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ABSTRACT 

Background: Climate change and the consequences of global warming is probably one of the 

greatest issues of our time. Among other concerns, global warming is thought to have a great 

impact on hydrology worldwide. When the atmosphere warms up, river runoff patterns are 

altered. Nevertheless these future changes are assumed to increase the hydropower potential 

in some countries. In the public debate it is often referred to a nine year old investigation 

claiming an increase of 15-20 % in Swedish energy production from hydropower due to the 

river runoff increase. On the other hand recent research is hinting that the effect of global 

warming might be masked by climate variability in the nearest future. This study seeks to 

investigate whether or not the hydropower-intensive company Fortum will benefit from 

increased future hydropower potential due to climate change. 

Methods: Using historical data, the impacts of global warming on the future potential power 

production in different types of hydropower plants are estimated by the statistical approach of 

probability density functions. Moreover spectral analysis is used to investigate the impacts of 

climate variability in various Swedish watersheds. The study investigates both the nearest 

future, represented by the years 2021-2050, and the end of the century, represented by the 

years 2069-2098. 

Results: The future hydropower production is shown to be strongly dependent on the 

geographical location of a power plant and of the specific power plant type. Although all 

Swedish rivers where Fortum operates is given more river runoff in the future, some 

hydropower plants might  suffer from lower hydropower potential due to increased runoff 

variability. However all reservoir-type power plants in the study, with ability to store water, 

are calculated to benefit from increased river runoff. Only the run-of-river type power plants, 

operating with unregulated river flow, are not yet proven to benefit from a changing climate. 

When considering both specific river and type of power plant, this study indicates that the 

hydropower potential in the rivers where Fortum operates is expected to increase with 4-15 % 

towards the end of the century. The one exception is the unregulated river Västerdalälven 

where this study indicates a possibility of decreased hydropower potential due to climate 

change. The results of the spectral analysis indicates that up to 30 % of the coefficient of 

variation in the  monthly mean runoff data is explained by low-frequent periodic fluctuations 

due to natural climate variability, linked to somewhat predictable climate indices. 

Conclusion: Natural climate variability is likely to be the dominating factor in the nearest 

future, at least in regulated rivers. Although there are uncertainties about the future potential 

power production in the run-of-river type power plants, one cannot deny that most of the 

Swedish rivers where the major hydropower companies operate are strongly regulated. 

Adding the fact that river runoff will increase as a consequence of global warming, Fortum is 

likely to gain from an increased hydropower potential. However, this present study highlights 

the inaccuracies in using the out-of-date estimation of 15-20 % hydropower-potential increase 

as a forecast of future potential power production in all Fortum-operated hydropower plants.  

Keywords: Global warming, climate variability, hydropower plants, spectral analysis 
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SAMMANFATTNING 

Bakgrund: Klimatförändringarna och dess konsekvenser i form av global uppvärmning är 

förmodligen en av vår tids absolut största utmaningar. Till exempel förväntas den globala 

uppvärmningen ha en enorm påverkan på hela planetens hydrologi, med förändrade 

nederbörds- och avrinningsmönster som följd. Trots problemen detta medför, såsom torka och 

kraftiga stormar på många håll i världen, så spås de hydrologiska förändringarna gynna 

vattenkraftpotentialen i vissa länder. I Sverige refererar den allmänna debatten på ämnet ofta 

till en nio år gammal utredning som hävdar att Sveriges vattenkraftproduktion kommer att öka 

med 15-20 %, på grund av ökad avrinning i ett varmare klimat. Å andra sidan hävdar ny 

forskning att omfattningen av vissa hydrologiska effekter på grund av den globala 

uppvärmningen är helt underordnad effekterna av klimatets naturliga variabilitet inom den 

närmaste framtiden. Den här studien undersöker huruvida det vattenkraftintensiva 

energiföretaget Fortum verkligen kommer att gynnas med ökad vattenkraftproduktion på 

grund av klimatförändringarna 

Metoder: Genom användandet av historiska data beräknas effekten av den globala 

uppvärmningen på vattenkraftproduktionen i olika typer av vattenkraftverk, med hjälp av 

statistiska fördelningsfunktioner. Vidare används spektralanalys för att beräkna effekten av 

klimatets naturliga variabilitet på hydrologin i olika svenska vattendrag. Studien behandlar 

klimatförändringarna i två olika perspektiv, där den närmaste framtiden representeras av åren 

2021-2050 och slutet av seklet representeras av åren 2069-2098. 

Resultat: Den framtida kraftproduktionen i ett specifikt vattenkraftverk visar sig i denna 

studie vara starkt beroende av geografisk placering och kraftverkstyp. Även om samtliga 

svenska älvar där Fortum äger vattenkraftverk spås få ökad medelavrinning på årsbasis i 

framtiden, kan vissa vattenkraftverk komma att producera mindre energi på grund av ökad 

variabilitet i avrinningen. Hursomhelst visar denna studie att samtliga av Fortums 

reglerkraftverk, med förmåga att lagra vatten, beräknas gynnas av den ökande avrinningen. 

Endast de renodlade strömkraftverken i oreglerade älvar kan komma att missgynnas av 

klimatförändringarna i framtiden enligt denna studie. Vid beaktande av både geografisk 

placering och kraftverkstyp indikerar denna studie att Fortums olika vattenkraftverk kommer 

kunna tillgodogöra sig en ökning av energiproduktionen om 4-15 % mot slutet av seklet, med 

undantag för Västerdalälven. Resultatet av spektralanalysen tyder på att upp till 30 % av 

variationskoefficienten i månadsmedelvärdena över Fortums avrinningsdata kan härledas till 

lågfrekventa periodiska fluktuationer i klimatets naturliga variabilitet. 

Slutsatser: Effekterna av klimatets naturliga variabilitet på avrinningen är förmodligen den 

dominerande faktorn över den globala uppvärmningen, åtminstone inom den närmaste 

framtiden. Mot slutet av seklet däremot visar denna studie att effekterna av den globala 

uppvärmningen på den svenska avrinningen kommer att blir uppenbara. Även om det finns 

stora osäkerheter när det gäller den framtida energiproduktionen i strömkraftverken går det 

inte att förneka att de flesta svenska älvar faktiskt är reglerade. När detta adderas till den 

framtida ökningen i avrinning är det enligt denna studie sannolikt att Fortum kommer att 

gynnas av en ökad vattenkraftproduktion tack vare den globala uppvärmningen. Däremot 

visar denna studie att den nio år gamla uppskattningen om 15-20 % ökning till en följd av den 

globala uppvärmningen förmodligen är överdriven om den används som en prognos för 

Fortums framtida vattenkraftproduktion. 

Nyckelord: Global uppvärmning, klimatvariabilitet, vattenkraft, spektralanalys   
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1  INTRODUCTION 

Climate change and its consequences is probably one of the greatest issues of our time. 

Globally the United Nations has included the concept in its definition of sustainable 

development (United Nations 2015). On the national level countries such as Sweden and 

Finland have adopted environmental policies to mitigate the consequences of climate change 

and adapt to a changing climate (Swedish Meteorological and Hydrological Institute (SMHI) 

2012; Finnish Environment Institute (SYKE) 2015).  

Finding its way from international organizations on a global level down to company level, the 

effects of climate change are considered to be quite expensive. Recent research estimates that 

the cost of climate change is already one percent of the global gross domestic product, and 

expected to reach three percent by the year of 2030 (DARA 2012). On the other hand, there 

are great possibilities to make good profits out of mitigating climate change. The International 

Energy Agency (IEA) claims that hydropower as a renewable energy source could double its 

contribution worldwide and thereby replace a great deal of fossil fuels in electricity 

production, in which upgrading of existing plants would play an important role in 

industrialized countries (IEA 2012). In a hydropower-operating energy company such as 

Fortum, the climate-change issue, with both its costs and its benefits, is a hot topic. Since the 

climate change implies an increase in global mean temperature and altered precipitation 

patterns (Intergovernmental Panel on Climate Change (IPCC) 2013), one could easily argue 

that the Swedish hydropower potential might be about to change.  

In 2007, the Swedish Department of Environment and Energy published the results of the 

investigation "Klimat- och sårbarhetsutredningen". In that report the department stated that 

the Swedish national energy balance would benefit on the expected increase in hydropower 

potential due to climate change. Even though the report was explicit about the effects of the 

spatial distribution, and that some areas would get more precipitation and thereby more 

hydropower potential than others, the conclusion really stressed the average national increase. 

As a national average, an increase of 15-20 % in hydropower potential by the end of the 21
st
 

century was calculated.  

Today, in the winter of year 2016, the report is nine years old. Nevertheless the conclusion 

about the national average increase of 15-20 % in hydropower potential is still an important 

reference in the public debate about hydropower and referred to in various publications by 

various stakeholders in the Swedish energy system. It might not be very surprising that the 

Swedish non-governmental association for protecting the rivers, Älvräddarna, is referring to 

the report in their lobbying against hydro power (Jonsson 2008). A more noteworthy 

reference to the somewhat old estimation is a press release from The Swedish Environmental 

Research Institute (IVL) in 2008 about how to lower Sweden's carbon-dioxide emissions. 

Another example is how the Swedish county of Dalarna, where Fortum have hydropower 

interests in river Dalälven, calculated with the increased hydropower potential in its climate 

adaption strategies (Länsstyrelsen Dalarnas Län 2011). Even the Organization for Economic 

Co-operation and Development (OECD) assesses Sweden's environmental politics as recent 

as two years ago in the light of the expected 15-20 % hydropower-potential increase (OECD 

2014). 

Although climate change is most often referred to as impacts of anthropogenic global 

warming and the greenhouse effect, the climate is also varying on multiple time-scales in 

natural cycles, called natural climate variability (World Meteorological Organization 2015). 
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Without this natural climate variability, the planet would not experience the phenomena of 

wet and dry years. This phenomenon of wet and dry years is important in the hydropower 

sector since it is influencing the water supply. Some recent research even claims that this 

natural climate variability will mask the impact of global warming on the surface hydrology 

in some regions and thereby the impact on hydropower potential for many decades from now 

(Fatichi, Rimkus, Burlando & Bordoy 2014). If that is true, the hypothetical gains or losses in 

the hydropower sector due to climate change might be negligible in comparison to the effects 

of natural climate variability in the nearest future.  

Whether or not Sweden on a national level will benefit from climate change due to increased 

hydropower potential, does not necessarily imply that a certain company like Fortum also will 

benefit from that on-average national increase. Adding the impacts of natural climate 

variability to the anthropogenic global warming makes the issue even more complex and 

maybe more regionally dependent. Sweden is, at least in a European context, a big country, 

and Fortum-operated hydropower facilities are not evenly distributed over the whole nation. 

On a single-power-plant level, there might be room for both winners and losers within the 

national-average numbers in the context of changed precipitation patterns. A prognosis stating 

if a particular hydropower plant is likely to be a winner or a loser in a changing climate, is 

probably of great value for a hydropower-intensive company like Fortum.    

  



Degree Project in Hydraulic Engineering 

AF283X, 30 hp 

Environmental Engineering and Sustanible 

Infrastructure, KTH 

Final report 
Local impacts of climate 

change on Fortum´s 

hydropower production 

 7 (78) 

Joakim Thanke Wiberg  2016-03-09 
 

 

Public version - Approved by Fortum 

 

2  SCOPE AND OBJECTIVES OF THE STUDY 

The scope of this master thesis project covers an examination of how climate change is 

affecting the potential power production on single-power-plant level in various water 

catchments throughout Sweden where Fortum operates. This is conducted in the light of 

recent research on hydrological impacts of both anthropogenic global warming and natural 

climate variability. The major question stated in this report is if the public opinion is right or 

wrong in its assumption that Swedish hydropower companies will benefit from future climate 

change. To answer that major question and examine how climate change is affecting the 

power production on a single-power-plant level, the following four sub-questions are 

answered in this report: 

 Will the impact of anthropogenic global warming give more or less river runoff in the 

Swedish rivers where Fortum owns hydropower plants, according to state-of-the-art research 

on climate change and hydrology? 

 Is anthropogenic global warming going to increase or decrease future potential power 

production in Fortum-operated hydropower plants? 

 How much is the potential power production fluctuating in a single hydropower plant 

from year to year due to natural climate variability, and which predictable climate phenomena 

are best describing these fluctuations? 

 Is anthropogenic global warming or natural climate variability the dominating factor on 

variations in Fortum´s potential hydropower production in the near future?  
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3  TECHNICAL BACKGROUND 

Since 2007 when the investigation "Klimat- och sårbarhetsutredningen" was published, the 

scientific community has made some progress in climate research. Until 2013 and the release 

of the fifth assessment report (AR5),  IPCC was mainly working with climate scenarios 

known as Special Report on Emissions Scenarios (SRES), which are nowadays old and 

obsolete (SMHI 2014). In the SRES the output from socio-economic scenarios was used as 

input for calculation of climate scenarios (Nakicenovic & Swart 2000).  

Today with AR5 as IPCC’s latest guideline for climate change research, the recommended 

scenario concept for climate change research is called Radiation Concentration Pathways 

(RCP). In the RCP concept the climate scenarios are based on different levels of solar 

radiation which can be reached through various combinations of economical, technological 

and political development (Moss et. al. 2010). Serving as an input for climate modelling, the 

four well-defined different RCPs correspond to different future climate scenarios. In these 

climate scenarios the radiative forcing; change in net irradiance at the tropopause, has 

increased due to changes in the atmospheric composition, in which carbon dioxide (CO2) is 

one parameter. The RCPs are named after the corresponding level of change in radiative 

forcing in watt per square meter by the year of 2100, compared to pre-industrial time 

represented by the year of 1750. An overview of the four main RCPs is shown in Table 1, and 

a model example of their consequences for the global mean temperature is shown in Figure 1. 

RCP8.5 should be seen as a high emission scenario and RCP4.5 can be considered as an 

intermediate mitigation scenario (van Vuuren et. al. 2011). This report will use the RCP 

concept as scientific background on the subject of future hydrological scenarios due to 

anthropogenic global warming. 

Table 1. Overview of RCPs (modified from van Vuuren et. al. 2011). The corresponding temperature 

increases in the rightmost column are projected for 2081-2100 relative to 1986-2005 IPCC (2013). 

