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Sähkömarkkinat ja ilmasto ovat muutostilassa. Kumpikin muutos vaikuttaa vesivoimaan ja lisää 
kiinnostusta vesivoiman kapasiteetinnostoihin. Tässä diplomityössä kehitettiin uusi metodiikka, joka 
hyödyntää vesivoimantuotannon lyhyen aikavälin optimointiin ja suunnitteluun käytettävää 
ohjelmistoa saavuttaakseen parempaa kapasiteetinnoston kannattavuuden analysoinnin tarkkuutta. 
Metodiikassa tuotot lasketaan kuukauden pituisissa jaksoissa muuttaen veden juoksutusta ja sähkön 
hinnan volatiliteettia. Keskihinnan kehitys sisällytetään tulokseen kertoimella. Kuukausittaisista 
tuotoista rakennetaan vuosiskenaarioita, ja erilaisten vuosien avulla voidaan tehdä pitkän aikavälin 
kannattavuusanalyysi. Tätä metodiikkaa käytettiin Oulujoen vesivoimalaitoksiin. 
 
Työssä selvisi, että ne Oulujoen kapasiteetinlisäykset, joita työssä analysoitiin, eivät ole kannattavia. 
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kannattavuuden kannalta. Lisäämällä koneistovirtaamakapasiteettia niihin vesivoimalaitoksiin, jotka 
alun perin ohijuoksuttivat vettä useimmin, antoi parhaita tuloksia niin tuoton lisääntymisessä kuin 
sähköntuotantoprofiilin joustavuudessakin. 
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The electricity market and climate are both undergoing a change. The changes impact 
hydropower and provoke an interest for hydropower capacity increases. In this thesis a new 
methodology was developed utilising short-term hydropower optimisation and planning 
software for better capacity increase profitability analysis accuracy. In the methodology 
income increases are calculated in month long periods while varying average discharge 
and electricity price volatility. The monthly incomes are used for constructing year 
scenarios, and from different types of year scenarios a long-term profitability analysis can 
be made. Average price development is included utilising a multiplier. The method was 
applied on Oulujoki hydropower plants. 
 
It was found that the capacity additions that were analysed for Oulujoki were not profitable. 
However, the methodology was found versatile and useful. The result showed that short 
periods of peaking prices play major role in the profitability of capacity increases. Adding 
more discharge capacity to hydropower plants that initially bypassed water more often 
showed the best improvements both in income and power generation profile flexibility. 
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 INTRODUCTION 

This thesis will provide a good general view of the electricity market development for the 

reader. Hydropower will be covered from basics to quite detailed level. The proposed 

profitability analysis method is applied on Oulujoki capacity increase case, but it is 

applicable to virtually any hydropower investment profitability analysis. The customer 

company of this thesis is Fortum. It is a Finnish energy company that operates hydropower, 

nuclear power and CHP plants in the Nordic and Baltic countries, Russia and Poland. 

1.1 Background and motivation 

The electricity market is in a rapid change. Electricity prices have been in decline, currently 

being lowest in over a decade, yearly average system price being 20,98 €/MWh in 2015 

(Nord Pool A). This challenges electricity producers to look for opportunities to maximise 

the income from their assets even harder. The marching of intermittent solar and wind 

energy production to the market increases volatility of the market and thereby demand for 

flexible electricity production capacity. Hydropower is an excellent solution, since it is CO2 

emission free and can provide flexibility cost-efficiently. 

 

While providing solutions to the climate change problem, hydropower may also be affected 

by the phenomena itself. Some research has been made that would predict floods becoming 

more regular during winter time. This would suggest that Oulujoki HPPs might have to run 

at near full capacity increasingly often. The possible improvements needed for flood 

protection should not be neglected either. It has been noted lately, that the hydropower at 

Oulujoki has indeed been running at full capacity quite a lot: the hydrological conditions 

have been exceptionally wet throughout the last year 2015. During such times, at some of 

the HPPs it is apparent that they are under capacity at least when comparing to the 

surrounding HPPs. 

 

These factors awake the interest to find out what kind of benefits increased flexibility in 

hydropower production could provide. Hydropower plants are investments that are long 

lasting and will keep on producing electricity decades after. It then also means, that the 

current HPPs that are in operation have often been optimised based on market needs and 

methods that are decades old. Open electricity market is quite new thing on this timescale. 

In Finland it was opened in year 1995. No special attention in planning hydropower 

capacities has been paid to the value in being able to utilise unusual market and weather 

conditions. 
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The conventional method is to use a flow-duration curve. Flow-duration curve is a 

cumulative distribution function of discharges occurring in a river. This approach however 

does not put much emphasis on market conditions, and an entirely new method designed 

for open electricity market could be valuable. If a modern short-term hydropower 

optimisation and planning software can be setup and utilised in assessing income from 

varying electricity market and hydrological conditions from hydropower investments, it could 

bring the level of sophistication of information available for investment decisions to a new 

level. 

1.2 Objectives and scope 

The goal of this thesis is to develop a method for making hydropower investment profitability 

analyses utilising short-term hydropower optimisation and planning software and then apply 

it to find out should 4th generators be built at Oulujoki HPPs. The main problems and 

objectives of this thesis can be summarised as these research questions: 

 

”Is it profitable to build 4th generators to the hydropower plants at Oulujoki?” 

 

“How to perform a cascade hydropower capacity increase analysis utilising short-

term optimisation and planning software?” 

 

Some very limited profitability analyses at Fortum have been made using the software, and 

this thesis will build upon this concept. The main focus here will be on the methodology: 

how the software use is changed from original and how the produced data can be used to 

create meaningful information. Some cases are then compared to build understanding of 

the hydrological dynamics of Oulujoki in optimisation. The results of this thesis are then 

quite case specific, and electricity market is mostly limited to the Nordics, especially Finland. 

What this thesis will not put much emphasis on is the actual electricity price scenarios. Their 

usage is demonstrated, but the problem of predicting electricity prices is such a complex 

and challenging problem while being financially relevant, that if realistic scenarios were 

actually used, they could not be openly discussed, and yet they would be likely to be wrong 

as well. Investment costs are heavily simplified too, and dredging costs and other relatively 

minor costs are excluded. The emphasis is on the increase of hydropower income. The 

used short- and long-term price scenarios do not reflect the market view of Fortum. 

1.3 Structure and methods 

This study can be divided into four parts. The first part, consisting of chapters 2 and 3 are 

the theory section of this thesis, and they concern electricity markets and hydropower. They 
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are based on a wide set of information sources ranging from electricity market authorities 

and scientific papers to personal discussions with specialists. The second part, chapter 4 

gives an introduction to Oulujoki case. Initial analysis of the case is also performed, utilising 

papers about hydrological simulations performed earlier, internal reports and historical data 

analysis. The third part found in chapter 5 explains the profitability analysis method that was 

developed during the making of this thesis in a somewhat iterative process. Finally in the 

fourth part the results are shown and analysed in chapter 6. The results include scenario 

specific analysis of factors such as spillage hours and power generation flexibility, as well 

as economical profitability presented in relative values. Long-term profitability analysis is 

finally demonstrated using a mock-up long-term price scenario. 

 ELECTRICITY MARKETS 

The commodity of electricity markets is electricity. In physical world all electricity is the 

same, but since it is not storable and there must always be balance of supply and demand, 

there is a need for various kinds of electricity products for trading. Electricity can be traded 

as both power and energy and its value can be different depending on the time the product 

was purchased and when it is expected to be delivered. A reservoir of available electricity 

generation capacity has a value too. Unlike the physical products above, financial electricity 

market products will not necessarily lead to delivery of the physical product. All these 

products are in place to bring supply and demand to balance and to control risks. 

 

Electricity markets as a whole can be seen as consisting of 5 main components: electricity 

production, electricity trading, electricity transmission, electricity distribution and electricity 

consumption. Electricity transmission and distribution are both natural monopolies as the 

company owning the electricity network is the only one that can provide the service feasibly. 

In Finland these parties are under government regulation that is in place to secure 

reasonable transmission pricing and continuous development of reliability.  

 

The Transmission System Operator (TSO) in Finland is Fingrid and it is majority state-

owned. Tasks of the TSO on top of system operation include providing balance services, 

maintaining stability of the network in collaboration with neighboring TSOs and 

harmonisation of electricity markets of Europe in European Network of Transmission 

System Operators for Electricity (ENTSO-E). Balancing services are necessary for correct 

monetary compensation to the electricity producers and consumers when comparing to the 

realised energy consumption and delivery with bought and sold electricity products. 

Electricity transmission between countries must be managed and securing sufficient 

transmission capacities is Fingrids responsibility. (Fingrid A) 
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The distributors of electricity operate local electricity networks that are typically medium and 

low voltage (20 kV, 400 V) while TSOs operate high voltage networks (110 kV, 220 kV and 

400 kV). The Local Distributor Companies (LDCs) are privately or municipality owned in 

Finland. Their main tasks include supervising the network, fixing failures in distribution and 

development of both quality and safety of distribution (Finlex 2013). Majority of the electricity 

network in Finland is operated and owned by the TSO and LDCs. Power plants have their 

own local networks that are connected to TSO’s or LDC’s network and they feed electricity 

within the rules set by the TSO. Reliable operation of transmission and distribution networks 

is essential for the overall functionality of the electricity market. TSOs and LDCs provide the 

infrastructure for rest of the electricity market and as such are invaluable and also clearly a 

businesses to be regulated. 

2.1 Electricity production and demand 

Electrical energy sources can be categorised in many ways. Here they are separated based 

on production profile to conventional thermal power, nuclear power, combined heat and 

power plants (CHP), hydropower and wind power. In conventional thermal power and CHP 

the fuel e.g. biomass, peat, coal or oil is burned to produce heat. The heat then is used in 

industry processes, district heating and to produce steam for rotating turbines to generate 

electricity. In thermal power only electricity is produced and rest of the energy is wasted, 

while in CHP the heat is used for example in district heating or industrial processes and the 

electricity can even be seen as a byproduct. In figure 2.1.1 the overall electrical energy 

sources with imports included in Finland for year 2014 are presented. 

 

 
 

Figure 2.1.1 Electrical energy sources and imports in Finland in 2014. (Fingrid B) 
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It can be seen that 26 % came from CHP alongside heat production, 22 % is imported and 

rest is Finnish electricity dedicated production. In this figure only the produced energy can 

be seen. However, as there must always be balance between consumption and production, 

this does not fully describe the differences between these energy sources as part of 

electricity market. In figure 2.1.2 it can be seen that some electricity producers have more 

fluctuating power generating profiles.  

 

 

 
Figure 2.1.2 Electric power generation import balance and total consumption in Finland during a 
week in April 2014. (Energiateollisuus A) 

 

It is visible, that majority of the balancing required for matching production and demand is 

done by hydropower. Thermal power is producing similar profile but with smaller volume. 

The incentive to have flexibility in production is the higher electricity price during high 

demand hours. However, there are technical challenges and costs involved in having highly 

variable production. Especially for hydropower these costs and challenges are smaller. 

Nuclear power produces a flat profile that covers base load. CHP is producing mostly base 

load as well. 

 

While wind power production is still marginal and solar power is excluded from the figure, 

these electricity production methods do not adjust to the demand. Instead their production 

depends on weather and has inherited unpredictability that rest of the system has to adjust 

to. Because these electricity sources are not dispatchable on demand, they are considered 

intermittent electricity production. 

 

The larger scale fluctuation of load varies based on time of day and week day. However, 

usually in Finland the load stays between approximately 8000 MW and 11 000 MW. It can 

be deduced that large part of the load is fairly flat or alternatively different type of consumers 
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have profiles with variation but the sum of those differences is minimal. In figure 2.1.3 the 

electricity consumption in Finland in 2014 has been divided by sectors. Sustaining industrial 

processes night and day, keeping buildings warm, air conditioning etc. cause base load. 

During working days there is a peak in consumption when people go to their offices, use 

electrical appliances, additional lighting, additional air conditioning and so on. Other 

variability in the consumption happens on different time scales. Seasonal temperature 

changes, long-term economic development, daily weather all present a need for 

adjustments in power generation capacity. 

 

 
 
Figure 2.1.3 Electrical energy consumers in Finland in 2014. (Fingrid B)  

2.2 The Nordic power system 

The Nordic power system works synchronously, which means that all countries that are part 

of the system operate at 50 Hz frequency and are directly AC-connected. The Nordic power 

system consists of Finland, Sweden, Norway and part of Denmark. Synchronous areas and 

interconnections to the areas outside the Nordic power system can be seen in Figure 2.2.1. 

The connections between countries and also the market areas within the countries can be 

limited by the capacity of the links between them. Finland is linked to rest of the Nordic 

power system using AC links in Northern Finland to Norway and Sweden and additionally 

DC links Fenno-Skan 1 from Rauma to Dannebo (Sweden) and Fenno-Skan 2 from Rauma 

to Finnböle (Sweden). Finland also has DC links Estlink 1 and 2 to Estonia and three AC 

links from Russia. Other links include a DC link between Åland and Naantali and AC links 

from Russia to Ivalo and Imatra. (Fingrid C) 
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Figure 2.2.1 Nordic power system and interconnections with other systems. (Fingrid C) 

 

Hydropower is the main source of electricity in the Nordic power system. Especially in 

Norway, where approximately 95 % of electricity is produced by hydropower. (Gonzales et 

al. 2011) In figure 2.2.2 the electric power sources of the Nordic countries in total are shown 

from year 2014. Compared to the rest of the world, both nuclear power and hydropower 

have relatively large portions of the total production. A distinct characteristic of the Nordic 

electricity market is that yearly water reservoir levels are strongly related to the electricity 

price. 
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Figure 2.2.2 Electric power production energy sources in the Nordic countries in 2014. (NordREG 

2014) 

2.3 Electricity marketplaces 

The Nordic physical electricity wholesale trading consist of Elbas and Elspot marketplaces. 

In Finland regulation power reserves and balancing power market are operated by Fingrid. 

Elbas and Elspot are operated by Nord Pool, which is owned by the TSOs of the Nordic and 

Baltic Countries. Alternatively electricity delivery contracts can be made bilaterally between 

parties too. 

 

Elspot is the day-ahead market. Every day an auction is performed in such a way that all 

electricity producers and consumers participating in the market make their offer on how 

much electricity they are willing to buy or sell and for what price. The auction will settle price 

for all 24 hours of the next day. The price for which the electricity producers make their offer 

is based on variable costs. That is why for example wind power and nuclear power are 

offered to the market for low price even though their real cost with investment included may 

require much higher electricity price. Offers can be made hourly, in blocks or in combination 

of those. For example a coal fired plant might want to offer power for the day only if the 

average price during the day is high enough, since single hours above the variable cost 

may not be enough to make the run profitable and the plant is not designed to turn on and 

off hourly. Electricity consumers e.g. energy intensive industry and merchants make their 

own buy bids. The system price is then determined by the point where the supply and 

demand match and that system price is the same for every producer and consumer in the 

market assuming there is no price areas. Conventionally electricity demand does not have 

much price flexibility and thus the price is mostly determined by available production and 
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overall demand regardless of system price. The supply and demand principle in Elspot is 

described in figure 2.3.1. 

 

 

Figure 2.3.1 Supply and demand in determining the Elspot price of electricity. The proportions and 

relations may not reflect reality. (Partanen et al. 2015) 

 

The spot price can be a system price or an area price. System price is based on the price 

set by the whole supply and demand of the market area. Area price is formed when the 

transmission capacities limit the physical realisation of electricity production and demand 

determined by the set system price. Smaller market areas are formed, where the price can 

be higher or lower than the system price depending on whether there is over or under 

supply. The supply and demand inside the limited market area is then matched based on 

the next buy and sell offers inside the market area. The current market areas can be seen 

in figure 2.3.2. (Nord Pool B) 
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Figure 2.3.2 The price areas in Nord Pool. The dotted lines and country borders represent price area 

borders and the dotted arrows show the direction of power flow of the moment. (Statnett A) 

 

The other physical electricity wholesale market is Elbas. It is an intra-day market, which 

means that trading can still be done during the day for the electricity that is to be delivered 

within hours. The price formation is different than in Elspot. Bids can be offered and 

accepted in real time for each open hour within the day and their price can be freely set. In 

Figure 2.3.3 the average Elbas hourly price and Elspot system prices are shown for the first 

week of December in 2014. On average the price follows the same general development. 

However Elbas prices have higher volatility. While volatility can be seen as a risk, it is often 

advantageous for producers and consumers that can adjust their electricity production or 

consumption easily – hydropower for example. 

 



19 

 

 

 

Figure 2.3.3 Sample of hourly average of Elbas price and Elspot price during the first week of 

December of 2014. (Nord Pool A) 

 

TSOs balance the frequency in the grid at 49,9 – 50,1 Hz in normal conditions. To do this 

in Finland, after the balance has been matched roughly on hourly scale with Elspot and 

Elbas, Fingrid will utilise intra-day regulation products to sustain the frequency within the 

boundaries during the operating hour. The frequency containment reserve for normal 

operational use is FCR-N. It is activated automatically within minutes to maintain the 

frequency between 49,9 – 50,1 Hz. FCR-D is activated automatically within seconds when 

there is unexpected production deficit caused by disconnected generator or interconnector. 

