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More than 50 percent of the electricity in the Nordics is produced with hydropower.
Hydropower production is flexible and it is capable of responding to the fluctuating
electricity demand. Hydropower production is dependent on current hydrological situa-
tion and the supply of hydropower is a significant price driver in deregulated Nordic
electricity wholesale markets. The variation in electricity price requires the producer to
utilize price-dependent production planning, which is important for the producer to suc-
ceed, but also to respond to the variations in electricity demand. In addition, hydropow-
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 knowledge of the hydro system limitations is
essential. Hydropower production is planned with optimization models which utilize
mathematical 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 on a single river system, and especially to a specific part of it. The
river system is located in Finland. Experimental knowledge shows that the river section
is hard to model with existing data. Thus, step-response tests are planned and imple-
mented in the river system. More precise stream flow routing and reservoir storing ca-
pacity are modelled with both historical data and data acquired from step-response tests.
The end result of this thesis is a forecasting tool, which strives to model the stream flow
routing and water level behavior.

The function of the forecasting model created in this study is to simplify the operation
and short-term planning of the river system. The forecasting tool based on step-response
tests results is compared to other alternative or prior forecasting tool results. The fore-
casting tool predicts the water level behavior more precisely than antecedent models.
The errors in water levels in production planning are decreased and the modelled water
levels are closer to realized when created forecasting tool is used.
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Yli 50 prosenttia Pohjoismaiden sdhkodntuotannosta tuotetaan vesivoimalla. Vesivoima
on hyvin joustava tuotantomuoto, joka pystyy vastaamaan nopeastikin muuttuvaan
séhkon kysyntdan. Vesivoiman tuotanto on kuitenkin hyvin riippuvainen hydrologisesta
tilanteesta ja sen saatavuus on suurin yksittdinen hintaan vaikuttava tekija séhkon
avoimilla tukkumarkkinoilla. Sadhkoén markkinahinnan vaihtelun vuoksi vesivoiman
tuotannonsuunnittelu on hintalédhtoistd, jotta tuottajat pystyvat menestyméaén
sahkomarkkinoilla, mutta myds vastaamaan muuttuvaan sdhkon kysyntaan. Vesivoiman
avulla pystytddn myos hallitsemaan vesivarastojen kayttdytymistd, joka on yksi
avaintekijé esimerkiksi tulvasuojelussa.

Vesivoiman optimaalinen tuotannonsuunnittelu vaatii tarkkaa hintaennustetta ja tietoa
kaytettdvissd olevan veden madrastd, mutta myos vesiston tarkkaa tuntemusta.
Tuotannonnuunnittelussa kéytetdadn optimointimalleja, jotka hyodyntévét erilaisia
matemaattisia metodeja I0ytdékseen optimaalisen tuotantosuunnitelman. Kéytanndssa
kaikki vesistot ovat eriaisia, joten tuotannonsuunnittelussa kaytetyt mallit ovat raataloity
vastaamaan vesiston ominaisuuksia.

Tassa diplomitydssa on keskitytty mallintamaan erddn Suomessa sijaitsevan joen
ominaisuuksia, ja erityisesti yhtd sen osaa. Tdma osa joesta on koettu kokemusperéisesti
vaikeaksi mallintaa olemassa olevalla datalla. Sen vuoksi vesistoon on suunniteltu ja
suoritettu askelvastekokeita, joiden avulla veden kulkeutumista ja varastoaltaan kokoa
on mallinnettu tarkemmin. Askelvastekokeista saadun datan avulla on luotu malli, joka
pyrkii ennustamaan veden kulkeutumista ja vesipintojen kayttaytymistd edellisia
malleja paremmin.

Tassa tyossd tehdyn mallin on tarkoitus helpottaa ja parantaa vesivoiman lyhyen
aikavélin suunnittelua ja operointia. Askelvastekokeiden pohjalta luodun ennustemallin
tuloksia on verrattu muiden olemassaolevien ennustemallien tuloksiin. Malli ennustaa
vesipintojen kayttaytymisen aikaisempia kaytossd olleita malleja tarkemmin. Té&ss&
tyossé luodun ennustemallin avulla suunnittelussa syntyvét virheet pienenevét ja
mallinnetut vesipinnat ovat lahempéné toteutuneita.
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ABBREVIATIONS

GDP Gross domestic product

Hour Unit (HU)  Hydropower discharge hour unit, 1 HU = 3600 m3
MAE Mean absolute error

NASDAQ OMX  Trading house for financial contracts

Nord Pool Spot Market place for physical electricity trading

ROR Run-of-the-river type of hydropower
Spot-market Day-ahead market for physical electricity trading
SSE Sum of square error

SYKE Finnish Environment Institute



1. INTRODUCTION

The purpose of this thesis is to study and calibrate hydro reservoir and water flow dy-
namics in a specific hydropower system with a set of planned test runs. The thesis in-
cludes description of hydropower production and how hydropower is planned. The fo-
cus is not on deregulated cross-boarding Nordic electricity markets and its mechanics,
although most of the hydropower produced in the Nordic countries is sold there. Rather,
the focus is on modelling hydropower production and water movements. However, hy-
dropower production and Nordic electricity markets are highly linked to each other and
thus the Nordic electricity markets could not be bypassed in this thesis.

1.1 Background

During a year with normal rain and snowfall, hydropower accounts for half of the Nor-
dic countries electricity demand. Hydropower is an efficient and a renewable source of
electricity combined with good ability to balance the power system. On a Nordic level
hydropower production has a significant effect to the electricity price because it ac-
counts for more than half of the joint Nordic electricity production (Nordic Energy
Regulators 2014).

In the Nordic wholesale electricity markets, called Nord Pool Spot, the buyer needs to
assess how much energy it will need to meet its load the following day and how much it
is willing to pay for this energy, hour by hour. The 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 supply (production) and demand (consumption)
meet (NordPool 2016).

As previously mentioned, hydropower producers need to plan their production hour-by-
hour for the following day. In a typical fashion for deregulated markets, also hydropow-
er producers strive to maximize their profit with production optimization. An optimal
power production requires refined knowledge of water system combined with advanced
and excellent inflow and price forecasts (Scharff et al. 2014).

In deregulated Nordic electricity markets, producers need to:

1. Forecast both near and further future price level

2. Forecast inflow levels in order to estimate how much energy is arriving to reser-
voir in the future

3. Determine at what price they are willing to produce at which hour.



Price uncertainty can be mitigated with price dependent bidding. However in a complex
river system that does not solve everything, due to limited flexibility (Scharff et al.
2014).

Producers need to have accurate models to determine production for following day. De-
viations between forecasted and realized inflows may cause a situation where the pro-
duction will differ from what was sold to the day-ahead markets earlier, thus resulting in
an imbalance of electricity. In Nordic electricity market members can sell their produc-
tion also to intraday-markets to minimize their balancing costs.

Both, financial and physical markets are available in Nordic energy markets, but this
thesis concentrates only on physical market and results of this thesis are only use in
physical trading. Although financial market is important part of energy markets, it is
excluded from this thesis.

1.2 Research Objectives

This thesis is a research from the unique river system main channel located in Nordic
area. The object is to study the water dynamics in the river system, which has technical
and environmental constraints. The aim of this study is to increase the knowledge of the
water dynamics and create a forecasting model based on the results. The improved un-
derstanding of the water dynamics can be utilized in hydropower production planning
and the operation of hydropower plants. The river production is sold to the Nordic elec-
tricity markets.

After the river production is sold to the Nordic Day-ahead markets, hydropower pro-
ducer faces the following questions:

1. How should the sold energy be produced?
2. How the river, and especially the water levels will behave when the sold energy
is produced?
a. Are the environmental limits followed?
b. What are the costs from deviating from production plan?
3. What opportunities do other marketplaces offer (Figure 5)?
a. This is also taken account during production plans are made.

With respect to part 2, inflows influence directly hydropower plant’s water level. Typi-
cally part of the inflow is run-offs which are uncertain, but change relatively slowly.

1.3 Structure

This thesis contains five chapters, including an introductory chapter and finishing with a
conclusion chapter. The thesis starts with a theoretical foundation. Empirical part starts



from chapter three and the results are presented in chapter four. This thesis structure is
presented as following.

Chapter 2 focuses hydropower specifics and gives a detailed outlook to hydropower
modelling. The chapter starts with an introduction of the hydrologic environment and
the main drivers of Nordic hydropower production. It continues with the features of
hydropower stations and electricity generation including a short description of the most
common hydropower plant and turbine types. At the end of chapter 2, fundamental ex-
planation of intrinsic hydropower physical fundaments are presented. In addition, chap-
ter 2 includes an explanation of the many stages of operational hydropower planning.

Chapter 3 starts with a description of the studied water system with its hydropower units
and reservoirs. In addition, this chapter contains a presentation of the river systems dif-
ferent hydropower plants co-owning pattern. Chapter 3 continues with a presentation of
the planning procedure of this co-owned water system. The chapter also discusses the
challenges of planning and operating this particular river system and it continues by
presenting the step-response test cases, methods and constraints used to analyze the ac-
quired data. The chapter ends by presenting forecasting tool targets.

The analyzed step-response tests results are presented in Chapter 4. The chapter in-
cludes an exhaustive presentation from the parameters used in the forecasting tool and
how the results of tests are utilized. In addition, the objectives and benefits of a worka-
ble forecasting tool are presented in Chapter 4. The chapter continues with forecasting
tool results and comparison to other alternative or prior forecasting tools. The measure
goodness of each forecasting tool is presented in this chapter. At the end of this chapter,
an example of forecasting tool applicability is shown.

The final chapter of this thesis, Chapter 5, provides conclusions and a review how well
the forecasting tool improves the water system handling. A proposal of improvements
and prospects of future research topics are also presented in this chapter.



2. HYDROPOWER PRODUCTION MODELLING

2.1 Hydrologic environment

Hydrologic cycle, also known as the water cycle, describes water movement on Earth.
In long time perspective, the amount of the water on the Earth remains constant but wa-
ter movement and phase change is a continuous process. The movement of water
through the cycle is erratic, both in time and over the area (Linsley 1982).

In the hydrologic cycle, water is stored in different reservoirs like oceans or lakes in
liquid form. This cycle, shown in Figure 1, is visualized to begin with evaporation from
the reservoirs to the atmosphere caused by the sun and wind. The resulting vapor con-
densates and eventually forms clouds which are transported by moving air masses. The
transported clouds release water through precipitation and water falling upon land is
dispersed in several ways. Some water is temporarily retained in the soil near where it
falls and is returned to the atmosphere by evaporation and transpiration by plants. A
portion of the water might be collected back to the reservoir and other portion is ab-
sorbed through the soil surface. This absorbed water in the soil surface moves step by
step towards lower elevations by the influence of gravity, until it finally merges into a
reservoir. Furthermore, water can also take alternative routes. For example, the water
reservoir can exist as snow or ice. When the snow or ice melts, it runoffs to an under-
side river and the river flow carries the water to the lake or ocean (Linsley 1982).
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Figure 1: Hydrological cycle (BBC 2016).

Hydropower is based on water cycle and the water cycle is an endless cycle, thus hy-
dropower can be considered as a renewable energy source.

2.1.1 Water inflow

Hydrology forecasts, including inflow forecasts, are used for different purposes, for
example irrigation, city water supply, flood warnings, hydroelectric power, and con-
verging water resources. Several models with different methods are used for forecasting
the behavior of a hydrologic system. In Finland, watershed simulation and forecasting is
operated by Finnish Environment Institute (SYKE). SYKE utilizes meteorology, hy-
drology and aerial data in their watershed simulation and forecasting system (Linsley
1982; Finnish Environmental Institute 2016).

In hydropower planning, the inflow can be considered as the most important input. The
amount of energy and possibility to allocate it depend on available inflow. The inflows
can vary remarkably during the year and between different years and predicting the in-
flow is difficult, not only yearly basis but also for few weeks or days ahead. When wa-
ter inflow is twice the normal basis, it is called “wet” year and when it is half of normal,
it is called “dry year”. The water inflow strongly depends on weather, thus the inflow



can be predicted relatively accurately as long as weather forecasts have been accurate.
In some case, during a long dry and warm season, the inflow can be temporarily nega-
tive, which means that amount of water absorbed to soil and evaporation are greater
than inflow to the reservoir (Antila 1997; Sorooshian et al. 2008)

Water can exist in different forms, which are dependable on the season. In autumn,
most of the inflow comes as rain in the Nordics. During winter, majority of the inflow
comes down as snow, but this type of inflow is at least partially solid and therefore not
suitable directly for hydropower production until the snow melts. In spring, when tem-
perature rises and the snow starts to melt, the inflow rises heavily and it causes spring
flooding. The spring flood is a high peak in inflows and it can’t be avoided.
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Figure 2: Effective inflows to the Nordic water reservoirs 2011 - 2013 (Nordic Energy
Regulators 2014).

As seen from Figure 2, the amount of inflow is nonidentical between different years and
during the year. The inflow peak takes a place during the spring and the timing of peak
varies between different years. The timing and the size of the inflow peak is hard to
predict and the predicting mostly depends on weather forecasts, as previously men-
tioned. The inflow is usually lowest during the winter.

Nordic water reservoirs are usually drained during winter because of low inflow. Low
water levels after winter are a result from natural behavior of water systems and hydro-
power regulating: hydropower producers are preparing to spring floods and making
room for strong inflow. The combined Nordic reservoir levels are presented in Figure 3.
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Figure 3: Reservoir levels in the Nordic region 2010 - 2013 (Nordic Energy Regulators
2014).

As seen 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
minimized in this way (Bye 2008).

During high inflow, there is a significant risk of damaging flood. The flood dangerous-
ness can be minimized with water management which can be carried out with hydro-
power plants. Hydropower can be used for purposeful regulation of reservoir levels,
which aims to provide space to reservoirs before high inflows. Hence, the water result
from high inflow can be stored to reservoir. In addition of flood mitigation, it is also
sensible to operate in this way because the spillage past the turbines is avoided or mini-
mized. Proper water management of reservoirs handling is one of the main responsibili-
ties of hydropower companies (Mill et al. 2010).

2.2 Hydropower stations

Hydropower is a unique way to generate energy compared to other forms. It is carbon
dioxide free and renewable energy production form, but it also provides others services,
such as flood control, irrigation opportunities, and water storage. At the same time, hy-
dropower can provide lowest-cost electricity compared to any other source. Hydropow-
er stations often have significant flexibility: it can be designed to meet base load de-
mands or large share of peak electricity demand. Hydropower is also a good fit for pow-
er system balancing because production can be rapidly ramped with low costs. Electrici-
ty consumption in Nordics is highly dependent of average temperatures of the year and
GDP. Because hydropower is suitable for power system regulation and water can be



stored, it can respond to fluctuating demand. Therefore, there is less volatility in Nordic
electricity price structure, than for example in Germany (IRENA 2015; Nordic Energy
Regulators 2014).