RCP name Increased 

radiative 

forcing 

(W/m
2
) 

Corresponding 

approximate CO2 

equivalent (ppm in 

the atmosphere) 

Pathway 

characteristic of 

further radiation 

concentration 

Increase of 

global mean 

surface 

temperature [° 

C]  

RCP8.5 8.5 1370 Rising 2,6 - 4,8 

RCP6 6 850 Stabilizing 1,4 - 3,1 

RCP4.5 4.5  650 Stabilizing 1,1 - 2,6 

RCP2.6 2.6 490 Declining 0,3 - 1,7 

 

 

 
Figure 1: Change in average surface temperatures in the years of 2081-2100 in relation to 1986-2005. The 

left map is based on RCP2.6 and the right map on RCP8.5 (IPCC 2014).   
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3.1  Climate change and hydrology 

As already mentioned, the future increase during the 21
st
 century in global average surface 

temperature is expected to alter the precipitation patterns. Some recent research claims that 

the global water cycle will be intensified at a rate of approximately eight percent per degree of 

surface warming (Durack, Wijffels & Matear 2012). How are these hydrological estimations 

on the global scale, justified on the local scale in a single watershed? The question is easily 

explained using the conventional and widely used continuity equation for a watershed 

 𝑑𝑆(𝑡)

𝑑𝑡
= 𝐼(𝑡) − 𝑄(𝑡) 

(3.1) 

where S(t) is the stored volume in the watershed, I(t) is the sum of all inflows to the watershed 

and Q(t) is the sum of all outflows from the watershed (Chow, Maidment & Mays 1988; 

Hingray, Picouet & Must 2014). If the stored volume S(t) is expressed in cubic meters and dt 

is expressed in seconds, then the inflows I(t) and outflows Q(t) is expressed in cubic meters 

per second. Sometimes a simplified version of the continuity equation, often referred to as the 

water-balance equation, is presented in hydrologic literature as 

 𝑃 = 𝐸 + 𝑄 ± ∆𝑆 (3.2) 

where P denotes precipitation, Q river runoff, E evapotranspiration and ∆S storage, often 

expressed in millimetres per year (Knutsson & Morfeldt 2002; SMHI 2013). 

The precipitation is expected to change due to global warming because the water holding 

capacity of air increases by about seven percent per every degree Celsius of warming, which 

leads to increased water content in the atmosphere (Trenbert 2011). Evapotranspiration is also 

expected to change since it is influenced by the solar radiation that is expected to change 

according to the RCPs. If the change in evapotranspiration does not perfectly match the 

change in precipitation, the river runoff and the storage needs to balance the equation. In long 

time series for hydrological studies, such as several years, it is common that the term ∆S in the 

water-balance equation (3.2) is set to zero (Shiklomanov 2009). Thereby the river runoff itself 

needs to balance a future changed difference between precipitation and evapotranspiration. 

The future local-watershed water balances are also expected to behave differently depending 

on the geographic location on the planet. By the rich-get-richer mechanism, also referred to as 

rain inequalities, countries in mid to high latitudes like Sweden and Finland, with an already 

wet climate will become even more wet (Trenbert 2011; Biasutti 2013). An example of the 

worldwide spatial distribution of precipitation changes is shown in Figure 2.   

Figure 2: Change in average precipitation in the years of 2081-2100 in relation to 1986-2005. The left map 

is based on RCP2.6 and the right map on RCP8.5 (IPCC 2014).   
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Besides the estimated increase in average precipitation over Sweden and Finland, the type of 

precipitation is also expected to change. Whether or not the extra rain and snow will come 

down evenly distributed throughout a year or as heavy precipitation during storms, is also a 

studied phenomenon. At the present there is strong evidence that anthropogenic increases of 

the CO2-content in the atmosphere, have contributed to the observed intensification of heavy 

precipitation events of the northern hemisphere land areas (Min, Zhang, Zwiers & Hegerl 

2011; Coumou & Rahmstorf 2012). One way of describing and quantifying changed 

precipitation and runoff patterns is by modelling the future variance related to the future mean 

values. It is believed that the precipitation variance will increase together with the 

precipitation mean in middle to high latitudes, and that the increased precipitation variance 

will lead to increased runoff variance in these areas (Wetherald 2009). How all these future 

hydrological changes, from global warming to river runoff, are modelled and quantified is 

explained in the next section.         

3.1.1  Hydrological impacts due to anthropogenic global warming 

The process of transforming an estimated increase in the global average surface temperature 

down to the river runoff in a specific river at a certain geographical location on the planet is a 

complicated process in many steps, which requires a lot of computational power. Figure 3 

shows a conceptual model as a flowchart of the steps in this transformation.  

 
Figure 3: Conceptual model of the transformation of climate change scenarios into modelled hydrological 

data. The image is modified from U.S. Department of Energy (2013).   

This whole process was done recently at SMHI and the results are published in the report 

Klimatscenarier för Sverige (Sjökvist et. al. 2015), with RCP4.5 and RCP8.5 as initial 

conditions. The General Circulation Model (GCM) used in the study was an ensemble of nine 

global climate models from various institutes, and the Regional Climate Model (RCM) used 

was Rossby Centre regional Atmospheric model version 4 (RCA4), SMHI´s own RCM 

developed at the Swedish Rossby Centre for climate research. Precipitation processes in 

GCMs and RCMs are more or less the same as in models used for day-to-day weather 

Outputs for hydropower assessment 
Future climate data of importance for hydro power production, such as river runoff and evaporation 

Hydrological Model 
Simulation of water and energy budgets Runoff aggregated at watershed level 

Regional Climate Model (RCM) 
Downscaling to simulate regional climate Bias correction to align with historical data 

General Circulation Model (GCM) 
Simulation of atmosphere-ocean-land interaction Projection of atmospheric conditions into future 

Initial conditions in climate change modeling 
Emissions  of greenhouse gases 
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forecasting, but in order to cope with systematic deviations between the models of long-term 

future changes and historically observed data, some kind of bias correction is needed (Olsson, 

Yang & Bosshard 2013).   

The downscaling and bias correction were executed with SMHI’s newly developed method 

called Distribution Based Scaling (DBS), which is thought to better preserve the future 

climate variability in the RCM, compared to the older and conventional Delta Change method 

for downscaling and bias correction (Yang et. al. 2010).   

As hydrologic model the Swedish-developed hydrological model from "Hydrologiska Byråns 

Vattenbalansavdelning" (HBV) was used (Sjökvist et. al. 2015). The HBV model can be 

classified as a semi-distributed model, with sub-basins as hydrological units. Within the sub-

basins there is an area-elevation distribution and a classification of land use. The model 

consists of the three main components; subroutines for snow accumulation and melt, 

subroutines for soil moisture accounting and subroutines for response and river routing. 

Moreover the HBV model has a number of free parameters of which the values are found by 

calibration (Bergström, 1992).    

In this study by Sjökvist et. al. (2015), important outputs for hydropower assessment, such as 

modelled future changes in temperature and runoff, are presented for each of Sweden's 1001 

local watersheds for the future time series of year 2021-2050 and 2069-2098. An example 

from the results is shown in Figure 4.  

 
Figure 4: Changes in local yearly runoff compared to the reference period of 1963-1992, calculated in 

HBV as a 30-year mean based on RCP4.5. The left map shows the changes in 2021-2050, and the right 

map shows the changes in 2069-2098 (Sjökvist et. al 2015). 

3.1.2  Hydrological impacts due to natural climate variability 

So far in this report the review on recent climate research have focused on anthropogenic 

global warming due to emissions of greenhouse gases. However there might be other climate 

variations connected to river runoff that are not directly influenced by human activities. These 
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kinds of phenomena is widely referred to in meteorological and hydrological literature as 

natural climate variability. The definition of natural climate variability is "variations in the 

mean state and other statistics of the climate on all temporal and spatial scales, beyond 

individual weather events" according to the World Meteorological Organization (2015).  

Contrasting long-term climate change, which is driven by anthropogenic climate forcing, 

within-a-decade climate change is driven both by natural inter-decadal variability as well as 

anthropogenic forcing (Liu 2012). This natural variability can be divided into external and 

internal variability. External variability refers to impact from external outside-the-planet 

factors such as variations in solar irradiance and solar tides. Internal variability refers to 

interactions within the climate system such as interactions between the ocean and the 

atmosphere. Actually, this internal variability is thought to be the dominant uncertainty for 

predictions of mean seasonal precipitation for the coming decade everywhere on the planet, 

and in many regions internal climate variability is the dominant uncertainty three decades 

ahead (Hawkins & Sutton 2009). In some watersheds in the European alps the effects of 

climate change on river runoff can be covered by natural climate variability as far as up to 

year 2050 (Fatichi, Rimkus, Burlando & Bordoy 2014).  

Of all climate indices, the North Atlantic Oscillation (NAO) is the most prominent to 

characterize internal climate variability in the Baltic area (Hurrell & Deser 2010; Lehmann, 

Getzlaff & Harlaß 2011). NAO is a redistribution of atmospheric mass back and forth from 

the Arctic to the subtropical Atlantic. This oscillation of atmospheric mass implies large 

changes in meteorological parameters such as temperature and precipitation over the Atlantic 

and Europe. Although the NAO is influencing the climate throughout the year, its impact on 

surface temperature and precipitation is highest during the winter months (Hurrell & Deser 

2010). Since precipitation and evapotranspiration directly affect the river runoff according to 

the water-balance equation, there is reason to believe that NAO phases are affecting the river 

runoff throughout Europe. There is supposed to be a link between the NAO and river runoff in 

Scandinavia, although the river flow cannot solely be described in terms of NAO (Kingston, 

Hannah, Lawler & McGregor 2009). Recent studies have actually found a strong effect of 

NAO on the runoff volume in Polish rivers, especially in the winter-to-spring months, and it 

was also found that there are regional differences even within the country (Wrzesiński 2011). 

A potential problem in using the NAO in hydrological forecasts is the fact that the scientific 

community does not know the time scale (Liu 2012). NAO has been found to be associated to 

both inter-annual and inter-decadal climate variability (Ghil 2002). Some research even claim 

that we will suffer from a decrease in climate predictability for the North Atlantic Basin over 

the next decades, due to elevated multi-decadal variance in the NAO (Goodkin, Hughen, 

Doney & Curry 2008). Even though there is not yet a preferred time scale of the NAO, a 

recent study have found that the NAO is influencing the runoff in various Slovakian rivers 

with periodicities of 2,8 years, 3,6 years and 7,8 years. (Fendeková, Pekárová, Fendek & 

Pekár 2014). 

Another climate index that also represents some of the internal variability is the Pacific 

Decadal Oscillation (PDO). The mechanisms of the PDO are not yet fully understood, but a 

measurable and somewhat predictable index exists. The effects of PDO can be seen as sea 

surface temperature anomalies in the North Pacific as fluctuations with periodic peaks of 9-

12, 12-25 and 50-70 years (Mantua & Hare 2001). River runoff in North America has actually 

been found to be partly controlled by the PDO, although it cannot fully explain the changes 

toward earlier streamflow timing (Stewart, Cayan & Dettinger 2004). Despite its name 
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including the word pacific, the effects of PDO is measurable also in Europe. A recent study 

claims that together with the NAO, PDO is one of the main factors that generate periodicities 

in some European rivers (Briciu & Mihaila 2014). 

A climate index representing external variability is the Group Sunspot Number (SSN). The 

SSN is an updated version of the primary time series to define solar activity, and record exists 

since 18
th

 century (Hoyt & Schatten 1998). This solar activity has been found to behave as a 

cyclic phenomenon, and an 11-year cycle is one of the dominant characteristics of the sun that 

can be seen in the SSN data series (Balogh, Hudson, Petrovay & von Steiger 2014). Although 

the 11-year cycle is periodic, the cycle length varies between 9,8 to 12,1 years (Kramynin & 

Mikhalina 2015). This solar activity cycle is correlated with the total solar irradiance, driving 

the radiative forcing on the earth, which is influencing the earth´s sea surface temperatures 

(Reid 1991; Yang, Cao, Huang & Nian 2010). Since the water cycle is intensified at higher 

surface temperatures, one might expect correlation between the sunspot number and river 

runoff. One recent study has found correlation between SSN and the runoff in French rivers 

(Hajian & Movahed 2010). Another even more recent study has proved that the solar activity 

is influencing the river discharge in Slovakian rivers with 11-year periodicities (Fendeková et. 

al. 2014). 

Even though the link between these climate indices and river runoff might be hard to find 

with conventional and simple statistical methods, various hydro-climatic variability 

researchers have used spectral analysis to find harmonic fluctuations in discharge data time 

series (Fendeková et. al. 2014; Nowak, Hoerling, Rajagopalan & Zagona 2015; Schulte et. al. 

2015; Wörman, Lindström, Bottacin-Busolin & Riml n.d.). By spectral analysis the discharge 

data and the climate indices are studied in the frequency domain instead of the time domain.    

3.2  Hydrology and hydropower 

The relation between the streaming water in a river and the electrical output from a 

hydropower plant can be expressed in one neat mathematical equation  

 𝑃 = 𝑛 ∗ 𝜌 ∗ 𝑔 ∗ 𝐻 ∗ 𝑄 (3.3) 

where P denotes electrical power output in Watts according to the metric system used in 

Sweden and Finland (Warnick 1984; Gulliver & Arndt 1991; Elliot, Chen & Swanekamp 

1998). For a large power plant it is sometimes convenient to measure the power in MW. The 

small letter n denotes overall plant efficiency and is a dimensionless decimal number less than 

one and accounts for energy losses in the power plant. The plant efficiency is a function of, 

among other parameters, turbine and generator efficiency. The Greek letter ρ denotes the 

density of the flowing water in kg/m
3
, and the small letter g denotes the acceleration constant 

measured in m/s
2
. H symbolizes the hydraulic head across the turbine. The hydraulic head can 

be seen as the vertical distance in meters between the upstream water level and the tail water 

level, minus the energy losses in the head race channel and the tail water channel if these 

energy losses are not accounted for in the overall plant efficiency n. Finally Q represents the 

flow of water through the turbine in m
3
/s. The energy W produced during one year in GWh is 

then calculated by multiplying the power in equation (3.3) with the number of hours during a 

day and the number of days during a year to get 

 𝑊 = 𝑛 ∗ 𝜌 ∗ 𝑔 ∗ 𝐻 ∗ 𝑄 ∗ 24 ∗ 365 ∗ 10−9 (3.4) 

There are three main categories of hydropower plants; reservoir-type plants, run-of-river 

plants and pumped-storage plants. Pumped-storage plants involves pumping between a lower 
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and an upper reservoir, where water flows from the upper reservoir through a turbine to 

produce electrical energy when the electricity demand is high, and pumped back to the upper 

reservoir when the electricity demand is low. Since only a few of Fortum's hydropower 

facilities are of the pumped-storage type, the pumped-storage concept is left out from further 

discussions in this report. In the next two sections, the run-of-river and the reservoir types are 

explained in detail from a hydrological point of view. 

3.2.1  Run-of-river power plants 

A run-of-river type power plant operates with the more or less unregulated flow in a river. 

Figure 5 shows one of Fortum´s run-of-river power plants. In principle the flow through the 

turbines used for power production plus the flow that is discharged through the dam 

spillways, equals the total instantaneous flow in the river. However since the turbine capacity 

is never unlimited, high flows, such as during the spring flood, often tend to imply 

unproductive water spillage.   

 
Figure 5: The run-of-river power plant Lima. The picture shows the three spillways to the left and the 

power house to the right. Downstream the power house the tail water level is seen (Kuhlin 2015). 

Of natural climatological and hydrological reasons the streamflow in a watershed varies with 

time throughout the year. The river discharge at a certain hydropower plant can be plotted 

against time to form an annual hydrograph. Figure 6 shows the annual hydrograph for 

Fortum´s power plant Lima in river Dalälven, based on data supplied by 

Vattenregleringsföretagen.  
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Figure 6: Annual hydrograph for Lima power plant. The blue line is the 1991-2013 average. The green 

line shows the wettest year in the interval (2000) and the red line shows the driest year in the interval 

(1996). 

