
UPTEC ES 16003

Examensarbete 30 hp
April 2016

Operation Dependent Costs of 
Non-Optimal Hydropower Production 
 
Effects on the operational pattern of the 

Small Lule River 

Joel Lännevall



 

 
 
Teknisk- naturvetenskaplig fakultet 
UTH-enheten 
 
Besöksadress: 
Ångströmlaboratoriet 
Lägerhyddsvägen 1 
Hus 4, Plan 0 
 
Postadress: 
Box 536 
751 21 Uppsala 
 
Telefon: 
018 – 471 30 03 
 
Telefax: 
018 – 471 30 00 
 
Hemsida: 
http://www.teknat.uu.se/student 

Abstract

Operation Dependent Costs of Non-Optimal
Hydropower Production 

Joel Lännevall 

In the present electrical market there is an increasing penetration of intermittent
energy sources. Several studies have examined its effect on the planning of
hydropower operation and the conclusion is that an increasing intermittent
production is likely to result in a more variable hydropower operation, utilising a
wider span of operational set points. The wear of a hydropower unit is generally at a
minimum when operated close to best efficiency and increases when operating at
higher or lower set points. 
This study introduces a method to calculate an operation dependent cost (ODC)
function for an arbitrary hydropower unit or unit combination based on vibration
measurements and operational data. The method is tested in a case study where an
ODC is implemented in Akkats, located in the Small Lule River in order to evaluate
its effect on operational pattern, profitability and balancing contribution. 
The results show that the implemented ODC mainly affects Akkats. For an increasing
ODC, Akkats is operated closer to the best point of efficiency and the operational
pattern gets less variable and the effect gets more apparent the lower the spot price.
Akkats ability to follow the spot price is reduced, decreasing the earning per
produced energy with a few percent¬ages. Akkats balancing contribution decreases
significantly more, due to a less variable operational pattern. 
The study compares the reduced ODC to the reduced spot income and concludes
that the wear cost in Akkats has to be above 1,21 euro/MWh in order to be
economically feasible to include in the planning.
The operational pattern for the simulated river is close to unchanged at highest price
hours but during lower price hours an increasing ODC results in an increased
production, due to an increasing mean flow and changed operational pattern in
Akkats. More production during low prices hours results in a decreasing profitability
for all plants along the river. The balancing contribution is close to unchanged in all
plants except Akkats, since the production still follows the same pattern. 
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Svensk sammanfattning  

Verkningsgraden för ett vattenkraftsaggregat (turbin och generator) kan beskrivas som en 

funktion av flödet och har generellt ett maximum där även slitaget för anläggningen mini-

meras. Flertalet studier har påvisat ett samband mellan körning utanför optimala flöden och 

en ökande risk för diverse slitagefenomen som minskar livslängden på aggregatet. Studier 

har även visat att ett ökat införande av intermittenta energikällor leder till att vattenkraft-

verken i större utsträckning körs mellan ett bredare spektrum av flödespunkter. Då vindkraft-

andelen i det svenska energisystemet förväntas öka, så är det troligt att slitagekostnaden 

således kommer bli större och något som kan behövas tas hänsyn till under produktions-

planeringen. Frågan är dock hur det i så fall skulle påverka vattenkraftsverkens lönsamhet 

samt dess bidrag till att balansera elsystemet.  

Syftet med denna studie är att undersöka sambandet mellan slitagekostnader och körning av 

vattenkraftsverken vid en viss flödespunkt och analysera hur produktionsplaneringen påver-

kas om slitagekostnaderna tas med i beräkningen. Studien har delats upp i två delar. I den 

första delen utvecklas en metod för att ta fram aggregatspecifika slitagekostnadsfunktioner 

(ODC funktioner). Här antas att vibrationsnivån för ett aggregat är ett tecken på icke optimal 

drift samt att den direkt kan kopplas till en ökad kostnad. Metoden baseras på vibrations-

mätningar som relaterats till mätpunktens avvikelse från aggregatets maximala verknings-

grad och från dessa sammanställs en generell kostnadsfunktion. Den generella kostnads-

funktionen används tillsammans med optimerad flödesdata för att beräkna aggregatspecifika 

kostnadsfunktioner.  

I andra delen av studien genomförs en fallstudie baserad på den utvecklade modellen där 

olika nivåer på ODC funktioner implementeras i vattenkraftsstationen Akkats med syftet att 

undersöka hur produktionsmönster, flexibilitet samt balanseringsförmåga påverkas. Lilla 

Luleälven simuleras för 14 dagar baserat på spotpriser från perioden 30/1 – 19/2 (2015). 

Simuleringarna genomförs i Vattenfalls korttidsplaneringprogram Hotshot som innehåller 

detaljerad information om alla kraftverk och reservoarer och beräknar fram en optimal 

produktionsplan baserat på ett förväntat spotpris.  

Studien visar att det är främst Akkats som påverkas av de implementerade slitage-

kostnaderna. För en ökande slitagekostnad kör Akkats en större andel av tiden på flöden 

närmare optimal verkningsgrad och produktionsmönstret blir mindre variabelt, en effekt som 

blir tydligare desto lägre spotpriset är. Produktionen flyttas från hög- till lågpristimmar, vilket 

innebär att lönsamheten från spotprisintäkten minskar. Det förändrade produktionsmönstret 

medför även att Akkats bidrag till att balansera elkraftsystemet minskar. 

Studien visar att om slitagekostnaden i Akkats är högre än 1,21 €/MWh så är det ekonomiskt 

lönsamt att ta hänsyn till dem i planeringen, eftersom att minskningen i slitagekostnaden då 

blir större än den förlorade spotprisintäkten.    

Studien visar även att älvens totala produktion är så gott som oförändrad vid timmar med  

höga spotpriser men att den generellt ökar vid timmar med lägre spotpriser för en ökande 



slitagekostnad. Den ökande slitagekostnaden resulterar i ett högre medelflöde och då alla 

stationer redan producerar maximalt vid de högsta spotpristimmarna så fördelas det extra 

vattnet ut på de lite lägre spotpristimmarna. Det är även under lågpristimmarna som Akkats 

produktionsmönster förändras som mest, vilket till viss del påverkar produktionen i reste-

rande stationer. Mer produktion vid lågpristimmarna resulterar i en liten minskning i lön-

samhet för samtliga stationer längs älven, medan bidraget till balansen är tämligen 

oförändrat för alla stationer utom Akkats.    

   



Executive summary 

This study presents a method to calculate operational dependent costs (ODC) for an 

arbitrary hydropower unit and investigates its effect on the operational pattern, profitability 

and balancing contribution of the Small Lule River, when implemented in the hydropower 

plant Akkats. The study concludes that the implemented ODC mainly affect Akkats, which 

operational pattern gets less variable as the ODC increases. The changed operational 

pattern has a slightly negative effect on Akkats earning capacity (€/MWh), and significantly 

decreases Akkats ability to provide balancing power to the system. The study compares the 

reduced spot income to the reduced ODC and concludes that the ODC in Akkats has to be 

above 1,21 €/MWh in order to be economically feasible to include in the production planning. 