Frequency restoration reserves (FRRs) are used to return the frequency back to its normal 

range while freeing the FCRs for their intended purpose. FRR-A is automated reserve and 

it was introduced to the market in 2013, but it is currently not in use. FCR-N, FCR-D and 

FRR-A are operated automatically and they are bound by rules set in an agreement 

between the TSO and the producer. FRR-M is manually activated and represents the 

balancing power market. In figure 2.3.4 the reserves can be seen classified by their 

operation timescale, automation and the containment/restoration classification. 
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Figure 2.3.4 Regulation market products used by Fingrid. (Fingrid D) 

 

To participate in the balancing power market, a service agreement between producer and 

Fingrid is needed. Then bids of at least 10 MW power changes are submitted. The market 

is available for those generators or loads that can be activated in 15 minutes at least 45 

minutes before the operating hour. Offers can be made later too, but in such cases Fingrid 

is not obligated to use them in accordance to balance market rules. While the balancing 

power in Finland is managed by Fingrid, it is part of the Nordic balancing power market and 

all balancing bids are used in the Nordic market area in price order while taking into account 

the operating situation of the power system. (Fingrid E) 

 

When up-regulating, the balancing power price is the highest accepted bid but at least 

Finnish Elspot area price and when down-regulating, the price is the lowest accepted bid 

but at highest the Elspot area price in Finland. The pricing in balance market will be used 

for imbalance settlement alongside Elspot price as well. (Partanen et al. 2015) Imbalance 

settlement is in place to correctly allocate money as the final realised electricity production 

and consumption does not normally completely match with the sold and bought electricity 

products. 

 

These regulation products represent only small fraction of the whole electricity market 

volume but are important for the overall functionality of the system. In table 2.3.1 the trading 

volumes and total production volume in Finland in 2014 can be seen. Participation in intra-

day trading is particularly easy for hydropower since the HPPs are not affected by significant 

thermal expansion or long start-up and shutdown procedures. The intra-day products are 

market-based tools to bring consumption and production to balance. They favor good 

planning and adjustability. 
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Table 2.3.1 Volumes of electricity production and trading in Elspot, Elbas, balance market and 

activated automated reserves in Finland in 2014. (Nord Pool A) 

 

  Total [MWh]   

Production 64 775 000   

  Buy [MWh] Sell [MWh] 

Elspot 52 740 000 36 876 000 

Elbas 687 000 762 000 

  Up [MWh] Down [MWh] 

Automatic reserves 211 000 -191 000 

Balance market 139 000 -180 000 

 

The financial products on the Nordic electricity market do not lead to physical delivery of 

electricity. They are mainly used for controlling risk in the electricity market. While the risk 

is reduced, possible gains also get smaller. Using these products it is also possible to bet 

on electricity price development. The financial products are traded on Nasdaq OMX and 

their prices are settled in reference to Elspot system price. The products are Futures, DS 

Futures, Average Rate Futures, Options and EPADs. Futures have their profits and losses 

settled daily, DS Futures accumulate market value daily but are settled only during the 

delivery period, Average Rate Futures are settled daily and a final expiration day fix is 

calculated and settled based on the average Elspot price of its reference period. Option in 

Nasdaq OMX power market represents a right to buy or sell a Future, DS Future or Average 

Rate Future at a set price. EPADs are the same three types of Futures but are based on 

the price difference between a specific Elspot area price and Elspot system price. (Nasdaq 

OMX A) 

 

The electricity market products are presented in table 2.3.2 in order of time before delivery 

or settlement. While the long-term products are more focused on reducing risk, the Elspot 

sets a believable market price that all other prices can be compared to and finally Elbas and 

regulating market are in place to bring supply and demand to a market-based balance. 
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Table 2.3.2 Timescale and marketplace of electricity market products. (Scharff et al. 2015) 

(Fingrid 2013) 

 

 

 

 

 

 

 

 

 

 

 

2.4 Expected development 

The development of Nordic and European electricity markets is tough to estimate. Some 

primary drivers can be identified in the development but the results are unpredictable due 

to the individual energy policy decisions of EU countries and in long term possible 

technological breakthroughs or lack of such. The climate goals and energy policies of EU 

countries that aim into the future can give a good estimation of what can be expected. 

 

The first major global legally binding climate agreement that was made is Kyoto Protocol. It 

is part of the United Nations Framework Convention on Climate Change (UNFCCC) and it 

initiated a concrete process of greenhouse gas (GHG) emission reductions. A recent follow-

up to the Protocol that is to end in 2020 is Paris Agreement. (EC 2016b) However, unlike 

Kyoto Protocol, Paris Agreement does not include penalties or actual emission reduction 

tools and solutions. While the targets of the Agreement are ambitious, they are non-

concrete and thus it has been described both as a diplomatic success and disappointment. 

 

 

 

 

 

 

 

 

Time before delivery 
or settlement Product Marketplace 

Years DS Future Nasdaq OMX 

Quarters DS Future Nasdaq OMX 

Months DS Future Nasdaq OMX 

Weeks Future Nasdaq OMX 

1 Day Future Nasdaq OMX 

12-36 h Elspot Nord Pool 

33 – 1 h Elbas Nord Pool 

12 h – 15 min Regulating Fingrid 
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EU has set clear numbered targets for CO2 emission reductions both in accordance with 

Kyoto Protocol and own goals. The EU climate strategies and targets are the following (EC 

2016a): 

 

 The EU 2020 package 

o 20% GHG emission reduction from 1990 levels 

o 20 % renewable energy share 

o 20 % improved energy efficiency 

 The EU 2030 framework 

o 40 % GHG emission reduction from 1990 levels 

o 27 % renewable energy share 

o 27 % improvement in energy efficiency 

 The EU 2050 low-carbon economy roadmap 

o 80 % GHG emission reduction from 1990 levels 

o Feasible & affordable 

 

The 2020 package and 2030 framework both have legally binding targets within the EU. 

The European energy sector is directly affected by these targets as the EU emission trading 

system (ETS) was implemented to meet the climate goals. However emission trading can 

be seen as unsuccessful in its purpose to reduce CO2 emissions efficiently, as after the 

2008 economic crisis there has been a surplus of emission allowances and the price of 

GHG emissions have become too low to drastically drive market-based emission reduction. 

European Commission is in the process to increase the price of CO2 emission allowances 

back to levels where they would start to affect the electricity market in intended manner. 

 

While EU ETS has been an EU-wide solution, individual EU countries have their own 

overlapping systems in place to reduce CO2 emissions in energy sector. The overlapping 

has further reduced the functionality of EU ETS. The overlapping systems e.g. green 

certificates, investment support, feed-in tariffs all serve the same purpose as emission 

trading in reducing CO2 emissions but often are directed at specific power generating 

methods such as wind power. In table 2.4.1 the renewable energy support schemes of 

Finland, UK, Sweden, Denmark and Germany are collected. All these countries have put 

support schemes in place and have been successfully accelerating construction of 

renewable capacity. It can be seen that there are different approaches. Most countries have 

used mainly tariff systems while Sweden has chosen green certificate quota system. UK 

has multiple overlapping systems. 
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Table 2.4.1 Utilisation of renewable energy support schemes in Finland, UK, Sweden, Denmark 

and Germany. (RES 2016) 
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UK 
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These numerous schemes have led to major changes in the electricity market. While 

Germany has been leading the charge with the Energiewende amassing tariff-supported 

wind and solar power, the country has also found itself building new coal powered plants 

that are in demand as a result of the renewable intermittency. Germany and Sweden are 

phasing nuclear power out, and the reduction in base load covering capacity may present 

problems later. With all the renewable energy support schemes UK has also found itself 

paying subsidies to coal power and nuclear power. Denmark has been an early adopter of 

wind power and is now looking into biomass. Finland has continued to build nuclear power 

unlike Sweden and Germany, and has a fairly mixed palette of renewable energy 

generation. 

 

Energy policies aside, climate change has been expected to have more direct effects on 

energy sector too. Warmer temperatures will reduce electricity consumption for heating in 

some regions but also increase energy consumption for cooling in warmer climates. The 

changes in the movement of larger weather patterns may affect the wind power production. 

Higher rainfalls and warmer winters will change the yearly water inflow for hydropower and 

increase production in the Nordic countries (Norden 2006). 
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New power generating technologies have been long in the development. Nuclear fusion 

could bring a big change to the energy sector but even with a breakthrough it is still decades 

away from being mature technology. Tidal and wave power are in research and 

development -phase and with costs going down long-term, they may bring new addition to 

the renewable energy palette. Other technological advancements include smart grids and 

electric cars. Electric cars are trending and will move energy consumption in transport 

sector from fossil fuels to electricity in energy sector. They can also be connected to the 

grid and be part of the smart grid in demand response and solar power management. 

Demand response (DR) will be able to help mitigate high consumption peaks and variability 

of wind and solar power production. Overall energy usage is becoming increasingly efficient. 

However, with electrification of conventional technology solutions e.g. combustion engines 

and house heating the overall electricity consumption will still remain on the rise. (EC 2013) 

 

Integration of the electricity markets in Europe is a long-term goal of ENTSO-E and EU. It 

is done to improve the market efficiency in finding the cheapest way to produce needed 

electricity for each hour and to balance hourly areal differences in renewable energy 

production. The challenges in this are the limited transmission capacities between countries 

and market areas and also political will. Removing transmission limitations is expensive and 

the occurrence of area prices will decrease: some areas will be benefitting from cheaper 

electricity and others will see their electricity prices increase. In figure 2.4.1 the complex 

electricity market development factors are summed up. 
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Figure 2.4.1 Summary of drivers and directions in European electricity markets. 

 

The outcome of all these developments in the form of market price can be split into two 

simplified factors: average price and volatility. Electricity price futures in Nasdaq OMX can 

be seen as an indicator of the markets general view of what kind of average price 

development can be expected. In figure 2.4.2 the future prices from the nearest futures to 

year 2026 are presented. The black line represents the realised daily average Elspot system 

prices and the grey line is based on Nasdaq OMX Future product prices on 17.2.2016. 
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Figure 2.4.2 Nord Pool Elspot system price daily average history and Nasdaq OMX Future prices on 

17.2.2016. (Nasdaq OMX A) 

 

Last few years the average Elspot system price has been going down, and it is not expected 

to rise dramatically during the next few years. Further into the future there is a slight price 

increase trend expected. The main reasons for low electricity prices can be identified as 

high reservoir inflows for hydropower, quickly increasing government supported wind power 

capacity feeding to the grid and the expectancy that existing power production capacity, 

such as Swedish nuclear power will remain on the market. 

 

The price behavior in general is becoming less predictable. Predictability of production apart 

from unexpected outages used to be good. The unpredictable element was consumption, 

depending mostly on weather. With intermittent renewable energy, production has inherited 

unpredictability as well. Renewable energy has been upsetting the market that has become 

more volatile and may continue to do so in the future. In general it can be predicted that 

with increasing intermittent renewable production, volatility will continue to increase while 

the average price remains relatively low. Battery technology and implementation of DR may 

reduce the volatility going further into the future, when the current development leads to 

break even-point of these incoming technologies. 

 

With volatility comes new challenges. Lack of flexibility in the electricity market is a growing 

concern. Conventional power production cannot adjust efficiently enough to the changes in 

price and demand. Single hours that combine high intermittent renewable production and 

low consumption present situations, where conventional plants cannot run profitably. 

Instead they resort to making negative Elspot bids, since the cost of shutting down and 

restarting the plant hourly is greater. This, and the low or negative bid prices of renewable 

energy with minimal variable costs can lead to negative Elspot prices when combined with 

low demand. 
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In Germany the negative electricity prices are already a regular phenomenon. For example 

in year 2013 there were 64 hours with negative electricity prices. If the situation continues 

to develop without measures, the hour count can grow as high as 1000 by the year 2022. 

(Agora 2014) While in Germany the inflexible conventional power production is a major 

factor, the same problem can apply to the Nordic electricity market. Elspot area price in 

Denmark has been negative increasingly regularly (Nord Pool A). However, rest of the 

Nordic electricity market has more flexibility as a result of large portion of hydropower. 

 

Still, Elspot system price is currently not far away from having negative prices as well. To 

demonstrate Elspot bid structure during hours with low demand, an Elspot sell bidding 

structure on the lowest price hour of 2015 was observed. The hour in question was midnight 

02-03 and it occurred on 25.12.2015. The system price at that hour was 1,14 €/MWh. It can 

be seen that 90 % of the realised electricity production volume was offered on Elspot for 0 

€ or less. Elspot sell offer volumes on the 3rd hour are shown in table 2.4.2. The price floor 

in Elspot is -500 €/MWh. (Nord Pool C)  

 

Table 2.4.2  Elspot sell offer volumes at 0 or negative prices. (Nord Pool C) 

 

€/MWh Portion of accepted sell offers 

0 90 % 

-5 85 % 

-10 82 % 

-20 78 % 

-100 75 % 

-500 72 % 

 

Wind power producers do not receive feed-in tariff of 83,50 €/MWh in Finland for hours 

when the Elspot area price is negative. However at near 0 €/MWh prices there is no 

incentive to reduce production as they will still receive the price determined by the tariff 

(Motiva 2015) (EMV 2013). Other countries in Europe still have renewable energy support 

schemes that do make it profitable to produce electricity at negative prices. This government 

supported electricity will continue to flow at increasing rate to the Nordic electricity market 

in a variability determined by somewhat unpredictable weather patterns.  

 

On the other hand, hours with extremely cold weather in the Nordic countries usually coexist 

with low winds. When conventional power share becomes lower in the system, this 

kind of events will create hours with very expensive electricity. These higher prices will 

create opportunities especially for hydropower. 
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The price volatility is harder to predict in a general manner compared to average price. 

There is no future product for volatility. Instead, observations on historical market data can 

be made. Here in figure 2.4.3 relative standard deviations (RSD) from years 2005 to 2015 

with upper and lower 20th percentile filtered out are presented. The percentiles are filtered, 

because otherwise any trend is quite hard to notice in the data: larger price peaks alter the 

trend. 

 

 

Figure 2.4.3. Average yearly RSD of Elspot area prices from 2005 to 2015. (Fingrid H) 

  

Volatility is generally accepted to be increasing in the future, especially the regularity of 

price peaks. Here a trend was found in RSD when – perhaps less regularly occurring – large 

price peaks were filtered out. When further observing price peak regularity, it appears, that 

high price peak hours are starting to be more evenly distributed across year, but on the 

other hand the total count of such hours does not seem to have a noticeable increasing 

trend. 

 

Yearly averages (AVGs) of Finnish Elspot area price and balancing power prices were also 

compared in figure 2.4.4. Here the downwards trend can clearly be identified in all three 

prices. Furthermore as an indicator of increasing need for regulating power, the deviation 

of regulating prices from Elspot area price has been increasing. Larger price differences 

offer more opportunities especially for hydropower to optimise profits in the market. 
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Figure 2.4.4. Yearly averages of Finnish Elspot area price and Fingrid regulation prices from 2005 to 

2015. (Nord Pool A) (Fingrid G) 

 

Finally in figure 2.4.5 the growth of wind power capacity in Nordic and Baltic countries is 

shown. Intermittent wind power is the main reason why price volatility is expected to 

increase. Forecasts for wind can change only couple hours before the hour of delivery and 

this will bring volume and volatility to the intra-day market. It can be seen that at the end of 

2015 there was almost 14 GW of installed wind power capacity. If wind power continues to 

develop at the same rate, it can be projected that in 2022 there will be approximately 30 

GW of wind power capacity in the Nordic and Baltic countries. 
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Figure 2.4.5. Total installed wind power capacity of Nordic and Baltic countries. (TWP 2015) (EWEA 

2016) 

 

In conclusion, renewable production is probably in good position in the future. While 

hydropower does not receive feed-in tariffs in Finland, it still has volatility to gain from due 

to intermittence of wind and solar power. Climate change originated energy political 

decisions are unlikely to be harmful to hydropower, as long as they identify hydropower as 

an enabling factor of intermittent energy production. Currently many of the energy political 

tools are technology specific and even harmful to rest of the market. New transmission lines 

between the Nordics and Europe and the increased flow of wind and solar power from 

Central Europe will amplify the volatility, but technological advancements may bring new 

solutions to regulating power and Elbas markets that might compete with hydropower. 

 HYDROPOWER PRODUCTION 

Hydropower has its foundations in watermills that performed the work needed to grind wheat 

into flour and thus it was important part of our lives already over 2000 years ago. In 1878 

the hydroelectric generator was used to power a single lamp, and hydropower plants 

(HPPs) quickly spread around the world at the end of 19th century and the beginning of 20th 

century. (IHA) 

 

HPPs were important part of the beginning of industry scale electricity generation and were 

powering the industrial growth alongside steam and coal (IHA). In the early 20th century 
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hydropower was essential as it was relatively quick to build and electricity demand boomed 

(Oulujoki Oy 1991) Later into the century with coal power becoming central, hydropower 

remained relevant with its low variable costs and capability to adapt to the fluctuation of 

electricity demand At the present time hydropower is still needed as it competes well in the 

open electricity markets, it is renewable energy and it provides to the growing demand of 

regulating power needed for the variable production of wind and solar power. Hydropower 

is somewhat abundantly available in the Nordic countries. 