An important property of hydropower is the ratio of nominal discharge and the average
inflow to the plant. The ratio and the size of the water reservoir above the plant de-
scribes the ability to produce regulating power. If the nominal discharge of the hydro-
power plant is as same as average inflow to reservoir, hydropower plant has no control-
ling capacity and then the unit is operating like a base load plant. If the nominal dis-
charge is substantially greater than average inflow, the freedom of controlling produc-
tion increases. The amount of inflow is usually dependent on the season and it can vary
a lot between the years and months. As a summary, the flexibility of hydropower unit
depend on the water flow in the river system, the volume of reservoir, seasonal varia-
tions of inflow, and both technical and environmental constraints. Environmental con-
straints are defined in a power plant’s permit and can also have seasonal variations (An-
tila 1997).

Although hydropower is a low-cost renewable energy source, it affects negatively to
local environment. The environmental impacts mostly come from dam construction and
reservoir regulation. For example, the construction of a dam has an impact on the
movement of fish which affects fish stocks and hinders fishing. The negative impact to
fish has been reduced by restocking the fish and constructing alternative route to fish’s
movement such as fish ladders. Hydropower projects can encounter social resistance
because of the negative impacts to water available, ecosystem and the environment. In
some cases, the project may lead to relocation of population. Large hydropower projects
requirement larger dams and electricity transmission grid etc., and thus those are raising
more environmental and social opposition than small scale hydropower (IEA-ETSAP
2016; IRENA 2015; Energiateollisuus ry 2016).

2.2.1 Hydropower plant types

Hydropower can be classified by their characteristic such as ability to store water or
size. There are two basic configurations in hydropower plants: dams with reservoir and
run-of-river plants, with no reservoir. World’s major hydroelectric plant types are either
run-of-the-river (ROR) or hydropower plants with a dam, also referred to as conven-
tional hydropower. The dam scheme can be subdivided into small dams with day-night
regulation, large dams with seasonal storage, and pumped storage reversible plants for
energy storage and day-and-night regulating according to variety of electricity demand.
The hydropower units over 10 MW are commonly defined as large hydropower, units in
the 1-10 MW range are called small-scale hydropower, and under 1 MW units are called
micro-scale hydropower. Small scale hydropower is normally designed to use in ROR
units (IEA-ETSATP 2016; IRENA 2015)



In a ROR-type of hydropower the storage capacity, in the practical sense, does not exist
or it is very restricted. ROR units are environment-friendly option because they do not
significantly interfere to the natural flow of the river. Thus, the impact of ROR units on
the local surrounding is more limited compared to conventional hydropower. The elec-
tricity generation of ROR units is strongly connected to water flow which can vary re-
markably during the year and between years. ROR hydropower unit without reservoir is
unsuitable for regulating purposes and it is mostly producing only base power. In ROR
hydropower, different units located in same riverbed are strongly hydraulic coupled to
each other and the inflow to successive plant is the delayed discharge of the previous
plant combined with possible run-offs and therefore the operation of the single plant
cannot be planned separately. The strength of hydraulic coupling is relatively to size of
the unit reservoir and the delay of discharge depends on the distance from a previous
plant (Vilkko 1999; IEA-ETSATP 2016; IRENA 2015).

Conventional hydropower works similarly to run-of-river hydropower plants. However,
conventional hydropower utilizes reservoir which can be natural or a man-made artifi-
cial reservoir, where water can be stored. The storing capacity can be small or large,
depending on the type and location of reservoir, environmental issues, characteristics of
the site, and the economics of the dam construction. Unlikely ROR units, large hydro-
power plants can encounter social opposition because of their impact on water availabil-
ity, ecosystems, and the environment. Conventional hydropower plants are specifically
used to adjust the production to meet the demand. Production is flexible and the turbines
can be ramped up and down rapidly, therefore it is suitable for keeping up the stability
of the electricity system. In countries, where hydropower is available in large scale, the
balancing requirement of electricity system is mainly satisfied by hydropower (IEA-
ETSAP 2016; IRENA 2013; Kemijoki Oy 2016).

Pumped-storage hydropower plants operate in a similar way as conventional hydropow-
er, with the notable difference that pumped-storage unit can move the water from lower
elevation reservoir back to higher elevation reservoir. Modern pumped-storage units do
not need a separate pumping unit because the turbine can operate opposite direction as
well. In other words, pumped-storage hydropower can operate as a load unit as well as a
production unit. At times of low electricity demand, such as during night-times and
weekends, water is pumped to upper reservoir and electricity is produced during periods
with higher demand. Pumped-storage hydropower plant suits extremely well to elec-
tricity grid balance management: excess energy from electricity grid is used to water
pumping, while shortfall of energy in grid can be fulfilled with releasing water from
upper reservoir. The energy conversion efficiency in modern pumped-storage hydro-
power units with state-of-the-art technology is over 80 %. Pumped-storage hydropower
plants are nowadays enjoying special attention as they are at present most competitive
option for large-scale storage to be used in combination with variable renewables (IEA-
ETSAP 2016; National Hydropower Association Hydro Technology 2016).
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2.2.2 Electricity generation

All hydroelectric power units produce electricity in the same way. Hydroelectric power
station utilizes the height difference between two water surfaces to produce power. The
potential energy of a higher water elevation is converted to kinetic energy when water is
discharged through intake, into the penstock, and past the turbine to a lower elevation.
The energy is absorbed by the turbine which in turn transfers its rotation energy to a
generator. The mechanical energy is converted into useable electric energy by the gen-
erator. Generator then feeds the produced electric energy into the electric grid. The
amount of power that is generated can be presented as a function of discharge, height of
the head of the plant, and the combined efficiency of turbine and the generator (Crona
2012; Olsson 2005).

A plant reservoir exists above a hydropower plant. A dam blocks the water that hydro-
power utilizes, storing it in to the reservoir and prevents the water running past the tur-
bines. The inflow into plant can be temporarily stored in the reservoir. Also, the stored
water can be discharged from the reservoir. The size of the reservoir demarks how much
water and how long it can be stored in a reservoir (Crona 2012; Vilkko 1999).

Some of the water cannot be discharged through the turbines in certain situations. For
example if the turbines are not in operation or the inflow is high and there is no regulat-
ing volume available in the reservoir. For these situations there must exist an alternative
way to discharge the water. The fundamental part of a hydropower station is a spillway
which is used to let water run past the station in certain circumstances. The process is
called spilling and with spilling producers can control water level in the same way as
with discharge through the turbines. Spillage is typically needed during the spring thaw
when the inflow is strong, or if for one reason or another, the power plant is in mainte-
nance. Flood particularly occurs in spring or in autumn in Nordic area. Spilling the wa-
ter wastes the potential energy of the water and therefore hydropower companies strive
to avoid spillage unless it is absolutely necessary. Usually, maintenances can be planned
well beforehand and are scheduled to a period when the inflow is low enough to avoid
spillage (Crona 2012).

As previously mentioned, the amount of generated power is a function of discharge,
head, and combined efficiency of the turbine and generator. In reality, the relation be-
tween discharge and power production is non-linear. The river usually resists the flow
caused by discharge or spillage, and if the flow through the dam is high, tail water tends
to increase and head level tends to decrease. This effectively decreases the production
rate of hydropower plant (Vilkko 1999).

The potential energy of the water can be presented as following function:

U =mgh (@8]



11

Where U (J) is an amount of potential energy to stored water, m (kg) is a mass of water,
g (m/sz) is a local gravitation constant of Earth, and h (m) is a head of a plant. Mass

can be shown as multiplication between density p (kg/m3) and volume V (m?3):

m=pV )
The power P (] / s) that is theoretical converted from the water is a division between

energy (/) and time (s):

u @)

t

Pineoreticar =

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

pVgh (4)

Piheoreticar = t

The discharge Q (m3/s) can be shown as division between volume V (m3) and time t

(s). The head of the hydropower plant is subtraction between intake level and tail water
level. By combining these relations, the theoretical power that hydropower plant can
convert from the water is:

Ptheoretical = pQg (hintake - htail water) (5)

In reality, all the potential energy water contains cannot be directly converted to electric
energy. This means that power P must be scaled with efficiency factor n:

Poactuar = 1PQY (hintake — Ptait water) (6)

The losses come from friction in waterways, the efficiency of turbines, amounting to
12-14 % loss from the potential energy (Finn R. Fgrsund 2007).

2.2.3 Hydropower turbine types

There are three commonly used types of hydro turbine: Pelton, Francis, and Kaplan.
Pelton turbine is particularly suited for high head and low discharge applications. It is
the only impulse type hydraulic turbine in common use today. In Pelton turbines the
rotor consists of a circular disk with a number of bucket-blades. Bucket-blades are fed
by water jet from nozzles in such a way that each nozzle directs its jet along a tangent to
the circle through the centers of the bucket-blades. The regulating method of Pelton
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turbine is arranged by needle valve and deflector plate. The optimum efficiency of Pel-
ton turbine is approximately 90 % (Dixon et al. 2014).

A benefit of a Francis turbine is its wide operation conditions: it is suitable for high and
low head applications. Francis 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 angle. The Francis
turbine is controlled by adjusting the angle of guide vanes. The maximum efficiency of
a Francis turbine is approximately 95 % (Dixon et al. 2014).

The Kaplan turbine is suitable for low head and relatively high water flow applications.
The benefit of Kaplan turbine is good efficiency on partial loads. In 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. The control of Kaplan turbine is done by
adjusting the guide vanes and the angle of rotor blades. The maximum efficiency of
Kaplan turbines is approximately 94 % (Dixon et al. 2014).

The Finnish terrain is flat and therefore the head of a plant is usually low. Thus Francis
and especially Kaplan are mostly used turbine types in Finland. Kaplan turbine efficien-
cy curve is very flat and therefore it is suitable for peaking and cycling production.
Suggestive efficiency curves are shown in Figure 4 (Antila 1997).
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Figure 4: Efficiency curves of three hydropower turbines mainly in use (Dixon 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 reservoir if available. Amount of water available has seasonal and yearly variations.
If a reservoir exists, there is a possibility to smoothen seasonal and yearly variations in
available water. The main object of hydropower production planning is scheduling the
offset during times when production is most profitable. Hydropower production plan-
ning can be generally divided into three different planning periods which are separated
according to time frame.

Long-term hydropower planning is longest planning period of these three planning peri-
ods and it contains both expansion and seasonal planning. Seasonal planning period is
from one year to five years ahead, whereas expansion planning time period is in the
range of tens of years. Compared to seasonal planning, expansion planning has to take
into account many other prevailing uncertainties like changes in power production sys-
tem, climate change or political decisions. Long-term seasonal planning is mainly based
on forecasts and different scenarios of power demand and water inflow to the system.
Both power demand and water inflow are difficult to predict and this means that models
used in long-term planning should be capable of handling uncertainties. The nature of
long-term planning depends from controllability of hydropower unit. If there is no res-
ervoir above the plant (e.g. ROR-units), expansion and seasonal long-term planning
highly depends only from the inflow forecasts. When the hydropower plant is complete-
ly controllable and the water can be discharged freely within constraints of the seasonal
reservoir and the only short-term constraint is the maximum discharge of the unit (An-
tila 1997; Dixon et al. 2014).

Mid-term planning horizon is from two weeks to one year ahead with weekly resolu-
tion. The purpose of the mid-term planning is to give endpoint to storage description in
the form of incremental water values for reservoir. The target reservoir content at the
end of planning period is given by long-term planning model. The reservoir content at
the beginning of the planning period is known. The input of mid-term model is given
from inflow, network flow programming, and market price forecasts. Such as long-term
modelling, inputs for mid-term modelling are also uncertain, thus mid-term models
should also be stochastic (Dixon et al. 2014).

Short-term planning covers time frame from days to few weeks ahead. The objective of
short-term planning is to maximize the value of hydro in the selected time scale. The
input to short-term hydro planning comes from mid-term model, inflow and market
price forecasts. In short-term planning inflow and market price can be predicted with
sufficient accuracy. Predicted values can be generally assumed to be correct and when
the forecasts change, the model can be recalculated. Therefore, short-term hydropower
planning can be treated as a deterministic problem. Constraints of short-term modelling
are maximum discharge of hydropower unit and reservoir levels. Short-term modelling
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is more “precise” than mid-term or long-term modelling: for example, short-term model
should include turbine efficiency curves and other features of hydropower unit. Short-
term planning provides also intraday, manual frequency regulation, and automatic fre-
quency regulation markets (Crona 2012; Antila 1997; Dixon et al. 2014).

The nature of hydropower production planning highly depends from the controllability
of hydropower unit. The physical constraints, like maximum discharge of unit, reservoir
minimum and maximum levels or other constraints defined in a Governance rule must
be taken into account. Hydropower production planning is a continuous process and the
models are recalculated continuously.

In addition to physical production planning, similarly to any other production form, also
hydropower companies are hedging their production against price risks in day-ahead or
intraday markets with financial contracts. The financial contracts are made in different
market place. The trading in financial markets is done anonymously through the clear-
ing house NASDAQ OMX. Financial contracts do not fulfil to physical delivery, only
cash settlement. Thus, financial market trading is not bounded by technical constraints
nor does it have direct influence to power system’s physical situation. In practice, the
above-mentioned means that financial markets have more players than physical mar-
kets, mainly because participation to financial markets does not obligate any links to
physical power markets. The production hedging is part of long-term and medium-term
planning (Scharff et al. 2014).

The operational decision making process of hydropower companies in Nordic electricity
markets are combination of participation to all market places by utilizing trading capaci-
ty and energy. Description of operational decision-making process is presented in Fig-
ure 5 (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 making points of hydropower companies in Nordic electricity mar-
ket.
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Long-term and medium-term production planning
Trading on financial markets

Tendering process for yearly primary reserves
Short-term production planning, weeks ahead
First tendering process for secondary reserves
Bidding on day-ahead market

Short-term production planning, days ahead
Second tendering process for hourly primary reserves
Intraday markets

Self-balancing
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Hydropower production planning contains many different steps in different marketplac-
es, as the list above shows. The results of this thesis can be utilized in short-term plan-
ning and re-scheduling.