 

 



Acknowledgements 

I would firstly like to give a special thanks to my supervisors Joakim Lönnberg and Jonas 

Funkquist for always taking your time guiding and supporting me when I encountered any 

problems or wanted to discuss some findings. I would also like to thank Joakim Allenmark for 

great inputs and helping me with Hotshot. Also, I would like to show my gratitude to Magnus 

Lövgren, Jens Carlevi and Mattias Holmström for inputs about wear phenomena and provid-

ing measurements data. Thanks to Anders von Holst for providing inflow data and to Urban 

Lundin at Uppsala University. Finally I would like to thank Elvira for proof-reading the report 

and always supporting me.     



Table of Content Page 

 

1. INTRODUCTION 1 

1.1. Background 1 

1.2. Scope of the project 2 

1.3. Limitations 2 

2. THEORY 3 

2.1. Swedish energy system 3 

2.1.1. Production and consumption 3 

2.2. The Nordic electrical market 4 

2.2.1. Day-ahead market - Elspot 4 

2.2.2. Intraday market - Elbas 6 

2.2.3. Balancing market 6 

2.3. Hydropower 6 

2.3.1. Regulation of a hydropower unit 7 

2.3.2. Efficiency and SOPT-data 9 

2.3.3. Wear from flexible production 10 

2.4. Figures of merit of hydropower 12 

2.4.1. Duration charts 12 

2.4.2. The relative balancing contribution 13 

2.4.3. The regulation factor 14 

3. METHOD 15 

3.1. Short term optimization tool Hotshot 15 

3.2. The cost of flexible operation 16 



3.2.1. The operation depended cost function 16 

3.2.2. Implementation in Hotshot 19 

3.3. Case study of Akkats 20 

3.3.1. Hotshot utilization and input data 23 

4. RESULTS 27 

4.1. Operational patterns 27 

4.2. Regulation factor 30 

4.3. The relative balancing contribution 31 

4.4. Economic result/income 33 

4.5. Summary of important figures 34 

5. DISCUSSION 35 

5.1. Comparison with historical data 35 

5.2. Simplified ODC function in Hotshot 36 

5.3. Sources of errors 37 

6. CONCLUSION 39 

7. FUTURE WORKS 40 

8. REFERENCES 41 



Abbreviations 

ODC - Operation Dependent Costs   

BPE - Best Point of Efficiency   

SEVAP - System för Effektivare VattenkraftProduktion 

TSO - Transmission System Operator   

Hotshot - Hydropower Optimization Tool SHOrt Term 

 



 

 

 

1 (43) 

 

 

1. Introduction 

1.1. Background 

The Swedish energy system is changing. The future of nuclear power is questioned and 

there are plans on closing several reactors within the near future. The lost energy is 

supposed to be replaced by renewable energy sources such as wind and solar power. As 

seen in Figure 1 the production from wind power has increased rapidly over the last year and 

is expected to continue to grow [1].     

 

Figure 1. Annual wind power production in Sweden.   

However, wind power and solar power are intermittent power sources, i.e., the installed 

power is not always available due to uncontrollable factors such as the weather. Therefore, 

intermittent power sources have to be balanced by a controllable power source and in the 

Swedish energy system hydropower is used for this purpose. The increased share of wind 

power is likely to increase the need of flexible generation. A study made by Lönnberg [2] 

concludes that a larger share of wind power may broaden the span of generation in a hydro-

power unit, i.e., more operational set points are utilised. 

The efficiency of a hydropower unit is generally described as a function of the flow and has a 

maximum value at a specific flow rate, at which it is also assumed that the wear of the unit is 

minimised. Consequently, operating at a different flow rate than the most efficient is likely to 

increase the maintenance frequency and shortened the lifespan. The extra costs generated 

by the increased wear are in this report referred to as an operational dependent cost (ODC).   

Several studies have shown how wear is linked to operating at non-optimal levels. It 

increases the risk for pressure pulsations, mainly in Francis turbine, both at full-load opera-

tion [3] and part-load operation [4].  
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According to Kjölle [5] cavitation is one of the main sources for damage of hydro turbine and 

the most exposed parts are the outlet of the runner and inlet of the draft tube. Huixuan [6] 

concludes that the risk for cavitation rises with increasing flows.  

In another study, Chirag [7] states that increasing intermittent energy sources have resulted 

not only in more off-peak operation, but also more frequent load variation, emergency shut-

down and load rejection. This increases the risk for transient, which shortens the units 

(turbine and generator) lifetime.  

Even though in-efficient operation to some extent increases the wear of the hydropower unit, 

this is not considered by Vattenfall in the daily optimisation planning of the hydropower pro-

duction. However, since the wear is expected to increase in the future due to more flexible 

production, this is a matter that gets more important to investigate.   

1.2. Scope of the project 

The objective of this study is to investigate wear costs associated with non-optimal operation 

of hydropower and analyse how the production planning will be affected if they were to be 

included. The study is divided into two parts; 

The first part is to develop a method to generate a wear based cost function (ODC function) 

for an arbitrary hydropower unit or unit combination.   

Secondly, a case study is performed where an ODC function is implemented in the hydro-

power plant Akkats, located in the Small Lule River. The study aims to investigate how the 

ODC function affects the operational patterns, flexibility and balancing capability of the 

hydropower plants of the Small Lule River. Also an economic analysis is to be conducted in 

order to evaluate at which cost levels it is economically feasible to include wear costs in the 

planning process.  

The simulations are performed using Vattenfall’s short-term planning tool Hotshot. Hotshot 

contains detailed information about the hydropower system and generates an optimised pro-

duction plan based on forecasted electricity spot prices.  

1.3. Limitations  

The study only examines the increased wear from operation at a set point that differs from 

best point of efficiency (BPE). Wear from change of operational set points is not included, 

see chapter 2.3.3. The effect on operational patterns and balancing contribution is limited to 

the characteristics of the hydropower plants of the Small Lule River. Additional assumptions 

are presented in chapter 3.   
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2. Theory 

This section presents background information and introduces theoretical framework needed 

to understand the developed method and result of the study.   

2.1. Swedish energy system 

2.1.1. Production and consumption  

In 2014 the main part of the Swedish electrical production was supplied by hydropower 

(42%) and nuclear power (41%). The rest is supplied by CHP (combined heat and power) 

(9%) and wind power (8%). Intermittent production (mainly from wind power) has in recent 

years increased and it is predicted to continue to grow [8]. 

The electricity consumption in Sweden typically follows a specific pattern on a daily, weekly 

and annual basis. The daily and weekly variations are illustrated in Figure 2 (red line). It can 

be seen that the daily variation consists of a high consumption during the day with a peak in 

the morning and the afternoon and a low consumption during the night. There is a higher 

consumption during weekdays than weekends, duo to a higher industrial activity, resulting in 

a weekly variation. The consumption is also weather dependent with an increasing demand 

during cold, windy and sunless days. This results in an annual consumption pattern with a 

higher consumption during the winter and lower consumption during the summer.  

