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Sammanfattning 

Syftet med denna uppsats är att ge en djupare förståelse av att representera vattenkraft i 

långtidsmodeller. Detta utförs genom att kartlägga och modellera vattenkraft i Sverige 

med Open Source energy MOdelling SYStem (OSeMOSYS). Den första delen av arbetet 

grundar sig i en litteraturstudie och ger en introduktion till vattenkraften i Sverige. Den 

andra delen av studien implementerar relevanta ekvationer för vattenkraftslagring i 

OSeMOSYS. Detta utförs genom att modellera vattenkraften i stigande detaljnivå för att 

utvärdera resultaten. Till att börja med modelleras Sverige utan vattenkraftslagring. 

Detta följs av två modeller med vattenkraftslagring; den första med ett magasin för hela 

Sverige, den andra med nio älvar med vattenmagasin. Avslutningsvis utvecklades två 

modeller som avser vattenkraft i kaskad där den första är en expansion av Sverige med 

ett magasin, och den andra undersöker två älvar grundligare. Resterande elsystemet 

representeras på ett stiliserat sätt som infriar de vanliga metoder som används för ener-

gimodeller. Resultaten av de olika detaljnivåerna jämförs och diskuteras. Jämförelsen 

visar att det är viktigt att ta hänsyn till detaljnivån när man tittar på korttidseffekterna 

av långtids energimodeller.  

 

Försättsbilden är hämtad från http://media.fortum.se/blogpost/213-vattenkraftverk-i-

sverige/  2014-12-16 
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Abstract 

The purpose of this thesis is to generate a deeper understanding of the representation of 

hydropower in long-term models. This is done by mapping and modelling (cascading) 

hydropower in Sweden with the Open Source energy MOdelling SYStem (OSeMOSYS). 

The first part of the thesis builds on a literature review and provides an introduction to 

hydropower in Sweden. The second part focuses on implementing the storage equations 

in OSeMOSYS. These are applied by modelling hydropower at various levels of detail to 

evaluate the result when the depth of detail of the storage modelling is increased. First, a 

model of Sweden without hydropower storage is modelled. Then, two models were set 

up which include storage; one with one hydropower storage for all of Sweden, one with 

nine rivers with storage. Finally, two models considering cascading hydropower with 

storage were developed; where the first is an expansion of the model with one storage 

for all of Sweden and the second model examine two rivers more thorough. The remain-

ing power system is represented in a stylised fashion, compliant with prevailing long-

term energy modelling techniques. The implications of the different levels of detail are 

compared and discussed. The comparisons show that it is important to consider the lev-

el of detail when looking at the short-term effects of long-term energy models.  
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Abbreviations 

 

kV kilo Volt, 1000 Volt 

MW Mega Watt, 106 Watt 

MWa MW year, number of MWh during a year, i.e., 8760 

MWh Mega Watt hour 

OSeMOSYS Open Source energy MOdelling SYStem 

SOS Swedish Open Source Model 

TJ Terra Joule, 1012 Joule 

 

  



x 
 

Table of Content 

Sammanfattning ............................................................................................................................................. iii 

Abstract ............................................................................................................................................................... v 

Foreword ......................................................................................................................................................... vii 

Abbreviations ................................................................................................................................................... ix 

Table of figures .............................................................................................................................................. xii 

Table of tables ............................................................................................................................................... xiv 

1 Introduction .............................................................................................................................................. 1 

1.1 Background ...................................................................................................................................... 1 

1.2 Statement and purpose ................................................................................................................ 1 

2 Literature study ....................................................................................................................................... 3 

2.1 Electricity market in Sweden .................................................................................................... 3 

2.1.1 Electricity supply and demand in Sweden .................................................................. 4 

2.1.2 Policies and targets ............................................................................................................... 5 

2.2 Hydropower ..................................................................................................................................... 5 

2.2.1 Hydropower basics ............................................................................................................... 5 