 

The largest hydropower river systems in Finland are Vuoksi with 254 MW, Oulujoki with 

approximately 600 MW and Kemijoki with over 1100 MW electricity production capacity 

(Fortum A). The Imatra HPP at Vuoksi started operations in 1929 (Korjonen-Kuusipuro 

2007), the first HPP at Oulujoki in 1949 (Oulujoki Oy 1991) and the first HPP at Kemijoki in 

1957 (Kemijoki Oy 2014). During the early and mid-20th century Finland had a great demand 

for electricity as big part of Finnish hydropower was lost to Soviet Union as a result of the 

2nd World War. Nowadays Vuoksi and Oulujoki are owned by Fortum Oyj and Kemijoki by 

Kemijoki Oy – both companies having Finnish government as majority owner. 

 

In total there are over 220 hydropower plants in Finland. (Energiateollisuus B) After the 

post-2nd World War surge of electricity demand in Finland was overcome, nature protection 

aspects have been on the rise, building of new hydropower has slowed down greatly. Most 

of the remaining hydropower potential additions are expected to come from modernisation 

and capacity increases of current hydropower. In the appendices 1 and 2 the protected 

water systems and hydropower plants are marked on map of Finland. 

3.1 Hydropower plant 

HPP is the structure that is placed between higher headwater and lower tailwater. The 

height difference in water levels or head is accumulated by blocking water flow and then the 

potential energy is converted into electricity by the generators inside the power plant unit. 

HPPs can be placed in cascade in a river system or a big reservoir can be created using a 

dam and landscape. Then the water system is regulated by the HPPs. 

 

HPP can be seen to consist of a few main parts. The dam separates the headwater and the 

tailwater. For discharges over capacity, maintenance and general dam safety there are 

spillways that are used to release excess water safely without compromising the dam 

structure. This passing of generators is known as spillage or bypass. When generating 

power, water takes a route through a trash rack (1) that stops larger objects breaking the 

turbine and causing wear. Before going through the penstock (2) that directs water to the 

turbine, there is a control gate (3) to stop water flow from reservoir to allow maintenance 
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halts. After the penstock there are wicket gates (4) that control the water flow to the turbine 

(5). From turbines the water flows through draft tube (6) back to the river into the tailwater. 

 

There are three main types of turbines: Pelton, Francis and Kaplan. Pelton turbines are 

typically used when there is high head and relatively low discharge. Pelton turbine blades 

are shaped in a sort of round bucket way and they absorb the kinetic energy of water from 

the impact. Francis turbines are the most commonly used in the world and they are used 

for medium head and medium discharge locations. Francis turbines capture the water 

pressure difference when the headwater is pushed through spiral inlet tube to the turbine 

and out down the draft tube through the center. They have radial turbine blade structure 

and the blades are fixed in place. Kaplan turbines are the most common turbine type in 

Finland and they are used for high discharge and low head. Like Francis turbines, Kaplan 

utilises the pressure difference as well. However the turbine is shaped like a downwards 

pointing propeller. Both Francis and Kaplan turbines have wickets controlling the water flow 

and Kaplan turbines can also have adjustable pitch turbine blades. In cases with very low 

head, Kaplan turbine can be installed horizontally. (Grönman 2016) 

  

A single HPP has typically multiple turbines. Each turbine is connected to their own 

generator (7) through an axle. Usually HPPs use synchronous generators. Advantages of 

synchronous generators include control of reactive power and low cost. The generators and 

other electrical components e.g. automation, switches and transformers (8) are located in 

the powerhouse. The powerhouse is then connected to the electric network to which it feeds 

power. (Korpinen 1998) A sectional view of Kaplan turbine equipped Pyhäkoski HPP is 

presented in figure 3.1.1 with some of the main parts numbered.  

 



34 

 

 

 

Figure 3.1.1 Sectional view of Pyhäkoski HPP at Oulujoki. 

 

The mechanical power generated by the power plant can be described by the equation: 

 

P = η ·h·q·ρ·g          (1) 

   

Where η is efficiency of the turbines, h is the head (m) between tailwater and headwater, q 

is discharge (m3/s) of water through the turbines, ρ is density of water (1000 kg/m3) and g 

is the gravitational constant (9,81 m/s2). While ρ and g can be seen as constants for all 

intents and purposes, efficiency, head and discharge are variables that also have 

dependencies between each other. 

 

Typically hydropower production is controlled by regulating discharge and the discharge is 

calculated by observing generated power. The regulation of discharge is done by controlling 

the wicket gates and turbine blade pitch. Adjusting these parts allows optimal efficiency at 

all discharges. 

  

The height difference between headwater and tailwater depends on overall hydrological 

situation and current discharge. With higher discharges the lower water level starts to rise 

especially when the river is constricted. Water flow downstream from the HPP can be 
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constricted by obstructions such as narrows, stones, islands and shallows. The upper 

headwater level becomes lower with high discharges. The principle is same but typically the 

upper reservoir is big enough to not constrict water flow and instead small head losses can 

be caused by the trash rack. This dependency of head on discharge is called head loss and 

it behaves differently at each HPP. 

 

Turbine efficiency depends on discharge and head. There may then be non-linearities in 

the behaviour of each turbine. With this in mind and considering the head loss behavior, 

optimising hydropower production is quite complicated. Diverging from optimal efficiency 

causes waste of energy, but coupled with market price variation the total optimal may 

encourage to do so. 

3.2 River as a part of power generation system 

Hydropower is renewable energy. It gets its energy from the natural cycle of water where 

water evaporates from sea, lakes and land accelerated by the Sun, condenses as clouds 

and causes precipitation. It can be in the form of rain or e.g. snow, in which case it may 

remain on the ground for the winter instead of continuing the cycle immediately. 

Precipitation on higher ground collects into rivers and lakes, from which it can be captured 

by dams and used for electricity generation before it flows back to sea. The hydrological 

cycle is demonstrated in figure 3.2.1. 

 

 

 

Figure 3.2.1 The hydrological cycle.  

 

The total inflow of water to the reservoir consist mostly of runoff from rain and snowmelt in 

addition to groundwater. This inflow can be forecasted and estimated but from the nature 

of weather it follows that it has unpredictability as well. In Finland the Finnish Environment 
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Institute provides short and long term inflow forecasts. These are important inputs to the 

production planning of hydropower. Inflow varies on daily scale depending on weather and 

there are also major differences between the seasons. 

 

Seasonal behavior of inflow dictates heavily the availability of hydropower. In the Nordic 

countries during spring time there is typically a very high snowmelt induced inflow and to 

accommodate it, hydropower producers have to empty their reservoirs before spring to 

avoid spillage and waste of energy. Having said that, there has been notions that changing 

climate conditions could alter the familiar behavior of inflow. 

 

As a result of rising concerns of climate change a research was conducted by Nordic 

environmental institutes (Norden 2006) to map future changes in the behavior of water 

resources in the Nordic countries. The research was done using computer modelling and 

based on expected changes in temperatures and precipitation. The research concluded that 

in general hydropower production potential will increase and seasonal behavior will change. 

Winter and autumn inflows are expected to increase and spring inflows will reduce in areas 

with snow cover during winter. The snow cover becomes less stable with possible warm 

temperature periods which could increase the probability of winter floods. In figure 3.2.2. 

the inflow modelling results are demonstrated. The black line represents the observed daily 

mean discharge from land surface in Finland from years 1961 – 1990. The other 4 lines 

represent daily mean discharges in different scenarios during 2071 – 2100. RCAO stands 

for the used Rossby Centre Regional Atmosphere-Ocean model, A2 and B2 represent 

general climate change development scenarios where A2 models larger GHG and 

temperature increase and E and H stand for general atmospheric circulation models, where 

E emphasises dominance from the west and H emphasises dominance from the east. 
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Figure 3.2.2 Daily mean discharge from the land surface of Finland (m3/s). (Norden 2006) 

 

It can be seen that the changes during autumn and winter can present major changes to 

current hydropower operation. Currently the spring time inflow peak lasts relatively short 

time and rest of the time the average inflow remains low. If the changes in inflow behavior 

are indeed true, it might have implications on the proper sizing of HPPs as the old flow-

duration curves are not up to date. However, due to the pace of the change these effects 

may not quite yet be relevant. 

 

The graph also demonstrates the current seasonal variability in the inflow to reservoirs. The 

Nordic electricity market is greatly influenced by hydrological situation: when the reservoirs 

are full or are expecting high inflow, the hydropower operators are willing to offer more 

power to the market for a lower price. Respectively with low reservoirs there is less interest. 

The electricity market price also directs the usage of reservoirs. To balance reservoir usage 

with market value and expected reservoir and price development, a concept of water value 

can be used. 

 

Water value estimates the price at which a certain portion of water reservoir can be offered 

on the market. Variable costs of hydropower are very low, as the only costs depending on 

the production volume are related to the wear of the equipment and use of lubricants 

(Ilyukhin, 2007). Hydropower producer has to make a decision of producing electricity now 

or building up reservoir for later. The opportunity cost of this decision is used for pricing 

dischargeable water. The value of additional water in the reservoir reduces as the reservoir 

gets fuller. This is caused by the risk of spillage in case of a sudden high rainfall or snowmelt. 
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Spilled water is wasted energy and likewise wasted income. Higher water values occur 

when the reservoir is low. In such case the hydropower may lose the ability to utilise high 

market prices. (Ilyukhin, 2007) In figure 3.2.3 the principle of water value is demonstrated. 

Discharging water to produce electricity lowers the reservoir capacity-% until a point is 

reached where the electricity market price is lower than water value, and so further 

discharging may not be profitable based on the market analysis of that moment. 

  

 

Figure 3.2.3 Use of water value in making hydropower production decisions. 

 

In a cascade hydropower system the inflow to the system is gathered along the way. While 

some HPPs may be located at reservoirs such as lakes or wider parts of river, some HPPs 

called run-of-the-river plants are located along the river and their reservoirs are next to non-

existent. As water flows through the system, it takes time from minutes to hours as it moves 

between the HPPs. This delay has to be accounted for because each production decision 

higher along the river has consequences later down the stream. Differences in the river 

paths must also be taken into consideration because with higher discharges the river might 

start flooding at locations where it is more constricted. In figure 3.2.4 a topology of a cascade 

HPP system is presented. Reservoirs are marked with R and HPPs with P. 
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Figure 3.2.4 Topology of a cascade HPP system. 

 

R2 is a large reservoir and as such offers flexibility to the system. It can be regulated for 

both short-term and long-term optimisation. R1 and R3 are smaller and offer less flexibility. 

By contrast, run-of-the-river plants P4 ja P5 offer no flexibility. They have no reservoir and 

this means that the production is bound to follow the production of the higher HPPs up the 

river. Larger reservoirs usually have higher inflows and all the inflow accumulates going 

down the river system, consequently providing the highest discharge at P5.  

3.3 Environment 

Many of the environmental impacts of hydropower are hard to compare. Some of them can 

be assigned with clear economic numbers, while others are difficult to value and may be 

simply a matter of opinion due to their non-tangible nature. Interests are also conflicted in 

many aspects. Here the environmental impacts of hydropower are shortly reviewed by 

observing them from the aspects of energy policies, ecology, social environment, and 

economic interests. 
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From the perspective of EU climate goals, hydropower has a great synergy being both CO2 

emission free and also provider of regulating power. Regulating power is expected to be in 

growing demand, when intermittent wind and solar power capacity increases. If the 

increased regulating power demand is performed by fossil fuel fired thermal plants, the 

benefits of wind power and solar power diminish in CO2 emission reduction. It should be 

noted that burning fossil fuels releases other emissions e.g. small particles as well, and the 

process collecting, refining and transporting the fuel burdens the environment. The whole 

life-cycle emissions of hydropower are marginal compared to thermal power (Ymparisto 

2013a) (Liu et al. 2012). In Finland it is unlikely that new rivers are harnessed for 

hydropower. The environmental protection aspects have gained power as free-flowing 

rivers have reduced in numbers during the 20th century. Instead, capacity of regulating 

power can still be increased by improving the utilisation of existing HPPs (Energiateollisuus 

2008). 

 

Hydropower’s ecological impact can be split into local and global components. In 

accordance with climate policies hydropower has a strong positive impact on larger scale 

ecology. On the other hand locally hydropower changes the environment dramatically. The 

obvious ecological impact is the dam structures that radically change the environment: large 

reservoir lakes may be formed and the flow of the river is altered. 

 

Higher water levels caused by dams and unnaturally varying water levels caused by 

regulating power use leads to erosion and deterioration of vegetation in the banks of lakes 

and rivers. Erratic variations in water levels also risk nesting of birds and spawning of fish. 

In reservoir lakes the submerged biomass forms CO2 and methane emissions and general 

reduction of water quality. Some researchers claim that the emissions from reservoirs 

stabilise over time and can be seen as nonexistent (Liu et al. 2012). In some places possible 

pollution on the land is released into water as it gets submerged. (Motiva 2016) Biodiversity 

suffers as salmon fish cannot migrate for spawning anymore through the HPPs. To help 

this, sometimes fish ladders are built or fish are transported over the plants. Fish population 

in the area can also be maintained by fish farms and fish stocking. In production-wise 

optimal scenario a cascade HPP system has no rapids, as they represent losses in the 

height difference that is available for energy production. To reduce rapids and turn the river 

into more backwater type of river, dredging operations are conducted and they also add to 

the loss of biodiversity. 

 

Flood protection is one of the key arguments for building regulating hydropower. With 

regulating reservoirs the water levels can be lowered in such a way that the water from 

melting snow in the spring or other expected heavy rainfalls will not cause flood that could 
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harm local population and environment. In the winter time freezing temperatures can cause 

frazil ice and ice dams that can lead to flooding. To control this, hydropower operators 

maintain a stable discharge in the river for a few days to freeze the top of the river solid. 

This way the ice will insulate the river from freezing into slush. (Pohjois-Pohjanmaan 

ympäristökeskus, 1996) In ecological sense a downside is that as natural flooding is 

reduced or almost non-existent, less nutrients are moved to riverside. However it also 

means that flood damages to the nature are reduced. 

 

Socially major changes occur at the time of building the new hydropower river system. In 

some cases filling the regulating reservoir may lead to forced migration. Lots of cultural 

history and sources of livelihood e.g. tourism and fishing can be lost. However new is also 

created as especially the building process of hydropower is labor heavy. Some jobs will 

remain after construction for instance in maintenance. Regulating the river will add stability 

to local agriculture as fields will flood less often. Recreational use of the river is affected 

especially in fishing as the natural salmon population weaken (Oulujoki Oy 1991). Natural 

state environment such as rapids become a rarity and activities such as hiking suffer. Short-

term variations in the water levels can move beaches quickly, which represents problems 

for example with swimming, piers and storage of boats. 

 

From the perspective of investor, hydropower has great potential to be a good investment 

in the field of electricity production. Most of the costs of hydropower come from the initial 

investment and operating hydropower is relatively cheap: water as energy source is free. In 

the end the profitability depends on the investment, current market situation, taxation etc. 

but new potential comes from good flexibility and possibly favorable climate policies.  

 

Hydropower can benefit whole society economically in the sense that it can provide 

necessary regulating power cost-effectively. To local population the economic benefits are 

noticeable as well. On top of employment, property taxes are paid for HPPs to the local 

governing municipalities or government. For example in 2006 Finnish municipalities 

received 30 m€ in property tax from hydropower producers which equates to approximately 

7500 industry job tax income. (Energiateollisuus 2008) 

 

The environmental impacts of hydropower are best described as a change. Whether it is for 

better or worse, can be largely a matter of personal values. Many impacts in social and 

ecological perspectives balance each other out. When observing environmental damages 

caused by hydropower it is important to pay attention to the harms avoided as well to put 

things into proportion. In figure 3.3.1 the socioeconomic and ecological impacts are 

summarised to get a good general picture of the pros and cons. 
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Figure 3.3.1 Summary of socioeconomic and ecological impacts of hydropower 

 

To take all parties into account on matters of hydropower, Finland has laws in place that 

must be followed in hydropower operation and construction. Such laws include 

environmental protection act, water act and dam safety act. (Finlex 2011) 

 

Implications of these laws are the different kinds of water level and discharge permits and 

limitations that the hydropower operators have to follow or face penalties. The limits, permits 

and other obligations are agreed upon between the beneficiary, local people and authorities. 

Obligations may include fish planting, over-dam transfer of fish and fish ladders.  