 

Figure 2. The Swedish energy production and consumption during a week (9/3 – 15/3 2015). The thermal production 

(nuclear and CHP) is close to constant, the wind power production fluctuate randomly and the hydropower production 

follows the consumption. The difference between production and consumption is due to import/export 

The Swedish electrical grid is managed by the Swedish TSO (Svenska  kraftnät) and it is 

their responsibility to maintain a constant frequency at a nominal value of 50 Hz. In order to 
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maintain  the stability of the grid, the power production and consumption have to be the same 

at all times. Controllable energy sources are used to balance the variations in both inter-

mittent power production and consumption. The balance power needed is called the residual 

load and is given by 

                           (Eq. 1) 

where        is the consumption,        is the wind power production and        is the solar 

power production. In the Nordic countries the variations in residual load is mainly balanced 

by hydropower as seen in Figure 2 [9]. 

 

2.2. The Nordic electrical market 

In the Nordic countries electricity is traded in several different market places. One important 

market place is Nord Pool, which is a collaboration between the Nordic and Baltic countries. 

Nord Pool offers trading at the market places Elspot and Elbas. 

 

2.2.1. Day-ahead market - Elspot 

The main part of the electricity trading takes place on the day-ahead market Elspot. Trading 

takes place for one day at a time and all the bids for the following day must be submitted no 

later than twelve hours before the day begins [10]. The bidder has to declare how much to 

sell/buy, depending on the price received, for each hour of the trading day. 

Nord Pool compiles all the submitted bids and produces an aggregated supply and demand 

curve for all hours of the trading day. As shown in Figure 3, the price of electricity is deter-

mined at the point where the curves intersect. The price represents the most expensive 

marginal cost of a producing unit in that hour.  

The electricity price is calculated disregarding of the available transmission capacity in the 

Nordic grid. However, if any transmission limit is exceeded the system is divided into several 

different bidding areas as seen in Figure 4. A new price is calculated based on the produc-

tion, consumption and transmission limits of each individual bidding area.  
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Figure 4. The different bidding areas connected to the Nord Pool spot market. The red arrows represent the  trans-

mission limits between the price areas [11]. 

Figure 3. An aggregated supply (sell) and demand (buy) curve, used for determine the electricity price at the  

Nord Pool spot market [21]. 

 



 

 

 

6 (43) 

 

 

 

2.2.2. Intraday market - Elbas  

Since Elspot closes 12-36 hours before delivery, unpredictable events may occur both in 

production and consumption. Trading at Elbas aims to adjust these unexpected events to 

keep the system in balance. Elbas opens two hours after Elspot is closed and is open until 

one hour before delivery. Bidders submit orders on how much to sell or buy, at what price 

and volume and the buyer has to accept the whole deal in order to buy the contract [12].  

2.2.3. Balancing market  

Neither Elspot nor Elbas can be used for real-time compensation of unpredictable events in 

production or consumption. The Swedish TSO has the responsibility to keep the national grid 

in balance and is hence forced to procure primary and secondary regulation control services. 

The primary control systems (FCR-n and FCR-d)1 are used to instantly restore balance 

between production and consumption.  

The secondary control systems (FRR-a and FRR-m)2 are used to both restore the primary 

reserves and to bring back the frequency to 50 Hz. Energy producers offer to increase the 

production for a certain price in case of deficit, or decreasing production in case of a surplus. 

The main part of the primary and secondary control services is provided by hydropower.   

2.3. Hydropower 

The initial expansion of hydropower in Sweden began in the early 20th century in order to 

produce electricity for the growing industry. It began in the southern parts of the country but 

since the majority of the largest rivers are located in the northern parts, it soon expanded 

north. Today 80 % of the Swedish hydropower production originates from the rivers in the 

northern parts of the country. In some of the northern rivers, e.g., the Lule and the Skellefte 

Rivers, there is an overcapacity in installed power and they are used to provide balancing 

power.  

The overall function of a hydropower plant is to convert the potential energy of water to elec-

trical power. The output power is given by  

             (Eq. 2) 

                                                

1
 FCR-n is activated at a frequency deviation between 0-0.1 Hz. FCR-d  is activated at a frequency 

deviation between 0.1-0.5 Hz.  
2
 FRR-a is activated automatically and FRR-m is activated manually.    
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where Q is the flow of water through the turbine (also called discharge), H (head) is the 

height difference between the water surface of the reservoir and after the turbine, g is the 

gravitational constant,   is the density of water and   is the efficiency of the unit (turbine and 

generator). 

Figure 5 shows an overview of the main components of a hydropower plant. The water 

enters through the intake and flows down through the penstock to the turbine (runner). The 

turbine utilizes the kinetic energy of the flowing water and transmits the absorbed energy to 

the generator where it is converted to electricity. The water leaves the plant through the draft 

tube [13]. 

The two most common turbine types in Sweden are Francis and Kaplan. A Francis turbine is 

used at medium to high head and discharge, while a Kaplan turbine is utilized at the lowest 

heads and highest discharges [5]. 

 

 

2.3.1. Regulation of a hydropower unit 

A hydropower plant regulates its production by governing the discharge through the turbine. 

The main components that are involved in this process are illustrated in Figure 6. The spiral 

casing is located just before water enters the runner and its function is to evenly distribute 

the flow around the inlet to the turbine, also called wicket gate. The wicket gate is composed 

of stay vanes and guide vanes. The stay vanes are stationary and built to support the con-

struction and change the direction of the flow. The guide vanes are adjustable and the dis-

Figure 5: Illustrates the main components in a hydropower plant [18].  
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charge is controlled by changing the opening angles of the guide vanes with a servo motor. 

The servo motor controls a regulating ring which is connected to each guide vane through 

levers and links. There are also some plants that instead of using a regulating ring, use indi-

vidual servo motors connected to each guide vane [13].  

 

 

In a Kaplan turbine the blades of the runner are adjustable. By changing the position of the 

blades, the angle of attack of the incoming water is changed, resulting in a changed output 

power. This means that a Kaplan turbine has two different ways to regulate its output power; 

either by changing the discharge in the guide vanes or by changing the angle of the runner 

blades. A Francis turbine can only regulate its output power by changing the guide vane 

angle [13].  

 

 

Figure 6. A spiral casting, guide vanes and governing equipment [13]. 
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2.3.2. Efficiency and SOPT-data  

The efficiency of a hydropower unit is derived from Eq.2 as  

   
 

       
         (Eq. 3) 

Vattenfall uses a method called index test to measure the efficiency of a hydropower plants.  

For a given head, the index test gives the relationship between efficiency, output power, dis-

charge and guide vanes openings angles [14].  

The result from the index test is used as input data for the optimisation tool “System för 

Effektivare Vattenkraftsproduktion“ (SEVAP). For a given head, SEVAP calculates the opti-

mal distribution of the discharge through all unit combinations3, providing the best unit 

combination at a specific discharge, as illustrated in Figure 7. It can be seen that for a flow of 

200 m3/s, the unit combination 103 (operating unit 1 and 3) or 120 (operating unit 1 and 2) is 

the most efficient, but when the flow is over 225 m3/s the unit combination 123 (operating unit 

1, 2 and 3) is the best [14]. 