2.2.2 Types of hydropower schemes ........................................................................................ 6 

2.2.3 Turbines .................................................................................................................................... 8 

2.2.4 Pros and cons of hydropower and reservoirs ............................................................ 9 

2.3 Hydropower in Sweden ............................................................................................................ 10 

2.3.1 A short history ..................................................................................................................... 10 

2.3.2 Regulations in the rivers ................................................................................................. 11 

2.3.3 Important rivers for hydropower ................................................................................ 12 

2.3.4 The future .............................................................................................................................. 15 

3 Methodology .......................................................................................................................................... 16 

3.1 Modelling framework and structure ................................................................................... 16 

3.1.1 OSeMOSYS ............................................................................................................................. 16 

3.1.2 Reference energy system ................................................................................................ 17 

3.1.3 Assumptions and calculations ....................................................................................... 19 

3.2 Limitations ..................................................................................................................................... 24 

4 Results ...................................................................................................................................................... 25 

4.1 Results for No storage scenario.............................................................................................. 25 

4.2 Results for One storage scenario ........................................................................................... 26 

4.3 Results for Nine river scenario ............................................................................................... 28 



xi 
 

4.4 Results for cascading ................................................................................................................. 28 

4.4.1 Cascading 1 - One river in cascade for all Sweden ................................................ 28 

4.4.2 Cascading 2 – Three rivers in cascade........................................................................ 29 

5 Discussion and conclusions ............................................................................................................. 32 

5.1 Suggestions for future work ................................................................................................... 33 

Bibliography ................................................................................................................................................... 34 

Appendix 1 List of sets and parameters .................................................................................................. I 

Appendix 2 Data ............................................................................................................................................. IV 

 

  



xii 
 

Table of figures 

Figure 1. The route of electricity (Svenska Kraftnät, 2014). ............................................................. 3 

Figure 2. Bidding areas in Sweden (Svenska Kraftnät, 2014)........................................................... 3 

Figure 3.Variation of the electricity demand and supply. ................................................................ 4 

Figure 4. Electricity mix in Sweden 2011. Data from Svensk energi. .......................................... 5 

Figure 5. Cascading scheme. ........................................................................................................................ 7 

Figure 6. Turbine selection chart. ............................................................................................................. 9 

Figure 7. The nine most important rivers including power plants and storage (Svensk 

Energi, 2012). ......................................................................................................................................... 13 

Figure 8. Reference energy system ........................................................................................................ 17 

Figure 9. Reference energy system, with storage ............................................................................ 18 

Figure 10. Cascading scheme ................................................................................................................... 19 

Figure 11. Electricity demand profile. .................................................................................................. 20 

Figure 12. Electricity mix in 2011 for No storage scenario. ......................................................... 25 

Figure 13. Real electricity mix for Sweden in 2011. ....................................................................... 25 

Figure 14. Electricity generation for No storage scenario. ........................................................... 26 

Figure 15. Model dispatch in 2020 for No storage scenario. ....................................................... 26 

Figure 16. Electricity generation for One storage scenario. ........................................................ 26 

Figure 17. Model dispatch for One storage scenario in 2020. ..................................................... 26 

Figure 18. Storage level for the beginning of each season in One storage scenario for 

2020. ........................................................................................................................................................ 27 

Figure 19. Filling degree for all reservoirs in Sweden. The red dotted lines indicates the 

min and max values (Svensk Energi, 2012). ............................................................................... 27 

Figure 20. Storage charge and discharge rate for 2020. ............................................................... 27 

Figure 21. Available energy from precipitation. ............................................................................... 27 

Figure 22. Model dispatch for Nine-river scenario for 2020. ...................................................... 28 

Figure 23. Storage level in beginning of new season in 2020. .................................................... 28 

Figure 24. Storage charge and discharge rates for Cascading 1 in 2020. ............................... 29 

Figure 25. Storage level for the beginning of each new season for Cascading 1 in 2020. 29 