 CURRENT STATE OF OULUJOKI 

One of the main purposes of this thesis is to make a profitability analysis on the possible 

Oulujoki capacity increase. It is then necessary to present the case and also perform an 

initial analysis on Oulujoki to find out if any other river construction operations may be 

necessary, and to get a general idea of the case based on what is already known without 

the new profitability analysis method that is developed in this thesis. 

4.1 Hydropower and Oulujoki 

The Oulujoki water system is located in Oulu province in northern Finland. Farthest up the 

water system are located the Hyrynsalmi watercourse and Sotkamo watercourse. The 

whole Oulujoki water system has a lake area ratio of 11,5 %. This is above average in 

Finland, and basically indicates easier management of floods in relation to the total flood 

inflow (Energiateollisuus 2008). Hyrynsalmi watercourse starts mainly from lakes 

Kiantajärvi and Vuokkijärvi. It has four Fortum-owned HPPs: Ämmä, Aittokoski, Seitenoikea 

and Leppikoski summing a total of 120 MW production capacity. Hyrynsalmi watercourse 
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also has a single E.ON owned 3 MW HPP regulating lake Iso-Pyhäntä. Like Hyrynsalmi 

watercourse, Sotkamo watercourse flows into lake Oulujärvi. On Sotkamo watercourse 

there are two UPM owned HPPs totaling 26 MW and three Kainuun Voima Oy owned HPPs 

totaling 35 MW. (Oulujoen reitti) 

 

Oulujärvi is the largest reservoir in the Oulujoki water system, and from there to Gulf of 

Bothnia flows the Oulujoki river that is the main focus of this thesis. On Oulujoki there are a 

total of 8 HPPs. In order from highest location to lowest: Jylhämä (JLH), Nuojua (NU), 

Utanen (UT), Ala-Utos, Pälli (PÄL), Pyhäkoski (PY), Montta (MON) and Merikoski (MER). 

Merikoski with a capacity of 45 MW is owned by Oulun Energia and the rest of the HPPs 

are owned and operated by Fortum. Ala-Utos is on a side branch that flows to the reservoir 

of Pälli. It is a small HPP with 0,5 MW capacity. The Oulujoki water system is presented in 

figure 4.1.1 with all HPPs marked and colours indicating differing HPP ownerships. In table 

4.1.1 the HPPs and their electrical power capacities, nominal discharge capacities, plant 

heads and distances between plants are listed.  

 

 

 

Figure 4.1.1 The Oulujoki water system. (Oulujoen reitti) 
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Table 4.1.1 Information about Oulujoki HPPs and the river system. 

 

  JLH NU UT PÄL PY MON MER 

Nominal production 
[MW] 61 84 54,3 50,7 154 37,5 40,8 

Nominal discharge 
[m3/s] 482 465 495 462 506 486 490 

Plant head 
[m] 14 22,5 16 14 32,5 13 11 

Distance to next plant 
[km] 4,7 25,1 20,9 8,7 4,5 40 0 

 

It can be seen that Pyhäkoski has the highest electricity production capacity of all HPPs in 

Oulujoki. In fact, it is the 3rd largest HPP in Finland. In nominal discharge capacities there 

is a noticeable trend, where the capacities get higher going down the river. This is quite 

logical, since the inflow accumulates as the river gets closer to the sea. In figure 4.1.2 the 

discharge capacities are shown with a fitted linear trendline. When observing discharges in 

relation to each other, the expected optimal would be a situation where the next plant down 

the river never has less capacity than the previous one. 

 

 

Figure 4.1.2 Discharge capacities of Fortum owned HPPs at Oulujoki with 

 

Based on the trendline it is apparent that Nuojua and Pälli are noticeably below the 

expected optimal discharge capacity in relation to other HPPs. Utanen and Pyhäkoski are 

above average discharge while Jylhämä and Montta are closer to optimal. 

 

Montta has a very long distance to Merikoski. From production optimisation perspective this 

is not a problem, since Merikoski is not part of Fortum’s production and instead it optimises 

production entirely based on total energy produced. However, the area between Montta and 
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Merikoski has been generally seen as the most challenging part of the river being somewhat 

constricted and also located near larger population as the City of Oulu is located along this 

river section. 

 

In general Oulujoki river has been harnessed quite effectively. There is no large water level 

differences between the tailwater of upper HPPs and the headwater of lower HPPs along 

most of the 104 km total distance. The total electricity production capacity of Fortum owned 

Oulujoki HPPs is approximately 440 MW, average nominal discharge capacity 483 m3/s and 

yearly average discharge from the Oulujärvi reservoir is approximately 250 m3/s. Annual 

energy produced by the 6 Fortum owned HPPs is approximately 2 TWh. These numbers 

are summed up in table 4.1.2. The distances and height differences between plants are 

also visualizsed on a map in figure 4.1.3. 

 

Table 4.1.2 Oulujoki summed up in numbers. 

 

Total distance [km] 104 

Total generator capacity [MW] 440 

Average discharge capacity [m3/s] 483 

Average Oulujärvi discharge [m3/s] 250 

Annual energy production [TWh]  2 

 

 

Figure 4.1.3. Oulujoen kartta ja porrastus. (Pohjois-Pohjanmaan ympäristökeskus, 1996) 

4.2 Permits and limits 

The permits to build and operate hydropower at Oulujoki include limits that are relevant for 

optimisation of hydropower production against market price and inflow conditions. Those 

limits are presented here for the Fortum owned HPPs. The limits near the City of Oulu and 
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Merikoski are managed by Oulun Energia and are excluded here. While the reservoir of 

Jylhämä, Oulujärvi, imposes a minimum headwater limit for the HPP, the headwaters of 

other HPPs do not minimum limitations. Still, these HPPs are not operated in such a way 

that the river would occasionally run dry and instead a lower limit is applied as both a 

principle of good conduct and a result of physical limitations of HPPs. Typically the minimum 

headwater level is 0,5 – 0,8 m below the maximum. 

 

The headwater level of Jylhämä is dictated by the upper and lower limits of lake Oulujärvi. 

It is the only major Fortum owned HPP that has a reservoir with strict lower limit. The limits 

are not constant and instead vary over time in a way that is presented in figure 4.2.1. 

 

 

Figure 4.2.1. Oulujärvi reservoir water level limits and 10 year average water level. 

 

The discharge from Jylhämä has a maximum limitation. In normal conditions the maximum 

is 500 m3/s, but during spring flood there is flexibility. In situations when it is needed to 

prevent water level from exceeding maximum limit, discharges up to 650 m3/s are allowed. 

If the water level surpasses the maximum limit, discharge is allowed to reach 700 m3/s in 

50 m3/s steps per day. In other exceptional situations during autumn it is allowed to 

discharge 500-700 m3/s from Oulujärvi even when water level does not exceed maximum, 

but the discharge can increase only by 50 m3/s daily, and the exceptional discharge must 

not lead to a situation where 800 m3/s discharge is surpassed down the river at Merikoski. 

Nuojua has no discharge limits and the headwater level has a maximum of 109,0 m.a.s.l. 

Utanen has a maximum headwater level of 86,5 m.a.s.l. and it has no discharge limit. A 

small amount of water is directed to pools around the tailwater canal of Utanen. Ala-Utos 

HPP also discharges to the same tailwater canal and it has a minimum headwater height of 
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76,5 m.a.sl. and maximum headwater height of 77,0 m.a.s.l. It should also be mentioned, 

that between Utanen and Pälli there is an additional maximum water level limitation in 

Sotkajärvi that is dependent on discharge. At Pälli there is no discharge limits and the 

headwater level has a maximum of 70,50 m.a.s.l. Pyhäkoski has a maximum headwater 

level of 56,5 m.a.s.l and also small discharges are used in a fish ladder. Montta has a 

minimum discharge of 50 m3/s and a maximum headwater level of 24,0 m.a.s.l. 

4.3 Analysis 

In this section the case of Oulujoki is analysed in its current state. This analysis is essential 

since the construction of potential new cascade hydropower models for optimisation 

requires all possible relevant information that is within the scope of this thesis to support the 

later findings. The focus is on HPPs Jylhämä, Nuojua, Utanen, Pälli, Pyhäkoski and Montta. 

Ala-Utos is excluded from this analysis as it has quite minor effect on the system and 

Merikoski is excluded because it is neither owned nor operated by Fortum. 

 

Here 5 different methods are used to analyse the Fortum owned HPPs. The rivers capability 

to accommodate high discharges is analysed by observing tailwater head loss 

measurements. Similarly, water height profile measurements along the river are observed. 

The single actual event of over 500 m3/s Jylhämä discharge with information available is 

the August 2012 flood, and internal reports on it are reviewed. Since controlling flood risks 

is essential part of hydropower operations, a report on Oulujoki flood risks is reviewed to 

give an indication of possible risk areas. While the above analyses focus on properties of 

the river, some observations are made on the HPPs as well. Historical data of spillages is 

analysed to give an indication of where more hydropower capacity might be the most 

needed.  

 

These analyses are all fairly narrow in scope and the information is scattered. To get a 

general picture of current strengths and weaknesses of cascade HPPs in Oulujoki, these 

analyses are rated with a number where -1 indicates weakness, 0 average and 1 a strength 

and then summarised at the end of this section. 

4.3.1 Head losses in tailwater 

Head losses that depend on current discharge can only be measured when water is flowing. 

Head loss can be observed from the results of a measurement specifically organized for 

this purpose or alternatively by observing historical data of head loss and discharge.  

 

In this case only actual head loss measurement results are observed. This is done to clearly 

separate head loss from other connected phenomena e.g. ice covering the river or varying 
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discharges. Being a dynamic phenomenon, when discharges vary, head loss is not 

necessarily result of that moments discharge but also affected by earlier discharges as well.  

 

This observation will provide an indicator of where the river is more constricted, or in other 

words it tells where dredging might be needed and costs involved if discharges are 

increased. Here the results of the measurement are presented in figure 4.3.1.1. The 

measurements performed by Fortum have been made by sustaining the discharge at same 

level for a sufficient amount of time for the water level to stabilise and then the water level 

has been measured for each discharge rate. 

 

 

Figure 4.3.1.1 Discharge based tailwater head loss measurement results for Fortum owned HPPs 

at Oulujoki. 

 

It can be seen that there are clear differences. Montta, Utanen and Nuojua have head loss 

of around 2 m when approaching 500 m3/s discharge. Jylhämä has average head loss. 

Pyhäkoski and Pälli seem to have relatively low head losses even at high discharges. Here 

in table 4.3.1.1 head losses are rated based on the measured data in such a way that they 

can be later compared. 

 

Table 4.3.1.1 Rated head losses at Oulujoki. 

 

  JLH NU UT PÄL PY MON 

Head loss 0 -1 -1 1 1 -1 
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It should be noted that tailwater head losses are not the only head losses that are connected 

to discharge. Other losses come from the water flowing through the HPP and more 

importantly headwater head losses have a similar head loss function of discharge caused 

by the trash rack. Trash collected in the trash rack will also increase headwater losses. The 

river is usually less constricted above HPP as there is at least small reservoir that has large 

volume compared to narrow tailwater area. Headwater losses in Oulujoki are lesser than 

tailwater losses by approximately one or two orders of magnitude. 

4.3.2 Water height profiles 

In situations with minimal discharge the tailwater of a HPP is about the same as the 

headwater of the next HPP. The overall height difference starts to grow as discharges get 

higher. In section 4.3.1 this phenomena was observed only when looking at the tailwater at 

each HPP. In this part research results on the water height profiles are observed for the 

whole distance. This will complement the information of part 4.3.1 in pointing to the possible 

constricted areas more specifically. 

 

The observed research was originally conducted to estimate the environmental effects of 

hydropower’s short term power regulation use. It was done utilising hydrological water flow 

simulation modelled for Oulujoki with constant discharges at 50 m3/s, 250 m3/s and 450 

m3/s. The headwater of each HPP was held constant. (Pohjois-Pohjanmaan 

ympäristökeskus, 1996) Here the results are presented in figure 4.3.2.1. Useful information 

can be extracted by observing the overall increase of water level with discharge and in 

which part of the river section in question it occurs the most.  
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Figure 4.3.2.1 Oulujoki water level profiles at different constant discharges. (Pohjois-Pohjanmaan 

ympäristökeskus, 1996) 

 

Firstly, the results support the earlier findings in part 4.3.1. The variability of water levels in 

HPP tailwaters were simulated to be greatest at Montta, Utanen and Nuojua. Secondly, 

large steps in water level can be identified, after which the water seems to be running 

relatively unconstricted regardless of discharge. Nearing headwaters the water level 

differences get smaller as the small reservoirs have enough volume to accommodate the 

discharge. In some cases the large step happens already in very close proximity to the HPP, 

which is a result of narrow tailwater canal. Thirdly, some very challenging parts of Oulujoki 

can be identified. Especially after Montta the water level variability remains very high up to 

25 km down from the HPP. 

 

In case of Nuojua and Jylhämä the tailwater canal has been mined almost entirely into 

bedrock (Ymparisto 2014). It is then unlikely that much can be done about those tailwater 

head losses, as the costs would likely exceed benefits. Montta and Utanen both have long 

distances with high water level variation. At Utanen the water level variability is fairly high 

until the river reaches lake Sotkajärvi 12 km downstream, after which water levels seem to 

stabilise. The whole distance to Sotkajärvi is a man built tailwater canal. 
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Improving river sections after Montta and Utanen can be seen as realistic possibilities. 

Montta is the last HPP in the Oulujoki cascade that is owned by Fortum, and from there 

water flows to Merikoski HPP which is located in the City of Oulu and owned by Oulun 

Energia. High variations of water levels present problems beyond tailwater head loss, since 

recreational use of Oulujoki is also impaired – a problem which is more prominent moving 

down Oulujoki to areas near the City of Oulu. Improvements in this river section would be 

the most needed. What comes to Utanen, improving the tailwater canal might be the easiest 

operation since that part of the river is already in a very man-made condition, if it would be 

necessary. 

4.3.3 The flood of August 2012 

During august 2012 an exceptional flood occurred. In Oulujoki water system drainage basin 

the precipitation was exceptionally high (Ymparisto 2013b). In figure 4.3.3.1 the precipitation 

of august 2012 in Finland is shown. The flood time lasted a few weeks and led to high 

discharges in Oulujoki which now can analysed based on reports of damages to get hints 

of most constricted and flood vulnerable areas and HPPs. 

 

 

Figure 4.3.3.1 Precipitation in august 2012 (mm). (Ymparisto 2013b) 

 

The occurrence of the flood was estimated to be quite rare with inflows being: 

- once in 200 years or more for 1 day 

- once in 200 years for 7 days 

- once in 150 – 200 years for 10 days 

- once in 60-65 years for 15 days. 
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To further demonstrate the rarity of the flood, in figure 4.3.3.2 the hourly average discharges 

from Jylhämä are shown for time period of 2008 to 2015. Data of discharges over 500 m3/s 

is very scarce, and even with more detailed water level and discharge data being available 

for year 2012, some of the measurement scales for example in tailwaters are not high 

enough for the large head losses that were caused by these discharges. 

 

 

Figure 4.3.3.2. Hourly average discharges at Jylhämä from 2008 to 2015. 

 

The internal reports that Fortum has on August 2012 flood are shortly reviewed here in 

aspects relevant to this thesis. Even with the presented information being somewhat 

concise, it is the best information available for what actually happens when Jylhämä 

discharges water more than 500 m3/s outside of computer simulations. 

 

Most of the flood damages occurred in the river sides of the section between Montta and 

Merikoski, but some flooding damages were reported between Nuojua and Utanen as well. 

At 500 m3/s discharge measured at Merikoski, a sauna and a detached house were reported 

to be affected by flooding between Montta and Merikoski. Most of the damages occurred at 

600 m3/s Merikoski discharge. Between Nuojua and Utanen a single sauna was reported to 

be flooded, but between Montta and Merikoski there were multiple cases: 

 

- 5 summer cottages wet 

- multiple piers damaged 

- river banks collapsing and sinking 

- wet yards, plantings and terraces 

- fields flooded 

- berths, beaches, boat rollers and river bank structures damaged 
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At 700 m3/s there was no additional damages between Montta and Merikoski, but between 

Nuojua and Utanen another sauna was flooded. The riverside damages are rated in table 

4.3.3.1. 

 

Table 4.3.3.1 Rated riverside damages. 

 

  JLH NU UT PÄL PY MON 

Riverside 
damages 1 0 1 1 1 -1 

4.3.4 Flood risks 

Multiple studies have been made on flood risks in Oulujoki area. Typically these studies 

utilise simulations, ground level measurements and mapping of buildings, structures and 

other areas at risk in flood situations that occur at different probabilities. Here a study is 

reviewed, in which floods that occur at probability of 1/1000 in a year in open water and 

frazil ice conditions. (Pylvänäinen et al. 2009) 

 

In the study it is summarised that in open water conditions in the river section from Jylhämä 

to Montta there are no major flood damages even at a 1/1000 in a year flood. Still, some 

buildings are at risk to be wet in areas between Jylhämä and Pälli. In the river section from 

Montta to Merikoski the water level rises at 1/1000 and even smaller floods 1-2 m above 

average water level and near Montta in Muhos water level rises over 2 m. In many locations 

islands and fields are completely submerged and many buildings are surrounded by water 

or even wet. Frazil ice conditions during winter cause even more severe flood damages in 

a 1/1000 probability flood. In Montta to Merikoski section water levels may rise over 3,5 m. 