 

Figure 7. Efficiency as a function of discharge for all possible unit combinations at a given head. The efficiency of each 

unit combination is stated as a percentage in accordance to the maximum efficiency of the head  [14]. 

By increasing the discharge in steps of 5-10 m3/s from minimum to maximum discharge, 

SEVAP supplies tabulated values (called OPT-data) for the total discharge, power and effi-

                                                

3
 A unit consists of a turbine and generator and a hydropower plant can have several units. In a unit 

combination a plant operates several units together.   



 

 

 

10 (43) 

 

 

ciency as well as discharge, power and guide vanes opening for each specific unit.  Table 1 

shows a section of an OPT-table for the unit combination 123. It can be seen that the optimal 

distribution of water through each unit could differ greatly in every step of the total discharge. 

For example, the discharge through unit 3 is doubled when the total discharge changes from 

230 m3/s to 240 m3/s (the yellow marked lines in Table 1) [14].  

SEVAP can also provide tables that include downstream losses before the next plant and 

those tables are called SOPT-tables. SOPT-tables give information about which unit combi-

nation offers the best efficiency at a given head and discharge, and how the discharge is 

distributed among the units [14].    

 

 

2.3.3. Wear from flexible production  

Wear from flexible hydropower production can roughly be divided in two; Firstly, a flexible 

production results in more changes from one operation set point to another. This increases 

the wear in components connected to moving parts, such as the guide vanes bearings, and 

could lead to more transients. 

Secondly, a flexible production implies that a hydropower unit to a larger extent will be 

operated at a flow deviating from the point of best efficiency, where the wear generally is 

minimised. Consequently a more flexible production may increase the wear of the unit. This 

Table 1. A part of an OPT-table for a  hydropower plant at a given head of 100m and unit combination 123 [14]. 
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is due to several interconnected wear phenomena, for example cavitation, increasing vibra-

tion, pressure pulsations and self-excitation vibrations    

 Cavitation 2.3.3.1.

Cavitation occurs in a liquid when exposed to pressure fluctuation. When the pressure drops 

below the vapour pressure, bubbles of air and vapour are formed on the runner blades. As 

the bubbles enter a higher pressure zone they begin to collapse, as seen in Figure 8. The 

surrounding liquid fills the cavity left by the bubble, creating a very high local pressure that 

could damage the blades [15].  

 

Figure 8.A cavitation bubble imploding (no. 2,3) and creating a jet of water (no. 4) [16]. 

  

There are several different parameters that affects the risk for cavitation, but the head and 

flowrate are the two most important. Bernoulli’s equation implies that if the velocity increases, 

the pressure falls. In the case of a hydropower plant, this means that the higher the flow, the 

greater is the risk of a pressure drop below vapour pressure [15]. Therefore, the risk of 

cavitation increases at high flows, especially when approaching the turbines maximum flow 

[6]. The occurrence of cavitation may be indicated by increasing vibration, noise and 

decreasing efficiency [17].  

 Vibration  2.3.3.2.

The vibrations in a hydropower unit are generally at a minimum when operated close to best 

efficiency and increases when operating at a higher or lower set point. Vibrations give rise to 

fluctuating stresses in exposed parts, increasing the risk for material fatigue.  

Fatigue is one of the major failure sources for a hydropower unit and it occurs in a material 

subjected to varying loads. If the loads exceed a certain threshold, a small crack is formed. 

The crack grows with each cycle until it breaks. The risk for fatigue increases for higher 

stresses and a larger number of load cycles [18]. 
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The vibration levels are to some extent correlated to the efficiency curve, since the unutilised 

energy is absorbed in the structure. However, there are also several different hydraulic flow 

phenomena that induce vibrations, for example pressure pulsation and self-excitation in 

moving parts [4].  

Pressure pulsation  

Operation at part-load (30-80% of best efficiency) or full-load increase the risk of pressure 

pulsations and increasing vibration levels. Pressure pulsation is mainly caused by vortices 

shedding at the runner blades and vortex rope in the draft tube [19]. 

Vortices shedding occurs mainly at part-load. The reduced flow through the runner makes it 

harder to cover the entire surface of the runner blades, creating a low pressure zone. A 

vortex could then form at the trailing edges (exit of runner) of the blade, inducing vibration 

[19].  

The vortex rope in the draft tube occurs in Francis turbines for both part-load and full-load 

operation and can induce a pressure pulsation not only in the draft tube but also in the pen-

stock. This phenomenon does not only give rise to vibration, but could also cause power 

fluctuation in the generator [19].    

Self-excitation vibration  

Self-excitation occurs when the natural frequency coincides with an oscillation frequency of a 

period motion. In a hydropower plant periodic motions could occur in for example the water-

ways or the runner. The frequency of the oscillations varies with the discharge and could at a 

certain flowrate excited a natural frequency of some other part of the system, which gives 

rise to vastly amplified vibration levels [4].  

2.4. Figures of merit of hydropower  

2.4.1. Duration charts 

Figure 9 shows a duration chart of the discharge in Akkats during the time period 30/1 – 12/2 

2015. A duration curve shows how big part of the time period a plant is operated at certain 

set point. For example, point 1 in Figure 9 (where the black lines intersect) shows that for a 

little more than 60 % of the time the flow through Akkats is more than 150 m3/s. 
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Figure 9. A duration chart of the discharge through the hydropower plant Akkats for the time period between 30/1 -12/2. 

 

2.4.2. The relative balancing contribution 

A power plants contribution to balance variation in the residual load is described as 

 
     

   (         )

   (     )
   

(Eq. 4) 

where      is the residual load and     is the production from a controllable power plant k. A 

value between zero and one states that the plant contributes to balance the variations of the 

residual load and the more closer to one, the greater is the balancing contribution. A plant 

with constant production will not contribute in balancing variation of the residual load and 

hence receive a value equal to zero [9]. 

The linearity of the covariance gives that 

     (            )      (       )      (       )   (Eq. 5) 

where    and    are the production from two different plants. Consequently the balancing 

contribution from the combined production is the same as the sum of the individual contribu-

tion. [9] For a balanced system the total relative balancing contribution equals one, conse-

quently the sum of all units individual contribution should equal one [9]. 
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2.4.3. The regulation factor  

The regulation factor is used to quantify the short-term flexibility and earning capacity for a 

plant as 

      
∑ ( ( )    ( )) 

   
 

 
 ∑  ( )  ∑   ( ) 

   
 
   

     (Eq. 6) 

where T is number of hours, s(i) is the spot price at hour i and   ( ) is the average produced 

power in plant k during hour i. The regulation factor uses the spot price as input signal and its 

value reflects a plants ability to adapt its production according to variation in the spot price. A 

plant with constant production will achieve a regulation factor equal to one. However, a plant 

that is able to produce more when the spot price is higher and less when price is low will 

achieve a regulation factor greater than one [20].  
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3. Method 

In this section the developed method and used simulation tools are presented, as well as 

important assumption and input data to the simulations. 

3.1. Short term optimization tool Hotshot 

Hotshot is an hydropower optimization and planning tool developed by Vattenfall in order to 

maximise profit of sold power. The optimisation problem is of mixed integer type and solved 

using a combination of Cplex and a proprietary dynamic programming algorithm. 