Figure 26. Model dispatch, 2020, three rivers. ................................................................................. 30 

Figure 27. Storage charge and discharge rate for Dalälven in 2020. ........................................ 31 

Figure 28. Storage level for Dalälven and total in 2020. ............................................................... 31 

 



xiii 
 

  



xiv 
 

Table of tables 

Table 1. Electricity generation in Sweden 2011, Svensk Energi ................................................... 5 

Table 2. Facts about the rivers (Kuhlin, 2014), (SMHI, 2002). ..................................................... 14 

Table 3. The largest hydropower plants in Sweden (Kuhlin, 2014), (Svensk Energi, 2012).

 .................................................................................................................................................................... 14 

Table 4. The largest reservoirs in Sweden (Svensk Energi, 2012). ............................................. 15 

Table 5. List of time-slices and their definition. ............................................................................... 20 

Table 6. Sources for electricity supply calculations ........................................................................ 21 

Table 7. List of sets. .......................................................................................................................................... I 

Table 8. List of parameters. ........................................................................................................................ II 

Table 9. Year split ............................................................................................................................................ V 

Table 10. Operational life ............................................................................................................................. V 

Table 11. Daysplit ............................................................................................................................................ V 

Table 12. Specified Annual demand ....................................................................................................... VI 

Table 13. Specified demand profile ...................................................................................................... VII 

Table 14. Input activity ratio ................................................................................................................... VII 

Table 15. Residual capacity. .................................................................................................................... VII 

Table 16. Residual capacity for hydropower, Nine river scenario. ............................................ IX 

Table 17. Residual capacity for supply technology River, Nine river scenario. ...................... X 

Table 18. Residual capacity for Cascading 1 scenario. ...................................................................... X 

Table 19. Capacity factors .......................................................................................................................... XI 

Table 20. Capacity factor for Rivers, Nine river scenario. ............................................................ XII 

Table 21- Capacity factor for Cascading 1 scenario. ..................................................................... XIII 

Table 22. Capacity factor for Cascading 3 river scenario.. .......................................................... XIV 

Table 23. Capital cost for all scenarios. .............................................................................................. XIV 

Table 24. Variable cost for all scenarios. ............................................................................................. XV 

Table 25. Minimum production each year. ......................................................................................... XV 

Table 26. Minimum production each year for Nine river scenario. .......................................... XV 

Table 27. Minimum production for Cascading 1 scenario. ......................................................... XVI 

Table 28. Minimum production for # River cascading scenario. ............................................. XVI 

Table 29. Storage level at beginning of the first year, One storage scenario. ..................... XVI 

Table 30. Storage level at beginning of the first year, Nine river scenario. ......................... XVI 

Table 31. Storage level at beginning of first year, Cascading 1. ................................................ XVI 



xv 
 

Table 32. Storage level at the beginning of first year, Cascading 3 rivers. .......................... XVII 

Table 33. Residual storage capacity, One storage scenario. ..................................................... XVII 

Table 34. Residual storage capacity, Nine rivers. ......................................................................... XVII 

Table 35. Residual storage capcity, Cascading 1. .......................................................................... XVII 

Table 36. Residual storage capacity, Cascading 3 rivers. ........................................................... XVII 

 



1 
 

1 Introduction 

1.1 Background  

Hydropower plays an important role in the electricity market in Sweden.  With an in-

creasing electricity production from wind and solar the demand for a regulating source 

that can vary its production within minutes, increases.  Solar and wind power is strictly 

depending on the weather and time of day for its production. Hydropower stands for 

almost 45 % of the electricity production, but is far more important than that due to its 

ability to regulate its production. 

