevien ennustemallien tuloksiin. Malli ennustaa
vesipintojen kayttaytymiseraikaisempia ké&psséa olleita malleja tarkemmirTassa
tydsséd luodun ennustemalliavulla suunnittelussa syntyvat virheet pienenevét ja
mallinnetut vesipinnat ovat lAhempéana toteutuneita.
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ABBREVIATIONS

GDP Grossdomestic product

Hour Unit (HU)  Hydropower discharge hounit, 1 HU = 36001 ’
MAE Mean absolute error

NASDAQ OMX  Trading house fofinancial contracts

Nord Pool Spot ~ Market place for physical electricity trading

ROR Run-of-theriver type of hydropower
Spotmarket Day-ahead market for physical electricity trading
SSE Sum of square error

SYKE FinnishEnvironmentlnstitute



1. INTRODUCTION

The purpose ofhis thesis ido studyand calibrate hydro reservoir and wafleiv dy-
namicsin a specific hydropower systemth a set ofplanned test rund'he tesis n-
cludes description of hydropowproduction and how hydropower is plann&tie fo-
cus isnot on deregulatedccrossboarding Nordic electricity markets andsimechanics
althoughmost of the hydropower produced in the Nordic countries is sold fRatker,
the focus ison modellinghydropower production and water movemehtewever, ly-
dropower production and Nordic electricityarkets are highly linked to each other and
thus the Nordic electricity markets could hetbypassedh this thesis.

1.1 Background

During a year with normal rain and snowfall, hydropower accounts for half of tihe No
dic countries electricity deman#iydropowver is an efficienanda renewable sourcef
electricity combined with good ability tbalance thgpower systemOn a Nordic level
hydropower production has a significant efféotthe electricity price because it e
counts for more than half of the jointoMlic electricity productionNordic Energy
Regulators 2014)

In the Nordic wholesaleelectricity markets, called Nord Pool Spot, the buyer needs to
assess how much energy it will need to nitsdbadthe following day and how much it

is willing to pay for this energy, hour by hodrhe seller, for example the owner of a
hydroelectric power plant, needs to decide how much he can deliver and at what price
hour by hour. The price is set where the sugptpductior) and demand (consumption)
meet(NordPool 2016).

As previouslymentioned, hydropower producers neéeglan their production hotby-
hour for the following dayin a typical fashion foderegulated markets, also hydrepo

er producers strive to manize ther profit with productionoptimization An optimal
power production requiregfined knowledge of water system combined with advanced
and excellent inflow and price forecaéBcharff et al. 2014)

In deregulated Nordic electricity marketsp@ucers need to:

1. Forecast both near and further future price level

2. Forecast inflow levels in order &stimatehow much energy is arriving to rese
voir in thefuture

3. Determine at what priciney arewilling to produce at which hour



Price uncertainty can beitigated with price dependent bidding. However in a complex
river system that does not solve everythidge to limitedflexibility (Scharff et al.
2014)

Producers need to have accurate models to determine production for followii2eeay.
viations between forecasted and realized inflows may caustation where the pr
duction will differ from what was sold to the dahead markets earlier, thus resulting in
an imbalance of electricityn Nordic electricity market members can sell their pmdu
tion also to intradaynarkets to minimize their balancing costs.

Both, financial and physical markets are available in Nordic energy mabketshis
thesis concentraseonly on physical market and results of this thesis are only use in
physical trading Althoughfinancial marketis important part of energy markets, it is
excluded from this thesis

1.2 Research Objectives

This thesis isa researchfrom the unique river system main channel located in Nordic
area.The object igo study thewaterdynamicsin theriver systemwhich ha technical
and environmental constrainfBheaim of this studys to increaseheknowledge othe
water dynamics and creagddorecasting modebased orthe results The improved un-
derstanding of thevater dynamics can be utilized inydropower production planning
and the operation of hydropower plarnt&e river production is sold to the Nordicele
tricity markets.

After the river production is sold to the Nordiay-ahead markets, hydropoweropr
ducerfaces thefollowing questions

1. How should the sold enerdye producd?
2. How theriver, and especiallyhe water levelswill behawe when the sold energy
is produce@
a. Are the environmental limits followed?
b. What are the costs from deviating frgmoduction plan?
3. What opportunities do other marketplaces offégure 5p
a. This is also taken accoudtrringproduction plans are made

With respect to part 2nflows influencedirectly hydropower plang water levelTypi-
cally part of the inflowis run-offs which are uncertain, bahange relatively slowly.

1.3 Structure

This thesis contains five chapteirs;ludingan introductory chapter and finishing with a
conclusion chapter. The thesis stavith a theoretical foundatiorEmpirical part starts



from chater threeandthe results are presented in chapter four. This thesis structure is
presented as following.

Chapter 2 focuses hydropowspecificsand gives a detailed outlook to hydropower
modelling. The chapteistarts withan introduction ofthe hydrologic environmenand
the main driversof Nordic hydropower production. It continues wittie features of
hydropower stionsand electricitygenerationincluding a short description of timeost
common hydropower plant and turbine types. At the enthapter 2, fundamentake
planation of intrinsic hydropowearhysical fundaments are presented. In additionp-cha
ter 2 includesanexplanation othemany stagesf operational hydropower planning.

Chapter 3 starts with descriptionof the studied water sstem with its hydropower units
and reservoirs. In addition, this cli@pcontains a presentation of the river systdifis
ferent hydropower plants emwvning pattern. Chapter 3 continues watpresentation of
the planning procedure of this emvned water sstem.The chapter also discusses the
challenges of planning and operating this particular river systednit continuesby
presenting the stepesponse test casesethodsand constraintsised to analyze thea
quired dataThe chapter ends by presentfiogecasting tool targets.

The analyzedstepresponse testeesultsare presented in Chapter Bhe chapter mn-
cludesan exhaustive presentation from the parameters usétkiforecasting tool and
how the results of tesare utilized.In addition, theobjectivesand benefits o& worka-
ble forecasting tool are present@dChapter 4The chapter continues with forecasting
tool resultsand compaisonto otheralternative or prioforecasting tod. The measure
goodnes®f eachforecasting toois presented ithis chapterAt the end of this chapter,
an example oforecasting toohpplicabilityis shown.

The final dapter of this thesjThapters, provides conkusions anda review how well
the forecasting tool improgdahe water systenhandling A proposal of improvements
and prospectsf futureresearch topics aadsopresented in this chapter.



2. HYDROPOWER PRODUCTION MODELLING

2.1 Hydro logic environment

Hydrologic cycle also known ashe water cycle describes wir movement ortarth.

In longtime perspectivethe amount of the water on the Earth remains constantdut w
ter movementand phase changés a continuousprocess The movement of water
through the cycle is erratibpth in time and over the ar@ansley 1982)

In the hydrologic cyclewater is stored in different reservoirs like oceans or lakes
liquid form. This cycle shownin Figure 1,is visualizedto beginwith evaporation from
the reservoirgo the atmosphereaused by the sun and winthe resulting vapocon-
densates aneventwally forms cloudswhich aretransported by moving air massése
transported cloudselease water through precipitatiand water fallingupon land is
dispersed in several waySomewater is temporarily retained in the soil near where it
falls and is rairned to the atmosphere by evaporation and transpirbtigolants A
portion of the water might be collected back to the reservoir and other portibn is a
sorbed through the soil surfackhis absorbedvater in the soil surfacmoves step by
step tavardslower elevations by the influence of gravityntil it finally merges into a
resevoir. Furthermore, water can also take alternative routes. For example, the water
reservoir can existssnow or ice. When the snow e melts, it runoffs t@n unde-
sideriver and the river flow carriethe water to the lake or ocefrinsley 1982)



Figure 1. Hydrological cycle(BBC 2016)

Hydropower is based on water cycle ahd tvaer cycle is an endless cyckbus ty-
dropower can be considgt as a renewable energy source.

2.1.1 Water inflow

Hydrology forecasts, including inflow forecasts, are used for diffepemposes for
example irrigation, city water supplflood warnings,hydroelectric powerand cm-
verging water resourcesSeveral modelwith different methods are used for forecasting
thebehavior ofa hydrologic systemlIn Finland, watershed simulation and forecasting is
operated by Finnislienvironmentinstitute (SYKE) SYKE utilizes meteorology, -
drology and aerial data in their wateeshsimulation and forecasting systébinsley
1982 Finnish Environmental Institute 2016)

In hydropowerplanning, be inflow can be considerex$ themost importaninput The

amount of energy and possibility to allocatelépend on available inflovil.he inflows

canvary remarkaby during the year and between different years pedlictingthe in-

flow is difficult, not only yearly basis but also for few weeksdaysahead Whenwa-

ter inflow is twice the normal basis, itV FDOOHG 3ZHW  \kaD&f nDr@dl ZKHQ
itis FDOOHG 3Ghe\wateDitdlow strogly depends on weathethus the inflow



can be predicted latively accurately as longs weather forecasteave beeraccurate

In some case, duringlong dry and warm season, the inflow datemporaly neg-
tive, which means thaamount ofwater absorbed to soidnd evaporation are greater
than inflow tothereservoir(Antila 1997 Sorooshian et al. 2008)

Water canexistin different forms which aredependble on theseason. In autumn,

moast of the inflow comes asrain in the Nordics. During winter, majolity of the inflow
comesdown assnow,but this type of inflow is at least partially sbland therefore not
suitabledirecty for hydropower production untthe snow melts. In spring, whetem-

perdure rises andhe snowstarts to melt, the inflowises heavily and it causespring

flooding. TheVSULQJ IORRG LV D KLJK SHDN le@ LQIORZV DQ
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Figure 2: Effective inflows to the Nordic water resemgR011- 2013 (Nordic Energy
Regulators 2014).

As sea from Figure 2, the amount of inflow isionidenticabetween different years and
during the year. Thanflow peaktakes a place during the spring atite timing of peak
varies between different years. The timing and the size of the inflow peak is hard to
predict and the predicting mostly deperas weather forecasts, as previoushen-
tioned The nflow is usuallylowestduring the winter.