How much of the yearly flow in a river that is available for power production might be 

difficult to see in the hydrograph, and instead the water flow through a turbine is often 

expressed in a flow-duration curve (FDC)  (Warnick 1984; Gulliver & Arndt 1991; Elliot, 

Chen & Swanekamp 1998). In Figure 7 the annual hydrograph from Figure 6 for the Lima 

power plant is redrawn as a FDC. 

Figure 7: FDC diagram for Lima power plant. The blue line is the 1991-2013 average and the red line is 

the installed turbine capacity. Flow above the red line is unusable flow, spillage, since it is higher than the 

turbine capacity. Flow below both the blue and the red line can be considered as available for power 

production. 

For one specific run-of-river plant the mathematical expression for the power output in 

equation (3.3) can be simplified to a mere function of the natural river runoff (Warnick 1984; 

Gulliver & Arndt 1991). This is because the gravity and the water density can be assumed to 
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be constant over a year. The net hydraulic head is either constant or reduced due to a raised 

tail water head because of high flows. The overall efficiency is also only flow-dependent 

under the assumption of constant hydraulic head. Thereby, for a run-of-river plant the power 

output can be expressed as 

 𝑃 = 𝑛 ∗ 𝜌 ∗ 𝑔 ∗ 𝐻 ∗ 𝑄 ≈ 𝑓(𝑄) (3.5) 

3.2.2  Reservoir-type power plants 

A reservoir-type hydroelectric power plant relies on storage to regulate the streamflow. The 

regulation met by the reservoir storage increases the amount of flow that can be used for 

power production and decreases the spillage. It also creates the option to produce electricity 

only when needed or when the electricity prices are favourable for generation. The process 

consists of storing water when the reservoir inflow exceeds the capacity of the turbines and 

release water when the inflow is less than the demand for power production. Figure 8 shows 

one of Fortum´s reservoir-type power plants; Trängslet, with Sweden´s highest hydropower 

dam and a head of 142 meters. 

 

 
Figure 8: The reservoir-type power plant Trängslet. In the main part of the picture the upstream water 

level, the dam crest and its erosion protection are shown. The tail water canal is sighted in the far distance 

in the middle (Fortum 2015). 

When assessing the potential power production of a reservoir-type plant, the method is often 

different from the method with FDCs used to analyse run-of-river plants. In general, the 

preferable method is dependent on the time-scale of the storage-release relationship in the 

reservoir-type plant. If the storage is only used for daily regulation, the plant can to some 

extent be analysed with a FDC (Elliot, Chen & Swanekamp 1998). On the other hand, if the 

reservoir is used for seasonal or long-term storage there are other suitable methods, such as 

the mass curve for reservoir design (Bergh 2015). Figure 9 shows an example of a mass curve 

for reservoir design. 
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Figure 9. Mass curve for yearly regulation in reservoir design. The blue graph shows the cumulative 

inflow. The green straight line is the maximum constant release from the reservoir. The red arrow shows 

the required storage volume of the reservoir to meet the maximum constant release. The reservoir is full 

at t1 and t2, which is typically after the spring flood. 

Since the stored water volume and thereby the water level in a hydropower reservoir varies 

with time throughout the year, and the water level difference between a full and an empty 

reservoir can be quite big as hinted in the picture in Figure 8, the power production in a 

reservoir-type power plant cannot be simplified to only a mere function of the flow. Therefore 

the equation for power production (3.3) is simplified in reservoir-type of power plants, to a 

function of the flow Q and the hydraulic head H as 

 𝑃 = 𝑛 ∗ 𝜌 ∗ 𝑔 ∗ 𝐻 ∗ 𝑄 ≈ 𝑓(𝐻, 𝑄) (3.6) 

with the simplifying assumptions that the water density is constant over a year and that the 

overall efficiency is only flow-dependent when the head losses are included in the hydraulic 

head. 

3.2.3  Fortum´s classification of hydropower plants 

Besides the conventional distinction between the run-of-river power plants and the reservoir-

type power plants, the Production Optimisation and Trading department (POT) of Fortum is 

sometimes using an additional classification system. It consists of the four classes; peak-

regulated power plant (P), regulated power plant (R), run-of-river plant (RoR) and energy 

based production (E). Table 2 lists the four power plant classes according to POT. All of the 

power plants in the P-, R- and E-classes are regulated through a reservoir, and classified as 

reservoir-type power plants with the conventional classification. One major difference in 

between them is how downstream plants are affected by upstream regulation. Whereas the P-

type can be started and stopped several times during a day with no or minor impact on a 

downstream plant, the R-type plant regulation most often affect downstream plants. The E-

type has the purpose of supplying the downstream system with the most profitable flow. 
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Table 2. Classification of Fortum´s hydro power plants. 

Class Acronym Number of starts 

and stops per year 

Reservoir Example of  power 

plant in this study 

Peak-regulated 

power 

P > 300 Yes Trängslet 

Regulated power R around 300 Yes Krångede 

Run-of-river RoR < 10 No Lima 

Energy based 

production 

E < 30 Yes - 
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4  METHODS 

To assess impacts of both anthropogenic global warming and natural climate variability in the 

hydropower context a combination of various methods was used in this study. This chapter 

presents methods used for these two kinds of impacts separately.  

4.1  Assessing impacts of anthropogenic global warming 

To be able to evaluate the influence of geographical distribution on impacts of global 

warming, three different rivers were chosen. Indalsälven was chosen to represent the north 

share of Fortum´s Swedish hydropower plants, Dalälven to represent mid Sweden and 

Gullspångsälven to represent the south-most part. 

In order to test how climate change will affect different types of power plants, two different 

types of power plants were selected in each of the three rivers. In each river one peak-

regulated power plant was selected. Together with the peak-regulated power plant, two run-

of-river plants were selected for Dalälven. In Indalsälven and Gullspångsälven there are no 

pure run-of-river type plants owned by Fortum, thereby one regulated power plant was chosen 

in Indalsälven and Gullspångsälven respectively. The plants were selected in a trade-off 

between plant size in power capacity and availability of long time series of historical data. 

Moreover the quality of the available data was considered. The power plants and their 

technical specifications are presented in Table 5. 

Table 5. Hydropower plants in the study. For the peak-regulated power plants, the reservoir volume in 

million cubic meters and nominal power in megawatts are presented. For the other types of power plants 

the nominal capacity in cubic meters per second and nominal power in megawatts are presented. For all 

the three types, the nominal yearly power production in gigawatt hours is also presented. 

River Peak-regulated power plant (P) Other type of power plant 

Indalsälven Järpströmmen; 502 Mm
3
 ; 

115 MW; 420 GWh/year 

Krångede (R); 500 m
3
/s ; 

240 MW; 1680 GWh/year  

Dalälven Trängslet; 880 Mm
3
 ; 

330 MW; 651 GWh/year 

Lima (RoR); 100 m
3
/s ; 

13,7 MW; 59 GWh/year 

Eldforsen (RoR); 100 m
3
/s ; 

9 MW; 41 GWh/year 

Gullspångsälven Gullspång; 302 Mm
3
 ; 

40 MW; 97,8 GWh/year 

Brattforsen (R); 46 m
3
/s ; 

7,6 MW; 40,5 GWh/year 

The objective to test if global warming might give more or less river runoff in certain Swedish 

rivers and thereby increased hydropower potential in specific plants is treated by a rather 

straight forward process with simple calculations. Details about the data are presented in 

section 4.1.1 . The specific methods and calculations for the effect regulated power plants and 

the regulated power plants are described in section 4.1.2 , and for run-of-river plants in 

section 4.1.3 . Climate data was provided by SMHI and historical plant-specific data was 

provided by Fortum employees.  

4.1.1  Data 

The coordinates for the six studied power plants were found through the Fortum web 

application GISela (2015a), and the corresponding ensemble-mean percent changes for each 

climate scenario and watershed were downloaded from the public available geodatabase files 

from SMHI (2015a). Data from the geodatabase files was extracted by ESRI Arc Map
TM

 10.1. 

Four of the available geodatabase files were used and are presented in Table 6. The difference 
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between the hydrological and the meteorological reference period is due to a time lag in the 

hydrological model and explained further in Sjökvist et. al. (2015). 

Table 6. Geodatabase files used in the study. 

File name according to SMHI (2015a) Extracted climate data 

HBVSv_qcinfltot_MQ_rcp45_ensembleMean_diffPerc Yearly inflow increase per watershed 

compared to the hydrological 

reference period 1963-1992 
HBVSv_qcinfltot_MQ_rcp85_ensembleMean_diffPerc 

t2m_meanAnnual_rcp45_ensembleMean_diffAbs Yearly average temperature increase 

compared to the meteorological 

reference period 1961-1990 
t2m_meanAnnual_rcp85_ensembleMean_diffAbs 

Historical data for the Fortum power plants was provided by Vattenregleringsföretagen (2016) 

for the plants in river Indalsälven and Dalälven. Historical data for the plants in 

Gullspångsälven was provided by Fortum. The historical data used for the RoR plants was 

average total daily discharge. Historical data used for the P and E plants was average total 

daily discharge and daily reservoir water level. Plant-specific technical data was extracted 

from the Fortum intranet (Fortum 2015b). The reference period used for Indalsälven and 

Dalälven was 1991-2013 and for Gullspångsälven 1963-1992. The hydrological time-series 

used for Gullspångsälven are not fully complete and thereby some of the years from the 

reference period are left out of the study. The years covered are presented later in the Results 

chapter. Moreover all data points representing the 29
th

 of February in the time series are 

removed. This is done in order to get more precise results when comparing different years 

with each other and to simplify the calculations. This removal of 1/366 of the water during 

leap years is thought to be within the range of other uncertainties and thereby not have any 

significant impact on the results.   

The hydrological data in the SMHI report is expressed as percent changes in average annual 

runoff between the reference period 1963-1992 and the time series 1991-2013, 2021-2050 and 

2069-2098 respectively, but the time series for historical data from the power plants is 1991-

2013 in Dalälven and Indalsälven. Thereby the percent changes in average annual runoff 

during reference period for the power plants in Indalsälven and Dalälven was needed to be 

linearly transformed from 1963-1992 to 1991-2013 if the future times of 2021-2050 and 

2069-2098 were going to be compared to the historical data from 1991-2013. Conceptually 

this is done by combining equation (4.1) and (4.2) to get equation (4.3) 

 𝑎 ∗ 𝑄63−92 = 𝑄91−13 (4.1) 

 𝑏 ∗ 𝑄63−92 = 𝑄21−50 (4.2) 

 𝑏

𝑎
∗ 𝑄91−13 = 𝑄21−50  

(4.3) 

where a and b denotes the percent changes extracted from the geodatabase and Q denotes total 

watershed inflow for time series according to the indexes. By this transformation the fact that 

we have already seen the first impacts of global warming is accounted for in the calculations. 

In Table 7 the fraction of b/a is presented for each watershed at the corresponding power plant 

as percent increases relative to 1991-2013 and b within brackets as percent increases relative 

to 1963-1992. 

The numbers representing these changes in mean annual watershed inflow are shown in Table 

7 for each of the seven studied power plants and in Table 8 for all major Swedish rivers where 
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Fortum owns Power plants. The numbers represents ensemble-mean and do not cover the 

whole range of possible future scenarios. What is also stated in the report by Sjökvist et. al. 

(2015) is that the results should not be applied for single years, but rather seen as trends for 

longer time series. 

Table 7. Percent increases in mean annual watershed inflow according to the SMHI-data compared to the 

reference period 1991-2013, and compared to the reference period 1963-1992 in brackets. 

Corresponding 

power plant 

2021-2050 

RCP4,5 

2021-2050 

RCP8,5 

2069-2098 

RCP4,5 

2069-2098 

RCP8,5 

Järpströmmen 3,9 (6,7) 4,8 (7,2) 8,8 (11,8) 18,6 (21,2) 

Krångede 4,9 (8,1) 5,7 (8,1)  9,8 (13,1) 17,7 (21,2) 

Trängslet 7,8 (12,7) 7,8 (12,9) 12,7 (17,8) 21,8 (27,6) 

Lima 7,8 (12,0) 6,7 (11,5) 11,1 (15,5) 18,6 (23,8) 

Eldforsen 7,4 (11,7) 6,3 (11,1) 10,3 (14,7) 17,0 (22,3) 

Gullspång 2,4 (8,3) 2,9 (8,5) 3,8 (9,8) 6,1 (11,8) 

Brattforsen 3,3 (9,2) 3,3 (9,1) 4,7 (10,7) 7,0 (13,0) 

 

Table 8. Percent increases in mean annual watershed inflow at the power plant nearest the river outlet 

according to the SMHI-data compared to the reference period 1991-2013, and compared to the reference 

period 1963-1992 in brackets. 

River 2021-2050 

RCP4,5 

2021-2050 

RCP8,5 

2069-2098 

RCP4,5 

2069-2098 

RCP8,5 

Ångermanälven 6,0 (11,0) 7,3 (11,3) 11,6 (16,8) 21,8 (26,2) 

Indalsälven 5,5 (9,1) 6,2 (9,1) 10,3 (14,1) 18,9 (22,0) 

Ljungan 8,2 (13,4) 8,4 (13,2) 12,1 (17,5) 18,7 (24,0) 

Ljusnan 8,7 (13,8) 9,5 (14,5) 10,0 (15,3) 15,8 (21,1) 

Dalälven 6,2 (11,2) 6,1 (11,2) 8,5 (13,5) 13,6 (19,1) 

Klarälven 5,6 (10,7) 5,3 (10,7) 9,3 (14,5) 15,8 (21,6) 

Gullspångsälven 2,4 (8,3) 2,9 (8,5) 3,8 (9,8) 6,1 (11,8) 

The percent changes in total watershed inflow are assumed to be equal to the percent change 

in river discharge. This is thought to be a valid assumption for all locations within a watershed 

which are not the outlet of a lake (Sjökvist et. al. 2015). This implies that when assessing the 

RoR power plants, this assumption is enough to handle future changes in water available for 

power production since the RoR plant is not operating at the outlet of a lake, but in the middle 

of a river. For the P and E power plants, the local evaporation and precipitation over the 

reservoir surface is also included in the calculations, since more of the reservoir inflow is 

evaporated from the reservoir during hot summer days in a future warmer climate (Robinson 

1997). If the future local precipitation over the reservoir is greater than the local future 

evaporation, then the reservoir inflow is at least equal to the river runoff, according to the 

continuity equation for a watershed (3.1). 

4.1.2  Peak-regulated power plants and regulated power plants 

Impact of anthropogenic global warming on these two types of power plants is assessed in 

three steps. First the historically-based statistical relationship between inflow and power 
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production, assumed to be linear, is calculated. Secondly the future reservoir losses due to 

evaporation are estimated. Finally the future power production is calculated by the use of 

future increase in reservoir inflow. 

Historical data on daily mean of total plant discharge and reservoir water level was used to 

calculate reservoir inflow, potential power production and spillage. Inflow was calculated as 

the daily increase of the reservoir water level plus the total daily discharge from the reservoir. 