Energy modelling can be used to support sustainable economic development and effec-
tive environmental energy planning. Policy makers and decision makers can use the re-
sults from energy models when planning future energy strategies.  In energy modelling, 
the future demand and supply are estimated. The energy model will solve the optimisa-
tion problem to cover the future demand with the available supplies (Reddy, o.a., 1995). 
To analyse the available information there are several tools the analyst can use. One of 
them is OSeMOSYS, an open source optimisation model for long-run energy planning 
(OSeMOSYS: The Open Source Energy Modelling System, 2011).  
 
In the report “På väg mot en elförsörjning baserad på enbart förnybar el i Sverige” 
(Söder, 2013) the balancing of the electrical system is analysed. The production of hy-
dropower is investigated with a focus on the balancing when increasing the share of var-
iable power. Named study only refers to a short time period, while this thesis covers a 
larger time frame. Studies of the effects of large-scale cascading hydropower have been 
performed by Zhou and Tang (A future role for cascading hydropower in the electricity 

system of China, 2012). That study shows that cascading hydropower is a powerful tool 
for regulating peak-demand. There is yet nothing published with cascading hydropower 
in OSeMOSYS. 
 
This thesis will address this lack by enhancing the representation of hydropower stor-
age as considered in Saadi “An open source approach to Sweden’s energy system”, which 
did not consider hydropower storage (Saadi, 2013). This report is an expansion of the 
electricity production and demand of mentioned report, focusing on modelling the stor-
age of hydropower in Sweden. This is done in OSeMOSYS (Open Source energy MOdel-
ling SYStem), a free and open source tool.  The software is used for long-term energy 
planning and optimisation (OSeMOSYS: The Open Source Energy Modelling System, 

2011). 
 

1.2 Statement and purpose 

“An open source approach to Sweden’s energy system” (SOS) was created as a master 
thesis in 2013. It focuses on investigating the impact of Sweden’s climate mitigation 
strategies on the future Swedish energy system (Saadi, 2013). The modelling work with-
in this builds on the SOS as a starting point. It only focuses on the electricity and does 
not take into account the different sectors; the only final energy produced is electricity. 
Emissions are not accounted for in this thesis.  
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The purpose of this thesis is to generate a deeper understanding of representing hydro-
power in long-term models, providing a focus on Sweden. This is done by mapping and 
modelling hydropower in Sweden in OSeMOSYS. The first part of the thesis focuses on a 
literature study of hydropower in Sweden and maps the largest power plants and reser-
voirs. The second part focuses on applying the storage equations in OSeMOSYS. This is 
executed by modelling hydropower at different levels of detail to find out how deep it is 
necessary to go to get satisfying results. The results will benefit future researchers in 
determine the level of detail when modelling hydropower storage. 
 
What level of detail is required when modelling cascading hydropower? 
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2 Literature study  

To get an overview of the hydropower in Sweden, this chapter will explain the basic 

principle of the electricity market and hydropower in Sweden. A mapping of the availa-

ble hydropower facilities and their storage will also be included. 

2.1 Electricity market in Sweden 

Svenska Kraftnät (SvK) have the overall responsibility for transmitting the electricity 
through the national grid, from the main power stations to the regional grids and on to 
the local grids. The national grid is the high voltage system with 220-400 kV lines, the 
regional grid has a load of 40-130kV and the local grid has a load of maximum 40 kV. 
The control of the national grid, maintaining balance of production and demand and fre-
quency control are SvK’s responsibility. The frequency needs to be at 50 Hz. 
In Figure 1 below, the route of the electricity is shown. The electricity is sold on the Nord 
Pool power exchange. The consumer buys the electricity of the supplier. The supplier 
and network owner are not always the same company. The free electricity market in 
Sweden allows the consumer to choose which electricity supplier it wants (Svenska 

Kraftnät, 2014). The electricity market in Sweden is divided into four bidding areas based 
on the supply and demand of electricity. These can be seen in Figure 2. 
 

 
Figure 1. The route of electricity (Svenska Kraftnät, 

2014). 