In some places water can flood over 600 m away from bank. (Pylvänäinen et al. 2009) 

 

Frazil ice formation can be avoided by sustaining stable discharge (200-250 m3/s) when 

water temperature is near 0 ºC or less and air temperature below 0 ºC. This creates 

favorable conditions for an ice sheet to freeze over the river and insulate water from forming 

frazil ice in very cold weather. In river sections above Montta the ice sheet can be formed 

in 1-2 days but between Montta and Merikoski it can take 5-10 days. If ice sheet cannot be 

formed, frazil ice and ice dam flood risks are increased significantly. (Pylvänäinen et al. 

2009) In table 4.3.4.1 the flood risks in Oulujoki area are rated. 

 

Table 4.3.4.1 Rated flood risks. 

 

  JLH NU UT PÄL PY MON 

Flood risks 1 0 0 0 1 -1 
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4.3.5 Historical data 

In this section the historical spillage data is observed at Fortum owned HPPs. The data is 

collected from April 2006 to the end of 2015 and it includes HPP specific discharge and 

discharge through turbines. Count of hours when bypassing water and the average bypass 

discharge are analysed. 

 

This data is good in the sense that it reflects the real life operations of the HPPs, but it has 

many inaccuracies ingrained. Some of the HPPs measure the discharged water 

systematically incorrect. The data itself does not include information about maintenances 

or renovations, which typically lead to bypassing even when the discharge would be far 

below HPP capacity. To filter these situations from the data, only those spillage hours were 

observed that had the spillage occurring during a time with overall HPP discharge 

surpassed the HPP total capacity. Additionally, this analysis does not necessarily reflect the 

current situation of the HPP cascade system, since renovations have changed the model 

during the observation period. The results are presented in figure 4.3.5.1. 

 

 

Figure 4.3.5.1 Historical bypass data from April 2006 to the end of 2015. 

 

With lower count of bypass hours the average bypass discharge appears to be higher. This 

may be explained by less common occurrences of very high inflows that force all HPPs to 

run at high bypass discharges. During lower inflow times only the plants with weakest 

capacities will bypass smaller amounts when it is needed or optimal. 

 

The count of bypass hours appears to be high at Nuojua, Pälli and Montta. Jylhämä 

bypasses the least water. However, it is also expected since the limits regulating the use of 

Oulujärvi reservoir limit the discharge to 500 m3/s most of the time. It can also be reasoned 
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that any discharge over Jylhämä turbine capacity is likely to cause spillage at all other plants 

later on, and so minimising Jylhämä spillage reduces total spillage as well. To further 

observe this, it was found that 97,5 % of the bypass hours at Jylhämä occurred during the 

August 2012 flood. At almost all other times it has been possible to contain Jylhämä 

discharge within turbine capacity, even during spring floods. Here in table 4.3.5.1 the HPPs 

have been rated based on the bypass data. 

 

Table 4.3.5.1 Rated historical bypass data. 

 

  JLH NU UT PÄL PY MON 

Historical bypass 
data 1 -1 0 -1 0 -1 

4.3.6 Summary 

With the above analyses a general summary can be assembled. Weak points were found 

both in the river and HPPs. It can be said with quite high confidence that increasing 

discharge limit a Jylhämä from 500 m3/s to 600 m3/s would require dredging or other 

operations at the river section between Montta and Merikoski. The given ratings are 

summed up in table 4.3.6.1. 

 

Table 4.3.6.1 Summary table. 

 

  JLH NU UT PÄL PY MON 

River: Head loss 0 -1 -1 1 1 -1 

River: Riverside damages 2012 1 0 1 1 1 -1 

River: Flood risks 1 0 0 0 1 -1 

              

Plant: Historical bypass data 1 -1 0 -1 0 -1 

 

The summary table confirms that Montta is indeed a problematic area. All kind of problems 

associated with constricted river sections are found there, ranging from highest flood risks 

and damages to noticeable head losses. What else this table allows is the comparison of 

discharge capacity improvement needs and constrictions in the river. Pälli appears to be an 

attractive case: the river seems to handle higher discharges well as it already is. Bypass 

data indicates that more capacity could be needed there. 
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 PROFITABILITY ANALYSIS METHOD 

One of the main purposes of this thesis is to develop a hydropower investment profitability 

analysis method using hydropower optimisation and planning software (SHOP). In this 

section of the thesis the developed method is described, main simplifications and 

modifications to the optimisation setup are explained and the creation of input scenarios 

and their effects on the results are explained.  

5.1 Main concept 

SHOP is used to optimise production against a single price scenario. To create a full picture, 

a set of price and inflow scenarios are all optimised for each river model. SHOP allows the 

finding of most optimal production solution in each scenario and model combination. These 

solutions are here considered the expected outcome, should such modelled investment 

occur. Some calibrations to the results are made, and finally long-term profitability analysis 

is constructed using these scenario results as building blocks. 

 

The main output from the scenarios is total income. This is achieved by multiplying hourly 

price and total generation. This will provide an approximation of income from Elspot market. 

Equally detailed income from other markets is left out of this thesis, but the available 

capacity for intra-day trading and other capacity products is still approximated in each 

scenario from total power generation time series. Hourly resolution time series are collected 

from SHOP for other data too. Practically any variable in the model can be viewed, and in 

this analysis additional information of the hydropower dynamics in different models is 

collected from time series such as water levels at each reservoir, discharges, spillages and 

generator specific electricity generation. 

 

The scenario specific income differences between base model and observed model are 

considered the income increase that will be calculated against investment cost. The whole 

profitability analysis method for scenario specific analysis is summarised in figure 5.1.1. A 

demonstration of scenario income results table from 4 price (V) and 4 inflow (Q) scenarios 

that are used in this thesis can be found in table 5.1.1.  

 



57 

 

 

 

 

Figure 5.1.1 Profitability analysis method in scenario level observation. 

 

Table 5.1.1 Income table. 

 

Q1V1 Q1V2 Q1V3 Q1Vx 

Q2V1 Q2V2 Q2V3 Q2Vx 

Q3V1 Q3V2 Q3V3 Q3Vx 

Q4V1 Q4V2 Q4V3 Q4Vx 

 

With model and scenario specific income data available, year scenarios must be 

constructed next to define yearly income in as many different type of years as needed, e.g. 

normal year, wet year and price peak year. This is done by using the known incomes from 

specific discharge and inflow combinations and then interpolating or extrapolating any 

combination of the two variables if the scenario inputs are not suitable directly. This will give 

monthly income approximations with satisfying accuracy, and due to the inherited flexibility 

of this method almost any kind of years income can be approximated. An example of 

constructing yearly income directly from monthly scenarios is demonstrated in table 5.1.2. 
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Table 5.1.2 Yearly income structure. 

 

January February March April May June 

Q2Vx Q1V3 Q3V3 Q3V2 Q4V1 Q3V2 

      

July August September October November December 

Q2V2 Q2V3 Q2V1 Q2V3 Q2V2 Q2V3 

 

If needed, the benefit from reduced maintenance costs can be included in the analysis at 

this point. When a generator is under maintenance, it cannot be used for electricity 

production. With three generators at HPP this means 33 % capacity loss, assuming that all 

generators are equally sized. With 4 equally sized generators the HPP loses only 25 % 

capacity during a maintenance, and the benefit from that is even greater as the top end 

discharges are much less regular. Months with estimated maintenance costs can be 

included in the year scenarios, and the estimates could be produced using similar method 

as capacity additions. Maintenances are completely excluded from the profitability analysis 

in this thesis. 

 

For a long-term profitability analysis, a long-term market development analysis is needed. 

Predicting average electricity price and volatility more than 40 years into the future in a 

credible way is far beyond the scope of this thesis. Some publicly available research on 

expectations of future hydrological conditions exist on top of historical data, but any credible 

electricity market analysis from the company that this thesis is made for cannot be used. In 

this thesis the long-term profitability analysis concept is only demonstrated using a very 

crude analysis. Sensitivity analysis of profitability to average price, volatility and hydrological 

condition development can easily be added to long-term scenarios, as the one month 

scenarios allow a lot of flexibility. In table 5.1.3 the method to estimate the total income in 

long-term is demonstrated. Year types are added at a rate based on market analysis, and 

the income is multiplied based on average electricity price development. Since the 

investment period is as long as 40 years, discounting future income is essential for credible 

profitability analysis. The whole long-term analysis method is summarised in figure 5.1.2. 

 

Table 5.1.3 Long-term yearly income estimation. 

 

Year number 1 2 3 4 … 

Year type 
Normal 
year 

Normal 
year 

Price 
peak year 

Wet 
year   

AVG price multiplier 0,9 1 1,05 1,1   
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Figure 5.1.2 Long-term profitability analysis method. 

 

Finally yearly increased income and investment costs are known. As a result, this method 

will provide insight both in very detailed model level on how the system manages different 

kind of inflow and price conditions and also how altering market and environment 

conditions can affect the profitability long-term. However, some limitations should be kept 

in mind to keep the constructed scenarios realistic. For example the yearly average 

discharge from Jylhämä is approximately 250 m3/s. Using more than that water long-term 

will obviously distort the results, unless changing climate conditions are included in the 

analysis. 

5.2 Optimisation and modelling 

In this section of the thesis the used tool, short-term hydropower optimisation and planning 

software or SHOP, is introduced in basic terms and the model setup is shown for those 

parts that are valid in all models observed in this thesis. The software in question is created 

by Powel and it is a commercial program used for hydropower electricity generation 

planning. Now it is used for hydropower investment profitability analysis.  

5.2.1 Short-term optimisation and planning software 

Powel’s SHOP uses CPLEX algorithm, and it has multiple different optimisation methods 

available. In this work Primal Simplex method is used. Usage of startup costs would require 

Mixed Integer Programming. In practice this means dramatic increases in computation 
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times. Typically startup costs are included in planning for two days or less, or when the 

results would be meaningless without them. 

 

The goal of the optimisation algorithm is to maximise income from sales of generated 

electricity, while accounting for constraints and costs. This is done by making discharge and 

spillage decisions at HPPs, which then are turned into electricity generation based on 

efficiency curves. The momentary efficiency depends on both discharge and head. Other 

outputs from the optimisation include reservoir levels.  

 

Fixed constraint stop the model from doing decisions that are not possible in the real world. 

Fixed limits describe the legal and technical limits of the system. For example to control 

reservoir usage, hard limits to water levels at all reservoirs must be set to match technical 

and legal limitations. Discharges at HPPs may have both legal and technical limitations as 

well. These must be included in the model for realistic planning. Other limits, such as 

generator specific power areas can be added. The optimisation software cannot break these 

limits in any conditions. For breakable limits, penalties are used. 

 

The decision making of the optimisation algorithm is steered by penalties. These penalties 

are in place to prevent some undesirable behaviors in planning, that may still be profitable 

at a certain point. In other words, if the gain from electricity market is greater than the set 

penalty, the model will choose to take the penalty. For example, tactical limits of water levels 

are used to account for uncertainty in the electricity market and weather. This is necessary, 

because Powel SHOP is a deterministic planning method, meaning that the inputs and 

outputs alone do not include uncertainty. Computer modelling can take stochastic or 

deterministic approach. The more complicated stochastic model is built to take uncertainties 

of the market and environment into consideration while deterministic approach aims at best 

result in a single forecasted scenario and then requires sensitivity analysis for uncertainties. 

 

Another essential function in the model that involves penalties is startup costs. Startup cost 

is an integer input to the optimisation software: whether startup costs are calculated or not, 

and also how the cost is valued. The purpose of it is to account for lower efficiencies in 

startup process and additional wear of turbines and generators that occur when they are 

started or stopped. Without startup cost the optimisation software starts and stops the 

generators frequently even for the slightest gain, which then does not actually realise into 

additional profits due to increased costs. More realistic short-term hydropower optimisation 

then requires startup costs, but they can be used only at moderation due to long 

computation times. 
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Because Powel SHOP is used for planning and optimisation, some of the available tools 

and settings may not be necessary for this profitability analysis. For example, water values 

can be used to account for long-term water reservoir usage planning, but such planning in 

this profitability analysis is not necessary. 

5.2.2 Oulujoki river model setup 

Powel SHOP allows the building of river models with a graphic topology description. In the 

profitability analysis of this thesis most of the model remains the same between the models 

that will be under comparison. The software allows addition of reservoirs, HPPs with 

generator specific inputs and waterways, including spillage routes and flood routes. All 

these components have been added to the model that will be used in this analysis, and the 

input data is based on digitalised information about the water system that is already in use 

in the operational Powel Shop version. 

 

The model in principle is just a list of specifications for river and HPP system components. 

Each different component in the model has a function as a part of the water system. For 

example reservoirs have water entering and leaving through waterways and inflow, while 

the reservoir itself has reservoir content that has a value when planning against market and 

water level depending on how much water is in the reservoir at that moment. Waterways 

have discharge limits and time delays, and HPPs have a long list of properties varying from 

generator specific discharge capacities to efficiency curves. 

 

The specifics of the water system cannot be disclosed openly here, but the changes and 

simplifications to the original operational model can be shown. The modifications to the 

original watershed model are the following: 

 

 Jylhämä maximum discharge changed from 500 m3/s to 600 m3/s. 

 Ala-Utanen HPP and Utajärvi reservoir were removed from the model. Inflow to Ala-

Utanen was combined with Pälli reservoir. 

 All parts of the water system above Oulujärvi were combined into a total inflow of 

Oulujärvi. 

 Merikoski HPP is set to bypass all water .  

 

The original legal 500 m3/s discharge limit from Jylhämä is changed, because it is assumed 

that large scale capacity increase investments would only be made if the discharge limit is 

negotiated higher. However, calibration of the model was still made with 500 m3/s discharge 

limit in the case of average discharge based calibration. The second and third changes 

were both made to make the water system model as simple and light as reasonably 
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possible. Including Ala-Utanen would have been an unnecessary addition of complexity, 

considering the relatively low production capacity. The production in areas above Oulujärvi 

is significant, but since Oulujärvi reservoir is located between the upper river sections and 

Oulujoki, an assumption is made that the reservoir is enough to separate optimisation of 

Oulujoki and Hyrynsalmi watercourse in the timescale used in this analysis. Merikoski is the 

last HPP at Oulujoki. It is not part of Fortum’s portfolio, and does not need to be optimised. 

It is included in the model for accurate description of the topology, but excluded from 

optimisation by binding Merikoski reservoir to the same water level at all times by hard limits 

and disabling all generators to spill all water. The topology of the model in Powel SHOP is 

shown in figure 5.2.2.1, with reservoirs, HPPs, main waterways, bypass routes and flood 

routes visible. 

 

 

Figure 5.2.2.1 Simplified topology of Oulujoki in Powel SHOP. 

5.3 Setup for profitability analysis 

The usage of the optimisation model for the purpose of this profitability analysis requires 

additional adjustments and simplifications in comparison to normal planning usage. In this 

paragraph some of the main simplifications are presented, as they required some planning 

and decision making to setup. 
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5.3.1 Short time-period 

The optimisation is done in 45 day scenarios. The results are then scaled into 30 day 

equivalent. Average electricity prices and hydrological conditions have variation on many 

different time-scales. When the optimisation time period is limited to a 45 day scenario, the 

models ability to utilise long-term variation cannot be tested. While the variation within a 

scenario is tested, the transition from one to another is completely lost. It is assumed here 

that majority of the benefits from increased hydropower flexibility comes from hourly, daily 

and weekly time-scale variation.  

 

The longer the scenario is, the better it accounts for inflow and electricity price variations on 

longer timescales. The optimisation period cannot be extended infinitely, since the 

calculation time of each optimisation run becomes infeasibly long. With 45 day optimisation 

period a single optimisation run takes slightly less than 10 minutes. Optimising periods 

beyond 45 quickly start to take tens of minutes or even hours, and with total of 80 

optimisation runs that would be too long in comparison to the added realism for the purposes 

of this thesis. 

5.3.2 Bound water levels 

For the comparability of each optimisation scenario it is essential that they use the same 

amount of water. To make this happen, in the beginning of each scenario the water levels 

at each reservoir were set to start at the same point using a purpose built input. The end 

points were set to be the same as start points by changing the hard limits at each reservoir 

to the same level as in beginning. 

 

Without doing this, the end point water levels would have been as low as possible or at 

water value based long term optimal endpoint. While the latter would be completely 

uncomparable scenario within the timeframe, the former would have been comparable. 

However, it would also have led to erratic emptying of reservoirs. With these given 

boundaries, the optimisation is left to decide only when to use the available water. 