To compare all the studied power plants, unique in nominal power and flow, against each 

other, normalized dimensionless values were calculated for each power plant. The fraction 

between total inflow of each year and the average annual inflow during the whole reference 

period was calculated. This was done in order to present a normalized inflow expressed as 

percent of the average annual inflow during the whole reference period. The potential power 

production was calculated as described in the technical background with equation (3.4), where 

the plant efficiency rate was set to one in order to simplify the calculations. A normalized 

potential power production was then calculated in the same manner as the normalized inflow 

to express the potential power production as a percent of the average annual potential power 

production. Spillage was calculated as the difference between the daily discharge and the 

turbine capacity on the days when the discharge exceeded the turbine capacity and set to zero 

otherwise. Details about the calculations are found in Appendix 1, Matlab code. 

The loss of available water for power production from the reservoir due to increased future 

evapotranspiration was calculated by an energy balance method  

 
𝐸𝑟 =

𝑅𝑛

𝑙𝑣 ∗ 𝜌𝑤
 , 𝑙𝑣 = 2,501 ∗ 106 − 2370 ∗ 𝑇  

(4.4) 

where Er denotes evaporation rate in cubic meters per second, Rn net radiation flux in watts 

per square meter, lv latent heat of vaporization in joules per kilogram, ρw density of water in 

kilogram per cubic meter and T temperature in kelvin (Chow, Maidment & Mays 1988). 

Rough estimations of evaporation rates for Swedish lakes were provided by SMHI (2015b) 

and found to be within the range of 200-600 mm/year. The net radiation available for 

evaporation is calculated for the reference period, and then the increase in radiation by the 

climate scenario is added. The increased temperature producing future values for lv and ρw are 

also included.   

Finally one percent of future increase in annual inflow is assumed to be equivalent to one 

percent of above-average annual inflow during the reference period. By this assumption, the 

future potential power production in a specific power plant can be calculated as the percent of 

annual inflow increase in the corresponding watershed multiplied by the response between 

historically increased inflow and historically increased power production. 

4.1.3  Run-of-river type power plants 

Since the run-of-river type power plants lacks the ability to store water, for example during 

spring floods, the timing of the increased runoff is important when calculating future potential 

power production. An increase in average annual inflow does not necessarily need to imply 

increased power production. To handle this issue of uncertainties in future timing of higher 

flows and changed yearly flow patterns, a more sophisticated statistical approach is used in 

the assessment of the run-of-river type power plants. To assess the uncertainties in the 

predicted trends of increasing average annual runoff, two different statistical distributions 

were used to estimate the future change in potential power production. Both of the 
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distributions have same increase in the statistical parameter mean annual inflow but with 

different changes in the statistical parameter variance.  

To decide which statistical distribution that should represent the historical discharge data, 

three distributions that is commonly used in hydrology were tested against the data; lognormal 

distribution, log-logistic distribution and generalized extreme value distribution.  

Lognormal distribution 

The lognormal distribution is recommended for various hydrological variables by Chow, 

Maidment and Mays (1988) and its probability density function is defined as in equation (4.5) 

with its mean and variance expressed as in (4.6) and (4.7) 

 
𝑓(𝑥|𝜇, 𝜎) =

1

𝑥𝜎√2𝜋
𝑒

[
−(ln 𝑥−𝜇)2

2𝜎2 ]
 

(4.5) 

 
𝑚𝑒𝑎𝑛(𝑥) = 𝑒(𝜇+

𝜎2

2
)
 

(4.6) 

 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒(𝑥) = 𝑒(2𝜇+𝜎2)(𝑒𝜎2
− 1) (4.7) 

according to Mathworks (2015a), where x is the distributed variable such as daily inflow, µ 

the logarithm of the mean value in the distribution and σ the logarithm of the standard 

deviation in the distribution.  

Log-logistic distribution 

The log-logistic distribution has been used to describe streamflow according to Vicente-

Serrano et. al. (2012) and flood frequency analysis according to Ahmad, Sinclair and Werritty 

(1988), and its probability density function is defined as in equation (4.8) and (4.9) with its 

mean and variance expressed as in (4.10) and (4.11) 

 
𝑓(𝑥|𝜇, 𝜎) =

1

𝑥𝜎

𝑒𝑧

(1 + 𝑒𝑧)2
 

(4.8) 

 
𝑧 =

ln(𝑥) − 𝜇

𝜎
 

(4.9) 

 
𝑚𝑒𝑎𝑛(𝑥) =

𝜋𝜎𝑒𝜇

sin (𝜋𝜎)
 

(4.10) 

 
𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒(𝑥) = 𝑒2𝜇[

2𝜋𝜎

sin (2𝜋𝜎)
−

𝜋2𝜎2

𝑠𝑖𝑛2(𝜋𝜎)
] 

(4.11) 

according to Mathworks (2015b), where x is the distributed variable, µ the logarithm of the 

mean value in the distribution and σ the logarithm of the scale parameter in the distribution. 

Generalized extreme value distribution 

The generalized extreme value distribution can be used to describe annual discharge values 

according to Chow, Maidment and Mays (1988) and its probability density function is defined 

as in equation (4.12) 

 
𝑓(𝑥|𝑘, 𝜇, 𝜎) =

1

𝜎
𝑒[−(1+𝑘

𝑥−𝜇
𝜎

)
−

1
𝑘](1 + 𝑘

𝑥 − 𝜇

𝜎
)−1−

1
𝑘 

(4.12) 
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according to Mathworks (2015c), where x is the distributed variable, µ the location parameter, 

σ the scale parameter and k the shape parameter in the distribution. 

The three distributions were selected among the built-in distributions in Matlab available for 

the fitdist command, which automatically fit numerical data to a probability distribution 

(Mathworks 2015d). These three statistical distributions were evaluated against the criteria of 

goodness-of-fit and the need of a finite variance. The Matlab code describing the numerical 

calculations in detail on the assessment of the run-of-river type power plants is found in 

Appendix 1, Matlab code.  

Once the best fitted distribution according to the chosen criteria was found for the power 

plants Lima and Eldforsen, the statistical distributions fitted to the historical discharge data 

were recalculated with increased mean value according to the climate-scenario projections of 

changes in mean seasonal inflow. The statistical distributions were also tested with two 

different values of the future standard deviation; an increase with 50 % and a decrease with 50 

%. Up to 50 % increase in standard deviation of the river runoff is found in a Canadian study 

of climate change impacts on hydropower production in a region with similar runoff 

characteristics as mid Sweden with snow accumulation during winter and following spring 

floods (Minville, Brissette, Krau & Leconte 2009). These changes in variance were made to 

test how the potential power production might be impacted by changes in the inflow patterns 

other than increasing annual mean. This was done by multiplying the calculated mean and 

variance with the climate scenario data to find new values of µ, σ and k to represent future 

discharge time series. 

With the recalculated statistical distributions corresponding to the climate scenarios annual 

FDCs were created. Potential annual power production, denoted Wannual, was then calculated 

through the equation (4.13) 

 
𝑊𝑎𝑛𝑛𝑢𝑎𝑙 = ∑ 𝑃𝑄 ∗ 𝑡𝑄

𝑛

𝑄=𝑖

 
(4.13) 

where PQ is the power at the flow Q, tQ is the number of days with the certain flow Q 

measured graphically in the FDC and n is the number of unique flows for which the power is 

listed. Wannual was calculated for both the reference periods and the climate scenarios. Table 9 

shows these listed flows in the plant specific data for the examined RoR plants Lima and 

Eldforsen. For flows without a specific corresponding power value in the plant data, the 

nearest lower power value is assigned to the certain flow. For instance all days in the 

Eldforsen FDC with a flow between 90 and 100 m
3
/s is with this method assumed to produce 

7,9 MW. This simplified assumption introduces a systematic bias, and therefore the absolute 

numbers in GWh are quite uncertain, although within the same order of magnitude as the 

official yearly nominal power production. Because of this reason, the future potential power 

production are presented as percent increases from the reference period and not in absolute 

numbers of GWh.  
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Table 9. Specific plant data for Lima and Eldforsen. 

Q (m3/s) 5 10 15 20 25 30 35 40 45 50 55 

Lima 

P (MW) 

0,5 1,4 2,3 3,1 3,5 4,7 5,4 6,3 7,1 7,9 8,6 

Eldforsen 

P (MW) 

0 0 0 1,5 - 2,5 - 3,5 - 4,4 - 

Q (m3/s) 60 65 70 75 80 85 90 95 100 105*  

Lima 

P (MW) 

9,4 10,1 10,9 11,6 12,3 12,8 13,3 13,5 13,7 -  

Eldforsen 

P (MW) 

5,3 - 6,3 - 7,1 - 7,9 - 8,7 9,0  

*The nominal turbine capacity of Eldforsen is 100 m
3
/s.  

 

4.2  Assessing impacts of natural climate variability 

The objective to estimate the yearly variations in hydropower production in a specific plant 

due to natural climate variability was assessed by a method of using spectral analysis to 

investigate the occurrence of periodic fluctuations in historical discharge data. The selection 

of power plants was limited to these plants were monthly discharge data was available from at 

least 1980 to get long time series. The climate indices to represent natural variability in this 

study are NAO, PDO and SSN. Combinations of these climate indices are at the moment used 

in other recent studies on Swedish river runoff fluctuations such as at KTH by Wörman et. al. 

(n.d.) and at SMHI by Foster et. al. (2015).   

4.2.1  Data 

Historical discharge data used to investigate effects of natural climate variability is shown in 

Table 10. All the time series except the one for Brattforsen were obtained from 

Vattenregleringsföretagen (2016). The Brattforsen time series was obtained from Fortum. All 

the discharge time series were on the format of monthly mean; total plant discharge, including 

both production and spillage. Time series of climate indexes are also on the format of monthly 

mean values, and are shown in Table 11. 
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Table 10. Time series of historical discharge data used in the spectral analysis. 

Power plant River Time series, year 

and month 

Length of time 

series [months] 

Stensjön  Indalsälven (Hårkan) 1969:01-2015:10 562 

Krångede  Indalsälven 1940:01-2015:09 909 

Parteboda  Ljungan 1956:01-2015:10 718 

Långå (Lossen)  Ljusnan 1980:01-2015:10 419 

Långå (Grundsjöarna)  Ljusnan 1980:01-2015:10 419 

Trängslet  Dalälven 

(Österdalälven) 

1961:01-2012:12 624 

Lima  Dalälven 

(Västerdalälven) 

1960:01-2012:12 636 

Eldforsen  Dalälven 

(Västerdalälven) 

1950:01-2014:12 768 

Brattforsen  Gullspångsälven 1950:01-2005:12 672 

 

 

Table 11. Time series of climate indexes. 

Climate index Time series Source 

North Atlantic oscillation (NAO) 1950:01-2012:12 NOAA (2015) 

Pacific decadal oscillation (PDO) 1900:01-2013:12 JISAO (2016) 

Sunspot number (SSN) 1750:01-2010:11 Royal Observatory of Belgium (2015) 

 

4.2.2  Spectral analysis 

Spectral analysis was performed by calculating estimations to the power spectral density of 

the discharge-data time series, assuming that they behave as stochastic weakly stationary 

processes. Thereby it is possible to find harmonic fluctuations in the discharge data time 

series, and estimate the variance contribution with respect to frequency. By using spectral 

analysis, the longest measurable period of the harmonic fluctuations in the data series is the 

length of the data series, and the shortest measurable period is twice the sample interval (Jia 

2014). Power spectral density of a weakly stationary process is defined as in equation (4.14) 

 

𝜑𝑋(𝜔) = ∫ 𝑅𝑋(𝑠)𝑒−𝑖𝜔𝑠𝑑𝑠

∞

−∞

 

(4.14) 

where RX(s) is a weakly stationary process and φX(ω) is the power spectral density (Råde & 

Westergren 2004). Since the function describing the process of river discharge over time, 

denoted as RX(s), is not known, a numerical estimate of the power spectral density is 

calculated. The estimation is made through Welch´s method and the Matlab-command pwelch 

which is a nonparametric method to estimate the power spectral density from the signal itself, 

by averaged periodograms of overlapped, windowed signal sections (Mathworks 2015e). 

Coherence-spectrum graphs between the discharge-data time series and the climate-index 
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time series were produced by first calculating the cross-spectral density between the discharge 

data and the climate indices, and then calculating the complex correlation in between the two 

data series. Cross-spectral density is defined as in equation (4.15) 

 

𝜑𝑋,𝑌(𝜔) = ∫ 𝑅𝑋,𝑌(𝑠)𝑒−𝑖𝜔𝑠𝑑𝑠

∞

−∞

 

(4.15) 

where RX,Y(s) is the covariance function of X and Y and φX,Y(ω) is the cross-spectral density 

(Råde & Westergren 2004), which needs to be estimated since the covariance function is not 

known. The cross-spectral density was also estimated with Welch´s method, this time with the 

Matlab-command cpsd (Mathworks 2015f). The coherence spectrum is then calculated 

through equation (4.16) 

 
𝐶𝑋,𝑌(𝜔) =

|𝜑𝑋,𝑌(𝜔)|
2

𝜑𝑋(𝜔)𝜑𝑌(𝜔)
 

(4.16) 

where CX,Y(ω) is a function of frequency with values between zero and one that indicates how 

well X corresponds to Y at each frequency and φX(ω) and φY(ω)  are the power spectral 

densities of X and Y at each frequency (Mathworks 2015g). All Matlab calculations for Lima 

power plant is found in Appendix 1, Matlab code. 

From Parseval´s theorem, it can be derived that the area under the spectrum graph is the total 

variance of the time series (Talley, Pickard, Emery & Swift 2011). Thereby to get an 

estimation of the total variance contribution to the discharge data time series from inter-year 

variability, the area under the power spectrum graph for each power plant is integrated from 

zero to 0,0714, which corresponds to approximately 14 months, and divided by the total area 

under the power spectrum graph. Moreover if the power spectrum is normalized by the total 

variance, the power spectral values give the fraction of the total variance at each frequency.   

Finally the impacts of natural climate variability were quantified by calculating the coefficient 

of variation, CV, in the discharge data that originates from low-frequency variability. This 

was done through equation (4.17) 

 

𝐶𝑉 =

√𝑉𝑎𝑟[𝑄𝑓<0,0714]

𝜇𝑄
 

(4.17) 

where Var[Qf<0,0714] is the variance contribution from low frequency variability and µQ is the 

mean value in the raw data. 
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5  RESULTS 

This chapter presents results of the assessment of global warming and climate variability 

separately. Later on in the report anthropogenic global warming and natural climate 

variability is discussed together.  

5.1  Impacts of anthropogenic global warming 

The impacts of anthropogenic global warming is split up into three sections; impacts on peak-

regulated power plants, impacts on regulated power plants and impact on run-of-river power 

plants.  

Since the climate scenarios impose increased surface temperatures and increased radiative 

forcing, one might wonder about the future reservoir losses in the peak-regulated and the 

regulated power plants due to evaporation. According to the climate scenarios the evaporation 

is increased, but fully covered by the increase in precipitation over the reservoirs. This is seen 

for both RCP scenarios and for all the five studied reservoir-type power plants. A comparison 

between the modelled increases in precipitation from Sjökvist et. al. (2015) and the calculated 

increase in evaporation is shown in Table 12.  