 
Figure 2. Bidding areas in Sweden (Svenska 

Kraftnät, 2014)          

 
 
The electricity market in Sweden is deregulated since 1996. The Swedish electricity con-
sumers have been free to decide their electricity supplier since 1999. The Nordic elec-
tricity market is the outcome from collaboration between the Nordic countries regard-
ing the electricity generation.  Through NordPool, the joint electricity market, almost 90 
% of the free trading occurs. The collaboration also means that the involved countries 
collaborate in case of peak demand or large power outages. The trading between the 
countries ensures that the more expensive production is not used when it is not neces-
sary, but the cheaper generation is always in use (Lundberg). 
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The demand and the production of electricity might not always be at the same level. This 
is why SvK ensures that all the concerned actors contribute to maintain the operation of 
the electricity supply. The generation from the base load is constant all over the year. 
When the demand increases exceed the base load generation, the need for regulating 
load occurs. Since it is not possible to store electricity in the grid, there need to be suffi-
cient reserves that can be started promptly (Svenska Kraftnät, 2014).  
If the production from for example wind power is decreased, the production from a dif-
ferent source needs to be increased. Because of the short time, 5-10 minutes that it takes 
for a hydropower plant to change its production; hydropower plays an important role in 
the frequency regulation (Söder, 2013).  
Figure 3 shows the supply and demand curve for a week in November 2013. The black 
line shows the electricity demand; the two bottom yellow fields show the base load, nu-
clear and thermal power. The light blue colour indicates intermittent wind and the dark 
blue the flexible and regulating hydropower (Statens energimyndighet, 2014).  
 

 
Figure 3.Variation of the electricity demand and supply. 

 
 

2.1.1 Electricity supply and demand in Sweden 

Due to the cold weather and the electricity intensive industry in Sweden, the electricity 

demand is comparatively high per capita. 95 % of the electricity production in Sweden is 

considered low in emissions of carbon dioxide. The average carbon dioxide emissions in 

Sweden are 20 g CO2/kWhel, the emissions for the Nordic countries are around 100 g 

CO2/kWhel and the European electricity production has an average of around 400 g 

CO2/kWhel. 

The electricity supply in Sweden in 2011 can be seen in Figure 4 and Table 1. The total 

supply was 149,5 TWh and the demand 139,5 TWh (Svensk Energi, 2012).



5 
 

 

Figure 4. Electricity mix in Sweden 2011. Data 
from Svensk energi. 

Table 1. Electricity generation in Sweden 2011, 
Svensk Energi 

Svensk energi 
2011 

Mwa 

Hydropower 7614,2 
Wind power 696,3 
Nuclear power 6621,0 
Thermal power 1906,4 
Export -821,9 
Total 16016,0 

 

 

2.1.2 Policies and targets 

The EU has set targets to achieve an efficient and sustainable energy consumption and 

generation and ensure security of supply and Sweden has approved of these targets. In 

2020 the share of renewable fuels should be at least 50 % of the total energy consump-

tion. The energy efficiency should increase with 20 %. One of the tools towards an in-

creased share of renewables is a planning framework for wind power of 30 TWh in 

2020. Another tool is the electricity certificate system (Regeringskansliet, 2010). To help 

achieve 25 TWh electricity from renewable sources from 2002 until 2020, the system 

with electricity certificate was taken into use in 2003 (Energimyndigheten, 2013). The 

producer receives a certificate for each MWh of renewable energy that is produced. The 

producer sells the certificate on an open market to electricity suppliers with a “quota 

requirement”. The suppliers are obligated to buy a certain amount of electricity certifi-

cates that is stated in the law. This is to increase the amount of renewable energy that is 

produced. 

The sources that are allowed to receive an electricity certificate are wind power, some 

hydropower, some biofuels, solar power, geothermal energy, wave energy and peat in 

combined heat and power plants. Since 2012 the trade with electricity certificates is 

joint with Norway (Energimyndigheten, 2013).   