Nordic waterreservoirs are usually drained during winter becaidew inflow. Low

water levels after winter aeresult from natural behavior of water systems and dvydr
power regulating: hydropower producers are preparing to spring floods and making
room forstronginflow. ThecombinedNordic reservoir levelarepresented ifrigure 3.
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Figure 3. Reservoitlevelsin the Nordic region 20102013 (Nordic Energy Regulators
2014)

As se@ from Figure 3, reservoirs are usually drained during late autumn and winter
until the spring flood fill reservoirs again. The spilling during the heavy inflow peak is
minimizedin this way(Bye 2008)

During high inflow, there is significantrisk of damaging flood. e flooddangeros-
nesscan beminimized with water managementhich canbe carriedout with hydo-
power plants Hydropowercan be used fompurposefulregulationof reservoir leved,
which aims toprovide spaceto reservois before high inflows. Hence, the water result
from high inflow can be stored to reservdin. addition of flood mitigation, it is also
sensible to operate this waybecause the spillage past the turbines is avadeoini-
mized Properwater management oeservoirs handling is one of the main responsibil
ties of hydropower companiéhslill et al. 2010)

2.2 Hydropower stations

Hydropowe is a unique way to generate energy compared to other fdtrisscarbon
dioxide free and renewable energy production fdyuaijt also provides others services,
such as flood control, irrigation opportunitiemd water storagéit the same time,\x
dropower can provide lowesbst electricitycompared t@any othersource Hydropow-

er stationsoften have significant flexibilityit can be desiged to meet base loaded
mands or large share of peak electricity deméatydiropoweris alsoa goodfit for pow-

er system balancing because production carapelly ramped with low cost&lectrid-

ty consumptionn Nordicsis highly depedentof average temperatures thie year and
GDP. Because hydropower is suitalita power systenregulationand water can be



stored, it can respond to fluctuating demand. Therefore, there isolesfity in Nordic
electricity price structug, than forexample in GermanflRENA 2015 Nordic Energy
Regulators 2014

An important property of hydropowes the ratio olhominal discharge and the average
inflow to the plant. The ratio and the size of the ewakeservoir above the plade-
scribes the ability b produceregulatingpower. If the nominal discharg# the hydo-
power plant is as same as average inflow to reservoir, hydropower plant has nb contro
ling capacity andhen the unit is operating like a base load pl#nthe nominal dé-
charge is substaatly greater than average inflow, the freedom of controlling pctedu
tion increasesThe amount of inflow is usuallgependent on theeason and ttanvary

a lot between the years amdonths As asummary.the flexibility of hydropower unit
dependon the water flow inthe river system, the volume of reservoir, seasonalavari
tions of irflow, andboth technical and environmental csirairts. Environmental co-
strairts aredefinedin a power plan§ permitandcanalso have seasonal variatidis-

tila 1997)

Although hydropower is a lowost renewable energy source, it affects negatively to
local environment. The environmental impacts mostipe from dam construction and
reservoir regul@on. For example, the construction afdam has an impaatn the
movemenbf fish which affecs fish stocks and hindefsshing. The negative impact to

fish hasbeen reduced by restockitigefishand FRQVWUXFWLQJ DOWHUQDW
movementsuch asfish ladders Hydropower projects can encounter social resistance
because ofhe negative impacts to water available, ecosystem and the environment. In
some caseshe project maydad to relocation of populatioharge hydropower projects
requirement larger dams amtéctricity transmission grid etc., and thus those are raising
more environmental and social opposition than small scale pyder (IEA-ETSAP

2016 IRENA 2015 Energiateollisuus ry 2016)

2.2.1 Hydropower plant types

Hydropower can belassified by their charéeristic such as ability to store water
size. There are two basic configurations in hydropower plants: dams with reservoir and
run-of-river plants, with no reservoiww R U O GdrVWiydrdlectric plantypesareeither
run-of-theriver (ROR) or hydropowe plants witha dam, also referred to asonven-
tional hydropower. The dam scheme can be subdivided into small dams witiigtiay
regulation, large dams with seasonal storagel pumped storage reversible plants for
energy storage and daydnight reguléing according to variety of electricity demand.
The hydropower units over 10 MAfecommonly defined asrge hydropower, units

the 1-10 MW range are called smatale hydropowerand under 1 MW units are called
micro-scale hydropower. Small scale hydropower is normally designedetoanROR
units (IEA-ETSATP 2016 IRENA 2015)



In aROR-type of hydropower the storage capacitythe practical sensdoes not exist
or it is very ratricted. ROR units are environmeifiendly option becausthey donot
significantly interfere tdhe natural flowof the river Thus,the impactof ROR unitson
the local surroundings more limited comparetb conventional hydropoweT.he ele-
tricity generationof ROR unitsis stronglyconnected to watdtow which canvary re-
markaly during the year and between ye®©R hydropower unit without reservoir is
unsuitable foregulatingpurposes and it is mostly produciogly base powerln ROR
hydropower, dferent unis locatedin same riverbed are stronglydraulic coupled to
each other andche inflow to successive plant is the delayed discharge of the previous
plant combined with possible ruoffs and therefore the operation tife single pant
cannot be planned saptely. The sengthof hydraulic coupling is relativglto size of
the unit reservoir anche delay of dischargelependson the distance from a previous
plant(Vilkko 1999; IEA-ETSATP 2016; IRENA 2015).

Conventional hydropower evks similaty to run-of-river hydropower plants. However,
conventional hydropower utilizegservoirwhich can be natural a manmadeatrtifi-
cial reservoir, wheravater can be stored.he storing capacitgan be small or large,
dependingon the type antbcation of reservoir, environmental isspelsaracteristis of
the site and the economics of the dam constructidnlikely ROR units, large hydr
power plants can encounter social opposition because of their iotpaeter availakt
ity, ecosystemsand the environmen€onventional hydropower plasmare specfically
used to adjust thgroduction to meet the demarRtoductionis flexible and theurbines
can be ramped up and down rapidly, therefore it is suitable for keepiting igpability
of theelectricty system In countries, where hydropower is available in large scale, the
balancingrequirement ofelectricity systems mainly satisfied by hydropowdtEA-
ETSAP 2016 IRENA 2013 Kemijoki Oy 2016)

Pumpedstorage hydropower plants operat a similar way asconventional hydrope-
er, with the notablediffererce thatpumpedstorageunit canmove the water from lower
elevation reservoibackto higher elevation reservoiklodern pumpegtorage units do
not needa separate pumping unit because tindine can operate opposite direction as
well. In other words, pumpestorage hydropower can operate as a loatas well as a
production unit.At times of low electricity demandsuch as duringiighttimes and
weekends, water is pumped to upper reseevad electricity is poduced during periods
with higher demandPumpeeéstorage hydropower plant suits extremely well tacele
tricity grid balance management: excess energy from electricity grid is useatdn
pumgng, while shortfall of energy in gridam be fulfilled with releasing water from
upper reservoirThe energy conversion efficiency modernpumpedstorage hydy-
power units with statef-the-art technology is over 80 %P.umpedstorage hydropower
plants are noadays enjoying special attentiasthey areat present most competitive
optionfor largescale storage to be used in combination with variable renew@bles
ETSAP 2016National Hydropower Association Hydro Technology 2016)
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2.2.2 Electricity generation

All hydroelectric power units producdectricity inthe same way. Hydroelectric power
station utilizeghe heightdifference between twwater surfaces to produpewer. The
potential energy o& highemwaterelevationis converted to kinetic energy whesater is
discharged through intaketinthe penstock, and past the turbine to a lower elevation.
The energy is absorbed by the turbine which in turn transfers its rotation enexgy to
generator. The mechanical energy is converted into useable electric en¢ngygby
erator. Generatorthen feedsthe produced eddric energyinto the electric grid The
amount ofpower that is generatexhn be presenteba function of dischargdyeight of

the head of the plapandthe combinecefficiency of turbineand the generatdCrona
2012 Olsson 2005)

A plant reservoir exists above a hydropower plantlam blocks the water that hydr

power utilizes storing itin to the reservoirandpreventsthe water running past ther{u
bines.The irflow into plantcan be temporarilgtoredin the reservoirAlso, the stored

water can be discharged from the reservoir. The size of the reservoir demarks how much
water and how long can be storeth a reservoi{Crona 2012Vilkko 1999).

Some of the watetannot be discharged through the turbinesdrain guations For
example if theurbinesarenot in operationor the inflow is high andthereis no regula-
ing volume available inhereservoir For these situatiortheremustexist analternative
way to discharge the watéfhe fundamental part @hydrgpower station is spillway
which is used tdet waterrun past the station in certain circumstancBEse process is
called spillingand with spillingproducerscan control water leveh the sameway as
with discharge througtheturbines Spillage is typically neededuring thespring thaw
when the inflow is strongor if for one reasomr anotherthe power plant isn mainte-
nance Flood particularly occursn spring or inautumn in Nordic area. Spilling theaw
ter wastes the potential enggy of the waterand herefore hydropower companies strive
to avoid spillage unless it is absolutely necesdasyally, maintenancesan beplanned
well beforehandandare scheduled t@ period when thenflow is low enough to avoid
spillage(Crona 2012)

As previously mentioned, the amount of generated power is a function of discharge,
head and combinedefficiency ofthe turbineand generatoin reality, the relation &-

tween disharge and power production is Alimear. The river usually resistdhe flow
caused by discharge spillage and if the flow through the dam is high, tail water tends

to increase antieadlevel tends to decrease. This effectively decreases the production
rate of hydropowr plant(Vilkko 1999).

The potential energy of the watemdae presented as following function

7LICD 1)
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WhereU () is an amount of potential energy to stored watefG Jds a mass of water,
g (I v@ is a local gravitation constant of Earindh (m) is a head of a planMass

can be shown as multiplication between denéi(yG 9\/ ) and volumev (1 7;

| Lés 2
The powerP (' that is theoreticalconverted from the watds a division between

energy( ,) and time @

7
2@0@&5@9016'@3 3

By linking equation (1), (2) and (3) to each other, the theoretical amount of power that
can be converted from water is:

28 0O 4
%Dzéézgulé‘g‘rsp— @)

The discharg&) (I 7% can be shown as division between voluvhél 7 and timet

(® The head of the hydropower plant is subtrachetween intakéevel and tail water
level. By mmbiningthese relations, the theoretical power that hydropower plant can
convert from the water is:

2u0paagcilo 83 CQacoFowrc o )

In reality, all the potential energy watewntains canot be directly converted to electric
energy. This means that powemust be scaled with efficiency factor

%Ogéé&eé?’%égég&@@@gdé (6)

The lossescomefrom friction in waterways the efficiency of turbinesamounting to
12-14 %loss from the potential ener@lfinn R. Farsun@007)

2.2.3 Hydropower turbine types

There are three conunly usedtypes ofhydro turbine Pelton,Francis and Kaplan
Pdton turbne is particularly suited for high head and low discharge applicatibiss.

the only impulse typehydraulic turbine in common udeday In Pelton turbines the
rotor consists of a circular disk with a number of bud¢katles.Bucketblades are fed

by water jet from nozzlsin such a way that each nozzle directs its jet along a tangent to
the circle through the centers of the budidetdes.The regulating method of Pelton
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turbine is arranged by needle valve and deflector pldteoptimum efficiencyof Pd-
ton turbineis apprximately 90 %(Dixon et al. 2014)

A benefit of aFrancis turbine is itavide operation conditions: it is suitable for high and
low head applicationgzrancis turbine consists of three main parts: spiral casing, guide
vanes and runner blades. Water enters via spiral casing called a volute or scroll that
surrounds the runner. From the volute, the water flow enters a ring of stationary guide
vanes, which direct it to the runner blades at the most appropriate &hglé&rancis
turbine iscontrolledby adjusting theangle of guide vanes. Tmeaximumefficiency of
aFrancisturbine is approximately 95 % (Dixon et al. 2014).