2.3.1 Objectives

Flexibility of output, low variable costs combined with the ability to storage water, are
the defining characteristics of hydro planning. For hydropower producer, water can be
considered to be a scarce resource and thus hydropower companies strive to maximize
the value of usable water by allocating generation to hours which receive the highest
price for it. The future price of electricity is exposed to many uncertainties, like availa-
bility of water, temperature-driven demand, and fuel prices of other power generation
sources. Hydropower producers generally, especially in short-term planning, encounter
the following question in planning: should the production be sold today, or save it for
tomorrow with the expectation from higher price for produced energy. In addition, hy-
dropower can participate in different market places because of its specific characteris-
tics, which must be take account in short-term planning. Thus, the marginal cost of hy-
dro production comes from the price expectations, or water values, rather than nominal
variable cost of production (Kauppi 2009; Olsson 2005).

The optimal generation scheduling is based on inflow and market price forecasts, which
both have seasonal variations. These form the hydro scheduling problem. Consumption,
reservoir levels, and inflows are significant price drivers in hydro-dominant Nordic
electricity markets. During time when inflow predictions are high and reservoir is full, it
is more profitable to offset the production with low electricity price than save the water
and ran to the situation, where is necessary to spill water through the turbines (Vilkko
1999; Bye 2008).

The near future electricity prices have a significant role in short-term planning while the
main question is, how the generation given by mid-term planning is scheduled to differ-
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ent hours. Thus, the near future price forecasts, combined with near future inflow pre-
dictions, are main drivers in short-term planning. In short-term planning, which is main-
ly on focus in thesis, the real effects of generation should be modelled in production
planning. This requires that behavior of reservoirs, intake and tail water levels, turbine
efficiencies and scheduling, and other characteristics of water system, for instance de-
lays in the water system, can be modelled in the right way. The modelling of real effects
of generation is presented in sections 2.3.2 — 2.3.5 (Vilkko 1999; Bye 2008).

2.3.2 Head effect

The power generation of the hydropower plant is not a linear function of the rate of dis-
charge through the turbine. The power generation function increases until a peak is
reached. After the peak, power generation can even decrease mainly because the head of
the hydropower plant is reduced at high discharge levels and the efficiency of the tur-
bine deteriorates, which cannot be avoided unless the another generator is started. The
decrease in head is due to decreasing water level above the dam and increasing tail wa-
ter level. The variation of water specific energy with a function of discharge through the
hydropower plant is presented in Figure 6.
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Figure 6: The variation of water specific energy with function of discharge through the
hydropower unit.

It is advisable to run the generators on the optimal production zone and high intake wa-
ter level because the specific energy of water is at its highest and more energy from the
same amount of water is received. Commonly hydropower units contain more than one
turbine. When there is more than one turbine on the site, the production curve of the
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hydropower plants is a combined production curve of turbines. An example of a com-
bined production curve is shown in Figure 7.
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Figure 7: Three generators combined production curve shown as a function of dis-
charge.

2.3.3 Tail water

The part of the river right after hydropower plant is called tail water. The river usually
resists the flow caused by discharge through the turbines and flood gates, and therefore
the tail water tends to increase when the discharge increases. Practically, higher tail wa-
ter level will reduce the head of the hydropower plant and make the efficiency of the
turbine worse (Vilkko 1999). A conventional method to model tail water behavior is a
function of a total discharge of hydropower plant. In Figure 8, there is shown typical
linearization of tail water level in according to discharge.
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Figure 8: Linearized tail water level.

In water systems, where is many hydropower plants located one after another, the tail
water could be located in subsequent hydropower plants reservoir. In these circumstanc-
es, the downstream reservoir level influence to tail water level of previous plant. In Fig-
ure 9 there is an example, 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.

¢ Subsequent unit higher level ®  Subsequent unit lower level

A e | inear (Subsequent unit higher level) = = == Linear (Subsequent unit lower level)

Tail water level [m]
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Figure 9: Reservoir level located in downstream influence to previous hydropower
plants tail water.
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In practice, the change in tail water is a dynamic process, where tail water level increas-
es or decreases with due time after changes in discharge. In reality, tail water level re-
sponse is slower than a simple linear regression model implies. If the model does not
take this into account, the reduction in calculated energy affected by tail water is too
low or too high. The reduction in energy caused by the tail water increase can be han-
dled for example with exponential smoothing, which allows one to calculate a slower
changing to be used with the linearized tail water curve.

The standard exponential smoothing can be represented as follow:
Ss)=a-x()+ (A —a)-Se(t—1) (7
Where smoothing parameter a (=) is restricted as following:
0<ax<l1 (8)

In equation (7), S¢(t) is a weighted average from previous smoothed value S¢(t — 1)
and the most recent observation x(t). The smoothing parameter can be selected as fol-
lowing:

_ 2 9)
“T1F

Where [ is a number representing the period of smoothed values (Gardner 2006;
Résénen 2014).

The smoothed tail water behavior is caused by ramped increase of discharge is present-
ed in Figure 10.
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Figure 10: Smoothed tail water behavior caused by hydropower plants ramped in-
crease of discharge.



20

2.3.4 Delays

For hydropower stations located in same riverbed, the release from upstream reservoir
ends to the latter station as inflow. In this situation hydropower units located in same
riverbed are said to be hydraulically coupled to each other. This type of hydropower is
very common and it is known as run-of-the-river hydropower (ROR).

As previously mentioned, ROR units are located in same riverbed as a chain and units
are hydraulically coupled to each other, thus the generation of subsequent unit depends
strongly from upstream hydropower unit operation. If there is 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 must discharge the same amount of water as the inflow
from the upstream hydropower unit. This kind of coupling reduces maneuverability of
the hydropower system.

Hydropower planning requires understanding of the water movement. This stands out
especially in units without a reservoir, where the operator must know how much water
is available and when it is available. The time delay that water travel within a channel
from upstream unit to subsequent unit must be known to keep subsequent unit hydro
balance on acceptable level and make acceptable production plans. Well-known water
movement contributes to better hydropower scheduling and helps avoid unfavorable
production imbalance.

The water flow in system could be simulated with Saint-Venant equations which are
based on Navier-Stokes equations. There are computer programs developed to model
water flow which are partly based on Saint-Venant equations. One of these programs is
HEC-RAS which performs one-dimensional steady flow and one and two-dimensional
unsteady flow calculations. These programs and Saint-Venant equations require dimen-
sional model of the water system which are not readily available without extensive
measurements and thus out of scope of this thesis (Sharkey 2014).

In some cases, the water delay approximation as a constant can be an acceptable level.
Even though such approximation can be acceptable, there are also regions where such
water delay cannot be modeled as a constant value, because of the stream flow routing
behavior between upstream and downstream plants. The water movement from plant j
to i with constant delay is presented in Figure 11.
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Figure 11: Constant water delay between hydropower plants. The arrows present por-
tions of moving water in river.

The biggest assumption with 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 stream flow routing. In this situation, the mathematical formulation of water bal-
ance is represented as follow:

Vi+ Qi +SD - z @ sy = Vi1 (10

JeEM;
, Where
V! is storage of hydro plant i at the end of time step t,
Q! is turbine outflow of hydro plant i at the time step t,
S} is spillage of hydro plant i at the time step t,
M; is set of hydropower plants upstream plant i,
7;; is water delay time in hours between plants j (upstream) and plant i (downstream),
and I} is natural inflow to hydro plant i at time step t (Souza 2012).

As mentioned before, a constant water delay time is not useful in certain regions be-
cause water moves as a wave above the river bed in an open channel and thus all the
influence of the increased inflow upstream does not effect to downstream power plant in
one hour, especially when there is long distance between hydropower units. In this case,
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different portions of water released by upstream hydropower unit at time step t,, reach
subsequent hydropower unit in different hours, ranging from r{’j”" to 7;7**. This situa-
tion, caused by stream flow routing, is presented in Figure 12 (Souza 2012; Chanson
2004).

Plant j

1h
to
3h

Plant i

Figure 12: Stream flow routing effect between two hydropower units with non-constant
water delay. The arrows present portions of moving water in river.

In the example shown in Figure 12, the different portions of released water of hydro-
power plant j at hour t,, reach subsequent hydropower plant from time steps ¢ =

(t, + 1) to (t, + 3), s0 in this case 7/}"™ is one hour and 77 is four hours. The delay

can be also presented as in stream flow routing curve. The stream flow routing curve
shows cumulative percentage of water released from upstream hydropower unit j at time

step t,, that reach subsequent unit up to each time step t = (tp + k) in the future, where
k ranges from r{;-”'” to /7" (Souza 2012). The stream flow routing curve based on sta-
tistic data is shown in Figure 13.
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Figure 13: Example of stream flow routing curve based on statistical data, where 7;

one hour and T{}lax is six hours.

Table 1 shows the delay of water share to each hour. For simplicity, Table 1 shows how
much of the water arrives during each hour to subsequent hydropower unit.

Table 1: The amount of water shares to each hour based on Figure 13.

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

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

Based on Table 1, we can define a participation factor «{; ., where t is water release

time from upstream unit j to subsequent unit i and k is time difference from water re-
lease time to water arrival time to subsequent unit. Now water balance equation for hy-
dropower unit i considered stream flow routing can be written as following:

VEH @S = ) ) e (QF S = VI 4

JEM; k=0

It has been noticed that stream flow routing curve changes in 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 flow (Souza
2012; Vassenden et al. 2016).

The most important thing in water delay time is 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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constant. Most of regions water delays cannot be modeled as a constant, because of
stream flow routing between upstream and downstream units.

2.3.5 Hydropower reservoir

The reservoir above a hydropower plant allows for storage of water. This possibility to
store water is a unique feature of hydropower compared to other renewable energy
sources. If there is available volume in reservoir, the inflow to hydropower plant does
not restrict plants discharge at all. The reservoir allows an opportunity for allocation of
energy to periods with higher demand and therefore production can be timed when it
mostly needed. The amount of energy and the amount of time it can be stored is related
to the size of available reservoir (Crona 2012; Vilkko 1999).

The size of reservoir is defined by its highest regulated water level and lowest regulated
water level. Allowed water levels are traditionally dictated in power plant permits which
are unique for each hydropower plant. The difference between the highest regulated and
the lowest regulated water level in the reservoir can be almost 100 meters. There can be
also several more constrains of the regulating reservoir, for instance, the limits how the
discharge has to be ramped and forbidden operational intervals. Limits are also de-
scribed as soft and hard constraints: soft constraints are allowed to be broken in certain
situation but hard constraints are strict (Crona 2012; Statkraft 2016).

When a reservoir can store a significant amount of the annual inflow it is called season-
al reservoir. The seasonal reservoir capacity is remarkably greater than a typical plant
reservoir capacity. Seasonal reservoirs are usually geographically greater and the
boundaries for water level variation are larger. The production of hydropower is practi-
cally completely controllable when it located between two seasonal reservoirs. In these
types of hydropower plants, the constraint in energy production comes from maximum
discharge of turbine and the annual availability of water in the upper reservoir. A sea-
sonal reservoir has the ability to absorb the changes in inflow during different seasons.
Typically, the reservoir is filled during the flood time and it is unloaded during dry sea-
sons (Vilkko 1999; Antila 1997; Kemijoki Oy 2016)

There are different methods to estimate the volume of lake or reservoir. The estimation
can be based, for example on statistical data or hydrographical measurements. Hydro-
graphical measurement utilizes depth-sounders and the method brings out the total vol-
ume and bed shapes of the reservoir or lake (Furnans 2008). For a less laborious way of
estimation for hydropower is calculating the water balance of the reservoir. Change in
the reservoir volume must correspond to the combined incoming and outgoing water
volumes. These volumes are discharge, inflow and spillage and these variables have the
unit m3. Volumes are usually big and inspection time is hours or days, so it is more us-
er-friendly to use million cubic meters Mm3. The water balance equation is:
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x(t) =x(t—1) - q(t) —s(t) + Qupstream T w(t) (12)

Where x(t) is current reservoir content, x(t — 1) is previous reservoir content, q(t) is
the discharge, and qypstream COmMbined with w(t) is an inflow. w(t) includes evapora-
tion and other variables that are difficult to measure (Crona 2012).

When hydropower plants are in located in same riverbed they are hydraulically connect-
ed to each other. Usually, in a situation like this, the reservoir is controlled by first hy-
dropower plant in upstream and subsequent plants reservoir does not exists or reservoir
is small. If a small reservoir exists above the hydropower plant it could storage enough
water for hourly allocation of electricity (Vilkko 1999).

The size of the water reservoir may change in the long run because of transported sedi-
ment. The accumulated sediment is detrimental to the lake or reservoir because it dis-
places the storage of water and reduces the surface area. It is problematic especially in
reservoir designed for hydropower production: the useful storage volume is lost, in-
creasingly only the inflow is available and this may be insufficient during low-flow 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 particles are transported farther depending on the
velocity and dynamics of the water.

Hydro reservoir levels affects heavily to the available supply in Nordics. Hence, reser-
voir levels and hydro-inflow has significant role to Nordic electricity price, because half
of the joint of production is hydro-based. Negative deviation in hydro reservoirs causes
an increase in electricity price in Nordic markets (Vehvildinen et al. 2005; Turcik et al.
2012).

2.3.6 Measuring water flow in hydroelectric power plants

The control of water masses is the key thing in hydropower operation. The amount of
available water can for example be based on run-off forecasts, reservoir levels or infor-
mation about the discharge of the previous hydropower unit. Known discharges up-
stream are usually the main source of the level of inflow for a hydropower unit located
in chain.

Water flow is not directly measured in hydroelectric power plants. The water flow
through the turbine can be calculated for example from head level (difference between
intake water level and tail water level), measured hydroelectric power from generator
combined with known turbine efficiency curve. The efficiency curve is defined experi-
mentally by the turbine manufacturer, possibly with a miniature version of the turbine.
If one of above-mentioned measurements is incorrect, the discharge calculation is also
incorrect.
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In practice, this can be noticed in two successive hydroelectric power plants in the river,
where there are no noteworthy inflows between the plants. Figure 14 presents such a
situation. There is not remarkable inflow between hydropower units and the discharge
from previous unit has been constant long enough or in other words, the sequential unit
discharge had reached the stable level.
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Figure 14: The different between two subsequent unit discharge calculation.

As Figure 14 shows, there is a continuous difference between two sequent units dis-
charge. If both measurements are accurate, it would mean that water is disappearing or
in other words, run-off should be negative. However in reality, there is an error in either
or both hydropower unit’s water flow measurement. The main reason is most likely in-
correct efficiency curves in either one or both hydropower plants.