The basic problem is to determine the optimal power production for each unit and hour dur-

ing the planned time horizon for given a set of constrains, e.g., reservoir levels, discharges, 

available water and spot price variations. Hotshot provides a detailed plan with planned pro-

duction, discharge, unit combination and reservoir levels on an hourly resolution.  

The objective function in Hotshot is formulated as 

     {∑ ∑         

  

   
                  

 

   
}   (Eq. 7) 

where T is the total number of simulated hours,    is the number of plants,    is the spot 

price at hour t,      is the production in plant i at hour t,    represents the water value4 at plant 

i,      the volume of available water at time t in the reservoirs connected to plant i,     is the 

start cost of a unit and       is the operation dependent cost. [2] 

The production is modelled as 

            (         )   (Eq. 8) 

where      is the head and      is the discharge at plant i at time t. 

Hotshot maximises the total revenue from sold power with consideration to the water value in 

each station. Generally it’s profitable to produce when the spot price is higher than the water 

value. The starting of a unit reduces the lifetime and is hence modelled as a cost to keep the 

numbers of the starting and stopping of a unit to a minimum. There are also limitations in the 

reservoir levels, due to water legislation, and physical limits of discharge and output power 

for every plant, modelled as 

                                                

4
 The water values is set by the producer and it represents a reference price of how much the water is 

worth in each reservoir for each hour. It is used to optimize the distribution of the water throughout the 
year. 
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                                             (Eq. 9) 

                      (Eq. 10) 

                     (Eq. 11) 

where           is the flow through the upstream plant taking   hours to reach plant i and      

is the local inflow of water to the plant [2].  

3.2. The cost of flexible operation 

3.2.1. The operation depended cost function   

All operation dependent wear phenomena have a connection to the vibration level and it is 

therefore used as an indication for inefficient operation. The ODC associated to the 

increased wear is assumed to correlate to the vibration levels.  

Figure 10 shows each step in the development of a unit specific ODC function. The main 

idea is to find a general function describing how the vibration levels are correlated to a devia-

tion in efficiency from best point of efficiency (BPE) and use SOPT-data to calculate a unit 

specific ODC.  

 

 Figure 10. The process of developing a unit specific ODC function (blue blocks) and implementation in 

Hotshot (red block).  
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The measured vibration levels5 are related to the difference between the best efficiency of 

the unit and the efficiency of the measured point, as shown in Figure 11. It could be seen that 

the vibration levels are minimised at operation close to best efficiency and increases for 

higher and lower flows. However, as also seen in the figure, there is a significant difference 

in how much the vibration level changes between each unit.  

 

Figure 11. Vibration levels in relation to the efficiency of the unit for three different units. A deviation of 2 (plus or 

minus) from best efficiency  means that the efficiency at this operational point is 2 % less than the unit maximum. A 

negative deviation means that the discharge is below BPE (Deviation from best efficiency = 0) and a positive deviation 

value represents discharge above BPE.     

A general ODC function is derived as a fifth degree polynomial fit based on vibration 

measurements at seven units. The general ODC function is presented in Figure 12 and it 

shows how the ODC is distributed in relation to BPE. It can be seen that the ODC increases 

faster for a flow above the BPE than below.   

                                                

5
 The vibration measurements are received from Vattenfalls “Idrifttagningsrapporter” and the vibrations 

are measured at three points along the shaft connecting the turbine and generator. 
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Figure 12. The operational dependent cost (ODC) as a function of the deviation from best efficiency, used to calculate 

the unit specific ODC function.    

The general ODC function is transferred into a unit specific cost function using SOPT-data 

(sec.2.3.2). For each tabulated flow value, a deviation from best efficiency is calculated and a 

cost is assigned according to the general ODC function.   

For a unit combination the cost is calculated in accordance to the flow through each unit. The 

sum of the unit specific costs gives the total cost for a certain flow. Consequently how the 

water is distributed through the units is an important parameter determining the total cost. 

Figure 13 presents an ODC function for a unit combination of two units. It can be seen that 

for a flow close to 220 m3/s the ODC is almost zero and the costs increase for lower and 

higher flows. 

 

Figure 13. An ODC function for a 2 units combination. It can be seen that the ODC changes rapidly in some flow region, 

for example around 130 m
3
/s, due to the redistribution of water between the unit of the plant (seen in Table 1).  
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3.2.2. Implementation in Hotshot   

To implement the derived ODC-function in Hotshot it first has to be discretised into a finite 

number of breakpoints (BP) and between these the ODC has to increase linearly. The 

derived model uses three breakpoints at either side of the best point of efficiency chosen as: 

                        (Eq. 12) 

                    (              )        (Eq. 13) 

                    (              )          (Eq. 14) 

The positions of the breakpoints are chosen in order to give as god depiction as possible for 

flows close to the BPE, since the hydropower plant often is operated in this zone.  

The absolute value of the slope of the cost function is not allowed to decrease. Consequently 

for every breakpoint along the curve, the slope either has to be constant or increasing, as 

seen in Figure 14.  

 

 

 

 

 

Figure 14. Implementation of a ODC curve with three breakpoints (BP) in Hotshot. There is no cost to operate the unit at flows between 

BP 1 and BP 2. For flows higher than BP 2 or lower than BP 1 there is a cost that increases linearly with the deviation from the 

breakpoint. At BP 3, the deviation costs increase for lower flows. 
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3.3. Case study of Akkats  

To examine the ODC effects on the hydropower system, a case study is performed in which 

an ODC function is implemented in the hydropower plant Akkats. The hydropower production 

is simulated for 14 consecutive days and five different magnitudes of ODC. As seen in Figure 

15, Akkats is located in the Small Lule River and therefore only this river-reach is simulated 

in the model, i.e., Seitevare to Boden.  However, since the plants downstream from Porsi 

(where the Large and Small Lule River intersect) are dimensioned for a flow from both rivers, 

Porsi is assigned a local inflow at the same size as the average discharge of Messaure.    

It is assumed that all plant has full availability of units, except Akkats which is modelled with 

a single unit of 79 MW and a maximal flow of 225 m3/s. 
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Figure 15. An overview of reservoir and plant characteristics of the Lule River. Only the Small Lule River is utilised in 

the simulation.  
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Figure 16 presents an overview of a simulated scenario. Hotshot is provided with input data 

for the simulated river such as available units, water values, flow restrictions and a spot price 

forecast. The simulation is restrained by an implemented ODC function in Akkats. Hotshot 

uses this input data to find an optimal production plan.      

 

 

Figure 16. An overview of a simulated scenario. 

Figure 17 presents the continuous ODC function for Akkats (blue line) as well as the dis-

cretised ODC function (red line) which is utilised in the simulation. It can be seen that for 

flows between 125-180 m3/s there is a close to perfect match between the two functions but 

for flows less than 125 m3/s or higher than 180 m3/s the discretised ODC-function gives 

higher costs.   
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Figure 17. The blue curve shows the ODC-function for Akkats G2. The red line shows the simplified ODC-function 

implemented in Hotshot during the simulations. The ODC is close to zero for flows between 130-180 m
3
/s but increases 

rapidly at lower or higher flows.   