Table 12. Calculated evaporation and precipitation over the reservoirs in mm/year during 2069-2098 and 

both climate scenarios. 

 Järpströmmen Krångede Trängslet Gullspång Brattforsen 

Evaporation 

RCP4.5 

308 408 458 608 608 

Precipitation 

RCP4.5 

854 736 871 757 925 

Evaporation 

RCP8.5 

359 460 509 660 660 

Precipitation 

RCP8.5 

951 801 948 813 987 

 

5.1.1  Impacts on peak-regulated power plants 

The peak-regulated power plants in this study, Järpströmmen, Trängslet and Gullspång, all 

show the same historical pattern. All years with a substantial increase (more than two percent) 

in annual inflow, have also given an increase in power production. Complete tables with all 

the values of normalized inflow and normalized power production are found in Appendix 2, 

Extended results-chapter. There have been spill from these reservoirs rarely, during the 

reference periods, and mostly the water spillage has been in connection to extreme weather 

events. During which years the spillages have occurred is also found in the Appendix 2, 

Extended results-chapter. All these three peak-regulated plants show a linear relationship 

between increased annual inflow and increased power production, illustrated in Figure 10. 

The ratio between the increase in normalized inflow and increase in normalized power 

production is 1:1,16 in Järpströmmen, 1:1,14 in Trängslet and 1:1,11 in Gullspång. This ratio 

suggests that the increase in potential power production during a certain year is actually 

higher than the corresponding increase in reservoir inflow. 
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Figure 10. Normalized power production plotted against normalized inflow for the peak-regulated power 

plants in the study. The straight lines indicate the linear relationship.  

A linear relationship between inflow and power production times the modelled future inflow 

increase, would imply increased power production in all of the three peak-regulated power 

plants Järpströmmen, Trängslet and Gullspång. This is seen in both climate scenarios for both 

of the future time spans. The power production increases are seen in Table 13. 

Table 13. Percent [%] increases in power production according to the linear relationship between 

increased inflow and increased power production and the SMHI-data compared to the reference period 

1991-2013. 

Corresponding 

power plant 

2021-2050 

RCP4,5 

2021-2050 

RCP8,5 

2069-2098 

RCP4,5 

2069-2098 

RCP8,5 

Järpströmmen 4,5 5,6 10,2 21,6 

Trängslet 8,9 8,9 14,5 24,9 

Gullspång 2,7 3,2 4,2 6,8 

 

5.1.2  Impacts on regulated power plants 

Both of the regulated power plants in this study, Krångede and Brattforsen, show the same 

historical pattern. Almost all years with a substantial increase (more than two percent) in 

annual inflow have also given an increase in potential power production. There is one 

exceptional year for each of the two power plants when an increased annual inflow has led to 

a decrease in potential power production; 1995 at Krångede and 1990 at Brattforsen. As seen 

in Figure 11 and Figure 12, the years when the inflow increase led to a power production 

decrease, are characterized by extreme spring floods with stream flows way above the 

nominal turbine capacity. 
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Figure 11. Total discharge at Krångede the extreme year 1995 when increased inflow did not lead to 

increased potential power production. 

 

Figure 12. Total discharge at Brattforsen the year 1990 when increased inflow did not lead to increased 

potential power production. 

In similarity with the peak-regulated power plants, the regulated power plants show a linear 

relationship between increased annual inflow and increased power production (except this one 

exceptional year for each plant). A difference is that at the regulated power plants years with 

increased inflow always lead to water spillage. This water spillage seems to increase 

exponentially with increasing annual inflow. Figure 13 illustrates this linear relationship 
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between inflow and power production, and the exponential relationship between inflow and 

spillage is shown in Figure 14. Because of this water spillage, the ratio in the regulated power 

plant between the inflow increase and the power production increase does not reach 1:1 like in 

the peak-regulated power plants. At this type of plants, the ratio is less than 1:1. In Krångede 

the ratio is 1:0,78 and in Brattforsen 1:0,80. Complete tables with all the values of normalized 

inflow, normalized power production and normalized spillage are found in Appendix 2, 

Extended results-chapter.   

 

Figure 13. Normalized power production plotted against normalized inflow for the regulated power plants 

in the study. The straight lines indicate the linear relationship.  
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Figure 14. Normalized water spillage plotted against normalized inflow for the regulated power plants in 

the study. The curves indicate an exponential relationship.  

Finally the linear relationship between inflow and power production times the modelled future 

inflow increase, would imply increased power production in both the two regulated power 

plants Krångede and Brattforsen. This is seen in both climate scenarios for both of the future 

time spans. The power production increases are seen in Table 14. 

Table 14. Percent [%] increases in power production according to the linear relationship between 

increased inflow and increased power production and the SMHI-data compared to the reference period 

1991-2013. 

Corresponding 

power plant 

2021-2050 

RCP4,5 

2021-2050 

RCP8,5 

2069-2098 

RCP4,5 

2069-2098 

RCP8,5 

Krångede 3,8 4,4 7,6 13,8 

Brattforsen 1,8 2,6 3,8 5,6 

 

5.1.3  Impacts on run-of-river type plants 

The two investigated run-of-river (RoR) type plants, are both found in Västerdalälven; the 

main tributary and unregulated part of Dalälven. Probability Density Functions (PDFs) 

describing the historical plant discharge are presented in Table 15. Figure 15 and Figure 16 

illustrate how well the PDFs are fitted to the historical data at Lima and Eldforsen, as a 

complement to the mean square error. Note that the mean square error is calculated from the 

PDF, which make the numbers normalized and therefore arbitrary except when comparing the 

goodness-of-fit of these to probability density functions in this study against each other. 

Anyhow, the PDF is better fitted to the data of Eldforsen than to the data of Lima. 
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Table 15. Characteristics and statistical parameters of the PDFs describing historical discharge data at 

Lima and Eldforsen. 

Power plant Best fitted Probability 

Density Function 

Statistical 

parameters 

Mean square error 

Lima Lognormal; equations 

(4.5) to (4.7) 

µ = 3,1872 

σ = 0,7207 

0,0951 

Eldforsen Log-logistic; equations 

(4.8) to (4.11) 

µ = 4,0743 

σ = 0,3569 

0,0755 

 
Figure 15. Historical data for Lima plotted as a histogram together with the PDF fitted to the historically 

observed data for the reference period. 

 
Figure 16. Historical data for Eldforsen plotted as a histogram together with the PDF fitted to the 

historically observed data for the reference period. 
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How these modelled changes in future river discharge are linked to the power production can 

be seen in Figure 17 and Figure 18, where the modelled FDCs are illustrated together with the 

historical data. As seen in the figures, at both Lima and Eldforsen, increased variability would 

imply more days during a year when the turbine can be operated at its maximum capacity. On 

the other hand, the runoff increase will mostly lead to spillage instead of increased power 

production. Decreased variability implies less days at maximum turbine capacity, but more 

total runoff within the capacity of the turbine. This implies that the standard deviation, in 

different future scenarios with the same increase in average annual runoff, is governing how 

much of the water increase that can be utilized in a run-of-river power plant. Modelled 

changes in average annual power production for Lima and Eldforsen are shown in Table 16. 

The modelled annual potential power production during the reference period at Lima is 63 

GWh which is an overestimation with 7 % compared to the official values of 59 GWh 

according to GISela (2015a). At Eldforsen the modelled annual potential power production is 

47 GWh, which is an overestimation with 15 % from the official values of 41 GWh according 

to GISela (2015a). These overestimations are probably due to the inaccuracies in fitting the 

PDF to the data, together with the introduced systematic bias explained in section 4.1.3  

 

Figure 17. Graph showing modelled future FDCs together with historical data for Lima. 
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Figure 18. Graph showing modelled future FDCs together with historical data for Eldforsen. 

 

Table 16. Annual average changes in power production at Lima and Eldforsen for each studied climate 

scenario compared to the reference period of year 1991-2013. 

Power plant RCP4.5 

increased 

standard 

deviation 

RCP4.5 

decreased 

standard 

deviation 

RCP8.5 increased 

standard deviation 

RCP8.5 decreased 

standard 

deviation 

Eldforsen 2021-2050 - 1 % + 21 % - 2 % + 20 % 

Eldforsen 2069-2098 + 2 % + 24 % + 7 % + 31 % 

Lima 2021-2050 - 6 % + 27 % - 7 % + 25 % 

Lima 2069-2098 - 3 % + 30 % + 3 % + 38 % 

 

5.2  Impacts of natural climate variability 

Findings in the assessment of natural climate variability are presented in two sections. First 

the variability in the river runoff is presented. The following section presents results about 

which climate phenomena that might be causing the runoff variability. 

5.2.1  Periodic fluctuations in plant discharge 

Spectral analysis shows that there are significant periodic fluctuations in the historical 

discharge data. In Figure 19, 20 and 21 the power spectrum for Krångede, Parteboda and 

Trängslet are shown. The rest of the graphs corresponding to the other power plants are found 

in Appendix 2, Extended results-chapter. As seen in these figures, there are periodic 

fluctuations contributing to the variance in the historical data in all of the studied power 

plants. At certain time periods, measured in months, the contribution to the variance is a lot 

higher than for other periods. Table 17 shows which frequencies that are contributing the most 

to the variance, according to the calculations described in section 4.2.2. As seen in the table, 

the combination of fluctuations periods is different at all the power plants, although there are 
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some patterns seen at more than one plant. For instance the three studied power plants in 

Dalälven all seem to have one common frequency at around 2 years, and all studied power 

plants in Indalsälven seem to have one common frequency at around 1,6 years. What is also 

seen in Table 17, as well as in the figures, is that the variance contribution in relation to the 

seasonal variations is different for the power plants. For instance at Krångede the variance 

contribution from periods greater than one year is 35 % of the total variance, and at Lima only 

7 % of the total variance is contributed by these periods greater than one year. On the other 

hand, since the variance compared to the mean in the raw data is much higher at the 

unregulated power plants, the coefficient of variation due to low-frequency variability, 

calculated by equation (4.17), is within the same order of magnitude at all of the power plants, 

seen in the right-most column of Table 17.  

Table 17. The table lists the number of variance peaks, defined as local maximum in the power spectrum 

graphs, and their corresponding periods. It also lists the periods with a substantial variance contribution. 

The variance in the raw data is calculated in the time domain of the discharge data time series based on its 

monthly mean values. 

Power plant Periods 

[years] 

Variance 

contribution, 

periods > 1 

year [%] 

Monthly 

mean in 

raw data 

[m
3
/s] 

Variance 

in raw 

data 

[m
6
/s

2
] 

Standard 

deviation 

contribution, 

periods > 1 

year [m
3
/s] 

Coefficient 

of variation, 

periods > 1 

year [-] 

Stensjön  1,6 ; 2,7 16 9 26 2 0.22 

Krångede 1,3 ; 1,6 ; 

2,0 ; 2,8 ; 

4,7 ; 10,7 

35 383 14150 70 0.18 

Parteboda 1,3 ; 1,7 ; 

2,9 ; 7,1 

34 69 1212 20 0.29 

Långå (Lossen)  4-8 9 23 278 5 0.22 

Långå 

(Grundsjöarna)  

8-20 8 14 115 3 0.21 

Trängslet  1,3 ; 1,9 ; 

2,8 ; 9,4 

27 64 796 15 0.23 

Lima  2,1 ; 17 7 59 2437 13 0.22 

Eldforsen  2,0 ; 2,5 ; 

20-64  

8 75 5278 21 0.28 

Brattforsen  43; 2,8 26 30 347 9 0.30 
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Figure 19. Power spectrum at Krångede. 

 

 

Figure 20. Power spectrum at Parteboda.  
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Figure 21. Power spectrum at Trängslet.  

5.2.2  Effects of different climate indicators  

The coherence spectrum for each climate index shows how well the fluctuations of the 

historical discharge are coherent with the fluctuations of the three different climate indexes 

NAO, PDO and SSN. Figures 22, 23 and 24 show the coherence spectrum between the 

historical discharge data at Krångede, Parteboda and Trängslet together with the three studied 

climate indexes. The rest of the graphs corresponding to the other power plants are found in 

Appendix 2, Extended results-chapter.  

 

Figure 22. Krångede coherence spectrum: SSN and total discharge. 
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Figure 23. Parteboda coherence spectrum: NAO and total discharge. 

 

 

Figure 24. Trängslet coherence spectrum: PDO and total discharge. 

 

Another noteworthy phenomenon is the divergent behavior of the coherence spectrum at some 

of the power plants, as shown in Figure 25. All of the coherence spectrum graphs are limited 

to 300 months for illustrational purposes. Although most of the time series are longer, the 
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time series of Krångede covers 909 months, most of the peaks in the power spectrum graphs 

are found within the 300 months shown in the coherence spectrum graphs. 

 
Figure 25. Stensjön coherence spectrum: PDO and total discharge. 

 

As seen in Table 18, the strength in the inter-annual (over 2 years) coherence is different at 

the power plants for different climate signals. What is also notable is that the coherence is 

different at different time periods.  

Table 18. The table lists the strongest inter-annual coherence for each power plant and climate index. The 

decimal number denotes the coherence and the number in brackets the corresponding period in years.  

 

 

 

 

 

  

Power Plant NAO PDO SSN 11-year  

SSN-cycle 

Stensjön  0,76 (2,5) 0,18 (2,1) 0,57 (4,3) 0,32 

Krångede  0,31 (2,8) 0,36 (2,2) 0,46 (5,0) 0,26 

Parteboda  0,40 (3,4) 0,70 (2,7) 0,54 (3,4) 0,1 

Långå (Lossen)  0,46 (2,7) 0,37 (3,9) 0,32 (3,3) 0,21 

Långå (Grundsjöarna)  0,61 (2,5) 0,22 (3,9) 0,38 (3,2) 0,24 

Lima  0,39 (2,0) 0,35 (1,9) 0,25 (2,5) 0,19 

Eldforsen  0,44 (4,3) 0,53 (4,8) 0,51 (2,7) 0,35 

Trängslet  0,62 (3,3) 0,82 (3,3) 0,59 (2,8) 0,2 

Brattforsen 0,41 (3,4) 0,86 (12,2) 0,22 (3,4) 0,03 
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6  DISCUSSION 

First the future impacts of global warming on the Swedish surface hydrology are discussed in 

general. Then the impacts on the different type of power plants are discussed, followed by a 

brief remark on the recent climate conference in Paris and how the conference results can be 

used to interpret the results of this study. The impacts of natural climate variability is also 

discussed and finally compared to the impacts of global warming. 

6.1  Impacts due to global warming 

Apparently local state-of-the-art hydrological research still claims that the average annual 

river runoff and thereby reservoir inflow will increase due to anthropogenic global warming, 

at least in all Swedish rivers where Fortum owns hydropower plants. This increase is 

modelled for both the time span of year 2021-2050 and 2069-2098 compared to the reference 

period 1963-1992 by Sjökvist et. al. at SMHI during 2015. What the SMHI research also 

states is that we have already seen hydrological changes due to global warming, as increased 

average annual river runoff in 1991-2013 compared to 1963-1992. 