This kind of error is easy to handle while there is no significant inflow in between the
hydropower units. The situation can be annoying when there are more than two hydro-
power units in chain and there are remarkable inflows between units: there is no
knowledge of the correct discharge 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 predicting. Incorrect inflow forecasts are tedious for hydropower plan-
ning and can lead to suboptimal hydropower planning. This may have economic impli-
cations.
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3. DETERMINING WATER DYNAMICS IN RIVER
SYSTEM

The catchment area of the studied water system is 27 046 km? and 11 % of this area are
lakes. The catchment area consist larger 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 which should be understood as the river part between last
significant reservoir and tail water of last hydropower unit. There are four hydropower
plants located in the main channel and it is illustrated more clearly in Figure 15.

3.1 River system

The power plants in the studied river system of this thesis are owned by multiple com-
panies. The river system is run by different parties with different interests to plan their
own hydropower units. However, hydrological balance must be kept within certain
boundaries, so there are commonly agreed rules about water usage. This guideline is
called Governance Rule, which gathers all the commonly agreed rules by the producers
as well as limitations from environmental permits together in single instructing docu-
ment.

The Governance Rule assists the different parties to co-ordinate their hydropower op-
erations and follow the environmental conditions easier while there are many parties
operating in same water system. It illustrates the river system which consists of different
hydropower units, reservoirs and streams and gives an overview of the relevant catch-
ment area with its specific characteristics. The Governance Rule starts with an overview
from water system and its different areas. It is an important to be acquainted with over-
view of water system before more specific rules and regulation can be included to the
model of system. The Governance Rule continues with an elaborate specification of
regulation limits, which in general varies according to season of the year or discharge of
the water system. The commitment of minimum discharge and other specific character-
istics for each hydropower unit is defined in specific description of each unit. Finally, it
defines rivers usage and directives during special circumstances like spring flood time
or ice cover creation case-by-case.

3.1.1 Hydropower units and reservoirs

Simple illustration of the river system examined in this thesis is presented in Figure 15.
Hydropower units are identified with P and water reservoirs with R. There are eight
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hydropower units in river system and water is stored to five reservoirs in total. Power
stations P1, P2, and P3 is operated by player A. Power station P4 is operated by player
B and rest of power stations are operated by player C. The player who operates the
power station below reservoir takes care of regulating of the reservoir located above.
Because power stations P1 — P4 and reservoirs R1 — R4 are operated by third party,
those are not target of study at all in this thesis.

The operation of upstream hydropower unit has high influence to downstream units and
reservoir contents. Hence, upstream unit parties are involved to send their average dis-
charge plans to downstream parties. In practice, the regulation of R1 inform the daily
average to regulator of R3, while regulators of R2, R3, and R4 inform their average dis-
charge as for to regulator of R5. The run-offs to reservoirs and between the hydropower
units are forecasted by Finnish Environmental Institute. The planned amount of water
released of each reservoir is the sum from upstream unit discharge, run-off forecasts,
and wanted change of reservoir content.

N

P1

U
i Rz /
P3
iy

\_R4 / \_R3 /"~

P4
>

P5
L
P6
L
P7

1y
P8

95IN02 JaAIY

Figure 15: The examined water system of this thesis.
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The P2 and P3 are ROR units and follow the discharge of conventional hydropower P1,
P4 is located between two reservoirs and it is planned and operated as conventional hy-
dropower unit. The regulating of R5 is made with conventional hydropower unit P5
where the water flows through the ROR units P6 — P8. The station P6 is purely ROR
unit and it follows the discharge of P5 with a few hours delay. Units P7 and P8 are pre-
sented as ROR units in Figure 15 but both stations have small storage capacity which
allows temporary short-term regulation.

The main focus of this thesis is the river section between hydropower units P6 and P7.
The distance between these two units is approximately 45 kilometers along the river
side. There are also noteworthy run-offs between these two units which must be taken
account when the production is planned. Roughly half of the run-off is estimated with a
water level-to-discharge —curve, which in practice is not very accurate, especially when
the river is covered with ice. The hydropower plant’s P7 vicinity is presented in Figure
16.

Figure 16: Vicinity of hydropower plant P6. A) Hydropower plant and intake level
measurement. B) Further water level measurement, where plants permit is also linked.
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In Figure 16, the hydropower plant’s P7 intake is marked with A and further water level
measurement with B. The distance between measuremt’s is approximately 11 km along
riverside.

3.1.2 Planning period

The planning process has many different purposes and those can be divided into eco-
nomic and environmental considerations. Main functions of the planning process are
presented as following:

Take into account hydropower plants maintenances
Flood damage mitigation

Mandate for short-term regulation

Long-term forecasts for hedging and economic reporting.

o=

During maintenance, the amount of discharge through the turbines is restricted which
may lead to uneconomical spillage. Spillage can be minimized by utilizing reservoir
volumes and storing water to reservoirs combined with good scheduling. A well
planned maintenance is performed during a period when the river flow is low enough
and hydropower station can operate without the unit that is not available. The re-
strictions in discharge can be take account when river system plans are calculated.
However, maintenance in station means limitations in flexibility which is unavoidable
(Crona 2012).

Hydropower and its regulation enable water management. Hydropower has significant
role in flood management. For example, areas near riverbanks were often flooded before
regulation took place in water management. Removing high discharge peaks from water
flow in rivers is possible with reservoirs. Water level in reservoirs may be lowered with
anticipatory regulating and planning. This makes room for flood waters. As is typical in
hydropower production planning, the inflow predictions of high accuracy are also im-
portant in flood predicting. The higher precision of inflow forecasts would help the hy-
dropower operator to better prepare to flooding which would improve flood mitigation
(Mill et al. 2010).

In the studied water system, flood control has been written into the original targets of
regulation. Flood protection is a continuous process which is carried out during both
winter and open water times. During flood and other problematic circumstances, the
whole river conditions are observed and all regulating assets in the water system are
utilized. For example of above-mentioned, upper water limit of R1 can be broken if the

discharge of P7 is in danger to exceed over 500 mS/ s and R5 can break its seasonal

upper water limit for mitigating flooding in the lower reaches of the river. Flood mitiga-
tion is extremely important in this particular river because the highest flood risk area of
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Finland is located in the delta of the river and smaller, but still significant, risk area be-
tween hydropower units P6 and P7. Flood risks are especially high during winter time
when potential frazil ice flood could cause major economic damage. Water system’s
strategic utilization is the most important way of reducing the financial risks of flood-
ing. Common targets stand out especially during divergent hydrological situation or
remarkable jeopardy (UPM Energy Oy; Flood 2015; Finnish Environmental Institute
2016).

The planning of the studied river system consists of mid-term and short-term planning.
Mid-term planning is based on rolling one year planning procedure and it starts from
next calendar week until one year forward with one week resolution. As inputs the mid-
term planning uses target levels, price forecasts, inflow forecasts and discharge re-
strictions or other unavailability of hydropower units. As the river system is operated by
many parties, the planning cannot be made by one party alone. All the parties give their
own regulating suggestion of reservoirs. Suggestions contain possible outages of hydro-
power units or other restrictions. The suggestions of all parties are gathered together and
the final plan of regulating is formed as an weighted average of regulating share of
ownership. In summary, all parties do their own mid-term plans and the final plan is
formed from these plans.

Mid-term planning is the basis for short-term planning. Short-term planning can see to
the end of the prevailing week forward in this study. The short-term planning is re-made
every day and the planned production of hydropower units is sold to day-ahead-markets
to Nordic electricity exchange. The time span of day-ahead-markets is 24 hours from 1
a.m.to 1 a.m. in EET time zone. The river system could be planned less frequently than
every day. However, the benefits from using latest inputs (e.g. run-off or price fore-
casts) are greater than the hinder caused by daily re-planning. Also, the production plans
and water levels behavior is much more accurate when the river production is planned
with latest and best obtainable forecasts.

The short-term planning is modelled more accurately compared to mid-term planning.
Short-term planning model includes delays between the hydropower units, efficiency
curves for each turbine, higher resolution price forecasts, and energy losses according to
intake and tail water level with one hour resolution. The result of short-term planning is
discharges, water levels, and energy’s converted with resolution of one hour. The plan-
ning procedure starts with controlling water level of R5 with taking account run-offs
and discharge from P4 and R4. The run-offs during riverside and possible unavailabil-
ity’s of prevailing hydropower units P6 — P8 have to be taken into account when the
decision of discharge level of P5 is made to avoid a possible spillage. After this the hy-
dropower units P7 and P8 are planned with utilizing the small storage capacities above
intake. The planning is made by Physical Trader who utilizes unique optimization mod-
el developed particularly to this water system.
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3.1.3 Constraints

Every reservoir has its own highest and lowest water level limits. These regulation lim-
its can vary according to seasonal conditions. The regulation of a reservoir must be car-
ry out in such way that limits are not infringed. The river course between P5 — P8,
which is on main focus in this thesis, has its own restrictions. The minimum average

discharge from P5 should not go below 30 m3/5 and the R5 has its minimum and max-

imum water regulation levels as well. As previously mention, P6 is a pure ROR unit and
follows the discharge of P5 with a few hours delay. P7 does not have discharge con-
straints but its permit is tied to two water level measurement located in different places.
First measurement is located in the intake immediacy (measurement A) and the second
one is eleven kilometers to upstream from the power plant (measurement B). Both water
levels have their own upper limits and intake level has also the lower limit because of
physical constraints in hydropower units (UPM Energy Qy).

The operating principles of different units are different. In the studied river system, the
operation principle depends on plant’s head, in other words, the specific energy of wa-
ter. In the studied river system, there are two different operation styles: plants are oper-
ated by planned energy or by planned discharge. While the plant is operated according
to discharge, there might come balance error from the energy output. If the plant is op-
erated according to planned energy, the error might come from plants discharge. If the
modelling of hydropower plant’s intake level, tail water level and efficiency is faultless,
there should not occur any errors in energy produced or water discharged. However, in
practice, this is impossible. If the plants behaves very differently from modelled, ac-
cording to equation (6), hydropower unit needs more or less water, depending from sep-
arations sign, to produce same energy as planned. Thus, when the hydropower unit op-
eration basis is chosen, we have to observe the energy balance error or error in dis-
charged water caused by hydropower unit. If the specific energy per cubic meter is low,
the caused balance error depend from production modelled is not remarkable if the
plants is operating according to discharge. If the plants specific energy per cubic meter
is big, the deviations from modelled production can be remarkable if the plants is oper-
ating according to discharge. While the plant is operated according to planned produc-
tion, the water discharged could be more or less, which could have significant influence
to plants intake and tail water level. For example, while the plant head is flatter than
planned, the water needed to produce planned energy is more, which cumulates in the
long run if it is not accounted for.

In the studied water system, hydropower unit P5 is operated with planned discharge.
The drop of P5 is smallest from hydropower units which are regulated. If the plant were
operated according to energy, it would cause remarkable harm in downstream plants
water levels. The possible balance error of P5 caused by this operating style is not sig-
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nificant. The hydropower unit P6 is not manually controlled and the control circuit keep
the constant intake level, which means that P6 is operated as per arriving discharge.
Hydropower units P7 and P8, whose reservoir enables daily regulation, are operated by
planned energy. This means, that there are deviations between hydropower plants
planned and realized discharges. These errors could cause a significant cumulative error
in hydropower unit intakes.

3.1.4 Planning uncertainty and problems

Major challenges in the planning of the river system between R5 and P8 are the un-
known delays between P6 — P7 and run-off forecasts. Delays are modelled as a constant
shared delay profile at the moment. However, this is disproved by experimental
knowledge. Experimental knowledge indicates that the delay is not constant and it var-
ies in different situations. It seems that water delay is different in different base flows of
river.

The run-off between P6 — P7 is hard to determine. Mainly because discharge measure-
ment in hydropower units P5 and P6 are not calibrated which brings into question are
the discharge measurement of unit P7 equal with P5 or P6, or neither. Thus, determin-
ing the accurate run-off between P6 — P7 is hard.

Sudden change in weather like torrential rain is problematic to take account in produc-
tion planning. This requires accurate weather forecasts, which are not readily available.
Torrential rain can cause the level of R5 to rise very quickly if it hits right above the
reservoir. Also, the run-offs between P6 — P7 can increase quickly if torrential rain hits
above the river. This is mainly seen in discharge of the small sidestream which connects
to the main channel between P6 — P7. This is the biggest single run-off of the river. This
river is approximately half of run-offs as rule of thumb. Most of the year this river is not
a problem in production planning or operating but it becomes tricky during flooding or
rainy seasons. This river can “burst” suddenly which is not easily seen while production
plans are made on previous day.

Making production plans for the river system is hard especially during the time when
the discharge changes of the hydropower units are big and the base flow of the river is
high. Especially behavior of intake level of P7 is hard to predict because its size and
volume is not well-known at the moment. The intake level must be kept low during high
discharges because the upper limit of water level eleven kilometers away reduces it. P7
is operated according to energy output, so the errors made in intake level modelling
cumulate in operation. This mainly occurs because the planned energy needs more or
less water during low or high intake level. The hydropower unit P7 is planned and oper-
ated like conventional hydropower but the production cannot be planned optimally be-
cause the models in use are not accurate enough. In practice, this means that the content
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of the storage above the intake level cannot be planned full enough before it starts to
drain during higher electricity demand.

The size of the R5 is big enough to implement daily regulation with P5 during the week.
The amount of discharged water from P5 roughly determines whole river daily produc-
tion level. The operator of P4 gives rolling preliminary discharge plans with six hours
resolution to operator of R5 and P5. These discharge plans are preliminary and thus
those may change substantially which makes the typical optimization of regulating of
R5 more difficult or even impossible. There are three different water level measure-
ments in R5 and the measurement located nearest of hydropower unit P5 is mainly used
while the water content of R5 is approximated. When the discharge from R5 declines it
causes leveling of the lakes which make up the reservoir which can be noticed from the
decreased difference of three different water level measurements in R5. This typically
comes up during weekends when the water level measurement located nearest hydro-
power unit P5 increases more than modelled. This phenomenon is hard to model and it
is problematic because it makes the optimization of R5 harder when the behavior of
water level is not known very well.