The Kaplan turbinés suitable for low head and relatively high water flow applications.
The benefit of Kaplanurbine 5 good efficiency on partial loads. Kaplan turbine, the
flow enters from a volute into inlet guide vanes, which impart a degree of swirl to the
flow determined by the needs of the runner. Thatrol of Kaplan turbine isloneby
adjusting the gde vanes and thangle of rotor blades. Themaximum efficiency of
Kaplan turbines is appraxiately 94 %(Dixon et al. 2014)

The Finnish terrain is flat and therefore the head miint is usually low. Thus Francis
and especially Kaplan are mostly used turbine types in Finkaqlan turbine efficia-

cy curve is very flat and therefore it is suitable for peaking and cycling production.
Suggestive efficiency curves are showtriigure 4 (Antila 1997)

100
I{a plan /‘f_,————-
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Load ratio, 9%

Figure 4. Efficiency curves of three hydropower turbines mainly in (gon et al.
2014)
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2.3 Hydropower production planning

Hydropower production can be offset when it is mostly needed and energy can be stored
to resevoir if available. Amount ofvateravailable ha seasonal and yearly variations

If areservoir exists, there is a possibilitysimootlien seasonal and yearly variations in
available waterThe main objectof hydropower prodction planning is schedulintpe

offset during timesvhen productionis most profitable Hydropower production pia

ning can begenerallydivided into three different planning periods whieine separated
according to time frame.

Long-term hydppowerplanning is longest planning period of these three planning per
ods and it contains both expansion and seasonal plarBeagonal planning period is
from one year to five years aheadhereasexpansion planning time period is fihe
range oftens of yearsCompared to seasonal planning, expansion planniagphake
into account many other prevailing uncertaintike changes in power productionssy
tem, climate changer political decisions. Longerm seasonal planning is mainly based
on forecastsand dfferent scenariosf power demand andaterinflow to the system.
Both power demand and water inflaave difficult to predicend this measthat models
used inlong-term planningshould be capable of handling uncertaintiBise nature of
long-term planningdepends from controllability of hydropower unit. If there is n® re
ervoir above the plant @. RORunits), expansion and seasonal ldagn planning
highly depends only from the inflow forecastéhenthe hydropower plant isomplee-

ly controllable and the water can bisaharged freely within constraints of the seasonal
reservoir and the only shetérm constraint ishe maximum discharge of the ur{iAn-

tila 1997 Dixon et al. 2014)

Mid-term planninghorizon is from two week$o one year ahead with weekly rasol
tion. The purpose of the migrm planning is to give endpoint to storage description in
the form of incremental water values for reserviie target reservoir content at the
end of planning period is given by loitgm planning modelThe reservoir content at
the beginning of the planning period is knowie input of midterm model is given
from inflow, network flow programmingand market price forecastSuch as longerm
modelling, inputs for miderm modelling arealso uncertain, thus migrm models
should also bstochastidDixon et al 2014).

Shortterm planningcovers time frame from days tew weels ahead. The objective of
shortterm planning is to maximize the value of hydrothie selectedime scale.The
input to shorterm hydro planningcomesfrom mid-term model, inflow and market
price forecastsln shortterm planning nflow and market price can be predictedth
sufficientaccuracy. Predicted values can be geneesumed to be correahd when
the forecasts changthe model can bescalculated Therefore, shoiterm hydropower
planning can be treated as a deterministic prob@omstraints of shotterm modelling
are maximum discharge of hydropower uanid reservoir levelsShortterm modelling
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LV PRUH 3SUH FekfrHor Ioddtdon@mBdelng for example, shoiierm model
shouldinclude turbine efficiency curves and other features of hydropowerShmirt
term planning provides also intraday, manual frequency regulaiahaitomatic fe-
guency regulation markef(€rona 2012Antila 1997 Dixon et al. 2014

The nature of hydropower production planninghtygdepends from the controllability
of hydropower unitThe physical constraints, like maximum dischawenit, reservoir
minimum and maximum levelor other constraintdefinedin a Governance rule must
be taken into accountydropower production planning &continuous process and the
models areecalculateadontinuously.

In additionto physical production planningjmilarly to any other production form, also
hydropower companies are hedging their production against priceimisiayahead or
intraday markets with financial contracts. The financial contracts are made in different
market place. The trading in finaatimarkets is done anonymously through therelea

ing house NASDAQ OMX. Financial contracte dot fulfil to physical delivery, only

cash settlement. Thus, financial market trading is not bounded by technical constraints
nor doesit have direct influence tpower systen$ physical situation. lpractice,the
abovementioned means that financial marketsehmore players than physical ma

kets, mainly because participation to financial markets does not obligate any links to
physical power market3.he productio hedging is part of lontgerm and mediurterm
planning(Scharff et al. 2014)

The operatioal decision making process loydropower companies in Nordic electricity
marketsarecombination of participation to all market pladssutilizing trading capae

ty and energyDesciption of operational decisiemakng process is presented ingF
ure5 (Scharff et al. 2014)

Trading Primary Secondary Primary Balancing
Capacity Reserves | reserves Reserves I market
Trading Financial Day-ahead Intraday
Energy market market market
Operational  Longand medium- Short-term planning )
Operation

planning term planning And re-scheduling

Time

Figure 5: Decision makg points of hydropower companigsNordic electricity ma
ket.
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Long-term and mediurtermproduction planning
Trading on financial markets

Tendering process for yearly primary reserves
Shortterm production planning, weeks ahead
First tendering process feecondaryeserves
Bidding on dayahead market

Shortterm production planninglays ahead
Second tendering process faurly primary reserves
Intraday markets

Self-balancing

Balancing market

Realtime operation

rxXe-IEMmMOO®»

Hydropower production planning contains many different steps in different mad<etpla
es, as the list above showihe results of thishesiscan be utilized in shoterm plan-
ning and rescheduling.

2.3.1 Objectives

Flexibility of output, low variable costs combined witie ability to storage wateiare

the defining characteristicef hydro planning. For hydropower producer, water ban
considered to ba scarce resource and thuglilopower companiestrive to maximize

the valueof usablewater by allocatinggenerationto hours which receive the highest
price for it. The future price of electricity exposedo manyuncertainties, likevaila-
bility of water, temperaturariven demand, and fuel prices of other power generation
sourcesHydropower producergenerally, especially in shetérm planningencounter

the following question in planningshould the productiobe sold today, or sze it for
tomorrowwith the expectatiofirom higher price for produced energw. addition, ly-
dropower can participate different market places because of its specific charaeteri
tics, which must be take account in shtatm planning Thus, the marginaiost of ly-

dro production comes from the price expectations, or water values, rather than nominal
variable cost of productiofiKauppi 2009 Olsson2005.

The optimal generation scheduling is based on inflow and market price forecasts, which
both haveseasonal variationg hesegform the hydro schedulingproblem. Consumption,
reservoir levelsand inflows are significant price drivers in hyegtominant Nordic
electricity markets.During time when inflow predictions ahegh and reservois full, it

is more profitable to offset the production with low electricity price than save the water
and ran to the situation, where is nesagyto spll water throughthe turbineqVilkko

1999 Bye 2008).

The near future electricity pricesveasignificant role in bort-term planning while the
main question is, how the generation given by-teidn planning is scheduled to diffe
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enthours. Thus, the near future price forecasts, combined with near future inew pr
dictions, are main drivers in shagrm planningln shortterm planning, which is mai

ly on focus in thesis, theeal effectsof generationshould be modelleth production
planning.This requiresthat behavior of reservoirs, intake and tail water kevelrbine
efficiencies and scheduling, and other chamastics of water system, for instance-d
lays in thewater system, cabe modelledn theright way. The modelling of real effects

of generations presented in sections 2.3#2.3.5(Vilkko 1999; Bye 2008)

2.3.2 Head effect

The power generation of theydropower plant is not a linear function of the rate ef di
charge through the turbine. The power generation function increases etk is
reached. After the peak, pewgeneration can even decreas®nly because the head of
the hydropower plant iseduced at high dischardgevelsand the efficiency of the tu
bine deteiorates, which cannot be avoided unless the another generator is sténted.
decreaseén head isdue todecreasing water levabove thedam and increasing tailax
ter level.Thevariaion of waterspecific energy with a function of discharge through the
hydropower plant is presentedkigure6.

>

* * & Energy content

—— Energy content trend line

Energy per volume [J/m3]

Discharge [m3s]

Figure 6: The variation of water specific energy with function of discharge through the
hydropower unit

It is advisable to run the generators ondpé&mal production zone and hightakewa-
ter level because the specific energywater is at its highestnd more energy froithe
same amount of water is receivébmmonly hydropower units contain more thare o
turbine. Whenthere is more than one turbine on the,dite production curve of the
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hydropowerplantsis a combined production curve of turbinesn example of aom-
bined production curve is shownkigure?.

A

Gl

Gl+ G2

Energy per volume [J/m3]

Gl+ G2 -;GE

Discharge [m3s]

Figure 7: Three generators combined prodwcticurve shown as function of dis-
charge

2.3.3 Tail water

The part of the river right aftédrydropowerplant is called tail water. The river usually
resists the flow caused by dischatgeough the turbineandflood gatesard therefore

the tail water tends to increagten the dischargecreass. Practically higher tail wa-

ter levelwill redue the head of the hydropower plant and make the efficiency of the
turbine worse(Vilkko 1999). A conventional method to model tail veatbehavior is a
function of a totaldischarge of hydropower plant. Figure 8, there is shown typical
linearization of tail waterdvel in according to discharge.
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A @ Discharge m3/s

——Linear (Discharge m3/s)

Tail water level [m]

>

Discharge [m3s]

Figure 8: Linearized tail water level

In water systems, wheiie many hydropower plants located one after another, the tail
water could be located in subsequent hydropower plants reservoir. In these circumstan
es, the downstream reservoir level influence to tail water level of previous pl&ng- In
ure9 there is arexample, how subsequent reservoir level influence to previous plant tail
water.Data is from hydropower plants which are located in river 20 km away from each
other.