Besides the expected average increase in river runoff Sjökvist et. al. (2015) states that the 

seasonal inflow patterns will change in the Swedish rivers. The climate scenarios indicate that 

the seasonal pattern with snow accumulation during winter followed by a spring flood will 

remain in Indalsälven and Dalälven, although with an earlier timing and lower amplitude of 

the spring flood. In Gullspångsälven the seasonal inflow patterns is about to change 

drastically, when the spring-flood phenomena will disappear and be replaced by an increased 

autumn and winter runoff. 

Now if the climatologic-scientific community is agreeing upon the predicted increase in 

average annual river runoff for all the Swedish rivers where Fortum owns power plants, and 

these predicted climate scenarios come true, will that give Fortum an increased hydropower 

potential? Well according to this present study, the answer is something like an "it depends" 

rather than a simple "yes". As seen in the results, the type of power plant, whether it is a peak-

regulated, regulated or run-of-river power plant, is more important than the geographical 

location of the facility, although the geographical distribution is an influencing factor when 

comparing power plants of the same type but located in different rivers.  

6.1.1  Peak-regulated and regulated power plants 

This study shows that all the examined power plants with a reservoir, both the peak-regulated 

and the regulated power plants, can be considered to have a linear relationship between 

increased reservoir inflow and increased potential power production. This relationship is seen 

from Indalsälven in northern Sweden to Gullspångsälven in the south. For the peak-regulated 

power plants, Järpströmmen, Trängslet and Gullspång, all years during the reference period 

with a significant increase in reservoir inflow have implied an increase in power production, 

and the power production increase is on average 1,1 times the inflow increase, compared to 

the average annual production during the reference period. For the regulated power plants, 

Krångede and Brattforsen, all years except one during the reference period with a significant 

increase in reservoir inflow have implied an increase in power production, and the power 

production increase is on average 0,8 times the inflow increase, compared to the average 

annual production during the reference period.  
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The difference in how efficiently these two different kinds of power plants can handle the 

increased inflow is partly explained by the reservoir amplitude, and the reservoir volume. 

During years with an increased inflow, the peak-regulated power plants can often benefit from 

a higher maintained water level throughout the year, which increases the power output 

according to equation (3.6). Moreover, the regulated power plants are suffering from 

increasing water spillage all years with increased inflow. In fact, the water spillage seems to 

increase exponentially with increasing inflow according to the results in this study, which 

obviously reduces the ability to make use of all the water during years with an increased 

inflow. Even though the inflow and the power production in the regulated power plants is well 

fitted by a statistical relationship during the historical period 1991-2013, one cannot exclude 

the possibility of a future tipping point above which the power production increases will be 

lower than 0,8 times the inflow increase. This possible tipping point might appear when 

power production increases cease to be linearly proportional to inflow increases, due to the 

exponential relationship between increased inflow and spillage. 

Another result in the present study is that increased future reservoir evaporation due to the 

increased solar radiation will be totally covered by increases in precipitation over the 

reservoirs. Adding this to the results of the linear relationship between increased inflow and 

increased hydropower potential it is likely that all the peak-regulated and regulated power 

plants will be able to benefit from that inflow increase.  

6.1.2  Run-of-river power plants 

When it comes to the run-of-river power plants the meaning of the results are less clear and 

more uncertain. The modelled power production during the reference period is overestimated 

compared to official values. This is probably explained partly by the fact that the PDFs are not 

perfectly fitted to the data. Moreover the methods in this study do not take any account for 

stopping of the power plants during maintenance, but instead assume that the power plants 

have been running constantly during the whole reference period. The result indicating that the 

power production in Eldforsen is much more overestimated than in Lima is partly explained 

by the method of calculating with Eldforsen maximum turbine capacity instead of the nominal 

capacity.  

As seen in the results, the impact of increased or decreased variability is much greater than the 

differences between the climate scenarios RCP4.5 and RCP8.5. For instance the future power 

production at Lima power plant is altered between - 6 % and + 27 % within the same scenario 

of RCP4.5 in the time span 2021-2050, depending on if the runoff variability is increased or 

decreased. This uncertainty exists even though the increase of the mean value is the same in 

both of the statistical distributions. For Eldforsen power plant the power production is 

modelled to increase in the end of the century independently if the variability increases or 

decreases. For Lima power plant the results gives a more pessimistic hint of the future since 

increase in the mean value might be covered by the negative effect of the increased 

variability.  

The modelled impact on the power production in the run-of-river plants of global warming is 

tightly linked to the assumed standard deviation in the range of - 50 % to + 50 %. Since the 

parameter standard deviation is not yet quantified by the latest climate research at SMHI, and 

still very uncertain, the results in the assessment of these power plants should be considered 

very uncertain. Therefor the results in Table 16 should not be used as a forecast of Fortum´s 
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future power production. On the other hand the results really highlight the great uncertainties 

when assessing future power production in a changing climate at run-of-river type plants.   

6.1.3  The results in the light of the climate conference in Paris 2015 

Assuming that the goals and ambitions stated during the climate conference in Paris 2015 are 

met by political action, and the global warming is kept below 2° C, then one might reason that 

RCP4.5 is a more likely scenario than RCP8.5. This assumption is valid since the scenario 

RCP4.5 is thought to imply an increase of the global mean surface temperature in the range of 

1,1-2,6 ° C by the end of the century as stated in Table 1. Thereby a qualified estimation of 

the power production increase for the peak-regulated and the regulated power plants in this 

present study would simply be the plant-specific linear relationship, between increased inflow 

and power production, times the inflow increases according to the SMHI models by Sjökvist 

et. al. (2015) corresponding to RCP4.5.  

6.2  Impacts due to natural climate variability 

Natural climate variability, described in the terms of periodic fluctuations in the monthly 

mean river runoff, is found at all studied power plants. The interesting periods varies from one 

power plant to the next, although some of the periods are found at all power plants in one 

river system, like the 1,9-2,1 year period in Dalälven, or the 1,6-1,7 year period in 

Indalsälven. The number of peaks, seen in the power spectrum graphs, also varies from one 

power plant to the other. One pattern that is seen is that the number of peaks seems to be 

higher the further downstream in the river system the power plant is located. This means in 

practice that a number of periodic fluctuations from different sub-catchments are found in the 

downstream power plant where the water from all the smaller sub-catchments is summed up 

at one power plant. Intra-decadal variability is found as significant peaks in the power 

spectrum at all studied power plants. In contrast, inter-decadal variability is found as 

significant peaks only at some of the power plants. 

As seen in the results, this low-frequency variability, with periodic fluctuations greater than 

one year, contributes to the coefficient of variation in the raw data with 18 % to 30 % 

depending on the studied power plant.  

So which natural-climate-variability phenomena are causing these periodic fluctuations in 

river runoff? According to this study it is a combination of phenomena and it also depends on 

the geographical location of the power plant. As seen in the results, Table 18, the inter-annual 

coherence between the river runoff is strongest with NAO in four out of the nine studied 

power plants, and strongest with PDO in also four studied power plants. The coherence with 

SSN is strongest only at Krångede, although for many of the power plants SSN is the second 

most coherent phenomena, after NAO or PDO. The studied frequency, or period, is also an 

important factor. For instance at Brattforsen the strongest coherence is found at a 12,2-year 

period with PDO, and at Trängslet the strongest coherence is at a 3,3-year period with PDO.  

Even though all studied power plants except Brattforsen have their strongest coherence at 

periods shorter than five years, the weaker coherence at longer periods might be even more 

interesting. As seen in the power spectrum graphs, the area under the curve representing the 

variance contribution is larger at low-frequency peaks than at higher frequency peaks. 

Moreover many of the low-frequency peaks seem to be coherent with the widely known and 

easy-predictable 11-year sunspot cycle. 
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Since the lowest valid frequency in the power spectrum is limited by the length of the time 

series, the estimated variance contribution at the lowest frequencies should be considered 

uncertain. Therefor the peaks at long periods of 8-20 years at Grundsjöarna, 20-64 years at 

Eldforsen and 43 years at Brattforsen might be artefacts from the numerical calculations, 

rather than physical phenomena. Another noteworthy result in the coherence spectrum graphs, 

seen in Figure 25 in the results, is that the coherence does not converge with lower 

frequencies in all graphs. This is probably an artefact from the numerical methods used in the 

Matlab code, and the coherence should not be considered as valid for periods longer than the 

available time series at the corresponding power plant.   

6.3  Global warming compared to natural climate variability 

For all power plants within this study that have been examined both in the light of global 

warming and natural climate variability, Krångede, Trängslet, Lima, Eldforsen and 

Brattforsen, the coefficient of variation of river runoff due to natural climate variability is 

higher than the modelled increase in future inflow according to both of the climate scenarios 

RCP4.5 and RCP8.5. The most extreme case is Brattforsen, with a coefficient of variation in 

discharge due to natural climate variability of 30 %, and a modelled increase of the average 

annual runoff in 2021-2050 of only 3,3 % in RCP4.5. Because of these fluctuations, and their 

amplitude compared to the impact of global warming, it might be reasonable to believe that 

we will see periods of dry years even in the future, contradicting the assumed future increase 

in inflow. As SMHI states in report by Sjökvist et. al. (2015) the inflow increases are 

supposed to be seen as longer trends, in the range of 30-year average.  

At the moment the planet is experiencing the high phase of the 24
th

  11-year solar cycle which 

reached its maximum in April 2014 (National Aeronautics and Space Administration (NASA) 

2016). Moreover the Pacific Decadal Oscillation monthly index has consequently been 

measured at positive values since January 2014 (JISAO 2016). Adding those facts to the 

identified periodic fluctuations from 2 to at least 17 years at the studied power plants, and the 

coherence between these climate indices and the discharge data, there might be reason to 

believe that the last two wet years of 2014 and 2015 will be followed by a period of drier 

years, rather than an infinite year-after-year increase in the water availability. 
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7  CONCLUSIONS AND RECOMMENDATIONS 

According to the results of this present study the four questions stated in the chapter of scope 

and objectives are now answered one by one. After the answers follows a brief conclusion. 

The conclusion treats the major question about the public opinion´s assumption that 

hydropower companies will benefit from climate change. Finally the report presents some 

further recommendations for Fortum Hydro Power & Technology and some suggestions about 

future research on the topic of climate change and hydropower. 

Will the impact of anthropogenic global warming give more or less river runoff in the 

Swedish rivers where Fortum owns hydropower plants, according to state-of-the-art 

research on climate change and hydrology? 

Yes, the scientific community is still claiming that the river runoff will increase in all Swedish 

rivers where Fortum owns hydropower plants. According to the state-of-the-art research at 

SMHI we have already started to see the beginning of that increase in river runoff. There is a 

clear geographical distribution of the increased river runoff over Sweden. From 

Gullspångsälven to Indalsälven the river runoff increase is expected to vary between 0 - 9 % 

in the near future and between 3 - 12 % towards the end of the century, compared to 1991-

2013. 

Is anthropogenic global warming going to increase or decrease future potential power 

production in Fortum-operated hydropower plants? 

This question depends on which type of power plant that is considered. All the peak-regulated 

and regulated power plants in this study will benefit from future increases in river runoff. 

How much the potential power production will increase depends of course on the runoff 

increase in the specific river but also on the type of power plant. Peak-regulated power plants 

will benefit more than the regulated power plants, since some of the water will be spilled 

away in the regulated power plants during the wettest years. If all of the inflow increase is 

supposed to be converted to hydropower production, some of the regulated power plants 

would probably need to be relicensed and upgraded to higher nominal turbine capacity. When 

it comes to the run-of-river type power plants, most of them located in Västerdalälven, the 

unregulated tributary in Dalälven, the uncertainties in the results are high. Whether or not the 

river runoff increase will be available for power production in the run-of-river type power 

plants depends on the timing and variability of the increased flow. This timing is a factor that 

the state-of-the-art research at SMHI has not yet published with all statistical parameters 

needed for an absolute answer. 

How much is the potential power production fluctuating in a single hydropower plant 

from year to year due to natural climate variability, and which predictable climate 

phenomena are best describing these fluctuations? 

Due to natural climate variability, the historical discharge data have been fluctuating in the 

terms of coefficient of variation between 0,2 and 0,3 depending on the power plant. 

Depending on geographical location of a specific power plant, different natural climate 

variability phenomena such as the North Atlantic Oscillation, the Pacific Decadal Oscillation 

or the Sunspot Number, is best suited for usage in inter-annual predictions of river runoff 

fluctuations at that certain power plant. 

Is anthropogenic global warming or natural climate variability the dominating factor on 

variations in Fortum´s potential hydropower production in the near future? 
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Apparently this study shows that natural climate variability is likely to be the dominating 

factor in the near future, at least for the peak-regulated and regulated power plants. In some of 

the Swedish rivers, like Gullspångsälven, the impact of natural climate variability seems to be 

almost one order of magnitude greater than the impact of anthropogenic global warming 

throughout the whole century. 

The major question in this report, if the public opinion is right in its assumption that Swedish 

hydropower companies will benefit from climate change, is according to this study beyond 

doubt "yes". Although there are great uncertainties about the future potential power 

production in the run-of-river type power plants, one cannot deny that most of the Swedish 

rivers where the major hydropower companies operate are strongly regulated. Moreover 

recent research at SMHI is in line with the one of main conclusions in the investigation 

Klimat- och sårbarhetsutredningen by the Swedish Department of Environment and Energy 

(2007); that river runoff will increase as a consequence of anthropogenic global warming. 

However, in light of more recent research, the earlier expected 15-20 % hydropower-potential 

increase is probably much too optimistic if applied as a forecast of Fortum´s future 

hydropower potential. According to this study Fortum´s future hydropower increase due to 

global warming is more likely to be within the range of 4-15 %, compared to 1991-2013. 

Recommendations 

Finally the author of this present study would like to recommend Fortum Hydro Power & 

Technology to consider the following few remarks according to the results: 

 The effects of the anthropogenic global warming on the hydropower production should 

be seen as long-term trends and average values at 30-year time spans. Variations on shorter 

time-scales are primarily associated with natural climate variability. What might be 

interpreted as a three-, five- or even ten-year rising trends in river runoff over a whole region 

could actually be the wet period in a natural cycle, rather than impacts of global warming. 

 Because of this long-term nature of the global warming, its impacts primarily ought to 

be an investment-planning or hydropower-licensing issue, rather than inputs to a forecasting 

tool. To improve seasonal or even inter-year forecasts, the natural climate variability is 

probably more interesting to analyse. Thanks to the strong coherence between the river runoff 

data and the more predictable climate signals such as the Sunspot Number in this study, 

further research on this topic might be proven very useful. A more narrowed-down master 

thesis project on the impacts of natural climate variability, and how to use climate-index 

predictions in inflow forecasting, could be a good idea.  

 Major hydropower reservoirs supplying the peak-regulated power plants, such as the 

lakes Kallsjön, Trängsletsjön and Skagern, are probably big enough to meet the future inflow 

increases due to global warming. At least if future on-average discharge and production 

patterns are adapted to increased winter inflows. If the ambition is to maximise the future 

power production in annual GWh, investments in increased turbine capacity of the regulated 

power plants, such as Krångede and Brattforsen, is of greater need than increasing the 

reservoir volumes at the peak-regulated power plants.  