5.3.3 Startup cost 

With startup costs SHOP usually sustains the generation profile at lower end power over 

single or a few lower priced hours to avoid shutting down completely. Without startup cost 

the generation profile drops to zero much more often. Short term the implication of this is 

that the electricity generation profile is not entirely realistic. Long term the implication is that 

income from electricity production becomes optimistic, depending on the discharged 

amount of water within the same time period. The more water is discharged, the less the 
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optimisation model can find opportunities to shut down generators temporarily, and instead 

at least some water is discharged all the time.  

 

The problem with startup costs in the analysis of this thesis is that it increases the 

optimisation time dramatically. While the overall optimisation scenario is 45 days, optimising 

more than two day scenarios with startup cost takes easily more than several hours to 

complete. A single optimisation run taking days or weeks is not feasible for the purposes of 

this analysis. Instead, another way to include startup costs into the model had to be 

improvised. 

 

The income from generated electricity can be calibrated from optimisation result to a more 

realistic level. This can be done by doing sample runs with a scenario that has a feasible 

optimisation time. In this case two day scenario would have been the longest feasible length. 

However, it was assumed that two days could not possibly be a realistic representation of 

the effects of startup costs that could be directly applied to 45 day scenario. Instead, a set 

of realised inflow and price profiles were used to see how the optimisation software would 

behave and then the results were compared to income that was calculated using realised 

production data at the same HPPs when the particular inflow and price profile combinations 

occurred. This calibration setup is further explained in part 5.6. While this method does not 

explicitly include only startup costs, it can be considered to add realism to the optimisation 

results sufficiently. 

5.3.4 Limits 

While the total amount of water used must be limited by inflow and bound start and end 

points, the variation of water level between these points must have limitations in the model 

as well. Firstly, the legally binding water level limits must be included in the optimisation. 

These impose the hard limit for maximum water level at all reservoirs. Secondly, the 

physical limitations of the system set hard limits for minimum water levels. While Oulujärvi 

minimum level is covered by legal limit, other reservoirs are not. If water level drops too low, 

water could stop entering penstock and air could enter the turbine area. General public 

opinion or environmental damage from rivers running dry abruptly would not be favorable 

either. Thirdly, while allowing variation of water levels from completely empty to almost over 

flowingly full would provide the best hydropower flexibility and income short-term, stricter 

limits are needed for risk management. 

 

Reservoir usage optimisation limits are a combination of tactical limits and hard limits. To 

simplify the behavior of the model, tactical limits and their penalty mechanic is not used. 

Realistic reservoir usage can be described in this case by defining new hard limits for 
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optimisation somewhere between tactical and real hard limits. The real hard limits are 

presented in part 4.2, but the tactical limits cannot be shown here. 

5.4 Intra-day and capacity products 

Here intra-day products mean those electricity market products that are traded within the 

day that they are delivered. Such products include Elbas and FRR-M. Capacity products 

FCR-N and FCR-D can be viewed as part of intra-day products, but agreements of available 

capacity are made in yearly market too. Especially in the case of hydropower intra-day and 

capacity products can deliver large amounts of additional value, as they allow maximum 

utilisation of the flexibility of hydropower both in changing the temporary production volume 

and in the form of power generation reservoirs. 

 

Whereas spot price and income is quite a plain process to model in this context, intra-day 

trading is different. The ability to create value from hydropower in intra-day markets 

depends on multiple factors such as market analysis, traders ability to take risks and read 

market signals, ability to react to changes and initial planning. Each intra-day product has 

different market rules, and often the market prices can vary drastically. While spot trading 

can be easily separated by the type of electricity generating methods and plants, intra-day 

products are often simply traded as a part of the whole portfolio. Low price is not a guarantee 

that the product will be sold if there is no need for regulating power, and respectively 

sometimes even extremely highly priced offers will be sold if there is large demand for 

regulating power. Some of the regulating product markets are small, and adding large 

amounts of new capacity could affect the prices. 

 

In this thesis no intra-day specific method is developed to estimate intra-day market income 

or real available capacity. This is both because of complexity and extent of the process and 

sensitivity of the available data that could be used to approximate the increased income. 

However, the increase of capacity that is available for intra-day market trading is 

approximated from spot-optimised total electric power time series. If the approximation of 

available capacity for intra-day market is known and data for historical income from these 

markets is available, it is possible to make a rough connection between these two to 

estimate the increase in intra-day market income. A rough estimate is added to the long-

term profitability result at the end of this thesis using this approach, but the numbers are not 

disclosed. 

 

The available capacity for intra-day market is calculated in the following manner. In each 

optimisation scenario result the total power generation time series of all HPPs in the model 

is observed. From the time series the highest and lowest points are set as Pmax, the total 
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maximum power generation capacity and Pmin, the total minimum power generation 

capacity. At each hour the distances Pmaxdist and Pmindist from that hours total power to Pmax 

and Pmin are calculated. Then at each hour Pdiff, the change in power from previous hour is 

calculated. Then Pup, the available capacity up is calculated for each hour as the smaller 

value from Pmaxdist and Pdiff. The available capacity down Pdown is calculated as the smaller 

value from Pmindist and Pdiff. The averages of Pup and Pdown down can be compared between 

the scenarios, and they will give a rough approximation of how much the capacity available 

for intra-day market has increased in each model in comparison to the original base model 

and comparisons can be done between the scenarios. (Karttunen 2016) It should be kept 

in mind that it is not likely that all of the increased intra-day trading capacity will realise in 

trading. 

5.5 Generating input data 

The challenge in generating input data for optimisation model lies in the fact that the results 

can only be as good as the input. Hour specific information is not available for the future, 

and while the past can be used to approximate the future, the purpose of this profitability 

analysis comes from the changes in operation environment that are harder to describe by 

past events. 

 

River models that are observed in this profitability analysis are simple capacity additions 

that have not undergone further analysis on possible cost efficiency factors at different 

HPPs. That means that differences in €/MW investment cost between HPPs are set as 

equal. Cost efficiency would be an important component in this kind of analysis, but here 

only power generation dynamics and income connected to discharge capacity is observed. 

It will be enough to give good indications on possible profitability of observed cases. 

 

Compromises are inevitable especially when the scenarios are attempted to be kept 

comparable. The main focus of this thesis is not to develop new methods to predict future 

electricity average prices and price profiles, nor is the focus on meteorological modelling. 

More sophisticated modelling and analysis results that may be available in the company 

that this thesis is made for cannot be used due to business interests. As a result, electricity 

price scenarios and inflows are determined by more plain methods. Price and inflow 

scenarios will be generated in hour resolution, as that is the optimisation resolution that is 

used by SHOP for this analysis. 

5.5.1 Different river models 

In this section the definition and differences of the used river models are described. The 

river models chosen are variations on the research questions 4th generators setup. First 
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model created, however, is the Base model, describing the HPP system in its current state. 

First variation on the 4th generator setup has approximately same sized large generator 

added to each plant as they are already using, later referred to as 4L model.  

 

Rest variations all have a total investment cost approximated at the same level by adjusting 

q in equation 2, where C is generator specific investment cost in mill. €, q is the discharge 

capacity of new turbine, h the average head of the plant and c is the cost factor ranging 

between 1 and 2. In this analysis the cost factor has been kept the same for all HPPs, it is 

not disclosed and investment costs are only presented as relative values. The cost factor 

could vary based on HPP specific factors and acquisition costs. (Vuokko et al. 2016) 

Investment cost is then approximated to be directly dependant on the electricity production 

capacity, which is dependent on variables plant head and discharge capacity. By adjusting 

q in the equation 4L model was given the investment cost of 100 and other models 53 as 

relative values. 

 

𝐶 = 8,1 ∗ 𝑞 ∗ ℎ ∗ 𝑐        (2) 

 

Second model variation adds small discharge capacity generator to each plant with the 

capacity increase being equal between the plants. This model will later be referred to as 4S 

model. Third variation has the discharge capacities of the plants balanced in such a way, 

that two plants with the most spillage are given higher capacity increase. This model will be 

referred to as SP model. Fourth and last variation has the discharge capacities added based 

on the average head of the HPPs. Two highest head HPPs are given the largest capacity 

addition and this model will be referred to as EQ model, as in energy-equivalence. Energy-

equivalence means basically how much energy a certain amount of discharged water can 

produce at each HPP. 

 

The difference between 4L and 4S model will most likely give an indication of more optimal 

scale of capacity increase and other possible differences that are mostly associated with 

overall capacity in relation to different average discharges. The differences between 4S, SP 

and EQ models will help working on the challenge of finding an overall efficiency in 

investment and hydropower setup. It is expected that optimising by spillage will give better 

results as less energy is wasted. The EQ model is added for comparison to explore the 

possibility of concentrating production capacity to the HPPs with highest head and thus 

highest water potential energy-equivalence. 

 

In table 5.5.1.1 the discharge capacity additions in each model are presented. In model 4L 

the capacity additions are based on the size of the most common generator size of the 
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earlier three at each HPP, with the exception of Jylhämä and Utanen, where the fourth 

generator was slightly downsized due to excess capacity. Higher discharge levels were not 

recorded in any scenario during initial testing of the model. 75 m3/s was chosen as base 

level addition for the smaller capacity increases. Next the spillage based capacity increase 

was determined for Pälli to be 110 m3/s, which set the capacity to slightly higher than 

Utanen. After that, Montta was given equal capacity addition. In EQ model the capacity 

increase was then determined by giving 75 m3/s additions to other plants with the exception 

of highest head plants Nuojua and Pyhäkoski, which received additional capacity to the 

point where the investment cost was approximately same as the total cost in SP model. 4S 

model was given flat 83 ms/s to all plants, receiving the same investment cost as SP and 

EQ models. Finally, the total maximum discharge capacities are visualised in figure 5.5.1.1. 

 

Table 5.5.1.1 Discharge capacity [m3/s] additions at HPPs in each model. 

 

  JLH NU UT PÄL PY MON 

4L 120 155 165 154 168 162 

4S 83 83 83 83 83 83 

SP 75 75 75 110 75 110 

EQ 75 92 75 75 92 75 

 

 

Figure 5.5.1.1 Total maximum discharge capacities at HPPs in each model. 

 

It can now be seen how different models change the relations between each HPP. The 

differences are not dramatic, and none of these models would be the final optimal setup. 

These models will provide information on when given a specific amount of resources, where 
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they would be best used, and also how large the capacity increase should be. In table 

5.5.1.2 the relative investment costs and total power generation capacity increases are 

shown. Due to absence of HPP specific analysis of investment costs, the generation 

capacity grows at same rate in relation to investment in each model. 

 

Table 5.5.1.2 Investment costs and total power generation capacity increases of each model. 

 

  4L 4S SP EQ 

Total power generation 
capacity increase 32 % 17 % 17 % 17 % 

Relative investment cost 100 53 53 53 

 

Each added generator was given an efficiency curve. The efficiency curve defines the 

generators performance in relation to both head and discharge. The shape of the curve is 

based on existing generators and it was scaled to each generator size in such a way that 

the shape was maintained. All generators were given maximum efficiency of 92 %. This 

curve alone describes head losses and generators mechanical and electrical efficiency. 

5.5.2 Inflow scenarios 

In determining inflow scenarios, the historical monthly average discharges at Jylhämä are 

the best indication of what kind of amounts of water would be the best suited to test the 

models capability to perform in different conditions. Jylhämä is the HPP that determines 

how much water is going through the system, as it is the first HPP of the cascade 

hydropower system, where rest of the plants are run-of-the-river plants with only small 

reservoirs and small inflows. 

 

Real inflow data to reservoirs is somewhat different phenomena than what the inflow input 

in this thesis’ optimisation modelling is trying to describe. When water levels are bound to 

the same point at beginning and end of each scenario, reservoir inflow translates simply 

into the average discharge. The reservoir between inflow and discharge allow optimisation 

in the usage of this water. Here in figure 5.5.2.1 is show the historical average of daily 

average Oulujärvi inflows and Jylhämä discharges from year 2007 to 2015.  
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Figure 5.5.2.1 Historical average Oulujärvi inflow and Jylhämä discharge data in daily averages 

from year 2007 to 2015. 

 

In the figure it is apparent, that while during spring flood the inflow does peak very high 

compared to normal inflow During some years daily averages can go beyond 1000 m3/s, 

but the discharge data does not peak simultaneously when averaged. On the other hand, 

discharge averages are limited by average discharge capacity and highest discharges occur 

during those times of year when average electricity price is higher. Inflow scenarios should 

then be determined based on Jylhämä discharge averages and with higher discharge 

capacity in the models being tested, highest inflow scenario should also have a scenario 

with average inflow going beyond what can now be discharged. 

 

Inflow input data was not given a varying profile, and instead it is simplified to a flat profile. 

It is assumed that varying profile would have only minor effects in general observation. With 

more specific scenarios of realised events it would be easily possible to include inflow 

profile. In initial calibration of the model it was observed that Oulujärvi water level does not 

reach hard limits in any scenario, and quite a bit of variation would have to be added to the 

inflow profile before it would have a noticeable impact. Such variation would not describe 

average conditions well. The average inflows were determined based on historical Jylhämä 

discharge monthly average data collected from year 2007 to 2015. Four inflow scenarios 

were created. The lowest inflow scenario Q1 was the lower 10th percentile of these 

averages. Next inflow scenario Q2 was the median. Third inflow scenario Q3 was the higher 

10th percentile. The fourth inflow scenario Q4 goes beyond the realised range, since with 

added capacity the HPP system would be capable of managing more water than it has been 

handling in the historical data. The scenario is scaled from the higher 10th percentile by 
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adding same percentage of inflow as the discharge capacity is increased in 4L scenario at 

all HPPs on average. In table 5.5.2.1 these determined Oulujärvi inflow scenarios are 

presented. The input data for the optimisation model is in hourly resolution. These values 

are simply repeated on every hour in the input data. 

  

Table 5.5.2.1 Oulujärvi inflow scenarios 

 

  Q1 Q2 Q3 Q4 

Inflow [m3/s] 107,00 235,60 384,93 511,47 

 

Some inflow still occurs between the HPPs along Oulujoki after Oulujärvi. These inflows 

however did not seem to behave as predictably as Oulujärvi and there seemed to be much 

more variation on all timescales. Based on average inflows from 2007 to 2015, the yearly 

average inflows in the small reservoirs varied from -7,4 m3/s to 26,4 m3/s. Negative values 

are caused by evaporation. Due to relatively small effect of these inflows and also high 

unpredictable variability, the inflows of smaller reservoirs were simply added as average 

inflows from that sample period and the amount of inflow was kept same in all inflow 

scenarios. This resulted in flat inflow scenarios for in-between reservoir that apply in all 4 

overall inflow scenarios. The in-between reservoir inflows are shown in table 5.5.2.2. 

 

Table 5.5.2.2 Oulujärvi in-between reservoir inflows. 

 

  NU UT PÄL PY MON 

Inflow [m3/s] 15,78 2,03 8,41 -0,99 7,62 

 

It is expected that these scenarios will be able to simulate the different models capability to 

deal with all kinds of hydrological situations e.g. autumn floods sufficiently. This is based on 

the assumption that the cascade HPP system can deal with temporary inflows going beyond 

the assigned scenarios, as the Oulujärvi reservoir has a dampening effect on inflow 

variation. Some detailed situations may be lost, for example when inflow is distributed 

extremely unevenly during an observation period, but that kind of special conditions go 

beyond the scope of this thesis. 

5.5.3 Price scenarios 

Electricity price scenarios have multiple elements that all affect the end result of this 

analysis. The challenge here is to capture at least some of these factors while maintaining 

comparability between scenarios. A solution was chosen for this thesis with emphasis on 

comparability, and as a result some elements that might affect the result were then left out. 

In total four different price scenarios were created for optimisation model input. 
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Here electricity price has been split into three elements: price profile, relative standard 

deviation (RSD) and average price. In initial optimisation model calibration it was found that 

average price is directly connected to profitability, if RSD and price profile are otherwise 

kept the same: for example if electricity price is increased 20 %, profit is increased 20 %. 

The exception would be case, where electricity price goes negative frequently. Such events 

however were so rare and minor in these scenarios that their effect on error in profitability 

is insignificant. 

 

Changing RSD is one way to attempt to include changes in volatility to the observation. 

However, it alone is not a perfect solution, since it does not increase the amount of price 

peaks and instead only amplifies the existing overall variation. Another way to include 

volatility is making adjustments to the price profile. Adding price peaks to the profile will 

increase volatility in a perhaps more realistic way. Problem with this is that the average price 

and RSD becomes un-comparable. 

 

In the chosen solution three variations of RSD were made with the same price profile and 

average price. In that profile there are a few price peaks and otherwise somewhat normal 

price profile with higher prices during daytime and lower during nights and weekends. To 

explore the models capability to utilise price peaks better, a fourth scenario was added with 

a slightly different profile: multiple days with high price were added to the halfway of already 

very volatile realised price scenario from January 2016. This puts more emphasis on the 

models capability to use large amounts of water and maximise gain from high prices in a 

short time period. The average price was kept the same in all 4 scenarios, profile the same 

in three scenarios and RSD was different in every scenario. 