A

+ Subsequent unit higher level = Subsequent unit lower level

Linear (Subsequent unit higher levely- = = Linear (Subsequent unit lower level)

Tail water level [m]

>

Discharge [m3s]

Figure 9: Reservoir ével located in downstream influence tceyious hydropaer
plants tail water.
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In practice, lhe change in tail water &dynamigrocesswhere tail water level increa

es or decreasewith due timeafter changgin discharge. In reality, tail water levid-
sponses slower thana simplelinear regressiormodel implies.If the model doesot
take thisinto account, the redtion in calculated energy affected by tail water is too
low or too high. The reduction in energgused byhetail waterincreasecan be ha-
dled for example withexponentialsmoothing, whichallows one to calculate a slower
changing to beisedwith thelinearized tail water curve.

Thestandard exponential smoothing can be represented as follow:
5:P L UGR E:sF U; &;:PF s; (7)
Wheresmoothing parameted : F ; is restricted as follomg:
rouo0s (8)

In equation (7),5;:P is a weighted average froprevious smootheslalue 5;: PF s;

andthe most recendbservationT: P. The smoothing parastercan be selected aslfo
lowing:

Lot ©)
ULSEH

Where His a numberrepresenting the periodf smoothed valuegGardner 2006
Raséanen 2004

The smoothed tail water behaviorcgused by ramped increase of dischargeesen
ed inFigure10.

A

_IIIIIII >

Time

Tail water level

Figure 10: Smoothed tail water behavior caused ydropower plantsamped n-
crease of discharge
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2.3.4 Delays

For hydropower stations located in same riverbed, the release from upstream reservoir
ends tothe latter stationas inflow. In this situationhydropower unitdocated in same
riverbed aresaid to behydraulically coupled to each other. This type of hydropower is
very common and it is known as roftthe-river hydropower (ROR).

As previously mentionedROR unit arelocated in same riverbed as a chain and units
arehydraulially coupled to ach otherthus the generatioof subsequent unit depends
strongly from upstream hydropower unit operatitirthereis no ability to store water
above the hydropower unit, in other words reservoir above the plant does not exists or it
is very small,hydropower unit rast dischargéhe sameamount of wateas the inflow

from the upstream hydropower unithis kind of coupling reduces maneuverabilty

the hydropower system.

Hydropower planningequiresunderstandingf the water movement. This stamndut
especially in units without a reservoir, whéine operatormust know how much water

is available and when it is available. The time delay that water twatleh a channel
from upstream unit to subsequent unit must be kntiawkeep subsequent uniydro
balance on acceptable level amadkeacceptable production pland/ell-known water
movementcontributesto better hydropower scheduling and helps avoid unfavorable
production imbalance.

The water flowin systemcould be simulatedvith SaintVenant egations which are
based on NavieBtokes equationsThere are computer progrardsvelopedio model
water flow whicharepartly based on SaiwMenant equationgOneof these programis
HEC-RAS which perdrms onedimensional steady flow amshe and twedimensional
unsteady flowcalculations These programs arshint-Venantequationgequiredimen-
sional model ofthe water system whiclare not readily available without extensive
measuremeniand thusout of scope of this tises (Sharkey 2014)

In some cases, the water delgyproximationas a constant can la@ acceptabldevel.

Even though such approximation can be acceptable, #hesdsoregionswhere such

water delay cannot be modeled as a constant value, because of the stream flow routing
behavior between upstream and downstream pl@htswater movement from plant

toi with constant delais presented ifigure 11.
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Plantj
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Figure 11: Constant water delay between hydropower plafte arrowspresentpor-
tions ofmoving water in river.

The biggest assumptiowith a constant water delay is that the whole amount of water
will reach at subsequent hydropower unit in time step, which is not true in practice due
to the streanflow routing. In this situation, the mathenta formulation of water Ha

ance is represented as follow
8§E:33ES; F | 35 OE5 %L §P5E§ (10
A=
, Where
8§is storage of hydro plamiat the end of time step t,
3§is turbine outflow of hydro plaritat the time step
55is spillage of hydro plaritat the time step

|/ s set of hydropower plants upstream piant

iy is water delay time in hours between plgrigostream) and plan{downstream),

and is natural inflow to hytb planti at time steg (Souza 2012)

As mentioned beforea constant water delay time is not useful in certain regiais b
cause water moves as a wave abiheriver bedin anopen channel and thus all the
influence oftheincreased inflonupstreandoes not effect to downstream power plant in
one hour, especially when there is long distance between hydropowetruttiis.case,
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different portions of water released by upstream hydropower unit at timeRsteach
subsequent hydropower unit different hours, ranging from3 %o 139¢ This sitwa-
tion, caused by stream flow routing, is presente#igure 12 (Souza 2012Chanson
2004)

Plant j
t,=1 ty=2 t,=3 tp=4 tp=5
1h
to
3h
Plant i

Figure 12: Stream flow routing effect betweewmo hydropower unitsvith norconstant
water delay.Thearrowspresentportions of moving watemn river.

In theexample shown ifigure 12, the different portions of released water of loydr
power planf at hour R reach subsequent hydropower plant from time steps

kR E soto : R E u; so in this casad ' 4s one hour andaoels four hours The delay

canbealso presented as in stream flow routing curve. The stream flow routing curve
shows cumulative percentage of water released from upstream hydropowet tinite

step R that reach subsequent uafi to each time stepPL kR E Coin the future, where
k ranges fromi 3% %o |aoe(Souza 2012)The stream flow routing curve based aa st
tistic data is shown ifrigure 13.
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Figure 13: Example of stream flow routing curve based on statistical data,enirg
one hour andi & €is six hours.

Table 1showsthe delay of water share to each hdwor simplicity, Table 1 shows how
muchof thewater arrivesiuringeach hour to subsequent hydropower unit.

Table1: The amount of watesharesto each hour based dfigure 13.

hour +0 +1 +2 +3 +4 +5 +6 +7

p.u. 0 0.20 0.34 0.21 0.14 0.07 0.04 0 1

Based onTable 1 we can define garticipation factor &5 wheret is water release
time fromupstreamunit j to subsequent unitandk is time difference from waterea-
leasetime towater arrival time to subsequent umiiow water balance equation foy-h
dropower unii considered stream flow routing can be writtericiiswing:

8o (11

8E:3FESS F I 1 &3¢ PES " L8 E
YDA @

It hasbeen noticed that stream flow routing cuoklangesn different river conditions.

It can vary according to season of the year and operating condition of the river channel.
The delay depends also from river flow: the delay is larger with lower river(Bowza

2012 Vassenden et al. 2016

The most impo#dnt thing in water delay time the distance between hydropower units.
If the distance between two units would be very small, the delay can be modeled as a
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corstant. Most ofregions water delays cannot be modeled as a constant, because of
streamflow routing between upstam and downstream units.

2.3.5 Hydropower reservoir

The reservoir abova hydropower plant allows for storage of wat€éhis possibility to

store water is a unique feature of hydropower compared to other renewable energy
sourceslf there is aailable volume in reservoir, the inflow to hydropower plant does
not restrict plants discharge at all. The reseradows an opportunity for allocation of
energy to periods with higher demand and therefore productiobecaimedwhen it

mostly needed. The amount of energy and the amount of time it can be stored is related
to the size of available reservd@rona 2012Vilkko 1999).

The size of reservoir is defined by its highest regulated water level and lowest regulated
waterlevel. Allowed water level are traditionally dictated in power plant permmtsich
areuniquefor eachhydropower plantThedifferencebetweerthe highest regulated and
thelowest regulated water level thereservoir can be almost 100 meters. Therebean

also several more constrainstbéregulating reservoir, for instance, the limits how the
discharge has to be ramped and forbidden operational intervals. Limits areealso d
scribed as soft and hard constraints: soft constraints are allowed to be ibroketain
situationbut hard constraints are str{@rona 2012; Statkraft 2016).

When a reservoir can stoassignificant amount of the annual inflow it is called seaso

al reservoir. The seasonal reservoir capacity is remarigabhterthan a typicabplant
reservoir capacity. Seasonal reservoirs are usually geographically greater and the
boundaries for water levehriation ardarger. The productionf hydropower ipract-

cally completelycontrollable when it located between two seasonal reserlitisese

types of hydropower plants, tlwenstraint in energy productiaromesfrom maximum
discharge of turbine and the annual availability of watdhe upper reservoirA sea-

sonal reservoir hathe ability to absorbthe changes in inflow during differeseasons.
Typically, the reservoir is filledluringthe flood time and its unloaded during dry ae
sons(Vilkko 1999 Antila 1997 Kemijoki Oy 2016)

There are different methods ¢éstimate the’olume of lake or reservoir. Thestimation
can be based, f@xample on statistical data or hydrographical measurementso-Hydr
graphical measurement utilizes deptiunders and the methbdngsout the total vb
ume and bed shapes of the reservoir or (&kenans 2008)or a less laborious way of
estimation forhydropower is calculatg the water balanc®f the reservoir. Change in
the reservoir volume must correspondthe combined incoming and outgoimgter
volumes. These volumes are discharge, inflow and spillagj¢h@se variables have the
unit | 7. Volumes are usually big and inspection time is hours or dsyst is more s
er-friendly to use million cubic meters | 7. The water balance equation is
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TR LTPFS;FMPFOPREMsecap5S:P (12)

Where T:Ris current reservoir contenf]: PF s; is previous reservoir conteniM P, is
the dischargeand M ; » ¢ 3 g@@Mbined with S: P is an inflow. S:Rincludesevapoa-
tion and other variables that are difficult to meag@®na 2012)

When hydropower plants are in located in saiverbed they are hydrauadly connet-

ed to each other. Usually, asituation like this, the reservoir is controlled by firgt h
dropower plant in upstream and subsequent plants reservoir does not exists or reservoir
is small. Ifa small reservoir existabove the hydropower plant it could storage enough
water forhourly allocation of electricityVilkko 1999).

The size of the water reservairay changen thelong run because of transportedised

ment. The accumulated sediment is detrimental to the lakeservoir because it s

places the storage of water and reduces the surface area. It is problematic especially in
reservoir designed for hydropower production: the useful storage volume isnlost, i
creasingly only the inflow is available and this may mifficient during lowflow pe-

riods. In areas of extremely high sediment yields, smaller lakes and reservoirs may fill
completely, but this is relatively rare. The coarser particles are more rapidly deposited
in lake or reservoir while the finer particlesearansported farther depending on the
velocity and dynamics of the water.