 Climate change and hydrology is a fast-developing field of research. Thereby it could be 

beneficial to stay updated in the field. One option is of course to continuously revise the long-

term predictions in the light of future research findings in the fields of both anthropogenic 

global warming and natural climate variability. 
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APPENDIX 1, MATLAB CODE 

This appendix contains the Matlab code used in the numerical calculations. Since the same 

code is used at different power plants but with different data sets as inputs, only one power-

plant example of each kind of code is presented; 

Impacts of global warming; run-of-river type power plants 

%Loading data set of time series 

filename = 'Lima_delmoment1.xlsx'; %raw data, modified by removing 29 February 

sheet = 1; 

xlrange = 'B3:B8397'; 

Q_LMA = xlsread(filename,sheet,xlrange); %daily mean Q(t):[m3/s] 

clear xlrange sheet filename 

%Testing PDFs 

x_values = 9:(589-9)/8394:589; %9 is observed min, 589 observed max 

pd_LMA = fitdist(Q_LMA,'lognormal'); %fit PDF to raw data 

y = pdf(pd_LMA,x_values); %saves PDF in a vector 

plot(x_values,y,'LineWidth',2) %plotting PDF 

hold on 

H = histogram(Q_LMA,'Normalization','pdf'); %creates histogram of observed data 

xlabel('Q [m3/s] daily mean') 

ylabel('PDF [-]') 

title('Lima, observed data, 1991-2013') 

%Testing godness of fit 

x_values_dist = 5:10:585; 

xref = [7 816 1961 1337 943 667 517 382 258 221 156 153 114 113 101 89 82 67 56 42 48 36 29 21 27 19 12 12 

11 11 8 7 9 3 9 3 4 7 6 6 1 3 3 4 2 2 0 2 2 1 1 1 1 0 0 0 1 0  1]./8395; %number of data points in each bin 

from the histogram 

x = pdf('lognormal',x_values_dist,3.8172,0.7207); %parameters from fitdist command 

fit = goodnessOfFit(x,xref,'MSE'); 

figure 

plot(x_values_dist,x,'-or') 

hold on 

h = histogram(Q_LMA,'Normalization','pdf'); 

plot(x_values_dist,x) 

%Creating new PDFs from climate scenarios 

m = mean(Q_LMA); 

sd = std(Q_LMA); 

v = var(Q_LMA); 

m_klimat = [m*1.078 m*1.067 m*1.111 m*1.186]; %m_klimat is a vector containing %future mean river 

runoff, with the constants corresponding to the climate scenarios  

v_inc = (sd*1.5)^2; %increased variability 

v_dec = (sd*0.5)^2; %decreased variability 

mu = log(m/sqrt(1+v/m^2)); 

sigma = sqrt(log(1+v/m^2)); 

xv = 598-sort(x_values,'descend')'; 

cdf_ref = 8395*(365/8395)-8395*cdf('lognormal',x_values,mu,sigma)*(365/8395); 

xv_turbine = 1:(365)/8418:365; 

turbine_min = 5*ones(8395); 

turbine_max = 100*ones(8395); 

% The rest of the code corrsponds to climate scenario RCP4.5 and 2021-2050 

mu_inc = log(m_klimat(1)/sqrt(1+v_inc/m_klimat(1)^2)); 

sigma_inc = sqrt(log(1+v_inc/m_klimat(1)^2)); 

mu_dec = log(m_klimat(1)/sqrt(1+v_dec/m_klimat(1)^2)); 

sigma_dec = sqrt(log(1+v_dec/m_klimat(1)^2)); 

cdf_inc = 8395*(365/8395)-8395*cdf('lognormal',x_values,mu_inc,sigma_inc)*(365/8395); 
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cdf_dec = 8395*(365/8395)-8395*cdf('lognormal',x_values,mu_dec,sigma_dec)*(365/8395); 

plot(cdf_ref,xv,cdf_inc,xv,cdf_dec,xv,xv_turbine,turbine_max,'r') 

axis([0 365 0 600]) 

legend('Reference period 1991-2013','Increased standard deviation; +50 ','Decreased standrad deviation; -50 

%','Turbine maximum capacity') 

xlabel('Exceedence Time [Days]') 

ylabel('Flow [m3/s]') 

title('FDC Lima 2021-2050, RCP4.5') 

grid ON 

%Calculating power production from reference period and scenarios 

Q_ref = [0 56 62 68 76 84 93 103 115 128 143 159 178 200 223 248 277 305 331 352  356]; 

%number of days exceeding a certain flow, reference 

Q_1_5 = [0 65 70 75 81 88 96 104 113 123 135 148 163 180 199 221 246 273 303  333 356]; 

%number of days exceeding a certain flow  

%increased variability 

Q_0_5 = [0 42 51 62 76 91 110 131 156 183 213 244 274 303 328 346 357 363 364  365 365]; 

%number of days exceeding a certain flow  

%decreased variability 

P_n = [0.5 1.4 2.3 3.1 3.5 4.7 5.4 6.3 7.1 7.9 8.6 9.4 10.1 10.9 11.6 12.3 12.8 13.3  13.5 13.7]; % 

numbers of MW according to plant data 

for i = 1:20 

    P_ref(i) = (Q_ref(i+1)-Q_ref(i))*P_n(21-i);  

    P_1_5(i) = (Q_1_5(i+1)-Q_1_5(i))*P_n(21-i); 

    P_0_5(i) = (Q_0_5(i+1)-Q_0_5(i))*P_n(21-i); 

end 

P_ref = sum(P_ref)*24/1000; % Annual power production in GWh 

P_1_5 = sum(P_1_5)*24/1000; %GWh 

P_0_5 = sum(P_0_5)*24/1000; %GWh 

deltaE_increased_variability = P_1_5/P_ref 

deltaE_decreased_variability = P_0_5/P_ref 

Impacts of global warming; peak-regulated power plants 

%Loading data set of time series 

filename = 'Trä_delmoment1.xlsx'; %raw data, modified by removing 29 February 

sheet = 1; 

xlrange = 'B3:B8397'; 

H_TRT = xlsread(filename,sheet,xlrange); %daily mean H(t):[m] 

clear filename xlrange 

filename = 'Trä_delmoment1.xlsx'; 

xlrange = 'C3:C8397'; 

Q_TRT = xlsread(filename,sheet,xlrange); %daily mean Q(t):[m3/s] 

clear filename sheet xlrange 

%Splitting up time series in 23 years 1991-2013 

Q = zeros(365,23); 

for i = 1:23 %Creating matrix with year in columns and days in rows 

    Q(:,i) = Q_TRT((1+365*(i-1)):(365+365*(i-1))); 

    H(:,i) = H_TRT((1+365*(i-1)):(365+365*(i-1))); 

end 

my_average = mean(Q(1:8395)); 

sigma_average = std(Q(1:8395)); 

%Calculating mean and standard deviation of discharge Q 

my = zeros(2,23); 

sigma = zeros(2,23); 

for i = 1:23 %Creating two vectors, one with normalized mean and one with %normalized standrard deviation 

    my(1,i) = mean(Q(:,i)); 

    sigma(1,i) = std(Q(:,i)); 
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    my(2,i) = mean(Q(:,i))./my_average; 

    sigma(2,i) = std(Q(:,i))./sigma_average; 

end 

%Calculating reservoir inflow 

for i = 1:23 

    for j = 1:365 

        if j < 365 

        if H(j+1,i)-H(j,i) > 0 

        I(j,i) = Q(j,i)*3600*24+(H(j+1,i)-H(j,i))*69*3600*100; 

        else I(j,i) = Q(j,i)*3600*24; 

        end 

        else I(j,i) = Q(j,i)*3600*24; 

        end 

    end 

end 

I = I/1000000; %Mm3 

inflow = zeros(1,23); 

for i = 1:23 

    inflow(i) = sum(I(:,i)); 

end 

deltaI_TRT = inflow/mean(inflow); 

 

%Plotting discharge Q for assigned year 

t = 1:1:365; 

plot(t,Q(:,16),'Linewidth',2) 

title('Trängslet total tappning år 2013') 

xlabel('Tid [dagar]') 

ylabel('Flöde, dygnsmedelvärde [m3/s]') 

hold on 

capacity_TRT=275*ones(size(t)); 

capacity_ASN=130*ones(size(t)); 

plot(t,capacity_TRT,'Linewidth',2) 

hold on 

plot(t,capacity_ASN,'Linewidth',2) 

legend('Total tappning','Utbyggnadskapacitet Trängslet','Utbyggnadskapacitet  Åsen','Location','Best') 

%Calculating yearly power production 

P = zeros(365,23); 

for i = 1:23 

    for j = 1:365 

    P(j,i) = Q(j,i).*H(j,i)*(142/422.95)*10/1000; %MW 

    end 

end 

for i = 1:23 

    E(i) = sum(P(:,i))*24/1000; %GWh 

end 

deltaE_TRT = E/mean(E); 

%Calculating and plotting linear relationship 

k_TRT = polyfit(deltaI_TRT,deltaE_TRT,1); 

x = 0.7:0.01:1.3; 

y = k_TRT(2)+k_TRT(1)*x; 

figure 

plot(deltaI_TRT,deltaE_TRT,'o',x,y,'r') 

title('Trängslet') 

xlabel('Normalized inflow [ ]') 

ylabel('Normalized power production [ ]') 

legend('Yearly values 1991-2013','Power = k*Inflow + m','Location','Best') 
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Impacts of global warming; regulated power plants 

%Loading data set of time series 

filename = 'gesunden.xlsb'; %raw data, modified by removing 29 February 

sheet = 1; 

xlrange = 'B3:B8397'; 

Q_KRE = xlsread(filename,sheet,xlrange); %daily mean Q(t):[m3/s] 

filename = 'KRE_H_13_15.xlsb'; 

xlrange = 'C3:C8397'; 

H_ges = xlsread(filename,sheet,xlrange); 

xlrange = 'B3:B8397'; 

H_stor = xlsread(filename,sheet,xlrange); 

%Splitting up time series in 23 years 1991-2013 

Q = zeros(365,23); 

for i = 1:23 %Creating matrix with year in columns and days in rows 

    Q(:,i) = Q_KRE((1+365*(i-1)):(365+365*(i-1))); 

    H1(:,i) = H_ges((1+365*(i-1)):(365+365*(i-1))); 

    H2(:,i) = H_stor((1+365*(i-1)):(365+365*(i-1))); 

end 

my_average = mean(Q(1:8395)); 

sigma_average = std(Q(1:8395)); 

%Calculating mean and standard deviation for all years 

my = zeros(2,23); 

sigma = zeros(2,23); 

for i = 1:23 

    my(1,i) = mean(Q(:,i)); 

    sigma(1,i) = std(Q(:,i)); 

    my(2,i) = mean(Q(:,i))./my_average; 

    sigma(2,i) = std(Q(:,i))./sigma_average; 

end 

t = 1:1:365; 

plot(t,Q(:,23),'Linewidth',2) 

title('Krångede total discharge year 2013') 

xlabel('Time [days]') 

ylabel('Total discharge, daily mean [m3/s]') 

hold on 

capacity_KRE = 500*ones(size(t)); 

plot(t,capacity_KRE,'Linewidth',2) 

legend('Total discharge','Turbine capacity','Location','Best') 

%Calculating normalized inflow 

for i = 1:23 

    for j = 1:365 

        if j < 365 

        if H1(j+1,i)-H1(j,i) > 0 

        I(j,i) = Q(j,i)*3600*24+(H1(j+1,i)-H1(j,i))*80*3600*100; 

        else I(j,i) = Q(j,i)*3600*24; 

        end 

        else I(j,i) = Q(j,i)*3600*24; 

        end 

    end 

end 

I = I/1000000; %Mm3 

inflow = zeros(1,23); 

for i = 1:23 

    inflow(i) = sum(I(:,i)); 

end 

deltaI_KRE = inflow/mean(inflow); 
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%Plotting water level 

figure 

plot(t,H1(:,23)) 

hold on 

title('Krångede water level year 2013') 

xlabel('Time [days]') 

dg=204*ones(size(t)); 

sg=203.5*ones(size(t)); 

t_softlimit = [15 60 91 105]; 

sg_softlimit = [204 203.5 202.8 202]; 

plot(t,dg,t,sg,t_softlimit,sg_softlimit) 

ylabel('Water level, daily mean [m]') 

legend('Water level','Water retention level','Water minimum level','Yearly lowering of  water 

level','Location','Best') 

%Calculating potential power prodution and spillage 

P = zeros(365,23); 

spill = zeros(365,23); 

for i = 1:23 

    for j = 1:365 

    if Q(j,i) > 500     

    P(j,i) = 500.*H1(j,i)*(60/204)*10/1000; %MW 

    spill(j,i) = Q(j,i)-500; 

    else P(j,i) = Q(j,i).*H1(j,i)*(60/204)*10/1000; 

    end 

    end 

end 

yearly_spill = zeros(1,23); 

E = zeros(1,23); 

yearly_flow = zeros(1,23); 

for i = 1:23 

    E(i) = sum(P(:,i))*24/1000; %GWh 

    yearly_spill(i) = sum(spill(:,i))*3600*24; 

    yearly_flow(i) = sum(Q(:,i))*3600*24; 

end 

deltaE_KRE = E/mean(E); 

deltaspill_KRE = yearly_spill/mean(yearly_spill); 

spill_of_flow = yearly_spill./yearly_flow; 

%variabilitet 

for i = 1:23 

    meanI(i) = mean(I(:,i)); 

    varI(i) = var(I(:,i)); 

end 

%Calculating and plotting linear relationship 

k_KRE = polyfit(deltaI_KRE,deltaE_KRE,1); 

x = 0.6:0.01:1.4; 

y_prod = k_KRE(2)+k_KRE(1)*x; 

y_spill = 0.00124.*exp(6.217*x); 

figure 

plot(deltaI_KRE,deltaE_KRE,'ob',x,y_prod,'- r',deltaI_KRE,deltaspill_KRE,'og',x,y_spill,'-g') 

title('Krångede') 

xlabel('Normalized inflow [ ]') 

ylabel('Normalized power production and spill [ ]') 

legend('Production values 1991-2013','Power = k*Inflow + m','Spill values 1991- 2013','Spill = 

a*exp(b*Inflow)','Location','Best') 

figure 

plot(deltaI_KRE,deltaE_KRE,'ob',x,y_prod,'-r') 

title('Krångede') 



Degree Project in Hydraulic Engineering 

AF283X, 30 hp 

Environmental Engineering and Sustanible 

Infrastructure, KTH 

Appendix 1 
Local impacts of climate 

change on Fortum´s 

hydropower production 

 57 (78) 

Joakim Thanke Wiberg  2016-03-09 
 

 

Public version - Approved by Fortum 

 

xlabel('Normalized inflow [ ]') 

ylabel('Normalized power production and spill [ ]') 

legend('Production values 1991-2013','Power = k*Inflow + m','Location','Best') 

Impacts of natural climate variability 

%Loading data set of time series 

%Lima Month 01 1960 - Month 09 2015 

filename = 'LMA_Q_60_15_monthly.xlsb'; %raw data; removing 29 February 

sheet = 1; 

xlrange = 'B3:B638'; 