Hydropower unit P7 is co-owned hydropower plant. Operating, planning, trading and
owning involve multiple companies. It is operated and planned by service provider, but
the energy produced is traded to Nordic electricity markets by the owners. However, P7
is placed on one of its owner’s electricity balance who is not planning or operating the
hydropower plant. This make more difficult to fix possible errors in production plan-
ning. The market-based fixing cannot be made on intraday markets or regulating mar-
kets effectively because the operator cannot utilize changes in markets so easily. The
production plans of P5 — P8 are made before 10:30 a.m. which in turn means that not all
input forecasts are necessarily updated. The day-ahead production of P7 is sent to the
owners at 10:30 a.m. which means that the next day production plans cannot be altered
easily anymore before market closure. In practice, this means that all changes in energy
production compared production plans made before 10:30 a.m. is sold or bought from
markets with higher price uncertainty than spot-markets.

The river production plans are made with a unique optimization program, which gives
results of every units discharge with one hours resolution. The optimization is made in
external server, which solves the optimal result from given start and stop water levels.
The physical characteristics of the river are modelled to optimization. After the optimi-
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 discharge levels man-
ually is the manual operation of hydropower units. Changing production level at every
hour is laborious and economically questionable with small price differences and start-
ing costs of units.
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The river is planned every single day of the year and those plans are made by at least
three different persons. The modelling of the river is still a simplification and the model
does not fully replicate the physical behavior of the river, thus every Trader has own
views of water levels behavior. When a Trader is making plans to next day, he’s in-
specting current day’s plans as well. The behavior of water level for every hour is fed to
the planning system straight from the model, so the planner cannot know how much
previous day Trader has taken own view to the water level behavior. This impairs the
continuity of planning desk (Nyrhinen 2016).

3.2 Tests

The objective of the water system development tests was to find out the water delay
between P6 and P7 and to clarify the size of the water storage capacity of unit P7. To
determine both, the delay and the size of the storage were devised their own types of
tests. These tests were carried out between May and August. The size of the storage
capacity was decided to be examined first because without it, the delay would be hard to
determine. The presumption was that the knowledge of storing capacity was supposed
to facilitate the determination of the water delay between P6 — P7.

During the tests, the production of river was normally planned the previous day in con-
cert with the Trader and the production of the river was sold to the Nordic electricity
exchange. The test runs required the production planning to deviate from normal, so the
tests caused economical loss. The economic losses were comparatively minor and were
further minimized by timing tests on weekends. The tests were always performed by
setting river conditions as topmost priority. Also, no environmental limits set by power
plant permits were broken because of tests.

The tests were performed under circumstances while the river section between P5 — P7
was in full control and stable. The most favorable timing for the tests was during the
time when there should not be a remarkable change in run-offs. This would decrease the
possibilities for errors in the data analysis.

The test data was collected from the hydropower operating system or from the energy
management system which in turn gathered it from the hydropower operating system.
The data gathered from the hydropower operating system is available in multiple time
spans up from three minutes. When data was imported, a three minute time span was
used because the time of change in each variable was easier to notice. Discharge and

height data is available in two decimal accuracy with units /S and m. The accuracy

of discharge data was sufficient but during the data analysis it was noticed that the
height data could have been more accurate.
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All tests’ data were not classified as successful. During some of the tests it rained,
which caused changes in run-offs during tests and therefore the accurate inflow to P7
was hard to determine. Also, one test had to be cancelled because of unexpected chang-
es in the river system. The hydropower plant P7 participates also in primary regulating
market which causes fluctuations in discharge based on local frequency deviation from
50 Hz. The capability to frequency control is individual to each generator and naturally
during higher discharge there are more generation units involved in automatic frequency
control and thus the amount of discharge varies more.

3.2.1 Water reservoir tests

The storing capacity tests of the hydropower unit P7 were performed during May and
June 2016. During May, the average flow of the river was substantially above normal,
which provided difficult circumstances to perform storing capacity tests, but also, it
admitted the possibility to make tests during high flow of the river. The river flow de-
creased in later May and June which admitted favorable circumstances to perform tests
with larger scale of base flow. The preconception was that a discharge level may affect
to the results of the tests, thus utilizing different circumstances in the river was im-
portant. Although, the hydropower unit P7 regulating during high flow in the river is
not sensible, the results were exploitable.

The main idea of storing capacity tests was to make a step increase or decrease of dis-
charge of hydropower unit and measure the changes in water 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 directions. In order to perform
tests successfully, reasonably the accurate knowledge of inflow was required. Thus, the
discharge of P5 and P6 should be held constant long enough, so that all the influence of
discharge changes could be seen. To determine accurate run-off between P6 — P7, hy-
dropower unit P7 discharge should be as much as the inflow to power plant is. This was
made by the operators who manually looked for discharge level where upper water was
kept stable. The operator made this before and after test, because the information from
run-offs change was required as well. After all conditions were favorable, the stepped
increase of discharge was started in P7. The duration of storing capacity tests varies
between 5 hours 8 hours.

Before the tests were performed, there was an assumption that water levels could be-
have differently during descent and ascent. Thus, the tests were performed to both direc-
tions. Also, there was a preconception that the discharge level may affect the results of
the tests, thus the tests were performed in several different discharge levels.

The main idea of tests is presented in Figure 17. The duration of test was five hours and
the time span of data using in Figure 17 is seven hours.
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Figure 17: The portrayal of storing capacity tests. P7 level B is located 11 km upward
from plants intake.

As seen from Figure 17, the discharge of previous hydropower unit was sufficient be-
cause the minimum discharge of P6 during test was 1.75 % below and the maximum
2.28 % above the average flow of P6. The discharge range of P6 during test converted
to water cubic meters cannot be perceived noteworthy. The inflow to P7 can be per-
ceived as well-known in this test. The upstream water measurement was constant before
increased discharge combined with the acceptable constant discharge of P6 and thus the
run-offs between these two plants could be calculated. The stable discharge, duration
and size of the step of all test runs are presented in Table 2.
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Table 2: The duration, stable discharge, and the size of the step increase. Stable dis-
charge is the discharge when hydropower unit P7 intake is stable.

Time of step Size of step in- | Stable discharge

increase h crease M’/ during test run
m3/S
Testrun 1 6.0 -61.0 176
Test run 2 6.0 -47.4 182
Testrun 3 6.0 41.0 176
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 28.3 157
Testrun 8 6.0 -29.3 153
Testrun 9 5.7 48.0 259
Test run 10 7.0 22.9 417
Test run 11 7.2 25.7 415

When storing capacity tests were analyzed, it was of primary importance to determine
the accurate run-offs between hydropower plants P5 — P7. P5’s measurement was de-
cided to use in place of P6’s measurement. When analyzing the storing capacity tests
data, one of the main presumptions was that the discharge measurement of P5 and P7
are equal compared to each other. The run-offs 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,
x(t) —x(t —1) = 0, the equation (12) can be remodeled to studied river system as
following:

Wryn—offs(£) = qp7(t) + Sp7(t) — qps(t) — sps(t) (13)
The data from discharges were gathered with unit ms/s, and the volume in Sl-units

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 Unit (HU), which is defined as the volume summed up by a

3
discharge of 1 ™"/ during one hour: 1 HU = 1m7 : (1h 3690 -5) = 3600 m>.

1 h

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 calculated in HUs is divided with the reservoir

level change, it results is reservoir storing capacity shown as following:
- - _ A4 HU

storing capacity factor = Ay om’

A cumulative difference between inflow and outflow and cumulative water level change

was observed when the storing capacity was calculated. Because the data from upper

water measurement was obtainable with only one centimeter accuracy, the division re-

sults between cumulative water attrition and accumulative water level development

were not smooth. The results were smoothed by taking the average from the ten last

results. This can be seen from Figure 18, where the ten last results are marked with

black.
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Figure 18: The results of the test run 10. Cumulative outflow is the remainder between
calculated inflow 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 estimation is
seen in Figure 18. According to storing capacity equation, the storing capacity factor is
the slope 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 August 2016. The water delay tests
were not easily implemented during high river flow because controlling and forecasting
of the river is more difficult during that time. Also, during high flow of the river, run-
offs are higher and the variation is bigger. During July and August, inflows to water
system were on a favorable level, and the tests could be performed. As mentioned be-
fore, the analysis of water delay tests requires knowledge of storing capacity volume
and thus delay tests were performed after storing capacity tests. The quantity of water
delay tests performed was less than of storing capacity tests.

The main idea of water delay tests was quite similar compared to storing capacity tests.
The stepped increase or decrease of discharge was made from the hydropower plant P5
and measured water receiving to P7. The amount and the time of water received to P7
were estimated from water level accumulation right above plant’s intake. Similarly as in
storing capacity tests, the hydropower plants P5 and P7 discharge and water level of P7
were approximately constant enough long before the test, so that exact run-offs during
the tests could be determined. The discharge level of P7 when upper level was stable
was searched by the operator.

Figure 19 shows the main idea of the water delay tests. The data shown in Figure 19 is a
sample taken from the test run 12.
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Figure 19: Statistical data from water delay tests. In this test a stepped decrease in dis-
charge was made. The data in the Figure is taken from test run 12.
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Figure 19 shows how water level in P7 starts to decrease after some delay as a result
from decreased discharge in P5. The level of water in P7 decreased until the operator
started to search for a new stable position. When a stable position was found, the test
was finished. The discharge increase of P5 at the end of the test does not have influence
to inflow of P7 during the test, because the time delay between P5 and P7 is several
hours. As seen in Figure 19, the discharge of P5 is stable enough excluding the peak
which was reached quite soon after the discharge decrease. The peak is a result from the
switch between the generators, which caused higher discharge temporarily. The peak
could not be perceived noteworthy in the test performed because the duration of the
peak was not significant and that amount of water was also taken into account when the
data was analyzed. The bigger problem in this test was the instability in P7 discharge,
which was mainly caused by automatic frequency control. Changes in discharge caused
immediate change in upper water which hindered solving delay from the data. The max-
imum P7 discharge was 19.8 % higher than its average and the minimum was 88.3 %
from its average during the test.

In water delay tests, the run-offs were determined similarly as in storing capacity tests.
Like in the storing capacity tests, the discharge measurement of P5 was used in calcula-
tions in place of P6 discharge measurement and one of the main assumptions was that
the discharge measurements between P5 and P7 are equal compared to each other.
Similar as in storing capacity tests, also the water delays were solved from P5 to P7 in
place of P6 to P7. The assumption was that the water delay should be divided like a
wave to different time spans. The assumption is based on a reference (Chanson 2004)
and experimental knowledge of water journey between P5 and P6.

Table 3 presents the relevant information from the delay test runs. It shows the constant
discharge of P5 before tests, size of step increase from P5, and stable discharge of P7
during test run.

Table 3: The statistics of the water delay tests. Figure 19 presents the test run 12.

P5 constant Size of step from P5 P7 Stable dis-
discharge m3 /s charge m3 /s
m3 /
S
Test run 12 131 -51 146
Test run 13 109 45 146
Test run 14 98 55 102
Test run 15 59 44 71
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When solving the water delay between hydropower plants, the development in water
level measurement A was used. The divided share of increased or decreased inflow to
each time period could be solved with knowledge from P7 discharge, accurate run-offs,
and discharge of P5. The inflow in one hour accuracy is required in this thesis. The wa-
ter delay from P5 was solved with utilizing equation (11). When the equation (11) is
converted to suitable in this river system, it can be presented as following:

TP7P5 (14)
AV = 1t = Qb + 5D + ) Z Kbos (QFs* + 55%)
JjeM; k=0
Where AV, ™" can be presented as following:
t—(t—-1 -
AVEED =y it (15)

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

F 16
Ips — (QP7+SP7)+ZJEML TP7PSKP75k(Q Sk + S50 (16)

for _ pt-1
Ver =Vpr %
P7,storing capacity

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 capacity. The change in reservoir content from previously forecast-
ed value should be equivalent with the difference between inflow and discharge. The
first forecasted value used previously realized water level observation in place of previ-
ously forecasted value V. The shared delay factory x formed as many variables as
the assumption from water delay in hours was.

The constraints used while solving equation (16) are presented as follows:

1}335 (17)
0.96 < Z kb5 15 < 1.04
k=15
T}1>75 (18)
Z Kbysq < 0.01
k=1
s (19)

Z K375 < 0.02

k=3
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In other words, hour t + 0 share is restricted below value 0.01, hours t + 1 and t + 2
are restricted below value 0.02. In addition, the sum of all released water from P5 could
vary +4 % 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. The method used in regression
analysis was the sum of least squares method where the sum of squared differences be-
tween the calculated upstream water level and realized water level was minimized by
changing the delay factors. The sum of water the shared water delay values x practically
affects to the amount of water arriving from P5 to P7. Before the data was analyzed, it
was known that the water delay between P5 to P7 should be divided somehow from
four hours to sixteen hours. The knowledge of water delay range was the base of con-
straints of the x values. The target was to create a physical adapter model from the re-
sults.

3.2.3 Data analysis

Data analyses were performed with Microsoft Office Excel 2010. In water delay anal-
yses there were also Excel Solver Add-In utilized to solve mathematical problems. The
data of each test was imported from the hydropower controlling system to an Excel file
and it was archived for possible future reference.

3.3 Forecasting tool targets

The modelling of P7 water levels turned out to be tricky and challenging both experi-
mentally and modelling-wise. Hydropower plant P7 has been operated for a relatively
short time by the current operator. Different forecasting models have been created to
model hydropower units P7 water levels but the results in predicting have been unsatis-
factory. The river section between P6 and P7 has been difficult to model and its unfore-
casted behavior affects P7 water levels and controlling. Therefore, this thesis is mainly
focused on this river section. The problematic behavior and the lack of workable fore-
casting tools cause error in P7 production balance. Furthermore the water level behavior
is sometimes hard to forecast even in few hours away which causes unplanned operation
in P7 electricity production. This, in turn, might cause economic losses, because of the
way of the production imbalance is priced. The planning errors in P7 water levels also
cause re-planning in below, in other words, in hydropower plants P8 intake, which pos-
sess the biggest head in the hydropower system. Therefore, water management and eco-
nomic risks extend not only to P7 but also to P8 (Fingrid Oy 2016).

The objective of this thesis is to study water movements’ and water levels’ behavior
between the river section P6 and P7 more precisely. To reach this objective, the results
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of unique tests of the river and its historical data are utilized. A new forecasting tool
based on these research results was created, which aims to be used in the hydropower
controlling center. The objective of the new forecasting tool is to predict the behavior of
both water levels of P7. Before this study, there was not forecasting model to water lev-
el B. This should simplify planning and operating of river system.