Hydro reservoir levels affects heavily to the available supply in Nordics. Hence, rese
voir levels and hydranflow has significant role to Nordic electricity price, because half
of the joint of production is hydrbasedNegative deviation in hydro reservoirs causes
an increasén electricity price in Nordicmarkets(Vehvilainen et al. 20Q5Turcik et al.
2012)

2.3.6 Measuri ng water flow in hydroelectric  power plants

The controlof wate masses is the key thing in hydropovegreration The amount of
available water gafor example be based oan-off forecasts, éservoir levels omfor-
mation about thelischarge ofthe previoushydropower unit.Known discharges pt
streamareusually the main source tiie level ofinflow for a hydropower uit located
in chain.

Water flow is notdirectly measurd in hydroelectric power plants. Theater flow
through the turbinean becalculatedfor examplefrom head level (difference between
intake water level and tail water leveeasured hydroelectric power from generator
combined with known turbine efficiency curve. The efficiency curve is defxeer-
mentaly by the turbinemanufaturer, possibly with a miniature version of the turhine
If one of abovementioned measum@entsis incorrect, the discharge calculation is also
incorrect.
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In practice, this can be nottén two successiveydroelectric power planis the river
wherethere are nmoteworthy inflowsbetweenthe plants Figure 14 presentssuch a
situation. There isnot remarkablenflow between hydropower units and the discharge
from previous unit has been consttg enough or in other words, the sequential unit
discharge hadireacledthe stable level

A = Previous unit

— Sequental unit

f/

Discharge

Time

Figure 14: The different between two subsequent unit discharge calculation.

As Figure 14 shows there isa continuous differencéetween twosequentunits ds-
charge If both measurements are accurate, it would mean that water is disappearing or
in other words, rwoff should be negativeHowever in reality, there is an erroreither

or bothhydropower unif] Water flow measurement. The main reasomast likelyin-
correctefficiency curvesin either one or both hydropower plants

This kind of error is easy to handle while there issigmificant inflow inbetweenthe
hydropower units. The situation can be annoying whene aremore than two hyar-
power units in chain andhére areremarkable inflows between unitshere is no
knowledge othe correctlischarge of hydropower units and thus the inflow between the
units is hard to determine. This situation is harmful for predicting inflows when there is
no valid data for predting. Incorrectinflow forecasts aréediousfor hydropower pla-

ning and can leatb suboptimahydropower planning. This may have economic impl
cations
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3. DETERMINING WATER DYNAMICS IN RIVER
SYSTEM

The catchment area tife studied water system is 27 048 ®and 11 % of this area are
lakes. The catchment area contasger and smaller lakes and river links between these.
The catchment area erupts to the sea through the main channel. The main focus of this
thesis is the main channel whishould be undstood as theiver part between last
significant reservoir anthil water of last hydropower unithere are four hydropower
plants located in the main channel and itlustrated more clearly iRigure 15.

3.1 River system

The power plants in thetudiedriver systen of this thesisare owned by multipleom-
panies. The river system is run by different parties with different interests to plan their
own hydropower units. However, hydrological balance nheskep within certain
boundaries, so tihe are commdy agreed rules abowvater usage This guideline is
called GovernancRule, whichgathers all theommonly agreed rules by the producers
as well as limitations from environmental permitgetherin single instructing dac

ment.

The GovernanceRule assists thalifferent parties tao-ordinatetheir hydropower p-
erations and follow the environmental conditions easier while there are many parties
operating in same water systelinllustrates the river system whidonsiss of different
hydropower ung, reservoirs and strearaad gives an overview of theelevantcatd-
mentarea with is specific characteristic.he Governance Rule starts wihoverview

from watersystem and its different aredsis an important to be acquainted with pve
view of waer system before more specific rules and regulation can be included to the
model of systemThe Governance Rule continues with an elaborate specification of
regulation limits, which in general varies according to season of the year or discharge of
the waer systemThe commitmentof minimum discharge and other specific chamacte
istics for each hydropower unit is defined in specific description of each unit. Fibally,
defines rivers usage and directivesiring special circumstances like spring flood time

or ice cover creation cadmy-case.

3.1.1 Hydropower units and reservoirs

Simple illustration of the river system examined in this thesis is presenkégluire 15.
Hydropower units are identified witR and water reservoirs witR. There are eight
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hydropower uits in river system and water is stored to fiveamoirs in total. Power
stationsP1, P2, andP3is operated by playek. Power statioP4 is operated by player

B and rest of power stations are operated by pl&efhe player who operates the
power statbn below reservoir takes care of regulating of the reservoir located above.
Because pwer stationsP1 +P4 and reservoirfRl R4 are operated by third party,
those aranot target ostudyat all in thisthesis

The operation of upstream hydropower uras high influence to downstream units and
reservoir contentdHence,upstream unit parties are involved to send their average di
charge plans to downstream parties. In practice, the regulatiBd iofform the daily
average to regulator &3 while regulators oR2, R3 andR4inform their average di
charge as for to regulator BS. The runoffs to reservoirs and between the hydropower
units are forecasted by Finni&imvironmentallnstitute. The planned amount of water
released of each reseiv is the sum from upstream unit discharge,-ofinforecasts
and wanted change of reservoir content.
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Figure 15 Theexamired water systerf this thesis.
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TheP2andP3 are ROR units and follow the discharge of conventionatdpalverP1,

P4 is located between two reservoirs and it is plammeldoperateds conventional yr
dropower unit. The regulating d®5is made with conventional hydropower ui®b
where the water flows through the ROR uri® +P8. The stationP6 is purelyROR
unit andit follows thedischarge oP5 with afew hours delayUnitsP7 andP8 are pe-
sented as ROR units Figure 15 but both stations have small storage capacity which
allows tanporary shorterm regulation.

The main focus of this thesistise river sectiorbetween hydropower uni26 andP7.

The distance between these two units is approximately 45 kilometers along the river
side. There are also noteworthy +oiffis between these two units which must be take
account when thproduction is phnned Roughly half of the rwoff is estimatedvith a

water levelto-dischargezurve, which in practices notvery accurategspecially when

the river is covered with ice7 KH K\G UR S R PAvkirtiDppedefited in Figure

16.

Figure 16: Vicinity of hydropower plant P6A) Hydropower plant and intake level
measuremenB) Further water level measurement, where plants permit is also linked.
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,Q JLIXUH WKH K\EBGUMRARRZMikes ®iA@QNY fikther water level
measurement witB. The GLVWDQFH EHWZHHQ PHDVXUHPWV LV |
riverside.

3.1.2 Planning period

The planning process has many different purposes and thodee aiividedinto eco-
nomic and environmental considerat®rMain functions ofthe planning process are
presented as followg:

Takeinto accounthydropower plants maintenances

Flood damage mitigation

Mandate for shofterm regulation

Longterm forecasts for hedging and economic reporting.

rowbdpE

During maintenance, thamount ofdischarge through the turbines is restrictguch
may lead touneconomical spillageSpillage can be minimized by utilizing reservoir
volumes and stoing water to reservoirscombined with good scheduling. A well
planned maintenands performedduring a period whethe river flow is low enough
and hydropower station can operate withthu unit thatis not available The -
strictions in discharge can be take account when river system plamslenéed.
However, maintenance in station meamsititions in flexibility whichis unavoidable
(Crona 2012)

Hydropowerandits regulaton enablewater managemenHydropowerhas significant

role in flood managemenrfor example, areas near riverbanks were often flooded before
regulation took place iwater managemenRemoving high discharge peaks frevater

flow in riversis possible with reservoir§Vater level in reservasmmay be loweredvith
anticipatory regulatingndplanning This makes roonfor flood wates. As is typicalin
hydropower produadn planning,the inflow predictionsof high accuracyare alsoim-
portantin flood predicting. The hgher precisiorof inflow forecastsvould help the hy-
dropower operatoto better preparé floodng which would improve flood mitigation

(Mill et al. 2010).

In the studied water system, flood control Hasenwritten into the original targets of
regulaton. Flood protection is a continuoywocesswhich is carried out during both
winter and open wateinies. During flood and other problematic circumstantes,
whole river conditions are observed and all regulating agsdtse water systenare
utilized. For example of abovmentioned, upper water limit &1 can be brokeif the

discharge ofP7 is in danger to exceed over 5dO7Vband R5 can beak its seamal

upper water limit fomitigating flooding in thelower reachesf the river Flood mitica-
tion is extremelyimportantin this particularriver becausehe highes flood risk aeaof
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Finland is located in the delta of the rivaard smallerbut still significant,risk area k-
tween hydropower unitB6 andP7. Flood risks are especially high during winter time
when potential frazil icdlood could causenajor economic damage. Water syst§na
strategic utilizationis the most important way of reducing tfieancial risks of floal-
ing. Common targets stand out especiallyring divergenthydrological situation or
remarkable jeopardfUPM Energy Oy Flood 2015 Finnish Environmentallnstitute
2016)

The planning othe studiediver system consists of migrmand shorterm planning.
Mid-term planningis based orrolling one year planning procedure aimdtartsfrom
nextcalendamweek until one year forwandith one week resolutiors inputs he mid-
term planningusestarget levels, price forecasts, inflow forecasts and discharge r
strictions or other unavailability of hydropower uniés the river system is operated by
many parties, the plamg cannot banadeby onepartyalone All the partieggive their
own reguldéing suggestiorof reservoirs. Suggestisrcontainpossitle outages of hydr
power units or other restrictions. The suggestmfrall partiesaregatheedtogether and
the final plan of regulatings formed as anweighted average of regulating share of
ownership. In summary, all parties do their own ffedn plas and the final plans
formedfrom these plans.

Mid-term planning ighe bass for shortterm planning. Shotterm planning can see
theend of theprevailingweek forward in this studylhe shot-term plannings re-made
every dayand theplannedproduction of hydropower units is sold to dalyeadmarkets

to Nordic electricityexchangeThetime span of dasaheadmarkets is 24 hours from 1
a.m. to 1 a.m. in EET time zonEhe river system could be planniedsfrequenly than
every day. However, the benefit®m using latest inputs (e.g. rwoff or price foe-
casts)are greater thathe hinder caused by daily-pganning.Also, the production plans
and water levalbehavioris much more accurate when the river production is planned
with latest and best obtainable forecasts.