The simplified ODC-function is scaled differently for each simulated scenario. The scale 

factors (SF) chosen for this case is:   

                             

In the scenario where SF = 0 there is no implemented ODC for Akkats and it is used as a 

reference value. In the scenario where SF = 100 the ODC is multiplied with 100. This means 

that the assumed cost for operating Akkats at flows just over 200 m3/s is: 

                   (Eq. 15) 

3.3.1. Hotshot utilization and input data  

Hotshot is utilized interactively [2] and each day in the scenario is modelled as shown in 

Figure 18. Hotshot is provided with a spot price forecast for 7 days in order to optimally distri-

bute the available water and gives an exact production plan for the first day (Current day). 

The production is assumed to be sold to Nord Pool and the water flows are updated and 

used as input data for the optimisation of the next day. This is repeated for every day of the 

simulated time period.  
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Figure 18. A visualisation of how Hotshot is utilised. Hotshot is provide with a spot price forecast for 7 days in order to 

optimally distribute the available water and gives an exact solution for the first day. This is repeated for every day the 

of the simulated time period.   

Hotshot has to be provided with a spot price forecast for 6 days ahead of the day to plan and 

hence a spot price forecast for 21 days is needed for the complete simulation. The simulation 

is based on historical spot prices from the period 30/1–19/2 2015 and is assumed to be a 

perfect forecast. Figure 19 shows the spot prices used in this study and it can be seen that 

the chosen time period contains both periods with considerably high spot prices (hour 80-

180) and periods with low prices. 

 

Figure 19. Hourly spot price at the period 30/1 – 19/2 2015 used in the simulation.   

The residual load is used to evaluate the balancing contribution from the production and 

based on historical values from the two first week of the simulated time period and is shown 

in Figure 20.  Compared to the spot prices it doesn’t fluctuate as much and the difference 

between high and low values is not as significant.   
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Figure 20.  The residual load from the time period 30/1 – 12/2 2015.  

The water legislation is assumed to stay the same for all scenarios6. It is assumed that there 

is no transmission limits in the grid and that all production is sold to Nord Pool without incre-

ments. The production plan is only based on Elspot and doesn’t consider power traded at 

Elbas or ancillary services7.   

The flow is restricted in the two top plants (Seitevare and Parki) and the last plant in the river 

(Boden) in order to make sure that available water remain the same for the scenarios [2]. 

The restriction is based on the average flow at the same time period as the spot price, see 

Table 2.   

Table 2 presents the local inflow used in the simulations. These values are based on histori-

cal flows from the simulated time period. The local inflow at Porsi represents both the  local 

inflow and the average inflow from the Large Lule River. 

                                                

6
 There is an ongoing investigation (vattenverksamhetsutredningen) about changing the water 

legislation.  
7
 Primary and secondary regulation.   
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Table 2. Restriction of average flow and local inflow of the Small Lule River used in the simulations 

Plant Average flow [m3/s] Local inflow [m3/s] 

Seitevare 97.5 6.8 

Parki 116.8 5.9 

Randi - 4.8 

Akkats - 9 

Letsi - 6 

Porsi - 336 

Laxede - - 2.5 

Vittjärv - 19.2 

Boden 518.3 28.7 
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4. Results 

This section presents selected results from the simulations. In each simulated scenario the 

ODC function in Akkats is multiplied with a different scale factor and the hydropower produc-

tion is simulated in Hotshot. Each scenario is represented in a specific colour. The reference 

scenario, where the scale factor (SF) = 0, is presented as blue, SF=100 red, SF= 1000 

green, SF= 10000 orange and SF= 100000 purple.  

4.1. Operational patterns 

Figure 21 shows the hourly production for the simulated river. At high production zone (hour 

80 -175) there are very small differences between the scenarios. However, at low production 

peaks (hour 200-280, see Figure 22), a more noticeable difference exists between the sce-

narios and generally an increasing ODC results in a higher production in hours where the 

production already is low.  

 
Figure 21. The hourly production for the simulated river  reach for each scenario. In hours with high production there is 

almost no difference between the scenarios but for hours with lower production there are more fluctuations between 

the scenarios, as seen in Figure 22.   
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Figure 22. Total production from the whole river at hours with lower spot prices.  

As seen in Table 3, a higher ODC increases the mean flow in the river. This increase is 

approximately the same at all stations and hence more water has to be distributed through 

each plant. The optimal way would be to use the extra water at the highest spot price, i.e., 

zones where the production is the highest. However the river is already producing at maxi-

mum for these hours and the extra water is instead allocated at lower spot price peaks.   

Table 3. The average flow in the simulated river at each scenario.   

Scenarios SF=0 SF=100 SF=1000 SF=10000 SF=100000 

Mean flow [m3/s] 280.9  281.8  282.2 285.8 291.5 

 

Figure 23 shows how the different scaled ODC functions affect the operational pattern in 

Akkats. It can be seen that for an increasing scale factor Akkats is to a larger extent operated 

at flows where the wear is low (130-180 m3/s ) instead of flows above 180 m3/s (see Figure 

17). The increasing ODC, forces Akkats to operate at flows closer to the best point of effi-

ciency (BPE) and Akkats gets a lower operational mean flow for each scenario. Since Akkats 

still needs to utilized approximately the same amount of water in each scenario, a lower 

operational mean flow results in an increasing number of operating hours. 
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Figure 23. A duration chart of the flows in Akkats at different scale factors (SF). Water is moved from higher to lower 

flows when the ODC is increasing.  

As seen in Figure 24, the production in Akkats is to a large extent moved from high to low 

price hours when the ODC increases. At a low to medium ODC (scenario SF=1000) this 

effect is not that apparent. During really high spot prices the production is almost the same 

as for the reference scenario, however at lower spot prices the production is moved to lower 

price zones. In the scenario with very high ODC (SF=100000) there is an increased produc-

tion during higher spot prices but not as high as in the reference scenario, but during low 

price hours there is a significantly higher production than in the reference scenario. It can 

also be seen that in increasing ODC results in a less variable production, especially during 

hours with low spot prices. 

 An implemented ODC restricts the operational area in which it is cost efficient to operate, 

and thereby limits Akkats ability to follow the spot price. The restricted operational area 

depends on the level of the ODC and the spot price. At high spot prices the restricted opera-

tion area increases, giving the plant more operational freedom. At low prices or high ODC the 

operational freedom is more limited, and therefore the operation is more affected in hours 

with a low spot price.   
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Figure 24. The hourly production in Akkats in relation to the spot price (bright blue dashed line) for three different 

scenarios. 

4.2. Regulation factor 

As seen in Figure 25, the regulation factor (sec. 2.4.3) in Akkats decreases the most as the 

ODC increases. The value of the regulation factor increases if a plant produces at hours with 

spot prices higher than the average spot price and decreases if the plant produces during 

hours with lower prices than the average. As seen in Figure 24, an increasing ODC results in 

less production at higher prices and more production at lower prices and hence results in a 

decreasing regulation factor.  