A forecasting tool was created from several physical adapter models, which try to simu-
late water levels and water movement in the river system. One of the main objectives of
this thesis is to find out, is it sensible and profitability to model this hydropower system
as this way. If the results of this study are not satisfactory, other techniques could be
used, but they require economical investment.
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4. RESULTS AND DISCUSSION

4.1 Hydro reservoir

The upstream and water levels measurements locations of hydropower plant P7 are pre-
sented in Figure 16. When the research was started there was no certainty is the storing
capacity of hydropower plant P7 located in water level B measurement or right above
hydropower plants intake (measurement A). Experimental knowledge has shown that
hydropower plants intake does not behave like a conventional reservoir. Both water
level measurements have their own environmental limits.

The assumption of P7’s storing capacity was that it owns unambiguously constant abil-
ity to store water. Of course, there would not be exact constant results 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 another. The volume of the storing ca-
pacity had not been determined with this accuracy before the tests, because circum-
stances to determine it are challenging during normal river production. Of course, there
was a rule-of-thumb value for storing capacity volume, which was in use.

All the storing capacity tests were analyzed with the same method presented in section
3.2.1. Most of the tests were performed before analysis was started. Against expecta-
tions, the storing capacity tests did not give equal results while tests were analyzed. The
storing capacity tests results were analyzed from both water level measurement loca-
tions. The results, calculated for either B or A water level measurements, did not give
reasonable estimates about the ability to store water. The range of results varies a lot.
The maximum value calculated from water level A measurement was 385 % bigger than
the smallest one. The results, starting points, and changes in reservoir levels are pre-
sented in Table 4.
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Table 4: Results of the test runs. Starting points are presented in centimeters from be-
low the max height in the environmental permit.

Is‘fovreilnA Is‘fovreilnB Level A | Change | Level B | Change

g 9 starting | in level | starting | in level
capacity | capacity point A noint B

factor factor

Test run 1 22.8 33.6 -19 -16 -15 -11
Test run 2 25.3 35.7 -16 -11 -12 -8
Test run 3 17.3 24.3 -10 14 -6 11
Test run 4 22.2 32.2 -13 10 -14 7
Test run 5 27.6 36.4 -10 7 -14 6
Test run 6 29.9 36.4 -6 8 -4 7
Testrun 7 18.8 28.1 -11 8 -9 5
Test run 8 24.3 40.7 -16 -7 -14 -5
Test run 9 10.7 16.1 -21 26 -7 15
Test run 10 8.5 17.6 -66 19 -4 9
Test run 11 1.7 24.8 -58 24 -3 8

The results vary a lot. Portrayal and data analyzes from storing capacity factor results
extremes, test runs 11 and 6, are presented as following. In test run 11, the result of stor-
ing capacity was small compared to the test run 6. The portrayal of the test run 11 is
presented in Figure 20 and storing capacity analyze in Figure 21.
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Figure 20: The portrayal of storing capacity test run 11. The flow in the river was high
during the test run and the intake level was not exactly stable before the step increase
was performed. During the high flow of the river, the stable discharge is hard to find

out.
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Figure 21: Cumulative water level change and outflow of the test run 11. Cumulative
outflow is shown as hourly cubic meters.

The change in water level A is greater than in water level B, thus the calculated storing
capacity factor of water level B is higher than from water level A. This can be explained
mainly due to higher influence of discharge change in water level A. As mentioned in
section 3.2.1, the result of storing capacity factor is an average from ten last calculated
values. Figures 22 and 23 presents the portrayal and storing capacity analyzes of the test
run 6, in which results were highly different than test run 11.
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Figure 22: Test run 6 portrayal. The discharge of P6 was less than half compared to
the test run 11.
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Figure 23: Cumulative water level change and outflow of the test run 6. Cumulative
outflow is shown as hourly cubic meters.

As seen from Table 4 and Figure 24, the results of storing capacity tests P7 are not con-
stant and the result of each test varies a lot. When the results were gathered together, a
negative correlation between storing ability and discharge was found. According to the
test results, the storing capacity seems to be dependent on discharge level: while the
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stable discharges during tests were higher, the storing capacity factors were smaller and
vice versa.
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Figure 24: The test results of storing capacity volume in a function of a stable dis-
charge during tests. The results are calculated from intake water level measurement.
The added trend line is presented in Table 5. Black marker is the result of test run pre-
sented in Figure 19, red marker from test the run 11 (Figure 20), green marker from the
test run 6 (Figure 23), and blue ones represents the results from other tests.

This phenomenon occurred also from the test results which were calculated from water
level B measurement.
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Results from water level B measurement

A

_ 40 1 4
2 .
& s
[t
> 30
=
o *
o
G 20 %
o
P L J
=
S 10
(7]
0 >

0 100 200 300 400 500
Stable discharge during tests [m%¥s]

Figure 25: The test results of storing capacity volume calculated from water level B
measurement in a function of a stable discharge during tests. The added trend line is
presented in Table 6. Black marker is the result of test run presented in Figure 17, red
marker from test the run 11 (Figure 21), green marker from the test run 6 (Figure 22),
and blue ones represents the results from other tests..

In both test results, loci of data points can be seen. In Figure 24, the locus of data points
is centered near the rule-of-thumb value used in operative work before thesis. The three
smallest values calculated from intake level measurement were not even in the same
scale compared to the estimated reservoir size before the tests.

From the test results, there could create a trend line between discharge of P7 and storing
capacity factor. The trend line was made with Microsoft Excel by utilizing regression.
The trend line statistics from water level A is presented in Table 5 and from water level
B in Table 6.
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Table 5: Water level measurement A regression statistics from fitted trend lines.

Level A meas- R? Second R? =
urement Linear = 0.7598 order  0.7657
Inter- ) Inter-
X X
cept cept
. 5.5162E- )
Trend line -5.880E-02  31.6565 03 8.7808E-  34.6405
02
T-stat -5.3350 12.3535 0.4529 -1.3490 4.8688
6.0104E- ) -
P-value 4.7159E-04 07 0.6627 0.2143 ! 24(;:1)>8E

Second order trend line variables x? and x have big P-values so those are statistically
insignificant. Thus, it is reasonable to use linear trend line.

Table 6: Water level measurement B regression statistics from fitted trend lines in test

runs data.

Level A meas- R? Second R? =
urement Linear = 0.4895 order 0.5188
Inter- 5 Inter-

X X
cept cept
) 1.2607E-

Trend line -4.9717-02 39.8581 02 -0.1159 46.6636
T-stat -2.9378 10.1120 0.6969 -1.2004 4.4127
3.2612E- 2.2483E-

P-value 1.6545E-02 06 0.5056 0.2643 023

The regression results show, that there is statistically significant possibility that the stor-
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
demonstrated in Figure 26, which shows the estimated storage coefficient as a function
of average discharge level of P7. The figure also shows the relative size of the linear
estimate against the rule-of-thumb value used in the prior forecasting tools.
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Figure 26: The amount of water needed to 1 cm change in intake water level. The mod-
elled storing capacity percentage account from rule-of-thumb value is shown in right-
hand y-axis.

For example, if the hydropower plants discharge is 110 m3/ s, the remainder between

inflow and outflow should be 90700 m3 or 25 HU that it would cause 1 cm change in

water level A. If the discharge is 190 m3/S, the remainder should be only 73700 m3 or

20 HU. The difference between storing capacities is not very big, but it still is 23 %
from the water mass. What is also visible from Figure 26 is that the rule-of-thumb value
is approximately correct only for small average flow.

During the time the storing capacity tests were performed, a relation between the height
difference of water levels A and B was spotted. The difference between these two water
levels was higher when the discharge of P7 was higher. The relation is clear. The differ-
ence between water level A and B, presented in Figure 27, depends highly from dis-
charge, as clearly seen from Figure 27.
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Figure 27: The difference of water level B and A with a function of discharge. The fig-
ure shows a third-degree polynomial trend line in with R2-value of 0.9874.

However, the difference between these water levels does not increase or decrease im-
mediately right after discharge is raised or reduced. It takes awhile before reaching a
new equilibrium. The intake level reacts more powerfully to changes due to temporary
blockage or emptying of water in hydropower plants intake. This is mainly due to slow-
er changes in river bed channel. In addition, water level B does not react immediately
and in a same way as water level A, because the influence caused by discharge change
moves along slowly to further upstream. The temporary state after discharge change
cannot be modelled with an adapted function. The behavior of intake water level right
after discharge change is presented further in Figure 37.

Because the influence of discharge changes does not occur immediately like the adapted
model assumes, a smoothed value was taken in use. The smoothed value is calculated as
in equation (7) and smoothing parameter « is restricted as same way as in equation (8).
In equation (7), S¢(t) is simply weighted average from current hour modelled in
adapted function value x(t) and previous hour smoothed value S¢(t — 1). The smooth-
ing parameter was calculated with solver by utilizing hourly historical data. There was
11745 hours in data and the data was only taken between April and November, in other
words, ice related issues were omitted. The best fit was given with smoothing parame-
ter 0.42527. In addition, with the smoothed value, the height difference of the level A
and level B was modelled as a function of two, three and four hours discharge average
of P7 and weighted average of three hours.

Because the plants permit is confined to both, water level A and B, the comprehension
of both water levels behavior is important. The water level B maximum limit is 0.07 m
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higher than level A maximum limit, thus after certain discharge level, instead of water
level A, the water level B becomes a limiting factor, which generally limits the intake
level to lower than its maximum level is.

The results of the step-response test were hypothetical, but the correlation between dis-
charge and storing capacity were much higher than expected. In reality, the storing con-
tent of the water level A cannot vary according to discharge. The fluctuating storing
capacity factor just models the observable behavior better than a constant value. In reali-
ty, the storing capacity might vary according to water level, because the reservoir might
be shaped like semi-circular. This can be studied with depth sounding. In case of semi-
circular shaped storing content, it is sensible that fluctuating storing capacity models the
intake level behavior better: during higher discharge, the water level A is on lower level
because the maximum limit of the water level B reduces it.

4.2 Water delays

The solving method of water delay is presented in section 3.2.2. To solve the delay pro-
file, the inflow to hydropower unit P7 was calculated from hydropower plant P5 dis-
charge and run-offs forecasts or run-offs calculated from tests. There were three main
questions before the test results were analyzed:

1. How long it takes to see whole share of water arriving to P7?
2. In which hour the first influence of arriving water is seen?
3. When the peak is reached?

The portrayal of one performed water delay test run is shown in Figure 28.
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Figure 28: The portrayal of the water delay test runs. The influence can be seen first in
water level B. The discharge of P7 is increased during hour +9 because water level B



55

approaches near its maximum level. The discharge of P5 has been stable more than 14
hours before the step increase was made. The time span of this Figure is 12.5 hours.

The data of test runs presented in Figure 28 shows that the influence of increased dis-
charge in hydropower unit P5 can be seen in P7 water levels within a delay. Water level
B, which located 11 km to upstream from P7, reacts naturally earlier to increased dis-
charge. During this test run, first changes in water level A occurs four hour after and in
water level B three hours after. This knowledge can be utilized in delay profile calcula-
tions when constraints (18) and (19) were set.

When the tests were analyzed first time, a set of sixteen variables was used, in other
words, the presumption was that the water delay is divided into next sixteen hours in-
cluding the releasing hour from P5. From the data of one test, the first influence caused
by stepped increase in P5 was seen in water level B measurement after three hours and
ten minutes and in the intake level measurements after four hours. Utilizing this infor-
mation, additional constraints can be fed to the solver. In other words, hours t + 0 until
t + 2 can be restricted to zero. Also, the presumption was that all the water released
from P5 is arriving to hydropower unit P7, so the sum of water delays should be ap-
proximately one.

The results given by sixteen variable set were not satisfactory. The presumption from
shape of the water delay was, that it will increase started from hour t + 2, until it will
reach a peak, and after the peak, it will start to decrease until the value zero is reached.
The solver did not give realistic values and the results were not consistent with the
physics of water movement in an open channel. Adding constraints to solver was prob-
lematic, because the timing of peak was unknown. Also, the different constraints just
only moved the values to the limits given by constraints. The optimal solution of one
test run is shown in Figure 29. There were no constraints added in the optimal solution
visualized in Figure 29.
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Figure 29: The optimal solution of water delay profile of one test run. The optimal solu-
tion is not supported by physics of water movement in open channel. The storing ca-
pacity is modelled as a constant in this solution. The solution where the storing capacity
is modelled as in a function of discharge does not deviate from above presented, be-
cause during delay test runs the discharge of P7 is approximately constant. The fluctu-
ating storing capacity value during this test run was approximately same as a rule-of-
thumb value.

The water delay profile should to be in shape of a wave because it supports the physics
of water movement, and thus the gamma-distribution was taken into use. The pros of
the gamma-distribution were that the shape would be wave-liked and there are only two
parameters to change: shape parameter a and scale parameter . In addition, the mini-
mum of a non-linear problem is easier to solve with two variables than with sixteen var-
iable. Because of the wanted delay profile shape, and characteristics of gamma-
distribution, it was not possible to restrict first four hours to value zero. Thus, the con-
straints (18) and (19) are not restricted to zero.

Eighteen data sets were analyzed and fitted with gamma-distribution. The time period of
analyzed data series were 114 hours. The results are presented in Figure 30.
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Figure 30: The results of shard water delay tests. The black line with markers repre-
sents common solution of all data series.

Figure 30 shows that water delays fitted with utilizing gamma-distribution are accepta-
ble in common ground. Additionally, majority of solutions reaches a peak in same hour.
Cumulative water arriving, in other words, stream flow routing curve is presented in
Figure 31.
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Figure 31: Stream flow routing curve. The black line with markers represents common
solution of all data series.
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Regardless of constraint (17), none of the cumulative water delays rise above value 1. In
% cases the bottom boundary of constraint (17) were limiting the cumulative sum of

water delay. In addition, most of data series were close from bottom boundary. This
could mean, that run-off forecasts are usually too high, or the discharge measurement of
P5 is too high, or discharge measurement of P7 is too low. The alternative possibility is
that there was too short water delay time used in solving, but cumulative sum of arriv-
ing water was no different with longer water delay.

When the delays were calculated, the storing capacity of P7 was modelled with the rule-
of-thumb value. In addition, the common solution of all data sets with different value of
storing capacity factor and without constraints was calculated. The storing capacity was
modelled with four different values: the smallest and the highest values acquired from
storing capacity tests, with the rule-of-thumb-value and with a fluctuating storing capac-
ity factor according to linear trend line in a function of a discharge. The solutions are
presented in Figure 32.
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Figure 32: The common solution of eighteen data sets with different storing capacity
factors.