The shorterm planning is modelled more accuhateompared tamid-term planning.
Shortterm planningmodel includesdelays beveen the hydropower usitefficiency
curvesfor each turbinghigher resolutiorprice forecastsand energy losses according to
intake and tail water levelith one hour resolutianThe esult of shosterm planning is
dischargs,water levels DQG HQHUJ\TV FRQ Yadth 0\unie GotThe/damUHV R O
ning procedure starts with controlling water levelRS with taking account ruoffs

and discharge fror4 and R4 The runoffs during riverside and possiblamavailabi-

L W ofprevailing hydropower unit®6 +P8 have tobe taken into account when the
decision of discharge level &5 is madeto avoida possible spillageAfter this the ly-
dropower unitd7 and P8 areplanned with utilizing the small storage capacities above
intake.The planning is made yhysical Trader whatilizes unique optimization nae

el developegarticularlyto this water system.
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3.1.3 Constraints

Every reservoir has its owmghest and lowesvater levellimits. These regulationr-
its can vary according to seasonal conditidrie regulatiorof areservoir must & ca-
ry outin such waythat limits are not infringedThe river courseébetweenP5 =P8,
which is on main focus in this thesis, has its own restrictions. The miniavenage

discharge fronP5 should notgo below30 ! 7V@md theR5 has its minimum and ma

imum waterregulationlevels as wellAs previously mentiorP6is apure ROR unit and
follows the discharge dP5 with afew hours delayP7 does nothavedischargecon-
straintsbut its permit is tied tdwo water level measurement located in differentgsa
First measuremens locatedin theintake immediacy{measuremend) andthe second
one is eleven kilonters to upstrearfrom the power planfmeasuremerB). Both water
levels hae their own upper limits and intake level has also the lower limit because of
physical costraints in hydropower unif®¥JPM Energy Oy)

The operatingprinciplesof different units are differentn the studiedriver system, the
operationprinciple depend on plant § head in other words, the specific energy o&-w
ter. In the studiediver systemthere are two different operation styles: plants are-ope
ated by planned energy by planned discharge. While the plant is operated according
to discharge, there migkkbme balance error from the energy output. If the planp-is o
erated according to planned energy, the eamght comefrom plants dischargdf the
modelling of hydropower plarg intake level, tail water level and efficienisyfaultless
thereshouldnot occuranyerrors in energy produced or water discharged. However, in
practice, his is impossible. If the plantsehaves vergifferently from modelled, e-
cording to equation (6), hydropower unit neatbre or less watedependingrom sep-
arations signto produce same energy as planned. Thus, when the hydropowep-unit o
erationbasisis chosenwe have to observe thenergybalance erroor error in ds-
charged water causéy hydrgower unit. If the specific energy per cubic mesdow,

the caused balae errordepend fromproduction mod#ed is not remarkable if the
plants is operating according to dischangehe plants specific energy per cubic meter
is big, the deviationsfrom modelled production can be remarkable if the plants is ope
ating accordig to dischargewhile the plant is operated accordingpl@annedproduc-
tion, the water discharged could be more or legsch could have significant influence
to plants intake and tail water level. For exd while the planheadis flatter than
planned, the water needed to produce planned energy is wiook, cumulates irthe
long run if it is notaccounted far

In the studied water system, hydropower uBBb is operated with planned discharge.
Thedropof P5is smallest from fidropower units which are regulatdtithe plant were
operaed according to energy, it would cause remarkable harm in downstream plants
water levels The possible balance error 5 caused byhis operating stylés not sg-
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nificant. The hydropower unR6 is not manually contrééd and the control circuit keep
the constant intake level, which means tRétis operated as perriving discharge.
Hydropower unitd?7 andP8, whoseresevoir enables daily regulation, are operated by
plannedenergy This means, that therare deviationsbetween hydropower plants
planned and realized discharges. These errors could aaigeificantcumulatve error

in hydropower unit intakes.

3.1.4 Planning u ncertainty and problems

Major challengesn the planning ofthe river system betweeR5 and P8 are the un-
known delaydetweenP6 +P7 and runoff forecastsDelays are modelled as a constant
shared delay profileat the momentHowever, this is disproved by experimental
knowledge Experimental knowledgmdicatesthatthe delay is notconstant and ivar-
iesin different situationslt seems that water delay is different in different base flows of
river.

The runoff betweenP6 +P7is hard to determineMainly because discharge measur
ment in hydropower unitB5 andP6 are notcalibratedwhich brings into question are
the discharge measurement of utequal withP5 or P6, or neither.Thus, deternm-
ing the accurate runff betweenP6 +P7is hard.

Suddenchangein weather like torrential rain is problematic to takeamt in proda-
tion planning.This requires accurate weather forecasts, waretmot readily available.
Torrentialrain can causehe level ofR5to risevery quickly if it hits right above the
reservoir.Also, the ruroffs betweerP6 £P7 canincreasequickly if torrential rain hits
above the river. This is mainly seen in dischargihesmallsidestream which connects
to the main channdéletweerP6 +P7. This is thebiggest single rwoff of the river.This
river is approximately half of runffs asrule of thumb Most of the year thigver is not

a problem in production planning or operating but itdnees tricky during flooding or
rainy seasonslhis rivercan 3 EX UV W~ V X G & hbteasilyZdaeh While production
plans are made on previous day

Making production plan$or theriver system is hard espalty during the timewhen
the discharge changes of the hydropower wariésbigand the bas#@ow of theriver is
high. Especially behavior of intake level &7 is hard to predicbecaiseits size and
volumeis notwell-knownat the momentThe intake level mudiekept low duringhigh
discharges because the uppertliof water leveleleven kilometerawayreduces itP7
is operatedaccording to energy outpuso the errors made intake levé modelling
cumulae in operaton. This mainly occurs écause the plannezhergyneeds morer
lesswater during lowor highintake level. The hydropower uri7 is planned and ope
ated like conventional hydropower but the productiannot be planned optaly be-
cause the models in use are not accurate enough. In practice, this metmecthaent
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of the storage above the intake level cannot be plarinkdenough before it sterto
drain during higher electricity demand.

The size of th&5is big enaugh to implementlaily regulation withP5 during the week.
The amount of discharged water frétb roughly determines whole river daily produ
tion level. The operator oP4 givesrolling preliminary discharg@lans withsix hours
resolution to operator dR5 and P5. Thesedischarge plans are preliminary and thus
thosemay change substantially which makes the typical opétitn of regulating of
R5 more difficult or even imposBle. There are three different water level measur
ments inR5and the measuremelocated nearest of hydropower uRBk is mainly used
while the water content d®5is approximated. When the discharge frBfdeclinesit
causegdeveling of thelakes which make up theservoir which can be noticed from the
decreasedlifferenceof three different water level measurement&fRkm This typically
comes up during weekends when the water level measurement located nearest hydr
power unitP5 increasesnore than modelledlhis phenomenon is hard to model and it
is problematicbecause imakes the optimization ofR5 harder when the behavior of
water level is not known very well.

Hydropower unitP7 is co-owned hydropower planOperating plannng, tradng and
owninginvolve multiple companiesit is operated and planned bgrvice provide but
theenergyproduceds traded to Nordic electity markets bythe owners However,P7
is placedon one of its ownef ®lectricity balancavho isnot planning or operating the
hydropower plantThis make more difficult to fix possible errors in pustion plan-
ning. The marketased fixing canndbe madeon intraday markets or regulating ma
kets effectively because the operator cannot utilize changes in markets so d&sly
production plans dP5 P8 aremade beford0:30 a.m. which in turn meattzatnot all
input forecasts are necessarily updafgie dayaheadproduction ofP7 is sent tothe
ownersat 10:30 a.m. which means that the next day production ptmsot bealtered
easilyanymorebefore market cleure In practice, this means thalt changes in energy
production compared production ptamade before 10:30 a.m. is sold or boughin
markets with higher price gertainty than spemarkets.

The river production planare made witha unique optimization program, whidajives
resultsof every units discharge witbne hoursresolution.The optimization is made in
external server, which solves tbptimal result from given start and stop water levels

The physical characteristics of the river are modelled to optimizahiter. the optini-

zation result is given, a person responsible for trading may alter it manually. Manual
corrections are made to better accommodate uncertainties in the input data and the non
linear nature of production curves. The main reason for changing dischargerenels

ually is the manual operation of hydropower units. Changing production level at every
hour is laborious and economically questionable with small price differences and star
ing costs of units.



35

Theriver is planned every single day of the yaadthoseplansare made bt least

three different pers@The modelling of the river istill a simplificationand the model

does noffully replicatethe physical behavior of thever, thusevery Trader hasown

views of water levels bleavior. Whena Traderis mDNLQJ SODQV WRnN-QH[W (
specting current daypans as well. The behavior of water level for every hour is fed to

the planning system straight from the model, so the planmerotknow how much

previous dayTraderhastaken own viewto the watedevel behavior. Thismpairs the
continuity of planning desiNyrhinen 2016)

3.2 Tests

The objedve of the water system development tests wadind out the water delay
betweenP6 andP7 andto clarify the size of the water storage capacity of @Mt To
determine boththe déay and the size of the storage wekvisedtheir own types of
tests.These tests werearriedout between May andugust The size of the storage
capadty was decided tbe examinedirst because without,ithe delay would be hdrto
detemine The presumption was th#te knowledge of storing capacity wsspposed
to facilitatethe determiration of the water delay betwedtt +P7.

During the testshie production of river asnormally plannedthe previous day in co-

cert with the Traderand the production of the river was sold to the Nordic electricity
exchangeThe test runs requirdtie productionplanning to deviate fromormal so the
tests caused economical lo$se economic losses were comparatively minor\aarce
further minimized by timing tests onweekends. The tests were always performed by
setting river conditionas topmost priorityAlso, no environmental limits set by power
plantpermits werdrokenbecause of tests.

The tests were performeathdercircumstancesvhile the river section betweeR5 +P7
wasin full control and stable The mostfavoralle timing for the tests was duringhe
time when there should not beemarkable change in rwoffs. Thiswould decrease the
possibilities for errorin thedata analysis.

The test datawas collectedfrom the hydropower operating system or frahe energy
managemensystemwhich in turn gathexd it from the hydropower operating system
The datagatheredrom the hydropower operating system is availablamuitiple time
spars up from three minutesWhen data was imported,three minuteime spanwas
used because thtame of change in each variable waasier tonotice. Discharge and

height data is available in two decimal acayravith units ' 7V&;and | . Theaccuracy

of discharge data wasufficient but duringthe data analysist was noticed thatthe
height data coulttavebeen more accurate.
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All tests] GDWD ZHUH Q RW¢cessiuD Diring Lsbin@f the/ testsit rained,
which causeé changes in rwoffs during tests and therefore the accurate inflow?7o

was hard to determin@lso, one teshad to becancelled becaus# unexpected chan

es intheriver system.The hydropower plan®7 participates alsin primary regulating
marketwhich causesluctuationsin dischargebased on locdrequency deviation from

50 * V The capability to frequency control is individual to each generator and naturally
during higher discharge thereeanore generation units involvedantomatic frequency
control and thus the amount of discharge varies more.