 

The RSDs of the three price scenarios were determined based on historical data from 

January 2005 to April 2016 (Fingrid H). The Finnish area Elspot price RSD was calculated 

for each month during that time period and they can be seen in appendix 3. It is apparent 

that there is a slight development where RSD is increasing over time. December 2009, 

January 2010 and February 2010 had very high price peaks which make the yearly average 

RSD development harder to identify for example in yearly averages. From these RSD 

values the lower and higher 20th percentile was removed. Then the lowest (V1), median 

(V2) and the highest (V3) values from January 2010 to April 2016 were chosen as the RSD 

scenarios. The fourth scenario (Vx) had its RSD defined simply based on the profile that 

was created, but it still has the highest RSD. The RSDs of all 4 scenarios are presented in 

table 5.5.3.1. 
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Table 5.5.3.1 Price scenario RSDs. 

 

  V1 V2 V3 Vx 

RSD-% 19,49 29,24 44,09 74,55 

 

The profiles for RSD scenarios and Vx were constructed by taking parts of realised 

electricity prices from 2010 to January 2016. The price peaks were placed in middle of the 

scenario to include some longer term water usage optimisation in the scenarios. The 

change in RSD in the scenarios V1-V3 was applied by simply changing every hourly price 

change by the same percentage in such a way, that the total RSD was set desired and the 

average price remained the same. This way the profile shape and average price remained 

the same, while hourly variation – a measurement of volatility – is changed. All 4 price 

profiles can be seen in appendix 4. The weekdays of V1-V3 scenarios are not in sync with 

Vx and Vx scenario is entirely based on different realised price scenarios. 

 

This method of modelling volatility is quite imperfect, with the main focus on comparability 

and average results long-term. For more realistic results, every price profile should be 

different to describe each desired kind of volatility scenario. This setup is a profile 

compromise that tests both larger price peaks and regular profile optimisation, but the Vx 

scenario results cannot be compared to V1-V3 results without taking into consideration that 

the profile is different. 

 

In initial setup process of the optimisation model it was found that the profile shape has a 

major effect on how much the changes in RSD affect the profitability of the model. Because 

RSD change in the created scenarios comes from hourly price variation percentage change, 

in absolute terms RSD increase consist more of the price peaks than the normal profile 

variation, when the amount of price peaks increase. It is in the nature of optimised 

hydropower production, that most of the energy is produced during high daytime prices. 

Average price of actual electricity produced then is higher than the average price of 

electricity, depending on the hydropower systems flexibility. 

 

If price peaks exist in the profile, most of the gain from increased hydropower capacity 

comes from those price peaks instead of the whole time period. With a flatter profile the 

RSD increase is evenly distributed through the whole scenario, and the increased maximum 

capacity will have much stronger effect on increased income from electricity. It should then 

be noted that there is a difference between utilising higher price variation in normal price 

profile and utilising increasingly frequent price peaks. This method with three different RSD 

scenarios is a compromise between these two, and the increased number of price peaks is 
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taken as an additional case – not being directly comparable with the other 3 because both 

profile and RSD are changed. 

 

While the average price is insignificant at this stage, a default price was set for the scenarios 

and it is based on Nasdaq OMX year DS Futures and EPADs. On April 2016 the average 

of all year DS Futures was 22,195 €/MWh and the average of all Finland EPADs was 5,695 

€/MWh. Summing these values the default average price scenario was set at 27,89 €/MWh. 

(Nasdaq OMX B) 

5.6 Calibrating results 

Two different calibrations were made for the optimisation results. Neither of these change 

any of the result time series. They are only used to compensate for errors to the electricity 

market income caused by the optimisation method and scenarios when compared to 

realised total income results in similar conditions. The calibrations were separated to errors 

caused by the optimisation method and errors caused by used price scenarios. 

 

The optimisation method was calibrated by comparing income from historical electricity 

price and realised electricity production data with optimisation results using the same 

electricity price and used amount of water in optimisation. The used realised scenarios were 

constructed from 16 consecutive 45 day long time periods taken from years 2014 and 2015. 

When the scenarios were categorized based on average Jylhämä discharge and then 

realised scenarios compared with optimisation results performed exactly like in profitability 

analysis but with the exception of keeping Jylhämä maximum discharge limit at 500 m3/s, 

the average difference between the realised scenarios and optimisation scenarios could be 

calculated. In table 5.6.1 the calibration factors are shown. When optimisation result income 

is multiplied by the calibration factor based on the corresponding average inflow, the result 

will be closer to historically realised result in similar water conditions.  

 

Table 5.6.1 Optimisation method adjustments. 

 

Q1 adjust Q2 adjust Q3 adjust Q4 adjust 

0,85 0,94 0,98 1 

 

For Q4 inflow scenario there was no realised data, but it is assumed that the difference 

between optimisation result and realised scenarios becomes insignificant when the amount 

of discharged water increases. This development is most likely explained by the effect of 

startup costs. In lower inflow scenarios the optimisation model has much more opportunities 

to start and stop the production for minimal gain, and as inflow increases, it loses its 
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opportunities to start and stop at all, both in real life and in optimisation model. This adjusting 

based on inflow may include other unknown factors as well. For example, hydropower 

production at lower inflows may optimise more for intra-day trading, and when comparing 

to spot price optimum, the result appears less optimal even though the actual result 

improves. 

 

In part 5.5.3 some problems with defining price profiles were identified. Here some 

calibration factors are defined to compensate some of the errors caused by using the same 

price profile for different RSD scenarios. The optimisation results of base model were 

compared with historical data of average monthly Jylhämä discharge, monthly price RSD 

and income from realised production. When observing all realised month-periods matching 

with optimisation scenarios, the results could be categorised based on RSD. The average 

error in each RSD category was then minimised by finding the factor that gave the least 

error on average. In table 5.6.2 the RSD calibrating factors are shown. 

 

Table 5.6.2 Price profile adjustments. 

 

V1 adjust V2 adjust V3 adjust 

1,042 1,026 0,985 

Here the lowest RSD profiles seem to initially give pessimistic results, while with higher 

RSD the results starts to turn optimistic. This confirms the expectations in part 5.5.3 on the 

effects of price peaks in RSD calculation. Overall it appears that the optimisation results are 

surprisingly accurate compared to realised electricity production both in terms of price 

profile and optimisation method. Especially higher range inflows are very accurate even 

without calibration. 

 OPTIMISATION RESULTS 

The optimisation runs were successful and gave realistic results to a satisfying degree. 

Discharges were not limited in the model from Montta to Merkikoski, but maximum 

discharges from Montta in Base model were around 580 m3/s, in 4L model 680 m3/s and in 

the smaller capacity increases ranged from 620 m3/s to 640 m3/s. This would indicate that 

dredging or other actions taken aiming at 700 m3/s capacity without flood damages would 

be enough to avoid problems in normal operational use in that area. 

 

All income related numbers are presented in indexed values, and the scaling varies 

between figures. It must be stressed that the power generation profiles and numbers 

presented do not necessarily represent realistic usage fully, due to the simplifications 

explained in section 5. However, the results are comparable between each other. 
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6.1 Income 

The optimisation runs gave expected results. Differences between the models with the 

same investment cost were quite minor when comparing to 4L model. The three other 

models could still be differentiated, but required more detailed observation. The main 

component in comparison, absolute increase of income, is collected in table 6.1.1. With 100 

being equal to the smallest absolute income increase, found in EQ model scenario Q1V1, 

the numbers here describe the absolute difference between Base model and the model in 

question. The results are also collected in table found in appendix 5. There the results are 

presented as percentage changes from Base model income. 

 

Table 6.1.1 Income differences from base model paired with table containing scenario variables. 

 

  Q1V1 Q1V2 Q1V3 Q1Vx 

4L 171 271 432 1 285 

4S 109 183 298 809 

EQ 100 172 290 794 

SP 106 186 298 834 

     

  Q2V1 Q2V2 Q2V3 Q2Vx 

4L 463 815 1 373 2 623 

4S 319 561 915 1 647 

EQ 309 544 884 1 626 

SP 324 568 937 1 706 

     

  Q3V1 Q3V2 Q3V3 Q3Vx 

4L 1 099 1 877 3 078 5 023 

4S 820 1 288 2 014 3 208 

EQ 790 1 254 1 960 3 183 

SP 822 1 335 2 093 3 325 

     

  Q4V1 Q4V2 Q4V3 Q4Vx 

4L 6 163 6 674 7 484 9 289 

4S 5 253 5 375 5 584 6 286 

EQ 5 139 5 277 5 517 6 265 

SP 5 328 5 462 5 693 6 399 

 

  V1 V2 V3 Vx 

RSD-% 19,49 29,24 44,09 74,55 

  Q1 Q2 Q3 Q4 

Inflow [m3/s] 107 236 385 511 
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It appears that the benefits from increasing capacity are heavily weighed on scenarios that 

have higher inflows and volatilities. This is mostly because the income in general is better 

using any model, when more energy is available, but also because increased capacity 

allows more flexible water usage optimisation. Production can gain more from volatility and 

utilise high amounts of water better. In the most extreme case, EQ model has 62,7 times 

more income increase in the most beneficial scenario compared to the weakest one. While 

the differences are not as big in the mid-range scenarios, even a two-fold income caused 

by entirely normal changes indicates that the income is heavily dependent on both price 

and income conditions, and that selection of inflows and RSDs for long-term scenarios has 

to be done with special care. Therein lies a major challenge in the profitability analysis: 

uncertainty of future. Whether or not high price peaks will increase in regularity will have 

dramatic effect on the profitability of investments. Also, when comparing the models to Base 

model, the usage of water reservoirs may realise differently. The high Q4 scenario level 

discharges are not realistic in Base model, but with added capacity a Base model Q3 

scenario might actually realise as something closer to Q4 scenario to maximise temporary 

utilisation of price peaks, and then compensate it with less water usage in months 

surrounding the price peak when optimal. 

 

The investment cost of models 4S, EQ and SP is approximately 53 % of the cost of 4L. 

When observing the scenario results, there is no case where 4L would produce more or 

equal difference in income. Based on this table alone, it can be estimated that SP model 

has the best return on investment of these models. All models with smaller capacity increase 

outperformed 4L model in this aspect. Amongst the smaller models, EQ model was the 

weakest. Long-term scenario analysis is needed to determine whether any of these models 

actually are profitable. 

 

The cascade hydropower systems ability to optimise different amounts of water can be 

observed with a curve, where X axis is has the average inflow scenarios and Y axis has the 

scenario total income results from a selected RSD scenario. In figure 6.1.1 such a curve 

has been drawn for all models in a V2 (29,24 RSD-%) RSD scenario at different levels of 

inflow. The total income numbers have been indexed in such a way that lowest income of 

these scenarios is set as 100. 
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Figure 6.1.1 Development of income in V2 scenarios when inflow increases. 

 

The gain from increasing inflow diminishes as inflow gets higher. The curve starts to bend 

at different rates depending on the installed discharge capacity. Base model starts to lose 

income gain from increased amounts of water at drastically earlier point. 4L and the other 

three smaller capacity models remain at relatively same level even in Q4 scenario, though 

at that point their difference starts to appear. When doing same comparison at different V 

scenarios, it was found that the separation of the curves from each other starts earlier when 

RSD increases, but the shape remains the same. 

 

Electricity price volatility may not always be beneficial. For example during a flood large 

amounts of water may need to be discharged, and during those times hydropower has 

reduced flexibility in its production. Water will need to be discharged during low prices as 

well. Figure 6.1.2 with Q2 (236 m3/s) scenario and figure 6.1.3 with Q3 (385 m3/s) scenario 

present RSD scenario as X axis and total income as Y axis. The total income numbers have 

been indexed in such a way that lowest income of these scenarios is set as 100 in both 

figures. 
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Figure 6.1.2 Development of total income in Q2 scenarios when RSD increases. 

 

 

Figure 6.1.3 Development of total income in Q3 scenarios when RSD increases. 

 

It can be seen that RSD generated scenarios seem to have quite different effect when inflow 

increases. The Vx scenario remains favorable in all inflow conditions. In Q3 scenarios V3 

RSD reduces income slightly in Base, 4S, EQ and SP models, with base model having the 

most dramatic loss. This demonstrates the difference between increasing volatility by using 

RSD and adding price peaks into otherwise same profile. Increasing RSD amplifies 

electricity price variation to both directions. While both approaches are valid at least to some 

extent, the results are different. To sum it up, increase of inflow does not increase income 

linearly. Price profile and discharge capacity at HPPs play a role in how much less valuable 

the added energy production is. In certain situations increased discharging may even be 

harmful, provided it cannot be avoided. 
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6.2 Spillage 

To further analyse the behavior of the Oulujoki cascade hydropower system, the count of 

spillage hours was observed. A full table of all spillage hour counts in all scenarios at all 

plants is available in appendix 6. Here in figure 6.2.1 the spillage hours are summarised by 

only looking at Q3 (385 m3/s) scenarios and averaging the spillage hour count of V1-V3 

RSD scenarios. Rest of the results follow the same pattern. The results are similar to 

historical data analysis in section 4.3.5. The overall reduction of spillage at all plants is best 

explained by the lack of maintenances and exclusion of August 2012 flood. Nuojua 

differentiates the most from the historical pattern, and it is best explained by the combination 

of measurement errors and maintenances. 

 

 

Figure 6.2.1 Average spillage hours in Q3 inflow scenario from V1-V3 RSD scenarios. 

 

This figure reflects the whole spillage trend. Overall Pälli and Montta are the HPPs that spill 

water. The differences between the models here is very visible. First of all, the spillage hours 

are reduced in all models, as expected. Interestingly, differences appear in the amount of 

spillage reduction. When the discharge capacities are increased, the spillage hours are 

reduced but the pattern remains the same: Pälli spills the most, Montta comes second and 

some odd hours may appear at Nuojua. SP model appears to be much more effective at 

reducing spillage hours than 4L model. This would indicate that absolute capacity increase 

is not necessarily the only factor, but the relations between the HPPs are important as well. 

Discharge capacity alone then does not always explain the spillages. 

 

It should be kept in mind, that reducing spillage hours is not necessarily the goal in 

hydropower optimisation, though income results here indicate that they are clearly 

connected. The purpose of hydropower optimisation is to maximise the long-term income 
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while staying within the constraints. That is the main reason for including EQ model in 

comparison: a setup where discharge capacity increases are clearly not placed to reduce 

spillage but instead just increase capacity at the HPPs that have the highest energy-

equivalence. In other words, if maximising production at high head HPPs at the expense of 

spillage at other plants would turn out to be recommendable.  

 

From the appendix 6 it can be seen that spillages are not only increasing when inflow 

increases, but also when RSD of the price profile increases. It means that the model can 

create more value from market even though it is wasting energy. Discharge capacity can 

explain the spillages at least to some extent. Pälli clearly has too low capacity and Montta 

too, when in-between reservoir inflows and potentially higher discharges at Pyhäkoski are 

accounted for. On the other hand, Nuojua too has a low discharge capacity, and yet it hardly 

has any spillage hours. 

 

Pyhäkoski and Nuojua are the plants with highest plant head, Nuojua at 22,5 m and 

Pyhäkoski at 32,5 m. This means that same amount of discharge at these plants realises 

as higher electric power than for example at Pälli, where the head is 14 m. It also means 

that avoiding spillage at Nuojua and Pyhäkoski has more value than at other HPPs. In case 

of Pyhäkoski there is clearly excess capacity, but for Nuojua this seems like a good 

explanation. 

 

Jylhämä spills water in Base model Q4 (511 m3/s) scenario, but other than that, it hardly 

ever spills in any scenario or model. It is not exceptionally over-capacity like Pyhäkoski, and 

it has 14 m head. Here the explanation for rare spillages may be the fact that Jylhämä is 

the first plant of Oulujoki, a run-of-the-river system. Discharging very high amounts of water 

would likely lead to spillages at all subsequent plants. What is optimal at Jylhämä is likely 

optimal for the whole system. Since Oulujärvi is a large reservoir that allows much more 

storage of water, the only reasons to spill at Jylhämä, with full capacity available, would be 

a flood or possibly a price peak later during a day, when maximum amount of water is 

needed to be available at all plants. 

 

So, when comparing EQ, SP and 4S models, energy-equivalence has a role in the amount 

of spillages. In general it appears though, that SP model clearly is the most successful in 

reducing spillages, while EQ remains quite high in spillage hours, even though the overall 

capacity has been added. EQ performed the weakest both in spillages and income, so it 

appears that basing capacity increases on energy-equivalence is not recommendable. 

Regardless, the difference is much harder to notice in income than in spillages. 
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6.3 Flexibility of the system 

The flexibility of the system is assessed by observing power generation graphs. HPP 

specific one week samples of all models from a scenario Q3V2 (385 m3/s; 29,24 RSD-%) 

can be found in appendix 7. Here in figure 6.3.1 samples of EQ and SP model total power 

generation graphs are paired with price scenario for comparison in a 100 hour sample. The 

models have the same total electrical power capacity, but it is distributed differently among 

the HPPs. 

 

 

Figure 6.3.1 Total generating power of SP and EQ models and electricity price for 100 hours in 

Q3V2 scenario. 