The regulation factor generally decreases for each plant along the simulated river reach. The 

decrease in the other plants is most likely due to the increased flow. The higher average flow 

limits a plants operational freedom and hence decreases the regulation factor [20]. Conse-

quently, as seen in Figure 24 the extra water is utilised at lower spot price peaks. It can also 

be seen that the plants closest to Akkats (Randi and Letsi) are affected more than the other 

plants. They are to a larger extent affected by the changed operational pattern in Akkats. 
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Figure 25. Regulation factor values for all plants along the Small Lule River for the simulated scale factors.  

4.3. The relative balancing contribution  

Figure 26 shows that there is a significant decrease in Akkats balancing contribution for an 

increasing ODC. The balancing contribution (sec. 2.4.2) depends how well the production 

pattern follows the residual load and since an increasing ODC results in a more constant and 

less variable production pattern in Akkats the balancing contribution decreases.   

There is a minor decrease in Randi and Seitevare but the remaining plants are close to 

unaffected. Compared with the regulation factor an increased ODC in Akkats does not affect 

the other plants balancing contribution to the same extent as the regulation factor was 

affected. A reason for this is that compared to the spot price, the residual load has quite high 

peak even in hour with lower spot prices  (sec. 3.3.1). More production during these hours is 

therefore not generally as bad for the balancing contribution as compared to the regulation 

factor, as long as it still follows the same pattern as the residual load.   
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Figure 26. The relative balancing contribution in each plant for a different scaled ODC in Akkats. It can be seen that 

there is a significant decrease in Akkats and minor decrease in Randi and Seitevare in case of an increasing ODC in 

Akkats. For the rest the balancing contribution is almost unchanged.      

Table 4 summaries how the regulation factor and balancing contribution in Akkats is affected 

by different ODC. Even due the regulation factor in Akkats decrease much compared to the 

other plants the decrease in percentage is small (0-5%). The balancing contribution on the 

other hand decreases with as much as 74 % at the highest scale factor, a significantly larger 

decrease than the decrease of the regulation factor.  

Table 4.The regulation factor and relative balancing contribution at Akkats for each scenario. The relative change to 

the reference scenario (SF=0) is shown in parentheses.   

 SF = 0 SF = 100 SF = 1000 SF = 10000 SF = 100000 

Regulation 

factor 

1.078            

(-) 

1.077           

(-0.13 %) 

1.072          

(-0.56%) 

1.049           

(-2.7%) 

1.026          

(-4.8%) 

Balancing con-

tribution 

0.0097        

(-) 

0.0096        

(-0.83 %) 

0.0088         

(-9.3 %) 

0.0048        

(-50.2 %) 

0.0025        

(-73.9 %) 
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4.4. Economic result/income  

Table 5 evaluates the economic effect of implementing ODC functions in Akkats. “ODC at 

reference scenario” gives the ODC of each scale factor if Akkats was to operate as in the 

reference scenario, i.e., the wear cost for two weeks operation if ODC were not to be 

included in the simulation. “ODC in each scenario” gives the ODC for each scenario when 

the ODC-function is included in the simulation. “Changed ODC” gives the reduced ODC 

originating from including an ODC-function in the simulation, calculated as the difference 

between “ODC at reference scenario” and “ODC in each scenario”.8  “Changed income” 

gives the reduced income per produced energy resulting from a decreasing regulation factor.   

An increasing scale factor yields a reduced spot price income but it also reduces the ODC. It 

can be seen that if the ODC were a little higher than 11,700€ (SF = 10000) the reduced ODC 

would be higher than lost spot income. By interpolation, the value where the reduced ODC is 

equal to the reduced income is determined to 21,300€ (red column in Table 2). Conse-

quently, if the ODC in Akkats are higher than 21,300€ (1,21 €/MWh) it would have been eco-

nomically feasible to include it in the planning. 

Table 5. Summary of economic effect in Akkats at each scenario. The red column represent at which scale factor the 

reduced ODC is equal to the reduced income. The values are determined by interpolation.    

 SF = 100 SF = 1000 SF = 10000 SF ≈ 18200 SF = 100000 

ODC at reference 

scenario [k€] 

0.117                        1.17 11.7 21.3 117 

ODC in each 

scenario  [k€] 

0.112 0.776 3.68 4.19 9.30 

Changed ODC 

[€/MWh] 

- 0.00033 - 0.0226 - 0.460 - 0.979 - 6.13 

Changed spot 

income [€/MWh]  

- 0.0429 - 0.189 - 0.911 - 0.979 - 1.65 

 

 

 

                                                

8
 Note that “ODC at reference scenario”  and “ODC in each scenario”  is presented in euro and 

“Changed ODC” in euro per MWh.   
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4.5. Summary of important figures  

Table 6 summaries some of the important results for the whole river. The total production 

increases more than the used water, indicating a more efficient operation. The main part of 

this effects originating from Akkats, since an increasing ODC forces Akkats to operate at 

flows closer to BPE. 

There is a decrease in the regulation factor resulting in a general lower earning rate but since 

the used water is increased more than the decreases in regulation factor the total income 

increases. However if the income is to be normalised to the total production it follows the 

same trend as the regulation factor. 

The balancing contribution of the simulated river reach decreases during all scenarios, espe-

cially at the two highest scaled ODC. The same trend as in Akkats regarding the decreases 

in regulation factor versus balancing contribution can be identified (sec.4.3), since the 

balancing contribution has a significantly larger decrease than the regulation factor.       

Table 6.  Summary of trends for the whole simulated river. The relative change to the reference scenario (SF=0) is 

shown in parentheses.   

Scenarios Used 
water 
[Gm3] 

Total pro-
duction 
[GWh] 

Income  

(M€) 

Income per 

produced 

energy 

(€/MWh) 

Regulating 

factor 

Balancing 

contribution 

SF =         

0 

3.058 243.5 8.457 34.73 1.098 0.1296 

SF =     

100 

3.067 

(+0.32%) 

244.6 

(+0.45 %) 

8.488 

(+0.37%) 

34.70          

(-0.08 %) 

1.098        

(-0.06 %) 

0.1296         

(-0.03 %) 

SF =   

1000 

3.072 

(+0.47%) 

245.1 

(+0.65 %) 

8.502 

(0.53%) 

34.69          

(-0.1%) 

1.097        

(-0.1 %) 

0.1293        

(-0.24%) 

SF = 

10000 

3.111 

(+1.7%) 

249.2   

(+2.3 %) 

8.608 

(1.8%) 

34.54         

(-0.54%) 

1.093        

(-0.51 %) 

0.1232         

(-5.0%) 

SF = 

100000 

3.173 

(3.8%) 

255.9   

(+5.1 %) 

8.786 

(3.9 %) 

34.33         

(-1.1 %) 

1.086         

(-1.1 %) 

0.1186          

(-8.5 %) 
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5. Discussion 

5.1. Comparison with historical data 

The simulated results from the reference scenario are compared to historical discharges data 

from the simulated period (30/1 – 12/2). Figure 27 shows how the simulated values generally 

gives higher flow during hours of high spot price and lower flows during hours of low spot 

prices, but the profiles flows the same general trend. The differences are mainly due to three 

assumptions.  