The solutions with different storing capacity factor values are similar one to another,
excluding the solution where the storing capacity of P7 was modelled with the smallest
value taken from the storing capacity tests. This delay profile can be totally ignored.
Water level A prediction with this delay profile and small storing capacity factor was
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mostly poor in the data sets. The intake level reacts too strongly with small storing ca-
pacity factor.

The data series were divided by average discharge of P5 through the analyzed time pe-
riod. From some of the solutions, the shape of water delay was smoother when the aver-
age discharge of P5 was higher. In other words, the peak value of delay profile was on
lower level and the water arriving to P7 was divided more smoothly. Thus, the delay
profile was made dynamic and it changes as a function of P5 average discharge. Only
two different delay profiles were used, which form the borders to the dynamic delay
profile. Because there are only two variables in gamma distribution, the dynamic profile
variables differs between a,,;, and a,,,, and between B,,i» and S,,.4,. The interpolation
of both values is linear with a function of P5 average discharge through eighteen hour
time span.

As mentioned before, there is difference between two different water delays cumulative
values and this also occurs in dynamic delay profile. Figure 33 shows a stream flow
routing curves from P5 to P7 with three different water delay profiles when the simulat-
ed step increases from P5.
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Figure 33: The difference in arriving water by using three different stream flow routing
curves. The separation shown in figure is between high and low discharge average of
P5.

In this 22 hour comparison time span the difference caused by cumulated value differ-
ence between water delays during high and low discharge of P5 could cause 5.7 cm
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difference in intake level of P7, when the storing volume is modelled as a constant. The
simulated water arriving from P5 to P7 can be seen in Figure 34.
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Figure 34: Hydropower unit P5 discharge modelled arriving to P7.

4.3 Planning tool

The planning tool was made by utilizing results given from this study. The planning tool
predicts hydropower plants P7 water level A and B to 81 hours forward starting from
current hour. The calculation of planning tool was implemented with Microsoft Excel
and it was inserted into the energy management system. The planning tool utilizes real-
ized values of P5 and P7 discharges and the latest P7 intake and tail water level meas-
urements. These are taken from the energy management system and the values are up-
dated every third minute. Discharge plans are used for future water level calculation.
Because hydropower plants P7 and P8 are highly hydraulically coupled to each other,
also the P8 intake level calculation was inserted to planning tool. This will facilitate
whole hydropower system controlling and planning, because hydropower units cannot
be planned separately. The intake level calculation of P8 was taken from previously
used planning tool without any modifications.

4.3.1 Planning tool objectives

The main objective of the planning tool is to forecast the behavior of water level meas-
urements A and B of hydropower unit P7. Better water level forecasting accuracy should
especially simplify the river planning and reduce the need for manual control during
high discharges or flood, which are the most challenging times in the river operation.
The river controlling during challenging circumstances is laborious and time-consuming
for the operator and well-working forecasting tool would save operator’s time. The sav-
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ing of the operator’s time would enable the operator to attend to other issues. In addi-
tion, better water level forecasting would also help the operator and the planner to sell
hydropower plants production more market-based in both, day-ahead and intraday mar-
kets.

However, the planning tool behavior and accuracy will be tested experimentally first
and if the results are satisfactory, parts of the planning tool calculation could be utilized
in the river production planning optimization. The day-ahead planning optimization is
also built on top of Excel and thus the calculation is quite simple to copy in to the opti-
mization logic.

4.3.2 Parameters

The planning tool is a result from models which try to illustrate actual water behavior in
the river system. The models are physical adapter models which are created from histor-
ical data or data gave from the planned water system tests. In the following examples,
the forecasting tool uses modelled inflow and realized discharge of P7. The modelled
inflow is sum from delayed discharge of P5 and run-off forecast. The delayed discharge
of P5 is presented section 4.2. The water level A storing capacity is modelled with a
linear trend line as a function of discharge and it is smoothed by using the average value
from last four hours. Examples of the water level A predictions can be seen in Figures
35 to 45. The good and worse predictions are shown.
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Figure 35: An example of the forecasting tool prediction. The forecast is in good

agreement with the realized values. The SSE of this prediction is 0.0448. The time span
in this figure is 40 hours.
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The prediction presented in Figure 35 is good. The forecasting tool predicted the levels
and timing of peaks well and there is not remarkable error between peaks. In addition,
the direction of prediction is always equal to realized water level and there is no wan-
dering off. During this time span, the circumstances in the river were normally and the

average discharge of P7 was approximately 160 ms/ s- An example of a failed forecast

is presented in Figure 36.
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Figure 36: A failed prediction of the forecasting tool. The SSE of this prediction is
1.304. The time span is 40 hours.

The prediction presented in Figure 36 is bad because it wanders off very badly. Wander-
ing off can be due to discharge measurement of P5 and run-off forecasts. In addition,
the size of changes downwards in water level A are underestimated.

In the latest configuration of the forecasting tool, the change in water level A due dis-
charge changes is modelled. Thus the forecasted intake level is sum from the reservoir
level and discharge change influence to the intake level. The adaptor is shown in Figure
37.
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Figure 37: The sudden changes in hydropower plants intake immediately after dis-
charge changes. Fewer than 10 m3/ s discharge changes are ignored from data. The

discharge is smoothed from previous hour and current hour similar as in equation (7)
with smoothing factor 0.2. There is added trend line with R?-value 0.4533.

Experimental knowledge shows that using the adapted function as it is, was not work-
ing. Using function as it is causes too strong fluctuation compared to real affects in hy-
dropower plants intake level. The problem was solved with smoothing the influence of
the function. The smoothing was performed with exponential smoothing with using
smoothing factor 0.2. Exponential smoothing inhibits the fluctuating and smooth the
effect of trend line function responding more realized influence. In predictions, present-
ed in Figures 35 and 36, the sudden change due discharge changes was not taken ac-
count. In Figures 38 and 39, there are shown predictions when change in water level A
due discharge change is included.
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Figure 38: The forecast including discharge change modelling. The SSE is 0.0301.

The modelling of discharge changes does not change the behavior of the forecast fun-
damentally. The main idea in discharge change influences modelling was fix the error
which appears after the peak or bottom is reached. As seen from Figure 38, the water
level A increase or decrease after peak or bottom more than model shows. In Figure 39
there is shown a failed prediction with a discharge change influence modelling.
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Figure 39: A failed prediction of the forecasting tool. The SSE of this prediction is
1.328. The time span is 40 hours.
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The difference between predictions with and without the discharge change influence
modelling would be bigger, if the calculation worked differently. Now, the current cal-
culation works so that the water level A reservoir content is modelled separately, and
after that the influence of discharge changes is summed to it. To clarify, the next hour
calculations are started from previous hour reservoir content instead of modelled intake
level. Additionally, the influences of discharge changes are highly smoothed to avoiding
fluctuating in water level A predictions which reduce the modelled influence of dis-
charge change even more.

In real forecasting process, the planned discharge is in use instead of realized discharge.
Or more accurately, a calculated discharge is used, because the discharge is a derived
value in hydropower units. Thus, the discharges used in the planning tool are calculated
values, not exact values. The hydropower unit P7 is operated by planned energy instead
of planned discharge. According to equation (6), the efficiency curves and tail water
were modelled in the planning tool, which enables the water requirement modelling.
Tail water modelling and calculations presented in section 2.3.3 are adapted into the
planning tool as such. The combined efficiency curve of hydropower plant P7 is pre-
sented in Figure 40.
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Figure 40: The efficiency curve of hydropower unit P7. Data points with red color are
in use in linearization. Yellow marked data points present unfavorable operation which
forecasting tool is not taken account.

The efficiency curve is linearized to be operable in planning tool. The data points used
in linearization is marked with red color in Figure 40. The efficiencies of generator units
1 and 2 are modelled as equal, but generation unit 3 is different. The modelled water
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requirement replaces the discharge plans in planning tool and it is calculated like in
equation (6). It uses energy forecasts, intake and tail water level forecasts and linearized
efficiency curve presented in Figure 40. The combined efficiency curve in the planning
tool assumes certain operating order of generators, which can generate error in water
requirement modelling. In addition, the linearized efficiency curve does not take ac-
count unfavorable operation, for example divergent operating order or times when two
generators are operating close to their maximum power and the efficiency is worse than
operating with three generators. This causes error in amount of water needed which
causes error in forecasted water levels. Also, part of the error comes from the lineariza-
tion.

The forecasting tool prediction which calculates the discharge from planned energy is
shown in Figure 41.
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Figure 41: The forecasting tool predictions with three divergent modelling. The SSE of
the forecasting tool with energy calculation is 0.1049.

In this data set, the energy calculation makes the forecasts worse. The failed forecast of
forecasting tool with energy calculation can be seen in Figure 42.
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Figure 42: All the forecasts, regardless used calculation, failed this data set forecast-
ing. The SSE of forecast made with energy calculation is 2.2522. This is mainly due
modelled discharge: it was systematically lower than realized which causes the higher
forecast of water level A predicting.

In Summary, the planning tool is a result based on physically adapted models from wa-
ter level A storage volume, water level difference function according to water levels A
and B of P7, discharge changes effects in P7, stream flow routing curve from P5 to P7,
and P7 water requirement to produced energy which planned. It uses the latest realized
values. The planning tool adaptors contain smoothing, because the changes in river sys-
tem are not as clear as the adaptors assume.

4.3.3 Forecasting tool results and comparison

Besides the forecasting tool A created in this study, there are two different water levels
forecasting tools in use. First one, forecasting tool B, is in use in river production day-
ahead optimization and planning. Second one, forecasting tool C is more in use on in-
traday desk, but also manually on day-ahead production planning. Forecasting tool C is
not used in optimization. During this thesis, another forecasting model, planning tool D,
was made, which takes a totally different approach, because it is not based on physical
modelling of water movement. The planning tool D is a so called “black box” model,
which utilizes historical data and machine learning. The black box is a computer pro-
gram where users enter information (e.g. historical data of water levels and discharges)
and system utilizes pre-programmed logic to return output (e.g. water level forecasts) to
the user.
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These four tools were compared to one another with thirteen 40 hours’ time span data
series in the planning tool comparison. The data series were chosen at random. The dif-
ference in comparison to real process of future water levels forecasting, realized dis-
charges were used instead of planned discharges with each planning tool. For compari-
son of planning tools, common scale-depended measures were chosen. These are useful
for comparing methods on one data series with are in same scales. Methods are present-
ed as following:

e Sum of Squared Errors (SSE)
e Mean Absolute Error (MAE)

Also, a maximal error was recorded, which descripts the maximum error of forecasted
and realized water levels, which can be considered critical measurement according to
water level forecasting. To comparison each planning tool to created planning tool in
this study, there are also the ratio of two planning tools squared error in use. This de-
scripts which of planning tools forecasted data series better measured with SSE.

Because there are forecasts of run-offs use in river production planning, it is apparent
that it causes error in the water level modelling. In addition, there are no regular com-
parison according to realized and forecasted run-offs, thus profound analyzes and better
forecasting models for run-offs is not created.

Sum of squared errors of each forecasting tool are presented in Table 7. The best fore-
casting model is bolded.

Table 7: Sum of squared errors of each planning tool.

Sum of squared errors

FTA FTB | FTC FTD
Day 1 1.956 0.032 | 0.097 0.016
Day 2 0.023 0.144 | 0.084 0.039
Day 3 1.550 0.822 | 1.087 0.474
Day 4 0.076 0.861 | 0.059 0.165
Day 5 0.224 1.109 | 0.069 0.081
Day 6 0.032 0.403 | 0.057 0.030
Day 7 0.054 0.756 | 0.070 0.013
Day 8 0.039 0.544 | 0.074 0.007
Day 9 0.123 0.524 | 0.079 0.106
Day 10 0.033 0.211 | 0.093 0.040
Day 11 0.013 0.034 | 0.081 0.016
Day 12 0.067 0.741 | 0.089 0.011
Day 13 0.060 0.258 | 0.802 0.715

The different forecasting tool predictions during Day 10 are shown in Figure 43.
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Figure 43: Forecasts during Day 10. FT Ag is with an energy calculation and FT Ap is
with a discharge calculation.

The average from absolute differences between forecasted and realized water levels, in
other words, mean absolute error of each forecasting tool through the compared time
span can be seen in Table 8.

Table 8: Mean average errors of each forecasting tool.

MAE

FTA FTB FTC FTD
Day 1 20.16 2.22 4.53 1.68
Day 2 2.04 5.61 3.82 2.70
Day 3 16.00 11.11 15.75 9.08
Day 4 3.59 12.66 3.14 5.39
Day 5 7.11 15.44 3.48 3.43
Day 6 2.39 8.63 291 2.34
Day 7 2.92 11.87 3.27 1.47
Day 8 2.74 9.09 3.99 1.00
Day 9 5.12 9.99 3.86 4.02
Day 10 2.44 6.18 4.19 2.46
Day 11 1.55 2.51 3.93 1.50
Day 12 3.82 12.67 3.95 1.45
Day 13 3.01 7.09 11.68 11.52

The maximum difference between forecasted and realized water level are shown in Ta-
ble 9.
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Table 9: The maximum error in centimeters of each forecasting tool due the comparison
time span.

MAX error

FTA FTB FTC FTD
Day 1 31.79 6.30 7.06 4.10
Day 2 4.73 8.90 8.66 5.60
Day 3 37.36 31.00 | 24.49 22.80
Day 4 7.84 26.10 7.35 13.10
Day 5 11.12 29.10 8.76 10.30
Day 6 5.30 18.30 8.08 4,90
Day 7 7.37 25.00 8.05 3.30
Day 8 5.74 23.40 6.43 3.60
Day 9 9.90 19.70 7.64 12.40
Day 10 6.47 13.50 8.11 6.10
Day 11 4.04 5.50 9.15 4.00
Day 12 6.70 21.30 9.20 3.30
Day 13 13.24 13.80 | 26.54 22.70

Table 10 shows the sum of squared errors ratio between forecasting tool A and other
forecasting tools. If the value is less than 1, the forecasting tool created from results of
this study has forecasted water levels better than other planning tool.

Table 10: Forecasting tool A comparison to other forecasting tools with ratio of sum of
squared errors.