Q_LMA_monthly = xlsread(filename,sheet,xlrange); %monthly mean Q(t):[m3/s] 

clear filename sheet xlrange 

%Plotting Q(t) 

t_LMA = 1:636; 

figure 

plot(t_LMA,Q_LMA_monthly) 

title('Lima') 

legend('Total discharge, monthly mean') 

xlabel('Time [months]') 

ylabel('Discharge [m^3/s]') 

%%%%%%%%%%%%% 

%Power Spectrum Q(w)% 

%%%%%%%%%%%%% 

Fs=1; 

figure 

XN = length(Q_LMA_monthly); 

f1 = hamming(XN).*detrend(Q_LMA_monthly(:)); %helping variable to detrend data 

NFFT = 2^nextpow2(length(Q_LMA_monthly)); 

[Q_LMA_Spectral,frequency_LMA] = pwelch(f1,[],[],NFFT,Fs); 

phase_LMA = atan2(-imag(Q_LMA_Spectral),real(Q_LMA_Spectral))*(180/pi); 

Freq_store = []; 

Pxy_store = []; 

for i = 1:length(frequency_LMA)-1 

if frequency_LMA(i) < 0.09 

    Freq(i) = frequency_LMA(i);  

    Freq_store = [Freq_store Freq(i)]; 

    realPxy(i) = real(Q_LMA_Spectral(i)); 

    Pxy_store = [Pxy_store realPxy(i)]; 

end 

end 

plot(Freq_store,Pxy_store,'ro',Freq_store,Pxy_store,'b-') 

title('Power Spectrum Lima') 

xlabel('Frequency [1/month]') 

ylabel('Power [(m^3/s)^2]') 

figure 

frequency_LMA = frequency_LMA'; 

phase_LMA = phase_LMA'; 

plot(frequency_LMA,phase_LMA,'k') 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% %Spectral analysis; climate index  (NAO) and discharge Q% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%Loading NAO-data for Lima time series 

C = textread('NAO_1950.txt'); 

c = C(11:63,2:13)'; 

NAO_LMA = c(1:636); 

t_NAO = 1:length(NAO_LMA); 
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f2 = hamming(XN).*detrend(NAO_LMA(:)); 

figure 

plot(t_NAO,NAO_LMA) 

title('NAO 1960-2012') 

xlabel('Month') 

ylabel('Index [-]') 

%Cross PSD NAO and Q_LMA 

[Pxy,freq] = cpsd(f1,f2,[],[],NFFT,Fs); 

phase_LMA = atan2(-imag(Pxy),real(Pxy))*180/pi; 

Freq_store = []; 

Pxy_store = []; 

for i = 1:length(freq)-1 

if freq(i) < 0.09 

    Freq(i) = freq(i);  

    Freq_store = [Freq_store Freq(i)]; 

    realPxy(i) = real(Pxy(i)); 

    Pxy_store = [Pxy_store realPxy(i)]; 

end 

end 

figure 

plot(Freq_store,Pxy_store,'ro',Freq_store,Pxy_store,'b-') 

title('CSPD; NAO index and Lima discharge') 

xlabel('Frequency [1/month]') 

ylabel('Power []') 

figure 

plot(1./Freq_store,Pxy_store,'ro',1./Freq_store,Pxy_store,'b-') 

title('CSPD; NAO index and Lima discharge') 

xlabel('Period [month]') 

ylabel('Power []') 

coherence spectra. NAO och Q 

[Pyy,freq] = cpsd(f1,f1,[],[],NFFT,Fs); 

[Pxx,freq] = cpsd(f2,f2,[],[],NFFT,Fs); 

coh = (Pxy.*conj(Pxy))./(Pxx.*Pyy); 

phase_LMA = atan2(-imag(Pxy),real(Pxy))*180/pi; 

Freq_store = []; 

coh_store = []; 

for i = 1:length(freq)-1 

if freq(i) < 0.09 

    Freq(i) = freq(i);  

    Freq_store = [Freq_store Freq(i)]; 

    coh_mod(i) = coh(i); 

    coh_store = [coh_store coh_mod(i)]; 

end 

end 

figure 

plot(1./Freq_store,coh_store) 

plot((freq),phase/180,'ro',(freq),phase/180,'b-') 

title('Lima Coherence spectrum: NAO index and discharge') 

xlabel('Period [months]') 

ylabel('Coherence [-]') 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% %Spectral analysis; climate index  (PDO) and discharge Q% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%Lima Month 01 1960 - Month 12 2013 

filename = 'LMA_Q_60_15_monthly.xlsb'; 

sheet = 1; 

xlrange = 'B3:B650'; 
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Q_LMA_monthly = xlsread(filename,sheet,xlrange); %monthly mean Q(t):[m3/s] 

clear filename sheet xlrange 

%%Cross PSD PDO and Q_LMA 

XN = length(PDO_LMA); 

f1 = hamming(XN).*detrend(Q_LMA_monthly(:)); 

f2 = hamming(XN).*detrend(PDO_LMA(:)); 

[Pxy,freq] = cpsd(f1,f2,[],[],NFFT,Fs); 

phase_LMA = atan2(-imag(Pxy),real(Pxy))*180/pi; 

Freq_store = []; 

Pxy_store = []; 

for i = 1:length(freq)-1 

if freq(i) < 0.09 

    Freq(i) = freq(i);  

    Freq_store = [Freq_store Freq(i)]; 

    realPxy(i) = real(Pxy(i)); 

    Pxy_store = [Pxy_store realPxy(i)]; 

end 

end 

figure 

plot(Freq_store,Pxy_store,'ro',Freq_store,Pxy_store,'b-') 

title('CSPD; PDO index and Lima discharge') 

xlabel('Frequency [1/month]') 

ylabel('Power []') 

figure 

plot(1./Freq_store,Pxy_store,'ro',1./Freq_store,Pxy_store,'b-') 

title('CSPD; PDO index and Lima discharge') 

xlabel('Period [month]') 

ylabel('Power []') 

coherence spectra PDO och Q 

[Pyy,freq] = cpsd(f1,f1,[],[],NFFT,Fs); 

[Pxx,freq] = cpsd(f2,f2,[],[],NFFT,Fs); 

coh = (Pxy.*conj(Pxy))./(Pxx.*Pyy); 

phase_LMA = atan2(-imag(Pxy),real(Pxy))*180/pi; 

Freq_store = []; 

coh_store = []; 

for i = 1:length(freq)-1 

if freq(i) < 0.09 

    Freq(i) = freq(i);  

    Freq_store = [Freq_store Freq(i)]; 

    coh_mod(i) = coh(i); 

    coh_store = [coh_store coh_mod(i)]; 

end 

end 

figure 

plot(1./Freq_store,coh_store) 

%plot((freq),phase/180,'ro',(freq),phase/180,'b-') 

title('Lima Coherence spectrum: PDO index and discharge') 

xlabel('Period [months]') 

ylabel('Coherence [-]') 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% %Spectral analysis; climate index  (SSN) and discharge Q% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%Lima Month 01 1960 - Month 12 2012 

filename = 'LMA_Q_60_15_monthly.xlsb'; 

sheet = 1; 

xlrange = 'B3:B638'; 

Q_LMA_monthly = xlsread(filename,sheet,xlrange); 



Degree Project in Hydraulic Engineering 

AF283X, 30 hp 

Environmental Engineering and Sustanible 

Infrastructure, KTH 

Appendix 1 
Local impacts of climate 

change on Fortum´s 

hydropower production 

 60 (78) 

Joakim Thanke Wiberg  2016-03-09 
 

 

Public version - Approved by Fortum 

 

clear filename sheet xlrange 

%plotting SSN from 1960 to 2012 

C = textread('monthssn.txt'); 

c = C(2521:3156,4)'; 

ssn_LMA = c(1:636); 

t_ssn = 1:length(ssn_LMA); 

figure 

plot(t_ssn,ssn_LMA) 

title('SSN 1960-2013') 

xlabel('Month') 

ylabel('Index []') 

%Cross PSD SSN and Q_LMA 

XN = length(ssn_LMA); 

f1 = hamming(XN).*detrend(Q_LMA_monthly(:)); 

f2 = hamming(XN).*detrend(ssn_LMA(:)); 

[Pxy,freq] = cpsd(f1,f2,[],[],NFFT,Fs); 

phase_LMA = atan2(-imag(Pxy),real(Pxy))*180/pi; 

Freq_store = []; 

Pxy_store = []; 

for i = 1:length(freq)-1 

if freq(i) < 0.09 

    Freq(i) = freq(i);  

    Freq_store = [Freq_store Freq(i)]; 

    realPxy(i) = real(Pxy(i)); 

    Pxy_store = [Pxy_store realPxy(i)]; 

end 

end 

figure 

plot(Freq_store,Pxy_store,'ro',Freq_store,Pxy_store,'b-') 

title('CSPD; SSN index and Lima discharge') 

xlabel('Frequency [1/month]') 

ylabel('Power []') 

figure 

plot(1./Freq_store,Pxy_store,'ro',1./Freq_store,Pxy_store,'b-') 

title('CSPD; SSN index and Lima discharge') 

xlabel('Period [month]') 

ylabel('Power []') 

%coherence spectra SSN and Q 

[Pyy,freq] = cpsd(f1,f1,[],[],NFFT,Fs); 

[Pxx,freq] = cpsd(f2,f2,[],[],NFFT,Fs); 

coh = (Pxy.*conj(Pxy))./(Pxx.*Pyy); 

phase_LMA = atan2(-imag(Pxy),real(Pxy))*180/pi; 

Freq_store = []; 

coh_store = []; 

for i = 1:length(freq)-1 

if freq(i) < 0.09 

    Freq(i) = freq(i);  

    Freq_store = [Freq_store Freq(i)]; 

    coh_mod(i) = coh(i); 

    coh_store = [coh_store coh_mod(i)]; 

end 

end 

figure 

plot(1./Freq_store,coh_store) 

%plot((freq),phase/180,'ro',(freq),phase/180,'b-') 

title('Lima Coherence spectrum: SSN index and discharge') 

xlabel('Period [months]') 
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ylabel('Coherence [-]') 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%Computing variance contribution for all frequencies < 0.0714 [1/month]% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

var_tot = trapz(Q_LMA_Spectral); %Computes total variance 

Q_lowF = Q_LMA_Spectral(1:74); %Stores all frequeincies < 0.0714 which %corresponds to P = 14 month 

var_lowF = trapz(Q_lowF); %Computes variance for all frequeincies < 0.0714 which %corresponds to P = 14 

month 

contribution = var_lowF/var_tot %Computes fraction of low frequency contribution 
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 APPENDIX 2, EXTENDED RESULTS CHAPTER 

This appendix contains all results in the study except what is presented in the main document 

Final_report_JTW_HPT021. Following results are presented in this appendix: 

Impacts of global warming: Peak regulated power plants 

Table 1. Normalized inflow and power production at Järpströmmen during the reference period. 
Year Normalized inflow [%] Spill (y/n) Normalized power production [%] 

1991 86 n 90 

1992 126 y 133 

1993 102 y 100 

1994 98 n 100 

1995 101 n 99 

1996 80 n 78 

1997 114 n 117 

1998 112 y 112 

1999 100 n 102 

2000 121 y 125 

2001 93 n 89 

2002 100 n 105 

2003 94 n 94 

2004 79 n 75 

2005 116 n 117 

2006 91 n 87 

2007 103 n 102 

2008 96 n 96 

2009 86 n 84 

2010 91 n 90 

2011 100 y 94 

2012 127 n 131 

2013 86 n 81 

 

 

 

 

 

Table 2. Normalized inflow and power production at Trängslet during the reference period. 
Year Normalized inflow [%] Spill (y/n) Normalized power production [%] 

1991 79 n 75 

1992 90 n 91 

1993 113 n 115 

1994 93 n 89 

1995 110 y 110 

1996 73 n 67 

1997 99 n 96 

1998 112 n 119 

1999 100 n 98 

2000 123 y 129 

2001 120 n 128 

2002 104 n 104 

2003 89 n 85 

2004 79 n 70 

2005 98 n 89 

2006 116 n 106 

2007 82 n 96 

2008 105 n 105 

2009 105 n 104 

2010 111 n 113 

2011 104 n 108 

2012 108 n 113 

2013 90 n 88 
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Table 3. Normalized inflow and power production at Gullspång during the reference period. 
Year Normalized inflow [%] Spill (y/n) Normalized power production [%] 

1963 84 n 82 

1964 91 n 92 

1965 112 n 114 

1966 106 n 103 

1967 145 y 158 

1968 94 n 92 

1969 87 n 85 

1974 104 n 106 

1975 74 n 71 

1976 49 n 46 

1977 136 y 139 

1978 71 n 71 

1979 107 n 101 

1980 105 n 107 

1981 128 Y 128 

1982 114 N 113 

1983 101 N 98 

1992 94 N 93 

 

Impacts of global warming: Regulated Power plants 

Table 4. Normalized inflow, power production and water spillage at Krångede during the reference 

period. The spilled water as a percent of the total discharge is also shown. 
Year Normalized inflow [%] Normalized power production [%] Normalized water  

spillage [%] 

Water spillage  

as a percent  

of total flow [%] 

1991 91 94 0 0 

1992 118 117 127 5 

1993 116 107 318 12 

1994 76 79 0 0 

1995 106 98 278 12 

1996 71 74 0 0 

1997 104 102 147 6 

1998 130 117 433 15 

1999 99 103 22 1 

2000 130 119 396 13 

2001 116 113 177 7 

2002 94 97 25 1 

2003 78 81 4 0 

2004 79 82 2 0 

2005 113 117 27 1 

2006 86 90 0 0 

2007 100 105 8 0 

2008 90 92 32 2 

2009 100 105 2 0 

2010 100 100 107 5 

2011 102 101 121 5 

2012 117 120 68 3 

2013 84 87 8 0 
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Table 5. Normalized inflow, power production and water spillage at Brattforsen during the reference 

period. The spilled water as a percent of the total discharge is also shown. 
Year Normalized inflow [%] Normalized power production [%] Normalized water  

spillage [%] 
Water spillage  

as a percent  

of total flow [%] 

1963 81 85 42 5 
1964 83 83 88 10 
1965 109 116 38 3 
1966 101 95 158 15 
1967 148 129 323 21 
1968 92 96 52 6 
1969 89 88 97 11 
1970 92 96 55 6 
1971 94 102 19 2 
1972 79 88 0 0 
1973 65 72 0 0 
1974 108 103 153 14 
1975 69 76 10 1 
1976 46 51 0 0 
1977 132 114 303 22 
1978 64 70 0 1 
1979 103 107 68 7 
1980 104 105 93 9 
1981 118 120 106 9 
1982 112 106 166 15 
1983 100 103 72 7 
1984 114 114 124 11 
1985 137 133 178 13 
1986 124 115 203 16 
1987 139 140 133 9 
1988 136 130 191 14 
1989 77 81 44 6 
1990 103 100 131 13 
1991 92 98 39 4 
1992 89 86 113 12 
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Impacts of global warming: Run-of-river type power plants 
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Impacts of natural climate variability: Power spectrum graphs 
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Impacts of natural climate variability: Coherence spectrum graphs 
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