3.2.1 Water reservoir tests

The goring capacity testsf the hydropower uniP7 were performed during May and
June 2016During May, the average flow dhe river was substantially above normal,
which provided difficult circumstance to perform storing capacity tests, balsq it
admited thepossibility to make tests during high flow thfe river. The river flowde-
creased in later May and June which &t favorablecircumstanceto perform tests
with larger scale of base flowhe preconceptiowasthata discharge level may affect
to the results of the tests, thus utilizing different circumstances in the rivemwas i
portant. Although, the hydropower uniP7 regulatingduring high flow in the riveis
not sensiblethe results werexploitable

The main idea of storing capacity tesias to make stepincreaseor decreasef dis-
charge of hydropower unit and measure the chengevater level.Before the tests
were performed, there was a thought that water levels could behave differently during
decent and rise. Thus, the tests were performed to both diredticmsler b perform
tests successfullyeasonablyhe accurate knowledge of inflowas requiredThus, the
discharge oP5 andP6 shouldbe held constant long enougbko that all the influence of
discharge changecould beseen.To determine accurate roff betweenP6 =P7, hy-
dropower unitP7 discharge shoulte as much as the inflow power plant isThis was
made by theperatos who manually looked for discharge lewshere upper watemwas
keptstable The operator made this before after test becausehe information from
run-offs changewasrequired as wellAfter all conditionswere favorable, the stepped
increase of discharge was startedPin The durationof storing capacity tests varies
between 5 hours 8 hours.

Before the tests were performed, there wasssumptiorthat water levels couldeb

have differently during dseent andascent Thus, the tests were performedooth dire-

tions. Also, there was a preconception that the discharge level may affect the results of
the tests, thus the tests were perforimeseveradifferent discharge levels.

The main idea of tests presented ifigure17. The duration of test was five hours and
thetime gan of data using iRigure 17 is seven hours.



37

I P6 discharge mmmm P7 discharge =——P7 level B ==P7 |evel A

A 120

42.05
i 100
\ —
bl 7
= \ I 80 £,
£ >
% 41.95 60 c;f)
- 2
40 QO
20
41.85 0
XO XJ Xe X\P )(7 X\S\ X6\ X)

Time [h]

Figure 17: The portrayal of storing capacity test37 levelB is located 11 knupward
from plants intake.

As seen fronFigure 17, the discharge of previous hygawver unit was sufficienbe-
cause the minimum discharge 6 during test was 1.75 %elow and the maximum
2.28 %abovethe average flow ofP6. The discharge range 86 during test converted
to water cubic meters canndie perceivel noteworthy.The inflow to P7 can be per-
ceivad aswell-known in this test. The upstream water measurement watanbbgfore
increased discharge combined witle acceptable constadischarge oP6 and thus the
run-offs between theséwo plants could be calculated@he gable discharge, duration
and size othe step o#ll test runsare presented in Table 2.



38

Table 2: The duration stable dischargeand thesize of the step increas8table ds-
charge is the discharge when hydropower unit P7 intake is stable.

Time of step | Size of stepri- | Stable discharge
increase $ cresse * 'W | during test run
. 7W
Testrun 1 6.0 -61.0 176
Testrun 2 6.0 -474 182
Testrun 3 6.0 410 176
Testrun 4 5.0 46.1 118
Testrun 5 4.8 42.1 65
Testrun 6 7.9 30.7 150
Testrun 7 4.9 283 157
Testrun 8 6.0 -29.3 153
Testrun 9 5.7 480 259
Test run 10 7.0 229 417
Testrun 11 1.2 257 415

When storing capacity tests were analyzed, it was of primary importance to determine
the accurate runffs between hydropower planBs +P7. P59 ¥heasurement wased

cided to use in place &6 | ¥heasurement. When analyzing the storing capacity tests
data, one of the main presumptions was that the discharge measureBranofP7

are equal compared to each other. Theatfi®m were determined by utilizing equation

(12). Because the upper water measurement was constant through requisite time span
before stepped increase or decrease was performed, in other words,
T:B F T:PF s; L r, the equation (12) cabe remodeled to studied river systas
following:

Saegavud® L MR EQ BFMyBF QR (13)
The data from discharges were gathered with dni7tV¥)and the volume in Slnits

grows to become a very large number very quickly. For this reason, it is easier to utilize
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something called an Hour Unid{), which is defined as the volume summed up by a

5/ .
discharge of 1! 7V!)iuring one hours*7 L Sa_ae D@é—“@geAL uxrrl ”.

The storage content unit, which is mainly in use in this study and easy to understand,
describes how many cubic meters in seconds the difference should be between inflow
and outflow so that it would cause one centimeter change in reservoir level. When the
difference between inflow and discharge calculatedurs is divided with theeservoir
level change it results is reservoir storing capacity shown as following:

OPKNZEIIC=?8B E?JP[K—‘:ﬁagé
<

A cumulativedifferencebetweennflow andoutflow and cumulative water level change
was observedvhen thestoring capacitywas calculatedBecause the data from upper
water measurement was obtainable vaittly one centimeteaccuray, the division re-
sults between cumulative water atton and accumulative water level development
were not smooth The results weresmoothed by taking the aage from the ten last
results. This can bseenfrom Figure 18, where the ten last results are marked with
black.
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Figure 18 The results of the test ru®.1Cumulative outflovis the remainder between
calculatedinflow and hydropower unit discharge. It is shown as hourly cubic meters.

The 1 cm reporting accuracy and the issues it causes in the storing capacity essmation
seen in Figure 18According tostoring capacityequation, the storing capacity factor is
theslope between cumulative outflow and cumulative water level change.
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3.2.2 Water delay tests

Water delay tests were performed during July and Aug0%6 The waterdelay tests
were not easily implemented during higher flow becausecontrolling and forecasting

of the river is more difficult during that timélso, during high flow othe river, run

offs are higher andhe variation is bigger During July and Augustinflows to water
system were o favorable level, andhe tests could be performed. As mentioned b
fore, the analysis of water delay tests requires knowledge of storing capacity volume
and thus delay tests were performed after storing capacity Téstguantity of water
delay testperformedwasless tharof storing capacity tests.

The man idea of water delay tests wasite similar compared tgtoring capacity tests.

The stepped increase decreasef discharge was made frotine hydropower planP5

and measurkwater receiving td®7. The amounand the timeof waterreceivedto P7

were estimateffom water levelDFFXP XODWLR Q U lintdk&V Sintaly ¥3HnS O D Q \
storing capacity testthe hydropower plant®5 andP7 discharge and water level Bf7

were approximately constant enough long betbestest, so that exact rusffs during

the tests could be determine@ihe discharge level d?7 when upper level as stable
wassearchedby the operator.

Figure 19shows themain idea of the water delay testhe data shown in Figur®1is a
sample taken frorthetestrun12.
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Figure 19: Statistical data from water delay tesks.this testa stepped decrease insdi
chargewas madeThe data in the Figure is taken frdaest run 12.
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Figure 19 showshow water levein P7 startsto decrease aftesomedelayas aresult

from decreased discharge 5. The level of watein P7 decreased urtthe operator
stared to search for aew stableposition. When a stable position wimsind, the test
was finishedThe discharge increase Bb at the end othetest does not have influence

to inflow of P7 during the test, becausehe timedelay betweerP5 and P7 is several
hours As seenin Figure B, the discharge oP5 is stable enouglexcluding the peak
which wasreached quite soon aftére discharge decreas€he peak is a result frothe
switch betweerthe gener#ors, which causetiigher dischargeemporarily The peak
could notbe perceivel noteworthy inthe test perforned because the duratiorf the

peak wasot significant andhat amount of water wadso ikeninto accountwhenthe
datawasanalyzed The bigger problem in this test was the instabilityPindischarge,
which was mainly caused by automatic frequency control. Changes in dischargel cause
immediate chage in upper water which hindersdlving delay fronthedata.The m&-

imum P7 dischargewas 19.8 % higher than its average and the minimum was 88.3 %
from its averageluring the test.

In water delay tests, the raifs were determined similarly as in storing capacity tests.
Like in the storing capacity tests, the discharge measurem&atwés used in calcat
tions in place oP6 discharge measurement and one of thenmaasumptions was that
the discharge measurements betw&&nand P7 are equal compared to each other.
Similar asin storing capacity tests, also the water delays were solvedHEtm P7 in
place ofP6 to P7. The assumption was that the water delay shbealdlivided like a
wave to different time span¥he assumption is based a reference (Chanson 2004)
and experimental knowledge whter journey betweelR5 andP6.

Table3 presentgherelevant information from the delay test runshowsthe constant
discharge of5 before tests, size of step increase fi@s) and stable discharge &f7
during test run.

Table 3: The statistics of the water delay tesigjure 19 presents the test rag.

P5 constant | Size of steffrom P5 P7 Stable ds-
discharge I 7\% charge ! 7%
I 7%
Testrun 2 131 -51 146
Test runl3 109 45 146
Test runl4 98 55 102
Test runl5 59 44 71
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When solving the water delay between hydropower pldhésdevelopment invater

level measuremenf was used. The divided share of increased or decreased inflow to
each time period could be solved with knowledge ffdndischarge, accurate rofifs,

and discharge d?5. The inflow in one hour accuracy is required in this thesis. Tdre w
ter delay fromP5 was solved with utilizing equation (11When the equation (11) is
converted to suitable in this river systahtan be presented as following:

Rad1 (14)
BTV L FBE EFED 1 aep 3BT EEY
YDy b@t
Where ¢&%*¢"* can be presented as following:

BT L8 F g 4

The final equation used in calculating forecasted upper water level can be presented as
following:

. - X Rag1 4 . a¢?b op.  (16)
'Eg F '3Ig; E 53; ) EAYD/EOAp@ a@;gap -3%9 E 539 )
& gecaaltx@aoo Ui

g " o E

To clarify, the calculated forecast to upstream water level is an equation which consists
of previously forecasted water level, remainder between inflow and discharge, divided
with known storing capacityThe change in reservoir content from previously forecas

ed value should be equivalent with the difference between inflow and discharge. The
first forecasted value used previously realized water level observation in placeief pre
ously forecasted valug§’®. The shared delay factorfiformed as many variables as

the assumption from water delay in hours was.

The constraints used while solvieguation (%) are presented as follows:

A1 a7
rgx 0 1 &%5,0sdv

@5 9
A31 (18
| & 95 O0rds
P@b
As1 (29
i &lgg Orat
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In other words, hourPE r share is restricted below value 0.01, hoifs sand PE t

are restricted below value 0.08.addition, the sum of all released water frB&could

vary Gv% mainly because different hydropower plants water discharge measurements
diverge from each other, and there is no clear view, which hydropower plants discharge
measurement is nearest to the actual.