Ratio of sum of squared errors

FTA/FTB FTA/FTC FTA/FTD
Day 1 61.768 20.126 119.938
Day 2 0.161 0.276 0.591
Day 3 1.886 1.426 3.273
Day 4 0.089 1.288 0.463
Day 5 0.202 3.247 2.777
Day 6 0.080 0.564 1.086
Day 7 0.072 0.775 4.246
Day 8 0.072 0.527 5.786
Day 9 0.235 1.567 1.162
Day 10 0.158 0.358 0.837
Day 11 0.392 0.162 0.837
Day 12 0.091 0.758 6.074
Day 13 0.233 0.075 0.084

As seen from Table 10, regardless the same input values, the forecasting tool A has
failed forecasting Day 1 very badly. During the Day 1, there was a very high flow in the
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river. The error was not caused by errors in run-offs forecasts, because other planning
tools do not give same kind of error. Those are also using same run-off forecasts. Possi-
ble error could cause by the discharge measurement of P5, because all the other plan-
ning tools use the discharge of P6 in inflow calculations to P7. The discharge measure-
ment of P5 is systematically higher than discharge measurement of P6. The difference
between hydropower units P5 and P6 water discharge measurements increases while
discharge increase. In addition, all the other planning tools use constant water storing
capacity factor which are remarkable bigger than fluctuating storing capacity factor of
planning tool A during Day 1 high inflow. The different forecasting tools predictions
during Day 1 are presented in Figure 44. Figure 44 includes also the forecasting tool A
with energy calculation, which comparison is presented later in this section.
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Figure 44: Different forecasting tools Day 1 forecasts.

The error between realized and forecasted water level A affects to plant’s head, which in
turn affects to received energy. If the difference in hydropower plant’s head between
realized water level and water level forecasted with FT A, is converted to energy, the
modelled energy in Figure 44 time span would be 1.73 % higher when realized water
level is used. Realized tail water and linearized efficiency curve was in use in compari-
son.

The latest configuration of forecasting tool A starts predicting from planned or realized
energy which is noteworthy difference to other forecasting tools. The latest configura-
tion from forecasting tool A was also tested with same comparison time spans and the
results are presented in Table 11.



72

Table 11: Forecasting tool A results with energy calculation in same comparison time

spans.

Forecasting tool A with energy calculation

SSE MAE Max
error
Day 1 0.653 11.744 17.612
Day 2 0.043 2.929 5.570
Day 3 3.298 24.252 52.478
Day 4 0.368 8.334 17.487
Day 5 0.976 14.425 24.225
Day 6 0.132 5.022 10.774
Day 7 0.288 7.404 15.341
Day 8 0.205 5.809 14.227
Day 9 0.029 2.150 6.585
Day 10 0.067 3.510 8.475
Day 11 0.006 1.100 2.254
Day 12 0.152 5.750 10.052
Day 13 0.486 8.927 23.102

Measured with SSE, the results of forecasting tool A with energy calculation was worse
than with discharge calculation. The forecasting tool with energy calculation was better
at predicting water levels in three days from thirteen than planning tool with discharges.
The result was expected, because the error increases because of modelled efficiency
curves and the tail water. The forecasting tool A with energy calculations was compared
with all the other forecasting tools with ratio of SSE, including also forecasting tool A
with discharge calculation. The results are shown in Table 12.

Table 12: The SSE ratio of FT Ag compared other forecasting tools.

Ratio of sum of squared errors

FT Ag - Ap FT Ag /FT o FT Ag /FT . FT Ag /FT 5
Day 1 0.334 20.613 6.717 40.026
Day 2 1.863 0.300 0.515 1.100
Day 3 2.128 4.014 3.035 6.965
Day 4 4.810 0.427 6.194 2.225
Day 5 4.351 0.880 14.126 12.083
Day 6 4.092 0.328 2.307 4.443
Day 7 5.321 0.381 4.123 22.593
Day 8 5.233 0.377 2.757 30.281
Day 9 0.239 0.056 0.374 0.278
Day 10 2.009 0.318 0.719 1.680
Day 11 0.452 0.177 0.073 0.378
Day 12 2.259 0.205 1.714 13.722
Day 13 8.095 1.882 0.606 0.680
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During Day 1, Day 9, and Day 11 the forecasting tool with energy calculation forecast-
ed the intake level behavior better than forecasting tool with discharges. This cannot be
explained by different discharge levels in the river during comparison time span, be-
cause during these three days average discharges in the river differ substantially from
each other. During Day 1, the error in efficiency curve can compensate the error caused
by discharge measurement of P5. In other words, the discharge calculated from effi-
ciency curve in those power output areas is smaller than realized discharges, which
eliminates the error in P5 discharge measurements error in during high flow. During
Day 9, the forecasting tool A; was sufficient in predicting water levels. Additionally,
the discharges in the river varied a lot through this time span, which makes forecasting
water levels more challenging. There was no remarkable error between realized and
calculated P7 discharge during Day 9 which means, that the errors in tail water model-
ling cancelled out the errors caused by efficiency curves. All the forecasting tools had
predicted hydropower units P7 intake level behavior precisely during Day 11. During
Day 11, the flow in the river was quite low. During these circumstances, the predicting
of water levels is usually easy, mainly because there are no remarkable changes which
affects to the water levels. The predictions of all forecasting tools during Day 11 are
present in Figure 45.
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Figure 45: Different forecasting tools Day 11 forecasts.

In case of Figure 45, the energy production modelled with realized water level A does
not differ significantly from production modelled with water level A forecasted
with FT Aj. The modelled production with realized water level was only 0.08 % higher
than modelled production with FT A;, forecast. Realized tail water level and linearized
efficiency curve was in use in comparison.
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The error in P7 intake level caused by uncertainty in run-off forecasts is ambiguous,
because of the fluctuating storing capacity factor in the forecasting tool A. The error in
intake level is greater during high discharges. A cumulative error in hydropower plant

P7 intake through 24 hours planning period, caused by 10 m3/s uncertainty in run-off

forecasts, is presented in Figure 46.
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Figure 46: A Cumulative error during 24 hour time span caused by flaw in run-off
forecasts.

With results of this study, the cumulative error in hydropower plant P7 intake caused by
errors in run-off forecasts depends from P7 discharge. The error is higher during high
discharge of P7, because of fluctuating storing volume.

An analysis from hydropower plant P7 losses was made with the Forecasting tool A.
The water level behavior was forecasted like in FT A, and the energy output of each
hour was converted like in equation (6) with an efficiency-discharge —curve. There were
compared three different planning styles:

1. The discharge of P7 is as much as the inflow is to the hydropower plant

2. The reservoir of P7 is utilized to moderate day-night regulating

3. The hydropower unit P7 production varies highly according to electricity price
and the reservoir capability is highly utilized.

The average discharge and of each planning style over analyzed period are equal. In
planning style 1, the water level A could be kept as high as possible to avoid head-
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losses. Compared to planning style 1, there occur head-losses in planning styles 2 and 3
during day-time because of higher discharge, whereas the head of the plant is higher due
lower discharge on night-times. The discharges and scaled head of the hydropower plant
P7 are presented in Figure 47.
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Figure 47: The discharge and scaled head of the hydropower plant P7. The head of the
plant is lowest during highest discharge. This causes head-losses in power production.

The head of the hydropower plant P7 is constant during planning style 1, because the
intake level and tail water level are stable. When the reservoir utilized and discharge is
temporarily higher than the inflow to the plant is, the head-losses are bigger due reduced
intake level and increased tail water level. The reduced head causes losses in power
production.

The losses of planning styles 2 and 3 were compared to planning style 1. Because the of
the fluctuating storing capacity factor in calculation, the change in reservoir over the
analyzed period is not same. The change in reservoir content was valued with rule-of-
thumb-value and added to the losses. Compared to planning style 1, the daily power
production of planning style 2 was 3.36 % less and planning style 3 was 4.30 % less.

4.3.4 Forecasting tool applicability

Creating an accurate forecasting tool based on physical adapted models with available
data and inputs is difficult. The river seems to behave differently under different cir-
cumstances, which is challenging to model. More accurate models could be created if
certain improvements would be performed.
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The weakness of the forecasting tool comes from uncertainty of the inputs. The uncer-
tainty forms from two issues:

1. The instability of the data when the adapters of the model are created
2. The instability of the input data during forecasting.

The forecasting tool is very sensitive to errors in inputs. The errors in inputs are not
very damaging when only single hour forward is predicted, but the errors cumulate in
this model. The forecasting tool treats all the inputs as truths, which is harmful especial-
ly in relation of run-off forecasts or hydropower plant discharges. The river behavior
depends on season and it is different for example during ice cover, which causes varia-
tion on the model accuracy. The data used in model is gathered during open water time.

The directions of the change in predicted water levels are parallel with realized for most
of the time, but this model suffers from increasing errors especially in further forecast-
ing, which can be seen in Figures 42 and 44. Also, the model does not “catch” all the
spikes, which occur in the intake level. For example, the bounces in intake level are
usually more intense than the model predicts. Forecasted water level behavior is usually
more directly than actual, which usually behaves smoother. This is not remarkable prob-
lem, because there does not appear to be major error during then. The lack of bounces in
forecasted intake level and more direct behavior of forecasted water levels can be seen
in Figure 43. The model suffers from wandering off and it is most intense during high
flow of the river. This can be a result from run-off forecasts or the hydropower unit P5’s
discharge measurement. Water level B forecasting with discharge-difference —function
is problematic in certain situations when there is substantial change in discharge: de-
spite of substantial decrease of level A during strong increase of discharge, the model
shows that water level B increases, which in turn is not true. In practice, the change in
water level B is parallel with water level A.

The daily production can be modelled precisely when the water level predicting with
FT Ap is good, but if the model is wandering off, there occurs noteworthy error between
realized and forecasted amount of water needed to produce same energy. The require-
ment of water needed highly depends from head of the plant. The modelled errors in
received energy with good and bad forecasts are presented under Figures 44 and 45. The
error in water level A increases the error in water balance which may lead to situation
where the production deviate from planned and causes error in electricity balance. The
error in electricity balance may lead to unfavorable operation where energy must be
bought or sold with unfavorable prices which have economic impacts. Thus, it is im-
portant to forecast the water levels well. Good water level forecasting also minimizes
the risk of breaching to environmental limits.

Referring to section 4.3.3, the results of the forecasting tool A with discharges made in
this study are the best produced by a physical adaptor model. The forecasting tool A
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predicts water levels more precisely than prior forecasting tools. Especially, forecasting
tool A forecast water level A much more precisely than forecasting used in optimization
configuration. Also, it forecasts water level A more precisely than antecedent forecast-
ing tool mainly used, forecasting tool C. Thus, it is sensible to use forecasting tool A
instead of other forecasting tools.

The reservoir behavior and the effect in water level A and B are now better known and
the forecasting tool A has been an improvement in water level forecasting. Thus the
reservoir’s regulating volume can be utilized better and the lost value evaluation can be
improved. However, the model is not accurate always and drifting can occur. The re-
sults of model should be observed by user, who’s making the last evaluation of fore-
casted water levels plausibility. Experience of the water level behavior could give some
help while the tenability of the model results is observed. The user might have better
insight to the inputs, for example run-offs, and the user can revise inputs of the model
quite easily while using.
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5. CONCLUSION

In this thesis, the step-response tests were implemented in the river system and the river
system was modelled with the acquired data. The step-response tests present a new
method of gathering data which can be used to model the water dynamics in the river
system. This was the first time in the studied river system, where appropriate tests were
carried out with the only object of clarifying the water dynamics. The new forecasting
tool, created in this thesis, is configured differently from prior tools. For example, the
size of the reservoir of the hydropower unit P7 was modelled as a constant in prior
tools. The new forecasting tool forecast the water levels better and improves the possi-
bility to more market-based operation with P7. In addition, the lost value evaluation can
be improved better. Moreover, this study results clarifies the objects of further devel-
opment of studied river system.

Creating accurate models which strive to model the physical movement of water in the
studied river proved to be challenging during this thesis. This could be a result stem-
ming from the nature of the input data. There are many X-factors in data, for example
accurate knowledge of the hydropower unit discharges and the run-offs between the
units.

Some uncertainties can be eliminated, but these require economical investments. The
discharges of hydropower units could be calibrated, which might improve the quality of
the data. The calibration would not involve all of the units, only hydropower units P6
and P7. The river sections between P5 — P6 and P7 — P8 are easier to handle because
there are no remarkable run-offs in those sections. The calibration could be performed
by utilizing external company and the efficiency curves of each generator can be re-
modeled by the river operators. Also, more accurate delays between hydropower units
could be determined at the same with discharge calibration. With knowledge of exact
discharges, the accurate storing capacity could be determined. Also, it could be deter-
mined with depth sounding. The depth sounding should be performed at least from P7
water level B measurement to the intake level. Depth sounding of the water level B vi-
cinity should simplify its forecasting, especially during times when the reservoir is filled
and the behavior of the water level B is hard to forecast. The depth sounding provides
also a possibility to model the water movement with HEC-RAS, but then the whole riv-
er section between P6 and P7 should be depth sounded. This might not be sensible, be-
cause it would require heavy economic investments and a lot of work combined with
uncertainty of its functionality.
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At the moment, hydropower unit P7 control circuit does not provide an opportunity to
operate the plant with an automatic discharge adjustment which would keep the intake
level stable. With such new control circuit, more accurate information about the delays
could be determined, because the discharge of P7 would be able to follow the inflow to
the plant. Also, the remodeling of the control circuit would open up a lot of new possi-
bilities. The new control circuit could continuously keep up the water levels while ful-
filling a production requirement and propose changes in production plan. At the mo-
ment, the water levels are looked after by the operator, whom carries out changes to
ensure that environmental permits are not breached. The remodeling of the control cir-
cuit would decrease the consumed time by the river operation. In addition, such a con-
trol circuit does not require the accurate knowledge of the water movement in the river.
Similar river level control circuit remodeling could be done to all units in the river,
which would be capable handling all the units including production plans and water
levels. Regardless of the hydropower plants automation controlling, the final responsi-
bility about the water levels and produced energy is laid upon the operator and the oper-
ator still needs to know the river behavior in case of problems without plant automation.

At the moment, the developed forecasting tool FT Aj, is the best tool that uses physical
adapter modelling to forecast water level A. The FT D predicts the water levels better,
but its behavior is unpredictable and it is not suitable to be used in optimization. FT Ap
model’s issues with forecasting errors cumulating and the unpredictability of FT D can
be mitigated with combining the predictions of these two. The near future forecasting
can be made with FT Ap and further forecast could be gradually combined from the
forecasts of these two models.

All parts of the FT Ap configuration are not suitable to linear optimization used in river
production planning, but the parts which are suitable, should be added to the calcula-
tion. Due to partly adding, the functionality should be confirmed beforehand and the
configuration can be first added to the “after calculation” of the optimization. Also, it is
sensible to observe the behavior of the optimization with new configuration before it is
possibly taken into use in the river production planning.
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