Firstly, the simulation has a full availability of installed units. In the historical scenario some 

units were out of operation during the period. More availability gives the system a higher 

maximal discharge and flexibility, making it easier to utilise the high price hours.  

Secondly, it is assumed that all production is sold to Nord Pool without increments, where as 

in reality all bids compete at the spot market. At predicted high price hours all energy pro-

ducers want to produce and it is therefore possible that not all production is sold. The histori-

cal data includes power sold at Elbas and the balancing market which also could alter the 

production plan.  

Thirdly, the simulation is only based on the Small Lule River, neglecting the effects of a 

parallel operation together with the Large Lule River. The flow from the Large Lule River is 

simulated as a constant inflow in Porsi, but in reality the inflow varies, which to some extend 

could alter the operation pattern of the river.    

 
Figure 27. Comparison between simulated discharge and historical discharges for the whole river during the simulated 

period (30/1 -12/2)  
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Figure 28 compares the discharge in Akkats during the simulated and historical period and it 

can be seen that they are relatively similar. The production in the real case is moved from 

high (hour 80-180) price hours to low (hour 180-280) price hours, but not as significantly as 

in the case of the whole river (seen in Figure 27). 

 

Figure 28. Comparison between simulated and real hourly discharges in Akkats during the simulated time period     

(30/1 – 12/2) 

5.2. Simplified ODC function in Hotshot  

As seen in Figure 29 the ODC function in Hotshot overestimates the costs for operation 

above 180 m3/s and below 125 m3/s. In the reference scenario, Akkats does not operate as 

low as 125 m3/s and therefore that overestimation will not affect the results. However, Akkats 

is quite often operated at flow above 180 m3/s and that overestimation will have some effect 

on the operational pattern. Especially flows between 185 - 195 m3/s are assigned a too high 

ODC. At a high scale factor this means that Akkats either operates at flow over 200 m3/s or 

below 180 m3/s (see Figure 23), restricting the operation flexibility. Thus, if a better 

approximation had been used, more operational set points in this region could have been 

utilised, but the general trends seen in simulation would have been the same.  



 

 

 

37 (43) 

 

 

 
Figure 29. The blue curve shows the ODC-function for Akkats G2. The red line shows the simplified ODC-function 

implemented in Hotshot during the simulations. 

5.3. Sources of errors  

It is assumed that the vibration level of a plant is connected to the wear cost. It is generally 

true that higher vibration level in a specific plant gives higher risk of failure but it might not be 

the only reason for failure for some plants.  

As seen in Figure 11 there is a significant variation between different plants regarding the 

vibration as a function of a deviation from best efficiency. Consequently, the profile of the 

general cost function is strongly depended on which plant the vibration measurements are 

derived from. A different ODC function would have affected the results a bit but the general 

trends seen in the simulation regarding operational pattern, regulation factor and balancing 

contribution would be the same.     

The simulated time period is chosen in order to have a spot price period where there are a lot 

of strong fluctuations. It is possible that a more flat spot price curve would have given some 

minor changes of the results, e.g., it is not as profitable to be flexible and follow the spot 

price. It might therefore be economically feasible to include ODC in the planning process at a 

slightly lower scale factor. Nevertheless, the main trends seen in this simulation would most 

likely have been the same even for a flatter spot price curve.  

The simulation is only based on an ODC-function implemented in Akkats. An implementation 

of an ODC in one or several other plants could have resulted in somewhat different results. 

By using Hotshot interactively (see sec.3.3.1) the restriction in average flow at the top and 

bottom plants is set for a three weeks period. However, the result from the simulation is 

based on the two first weeks, resulting in a slightly increasing mean flow for each scenario. 
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An increasing mean flow has to some extent a negative impact on both the regulation factor 

and the balancing contribution and thereby an increased mean flow will affect the result to 

some extent, but probably not in a crucial way.  

By excluding transmission limits and assuming that all production is sold to Nord Pool, the 

modelled system has a greater flexibility than in reality and the production is to an extent 

overestimated at high prices and underestimated at low prices.   
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6. Conclusion 

This study presents a model of how to calculate wear based cost functions (ODC) for a 

specific hydropower unit or unit combination. The model links vibration measurements to a 

deviation from optimal efficiency and uses SOPT-data to calculated individual ODC func-

tions, which can be used for short-term optimisation of hydropower. A case study was per-

formed using Hotshot (short term planning tool of hydro power), where an ODC function was 

implemented in Akkats to investigate the effect on the Small Lule River. 

The results from the simulations show how the ODC results in more operation closer to the 

highest efficiency. The operational pattern gets less variable and the effect increases both for 

an increasing ODC and during hours with low spot prices. The changed operational pattern 

has a negative impact both on Akkats ability to follow the spot prices and to provide balance 

power to the system. The decrease in balancing contribution is significantly larger than the 

decrease in earning capacity (€/MWh).      

It is shown that if the ODC is distributed as suggested in the ODC-model, the wear cost in 

Akkats has to be above 1,21 €/MWh in order to be economically feasible to include in the 

planning.  

The rivers total production is close to unchanged at high spot prices but that the production 

at lower spot prices generally increases as the ODC increase, due to an increased average 

flow and the changed flow pattern in Akkats. More production during low price hour results in 

a decreases of the earning capacity for all stations along the simulated river. However, since 

the production still follows the same pattern as the residual load the balancing contribution is 

close to unchanged, for all plants except Akkats.  
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7. Future works    

 Develop the general ODC function.                                                   c                 

The general ODC function is currently based on vibration measurements from a small 

number of plants. To achieve a more representative picture more plants should be 

included in the compilation. To further increase the accuracy, a separate ODC func-

tion for Kaplan and Francis may be developed, since different types of turbine have a 

different sensitivity of wear phenomena. 

 

 Implement ODC functions in a plant with several units. 

This study has investigated implementation of an ODC in a one unit plant but to fully 

understand its effects the ODC should also be implemented in a plant with several 

units.     

 

 Implement ODC in several plants in a river reach.  

Investigate if the identified trends found in this study are linear scaled with the 

number of plants or if they are enhanced or smoothen out if ODC in more plants were 

included. 

 

 Evaluated importance of the reservoir size for river effects.                                   F                

Akkats and its two closest plants (Letsi and Randi) have medium to large reservoirs. 

A larger reservoir gives more operational flexibility for the plant and could work as a 

buffer in order to smooth out uneven flows. However if ODC is implemented in plants 

with smaller reservoirs (or where there exists a greater dependency between the 

plants) it is possible that the river reach would get more affected.  

 

 Evaluate the possibilities to include ODC in OPT-data. 

SEVAP optimises the distribution of water through each unit in order to maintain as 

high total efficiency as possible. As a result, SEVAP may produce OPT-data where 

the efficiency of one unit is close to unchanged while the other unit changes a lot 

more. Since the ODC has an exponential relation to the efficiency it is possible that a 

smaller decrease of both units would have been more cost efficient. A study should 

be conducted in order to evaluate if the lost efficiency is compensated by the 

decreasing wear, if the ODC were included in the OPT-data optimisation.  
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