 

Both models follow the price development, and the differences are quite minute. It appears 

that SP model has more tendency to deviate higher during high prices and lower during low 

prices. This allows greater value for the same amount of energy. When observing the HPP 

specific profile samples, there are differences between the HPPs in how much the flexibility 

increased. Jylhämä did not have major improvements. It can be explained by its location 

being the first HPP with large reservoir: use of increased flexibility is limited by rest of the 

system, and it is already optimising as much as it can, regardless of capacity. Nuojua 

responded much better to capacity increases. While it has the second smallest reservoir, 

Oulujärvi reservoir is within short distance. Initially Nuojua was quite short on capacity 

compared to other plants. Utanen showed slight improvements, while Pälli improved greatly. 

Like Nuojua, Pälli was also greatly under capacity. Pyhäkoski already had quite large 

variation compared to other models in Base model, but with capacity increase the variation 

increased even more. Pyhäkoski is responsible for most of the flexibility in the system: the 
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variation is the greatest in absolute values and relatively as well. Interestingly, Montta 

remained quite flat. This could perhaps be due to the combination of small reservoir and 

strongly fluctuating discharge from Pyhäkoski, as then the reservoir usage may be harder 

to get to align with electricity prices. 

 

The benefits of optimising hydropower capacity by minimising spillage has shown benefits 

here not only in reducing spillage but also increasing total income. The income difference 

appears to come from the models improved ability to adjust the total power generation to 

electricity price. The HPPs may be located distances away from each other and their electric 

power and discharge capacities may have differences, but the total momentary power 

remains the sum of all HPPs momentary production. The highest flexibility of total power is 

best achieved when the HPPs are not limited in optimisation by inconsistent discharge 

capacities. 

 

Intra-day and capacity product income approximations can be made from the tables of 

available flexible capacity up and down, and they are available in appendix 8. The average 

of the results from Q1-Q3 the inflow scenarios is presented in table 6.3.1. 

 

Table 6.3.1 Average of Q1-Q3 inflow scenarios flexible capacity up. 

 

  Average flexible capacity up [MW] 

Base 27,1 

4L 43,6 

4S 35,8 

EQ 36,1 

SP 35,6 

 

The capacities in relation to each other remain the same in all inflow scenarios. As expected, 

Base model has hardly any flexible capacity in Q4 (511 m3/s) scenario and 4L model has 

the highest flexible capacity. Other than that, it appears that as hydropower usage becomes 

more optimal, available flexible capacity reduces. Considering the optimisation of power 

generation is here done against spot price, this seems logical: the better the model can 

optimise for spot, the less there should be left capacity for other products. As a conclusion 

it can be said that this method only provides a rough estimate of the increased capacity 

available for other electricity market products. Models 4S, EQ and SP provide approximately 

22 % more capacity for intra-day and capacity markets. 
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6.4 Long-term profitability 

As described in the 5.1 main concept section, long-term profitability was calculated using 

three different year scenarios. The method was applied on 4S model results. A mock price 

scenario starting at average electricity price of 25 €/MWh and increasing 1 €/a for 40 years 

linearly was used for long-term price development. The frequency of years with Vx price 

peak scenario and years with a wet winter were increased as time progressed, and the 

average discharge at Jylhämä was kept at 250 m3/s for the whole 40 year time period, yearly 

averages varying depending on year scenario. An approximation of intra-day and capacity 

market income increase is included in this calculation. Monthly deviation from the years 

average price was also added. These three year scenarios can be found in appendix 9 with 

Q and V values for each month, from which monthly income was interpolated linearly. The 

long-term profitability results using Net Present Value (NPV) calculation with 4 different 

discount rates is shown in figure 6.4.1. 

 

 

Figure 6.4.1 Net Present Value of the investment in relative values using 4 different discount rates. 

 

The investment is inevitably unprofitable. Even though electricity price is here expected to 

increase steadily, the value of income further in the future is less due to time-value. No 

minor error in the scenario income approximations or even major electricity price increase 

in the long-term price scenario can make 4th generators at Oulujoki profitable using the 

models tested in this thesis. At 7 % discount rate the investment cost would have to be 

reduced to at least a third for the investment to be paid back in 40 years, or electricity prices 

would need a flat threefold increase – both being far-fetched regardless of model chosen. 
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 CONCLUSIONS 

In this study a profitability analysis on Oulujoki capacity increases was performed utilising 

a method that was also developed in this work. The motivation behind this study lies in the 

expected increase of electricity price volatility caused by intermittent renewable energy 

production and estimates that winter and autumn floods may become more regular in the 

future. Both of these developments can be seen as consequences of climate change. 

 

The first research question that was answered is: “How to perform a cascade hydropower 

capacity increase analysis utilising short-term optimisation and planning software?” The 

proposed methodology utilises the optimisation software by running 45 day long scenarios 

that are first optimised against Elspot system price for base model and examined capacity 

increase models. The results are compared to get increased market income and other 

changed hydropower dynamics for the model in question. All results are scaled into one 

month equivalent. The market income increases are used as one month scenario blocks 

with varying inflow and price volatility scenarios to generate yearly increased income 

scenarios in different kinds of conditions, e.g. normal years, wet years and years with price 

peaks. Average price development is applied using a multiplier as the year scenarios are 

combined into a long-term profitability scenario. 

 

The strength of this methodology lies in its versatility. Utilising the block structure, inclusion 

of new details such as maintenance and special market conditions is easy. The income from 

different price and volatility scenarios turned out to be surprisingly accurate in terms of 

income. This was noticed during calibration runs, where middle and top end discharges 

needed only 0-2 % correction to match realised production in matching market conditions, 

while mid-low range was corrected 6 % and lowest discharge 15 %. Price profile related 

corrections were all less than 1 %. In absolute values the lower end discharge corrections 

are much smaller in effect. Since the income results are used mostly for comparisons 

between each other, the reliability of the results can be considered quite high.  

 

On the other hand, this methodology does not provide very realistic information on electricity 

generation profile, as startup costs were included only in income calibration. The one month 

blocks could only describe changes in utilisation of the HPP system up to 45 day timescale, 

which means that any changes in the system dynamics are left unknown beyond that. 

However, it is estimated that most of the benefits from capacity increases occur on daily 

and weekly timescale, meaning that the results can be said to be realistic to a satisfying 

degree. 
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One of the main findings in this thesis, that also confirms the relevance of this method is 

that the distribution of income increases across scenarios from capacity increases. It 

appears that there are major differences between volatility and inflow scenarios. Even in 

mid-range cases a single step up in price volatility scenario almost doubles the income, 

while inflow has even greater effect. The highest income scenario was found to generate 

up to 62,7 times more income increase than the weakest scenario.  

 

The second research question answered is the following: “Is it profitable to build 4th 

generators to the hydropower plants at Oulujoki?” The developed profitability analysis 

method was successfully applied on Oulujoki. A set of 4 different discharge capacity 

increase combinations were generated and tested. None of the combinations was found to 

be profitable: Oulujoki seems to be generally in a good shape. For example using 7 % 

discount rate and a model with flat small 83 m3/s capacity increase at all HPPs the electricity 

prices would have to be tripled for the investment to pay back in approximately 40 years. 

One of the base assumptions was, that the maximum discharge limit at the first HPP 

(Jylhämä) would be increased from 500 m3/s to 600 m3/s. It was found, that increased 

discharges would require dredging operations at Montta-Merikoski river section, which is 

the last between-HPPs section of Oulujoki. 

 

Out of the tested models, a solution where additional capacities were allocated to HPPs 

with the most spillage according to historic data performed best. On average the capacity 

addition in this model was approximately 87 m3/s at each HPP, which equates to 18 % 

discharge capacity increase. The model provided the best value for investment and reduced 

spillage hours noticeably more in comparison to the other models, even more than a flat 

capacity increase model with a much higher investment cost and average capacity increase 

of 154 m3/s. It seems that a flat capacity increase to all plants is much less effective in 

reducing spillage, regardless of capacity. 

 

The flexibility of a cascade hydropower system seems to be connected to spillages. The 

system has the best capability to adapt to market price changes, when optimal discharging 

of water is the least limited by inconsistent discharge capacities. From the results it could 

also be shown that a cascade HPP systems ability to utilise price volatility reduces when 

discharges increase, but this problem was reduced by the addition of 4th generators, like 

expected. 

 

It should be noted that this analysis does not provide a definite answer to whether any 

possible capacity addition would be profitable or not. Only limited number of combinations, 

which all increased capacity at all HPPs were analysed. For example, cases where capacity 
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increase would be placed only at one or two plants were left completely unexplored. Also, 

capacity additions were not observed as HPP specific cases in terms of cost. It is likely that 

some HPPs could offer very cost efficient solutions. Anyhow, the weakest HPPs could be 

easily identified and perhaps their capacities should be observed more in detail with 

refurbishment plans in mind. Maximising capacity increase in refurbishment at Pälli could 

be recommendable. 

 

The research questions were answered: a profitability analysis method was developed and 

it was successfully applied on Oulujoki, giving results that were realistic to a satisfying 

degree. Income increase dependence on market and environmental conditions indicate that 

analysing hydropower capacity increase investments merely based on a flow-duration curve 

may be outdated. The new methodology may prove valuable, since it can be used in many 

different kinds of profitability analyses. Capacity additions, new HPPs and other HPP 

investments outside of the hydropower fleet already in use are all possible to analyse on a 

detailed level, provided digitalised information on the river system and HPPs is available. 

However, this method is the most relevant, when benefits of added flexibility in the system 

need to be known. 

 

Some clear directions for further development of the method can be found. To improve this 

method, the used volatility scenarios should be revised. For realistic volatility modelling, 

each price scenario should be unique in profile to match differing volatility conditions. The 

calibration results indicated that the results are quite close as they are, but a more 

sophisticated volatility modelling approach would still add realism to the results. After that, 

seeking the most optimal hydropower capacity setup with HPP specific costs in mind would 

be the next step in utilising this methodology. An entire topic to research related to this 

thesis is income development of intra-day and capacity products both in future and if 

generation capacity is added. 
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APPPENDICES 

Appendix 1. Protected water systems in Finland. (Energiateollisuus 2008) 

 

Single protected rapids are marked with large dots, lines represent protected parts of rivers 

and coloured areas are protected water system areas.  
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Appendix 2. Hydropower plants in Finland. (Energiateollisuus 2005) 

 

Yellow dots mark 1 – 10 MW plants and orange dots mark over 10 MW plants.  
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Appendix 3. Calculated monthly RSDs. 
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Appendix 4. All price scenarios. 
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Appendix 5. Percentage change of income from Base model in all scenarios. 

 

 Q1V1 Q1V2 Q1V3 Q1Vx 

4L 1,15 % 1,71 % 2,54 % 6,19 % 

4S 0,73 % 1,16 % 1,75 % 3,90 % 

EQ 0,67 % 1,09 % 1,70 % 3,83 % 

SP 0,71 % 1,18 % 1,75 % 4,02 % 

     

 Q2V1 Q2V2 Q2V3 Q2Vx 

4L 1,54 % 2,64 % 4,32 % 7,41 % 

4S 1,06 % 1,82 % 2,88 % 4,65 % 

EQ 1,03 % 1,76 % 2,78 % 4,60 % 

SP 1,08 % 1,84 % 2,95 % 4,82 % 

     

 Q3V1 Q3V2 Q3V3 Q3Vx 

4L 2,41 % 4,14 % 6,92 % 10,77 % 

4S 1,80 % 2,84 % 4,53 % 6,88 % 

EQ 1,73 % 2,76 % 4,40 % 6,82 % 

SP 1,80 % 2,94 % 4,70 % 7,13 % 

     

 Q4V1 Q4V2 Q4V3 Q4Vx 

4L 11,69 % 12,86 % 15,03 % 18,33 % 

4S 9,97 % 10,36 % 11,21 % 12,41 % 

EQ 9,75 % 10,17 % 11,08 % 12,37 % 

SP 10,11 % 10,53 % 11,43 % 12,63 % 

 

Scenario variables: 

 

  V1 V2 V3 Vx 

RSD-% 19,49 29,24 44,09 74,55 

  Q1 Q2 Q3 Q4 

Inflow [m3/s] 107 236 385 511 
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Appendix 6. Spillage hour counts. 
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Appendix 7. Power generation profile samples from Q3V2 (385 m3/s; 29,24 RSD-%) 

scenario. 

 

Base model. 

 

 

4L model. 
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4S model. 

 

 

EQ model. 
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SP model. 
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Appendix 8. Flexible capacity up and down in all scenarios and models. 

 

Base model [MW]. 

  Q1_V1 Q1_V2 Q1_V3 Q1_Vx 

Up 43,64 44,81 43,44 36,94 

Down 38,92 39,88 39,55 31,03 

  Q2_V1 Q2_V2 Q2_V3 Q2_Vx 

Up 36,97 36,58 35,21 37,10 

Down 39,42 39,15 36,77 36,78 

  Q3_V1 Q3_V2 Q3_V3 Q3_Vx 

Up 16,74 18,18 19,31 16,62 

Down 19,05 21,52 23,28 19,62 

  Q4_V1 Q4_V2 Q4_V3 Q4_Vx 

Up 0,59 0,60 0,60 0,57 

Down 0,64 0,66 0,66 0,66 

 

4L model [MW]. 

  Q1_V1 Q1_V2 Q1_V3 Q1_Vx 

Up 51,51 52,36 52,32 41,65 

Down 42,42 43,14 43,70 33,60 

  Q2_V1 Q2_V2 Q2_V3 Q2_Vx 

Up 49,13 51,80 51,12 51,49 

Down 49,52 52,53 53,52 48,26 

  Q3_V1 Q3_V2 Q3_V3 Q3_Vx 

Up 35,65 36,73 35,25 37,48 

Down 39,74 42,16 40,54 39,06 

  Q4_V1 Q4_V2 Q4_V3 Q4_Vx 

Up 18,10 19,53 19,53 17,81 

Down 21,32 23,96 23,96 21,90 

 

4S model [MW]. 

  Q1_V1 Q1_V2 Q1_V3 Q1_Vx 

Up 47,47 47,71 47,78 39,13 

Down 40,80 41,41 41,40 32,10 

  Q2_V1 Q2_V2 Q2_V3 Q2_Vx 

Up 43,04 44,52 43,92 44,49 

Down 44,31 46,10 46,19 43,23 

  Q3_V1 Q3_V2 Q3_V3 Q3_Vx 

Up 26,94 28,65 28,77 26,28 

Down 29,74 33,37 34,00 28,30 

  Q4_V1 Q4_V2 Q4_V3 Q4_Vx 

Up 9,25 10,30 10,30 10,22 

Down 10,88 12,49 12,49 11,76 



106 

 

 

EQ model [MW]. 

  Q1_V1 Q1_V2 Q1_V3 Q1_Vx 

Up 47,44 48,26 48,07 39,05 

Down 41,00 41,81 41,83 32,22 

  Q2_V1 Q2_V2 Q2_V3 Q2_Vx 

Up 43,38 44,87 44,18 44,60 

Down 44,88 46,79 46,81 43,52 

  Q3_V1 Q3_V2 Q3_V3 Q3_Vx 

Up 26,69 29,27 29,27 26,81 

Down 29,91 34,23 34,49 29,41 

  Q4_V1 Q4_V2 Q4_V3 Q4_Vx 

Up 9,65 10,37 10,37 10,52 

Down 11,51 12,88 12,88 12,41 

 

SP model [MW]. 

  Q1_V1 Q1_V2 Q1_V3 Q1_Vx 

Up 47,17 47,95 48,13 39,03 

Down 40,51 41,71 41,74 32,00 

  Q2_V1 Q2_V2 Q2_V3 Q2_Vx 

Up 42,79 44,06 43,87 44,76 

Down 44,03 45,72 46,08 43,01 

  Q3_V1 Q3_V2 Q3_V3 Q3_Vx 

Up 26,64 28,23 28,25 26,24 

Down 29,90 33,23 33,27 28,09 

  Q4_V1 Q4_V2 Q4_V3 Q4_Vx 

Up 8,04 9,59 9,59 9,67 

Down 9,50 11,69 11,69 11,35 
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Appendix 9. Year scenarios. 

 

Month 
Normal 
year   

Price peak 
year 

Wet 
year   

  [m3/s] RSD-% [m3/s] RSD-% [m3/s] RSD-% 

1 324 35,75 300 35,75 254 35,75 

2 362 31,67 511 Vx 374 31,67 

3 315 26,88 300 26,88 336 26,88 

4 226 29,74 190 29,74 309 29,74 

5 186 32,29 140 32,29 366 32,29 

6 169 46,25 110 46,25 298 46,25 

7 176 39,49 120 39,49 369 39,49 

8 227 38,86 135 38,86 368 38,86 

9 207 31,18 150 31,18 202 31,18 

10 200 35,98 170 35,98 217 35,98 

11 253 29,77 210 29,77 267 29,77 

12 295 46,77 254 46,77 313 46,77 

Average 245 35,39 216 Vx 306 35,39 

 