Regression analysis was used in solving water delays.nTéthod used in regression
analysis was theum ofleast squaiemethodwhere the sum adquaredifferencesbe-
tweenthe calculated upstream water level and realized water ea®Iminimized by
changing the delay factor§he sum of water the shared watielay valuesapractically
affects to the amount of water arriving frd? to P7. Before the data was analyzed, it
was known that the water delay betwd@mto P7 should be divided somehow from
four hours to sixteen hours. The knowledge of water delage was the base ofreo
straints of theavalues. The target was to createhgygical adapter model from the-r
sults.

3.2.3 Data analysis

Data analyses were performed with Microsoft Office Excel0204 water delay ama
yses there weralso Excel Solver Addh utilized to solvemathematical problems. The
data of each test was imported fréime hydropaver controlling system to an Excide
and it was archived for possible future reference.

3.3 Forecasting tool targets

The modelling ofP7 water levelsturnedout to be tricky andchallenging bothexper-
mentally andmodellingwise Hydropower planP7 hasbeenoperatedor a relatively
shorttime by thecurrent operatorDifferent forecasting modelsave beencreated to
model hydropower urstP7 water leveldut the rsultsin predictinghavebeen unsag
factory. The river section betwe&® andP7 hasbeendifficult to model andts unfore-
castedbehavioraffectsP7 water levet and controlling. Tierefore this thesis is mainly
focused on this river sectioifhe problematic behavior and the lack of workablefor
casting toolsause error i?7 production balancd-urthermore th&vater level behavior
is sometimes hard to forecast even in few hours away which causes unplanned operation
in P7 electricity producthn. This, in turn, might causeeconomic losses, becauskthe
way of the productionmbalance is pricedl'he planning errors iR7 water levels also
causee-planning inbelow, in other wordsin hydropower plargP8 intake,which pcs-
sesghebiggestheadin the hydropower sym. Thereforeywater management andcec
nomic risks etend not only td”7 but also tdP8 (Fingrid Oy 2016)

The objective of this thesis t® studywater movemen¥ §nd water level§behavior
betweentheriver sectionP6 andP7 more precisky. To reach thisbjective theresults
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of unique tes of theriver andits historical dataare utilized A new forecasting tool
based on these research reswiés createdwhich aimsto beusal in thehydropower
controlling center. The obgtiveof the new forecasting tool is to predibe behavior of
both water levels dP7. Before this study, there was not forecagtmodel to water ke
el B. This should simplify planning and operatiafyriver sysem.

A forecasting tooascreated from severghysical adapter models, whitty to sinu-
late water levels andatermovement irtheriver systemOne of the main objectives of
this thesis is to find out, is it sensible and profitability to mahisihydropower system
as this way f the results of this study are not satisfactarther techniquesould be
used, but they requiconomicainvestment.
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4. RESULTS AND DISCUSSION

4.1 Hydro reservoir

The upstreanand water levels measuremelasationsof hydropower planP7 arepre-
sented inFigure 16. When the research was startedre was no certainig the storing
capacity ofhydropower planP7 located inwater levelB measurement or right above
hydropower plarg intake(measuremenf). Experimental knowledge has shown that
hydropowerplants intake does not belelike a conventionalreservoir. Both water
level measurementsve their own environmental limits

The assumption dP7 § $toring capacity was that it owns unambiguguonstant albi

ity to storewater. Of course, there wouldot be exact constantesults from tests while

the quality of data and circumstances in river changes, but assumption was that results
from different test runs should be similar to one anoffilee volume ofthe storing @-

pacity had not beendeterminedwith this accuray beforethe tests, because cinou
stancedo determinat are challengingluring normalriver production Of course, there
wasarule-of-thumb valudor storing capacityolume, which wasn use

All the storing capacity tests were aralg withthe samemethod presented in section
3.21. Most of the tests were performed before arsaéywas startedAgainst exped-
tions,the storing capacity tests did not give equasuls while tests were analyzetihe
storing capacity tests results veeanalyzedrom both watedevel measuremenioca-
tions The resultscalculatedfor eitherB or A water level measuremendid not give
reasonable estimates about #imlity to store waterThe ramge of results varie a lot.
The maxmumvaluecalculatedrom water levelA measuremenvas385 %biggerthan
the smallest oneThe results, starting postand changs in reservoir levelare pe-
sented in Table.4
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Table 4: Results ofthe testruns. Starting points are presented in centimeters frem b
low the max height in the environmental permit.

Levgl A Levgl B Level A| Change| Level B | Change
storing | storing : ) i )
) > | starting | in level | starting | in level

capacity | capacity oint A oint B

factor factor P P
Testrunl1l| 228 33.6 -19 -16 -15 -11
Testrun 2| 253 357 -16 -11 -12 -8
Testrun 3| 173 24.3 -10 14 -6 11
Testrun 4| 222 322 -13 10 -14 7
Testrunb5| 276 36.4 -10 7 -14 6
Testrun 6| 299 36.4 -6 8 -4 7
Testrun7| 188 281 -11 8 -9 5
Testrun 8] 24.3 40.7 -16 -7 -14 -5
Testrun 9| 107 16.1 -21 26 -7 15
Testrun1( 85 176 -66 19 -4 9
Testrun 11l 7.7 24.8 -58 24 -3 8

The results vary a lot. Portrayal and data analyzes #toming capacity factor results
extremes, test runs 11 andaBe presented as followin test run 11, the result of sto
ing capacity was small compared to the test rumh& portrayal of the testuin 11 is
presented in Figure 28hd storing capacity analyaeFigure 21

mmm P6 discharge mmm P7 discharge ==—=Level B ===|evel A

T|me [h]

Figure 20: The portrayal of storing capacity test run Ilhe flow in the river was high
during the test run and the intake level was not dxatable before the step increase
was performed. During the high flow of the river, the stable discharge is harddo f
out.
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Figure 21: Cumulative water level changad outflow of the test run 1Cumulative
outflow is shown as hourly cubic meters.

The change in water levalis greater than in water levB| thus thecalculated storing
capacity factoof water levelB is higherthanfrom water levelA. This canbe explained
mainly dueto higher influence of dischargehange in water levél. As mentioned in
section 3.2.1, the result of storing capacity fact@nsverage from ten lasialculated
values Figures 22 and 23 presents the portrayal and storing capacity analylzetest
run 6,in which results werehighly different than test run 11.
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Figure 22: Test run 6portrayal. The discharge of P@vas lesghan half compared to
the test run 11.

A Hlevel B

10
'g ¢ Level A

O.8 RS
@ REIORE > I
2

Se6 LK <> K> CRT I W
c

3 RKKLK> I

[T R S

Q4 m

Q e & & |

S

§2 [

>

100 200 300
Cumulative outflow [HU]

I

Figure 23: Cumulative water level changend outflow of the test run @umulative
outflow is shown as hourly cubic meters.

As seen fronTable4 andFigure 24, theresults ofstoringcapacitytestsP7 arenot can-
stantand the result of each test varies a Whenthe results were gathered togetteer,
negative correlatiobetween storing ability and discharng@as found According tothe
test results, the storing capacity seems talépendenton discharge level: while the
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stable discharges during tests were higher, the storing capacity factorsmweadierand
vice versa

Results from water level A measurement

A
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Storing capacity factor
N
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Figure 24: The test results of storing capacity volumea function of astable ds-
charge during tests. The results are calculated from intake water level measurement.
The added trend line is presented in Tabl&lack marker is the result of test runepr
sented in Figure 9, red marker from test the run {Rigure 20), green marker fronthe

test run 6(Figure 23, and blue ones represents the results from other tests.

This phenomenon occurred alsom thetest resultsvhich werecalculated from water
level B measurement.
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Results from water level B measurement
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Figure 25. The test results of storing capacity volume calculated from water level B
measurement in a function of a stable discharge during t€bts.added trend line is
presented in Table @lack marker is the result of test run presented in Figurerdd
markerfrom test the run 11 (Figure 21green marker from the test run(Bigure 22),

and blue ones represents the results from other tests.

In both test results, loci of data poiman be seern Figure 24, the locusof data points
is centered nedhe rule-of-thumbvalueused in operative work before thesitie tiree
smallest values calculated from intake level measurement werevanin the same
scalecompared to thestimatedeservoir size beforihetests.

Fromthetest resul, there could create a trend line between dischar§g ehd storing
capacity factor. The trend line wasade with Microsoft Excel butilizing regression
Thetrend linestatisticsfrom water levelA is presentedn Table5 andfrom water level
Bin Table 6.
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Table5: Water level measurement A regression statistics from fitted trend lines

Level A mes- 4% Second 48 L
urement Linear Lryw/{: order rgxwy
Inter- Inter-
IS T
cept cept
. 5.5162E §
Trend line -5.880E02 31.6565 03 8.7808E 34.6405
02
T-stat -5.3350 12.3535 0.4529 -1.3490 4.8688
P-value 4.7159E04 6'0334E 0.6627  0.2143 1'23;85

Second order trend line variabl@8 and Thave big Pvalues so those are statistlyal
insignificant.Thus, it is reasonable to use linear trend line.

Table 6: Water level measurement Bgression statistickom fitted trend lines in test

runs data.
Level A mea- 46 Second 4% L
urement Linear L raz{w order ravszz
Inter- Inter-
Ik T
cept cept
. 1.260F-

Trend line -4971702 39.8581 02 -0.1159 46.6636
T-stat -2.9378 10.1120 0.6969 -1.2004 44127
3.261E- 2 248%F-

P-value 1.654%-02 06 05056 0.2643 Og:E

The regression results show, that there is statistisgghjificant possibility that the sto

age coefficient does change with respect to the average flow rate of the river. Moreover
the value of the storage coefficient decreases with higher flows. This phenomenon is
demonstratedh Figure 26 which shows the ésated storage coefficient as a function

of average discharge level Bf7. The figure also shows the relative size of the linear
estimate against the ruté-thumb value used in th@ior forecasting tools
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Figure 26: Theamount of water needad 1 cm change in intake water levEhe mal-
elled storing capacity percentage accouinom rule-of-thumb valuds shown in right
hand yaxis

For example, if the hydropower plants discharge is if(W) the remainder between

inflow and outflow should b80700 | 7 or 25HU that it would cause 1 cm change in
water levelA. If the discharge i490 ' 7Vt/,)the remainder should lealy 737001 7 or

20 HU. The difference between storing capacities is not very big, but it still is 23 %
from thewater massWhat is also visible from Figure 26 is that the rafehumb value
is approximately correct only for small average flow.

During thetime thestoring capacity tests were performed, a relation betwednmeigat
difference ofwater leels A andB was spottedThe difference betweendke two water
levels was highewhenthe discharge dP7 washigher. The relatioms clear The differ-
encebetweenwater levelA and B, presented irFigure 27, depends highly from gl
charge asclearlyseen fronfigure 27.
































































