 

2.2 Hydropower  

This section will explain the basics of hydropower, the different hydropower plants and 

types of turbines and pros and cons of hydropower. 

2.2.1 Hydropower basics 

Solar radiation drives the hydrological cycle that generates hydropower. As the solar 

Hydro 
45% 

Wind 
4% 

Nuclear 
39% 

Thermal 
power 
12% 
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radiation heats the land or sea surface, it generates evaporation of the available water, 
which ultimately falls as rain or snow. The water is in this way transported from the 
oceans to the land surface. Gravity transports the water back to the oceans (Kumar, o.a.). 
For a short time, the water is borrowed from the nature to produce electricity. The hy-
dropower plant uses the height difference between the inflow and the outflow to con-
vert the potential energy in water into mechanical energy and in the generator to elec-
trical energy. The power output is given by  
 
Equation 1 below.        
 

Equation 1 

𝑷 = 𝝆 ∗ 𝒈 ∗ 𝒉 ∗ 𝑸 ∗ 𝜼      

Here 𝑃 is the electrical power in W, 𝜌 is the density in kg/m3, in this case water with 
𝜌=1000 kg/m3, 𝑔 is the gravitational constant 9,81 m/s2, h is the height in m - also re-
ferred to as the head. Finally 𝑄 is the flow through the turbine in m3/s and 𝜂 the efficien-
cy (Boyle). 
 
Many of the existing hydropower plants were built many years ago. As an example, three 
of the four turbines at Lanforsens hydropower plant were installed and taken in to use 
in 1930, and they are still expected to still have a lifetime of another 50 years. The over-
all efficiency of around 90 %, very close to the theoretical value, is remarkable for a con-
struction built almost 85 years ago (Malm, 2014).  
 
The potential energy of the water in the reservoirs is expressed with Equation 2 below. 
 

Equation 2 

𝑬 = 𝝆 ∗ 𝒈 ∗ 𝒉 ∗ 𝑽    

𝜌, g and h has the same units as equation 1, V  is the volume of the reservoir in m3 and E 
is the energy in joule. Note that the available energy in one storage will not be available 
for all the downstream power plants, since both equations 1 and 2 depend on the head 
of the specific power plant (Boyle).  
 

2.2.2  Types of hydropower schemes 

 

2.2.2.1 Run-of-river 

These hydropower plants use the natural or available flow of the water in the river for 

its production. A short-term reservoir can be used for regulation purposes, but the vari-

ation of the flow is subject to the flow from upstream reservoirs and seasonal variations. 

The generation in these plants varies with season and even within hour (IEA, 2012). 

Run-of-river hydropower plants deliver the base-load (World Energy Council, 2013).   
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2.2.2.2  Reservoirs/storage hydropower 

To be able to use the energy in the water in a more economical way, when the demand is 

high, a reservoir can be used. A reservoir stores the water and allows the demand and 

the price to decide when to “use” the electrical energy. This eliminates the dependency 

of the inflow, which can be largely varying as mentioned in the previous paragraph. A 

reservoir can be a natural lake or an artificial constructed dam. This depends on the en-

vironment and regulation policies (IEA, 2012). A penstock is often used to lead the water 

from the intake to the turbine. In pumped storage the water from a lower reservoir is 

pumped into an upper reservoir at times when electricity prices are low. In this way the 

water can be used at a later stage to generate electricity when prices are higher. 

 Long-term regulation reservoirs 

The large long-term regulating reservoirs can store water from season to season, 

and even between years. This water is then used when the demand is high. In the 

north of Sweden the precipitation normally comes as snow during the winter 

season. The long-term reservoirs are then used. Some very large storages allows 

for storing the water during several years (Spade, 1999). 

 

 Short-term regulation reservoirs 

Short-term regulating hydro reservoirs are used to regulate the flow on a day-to-

day basis and if the flow of the water is small. The water levels in the reservoirs 

are fluctuating with great values between days (Spade, 1999).  

Further description about regulation in the rivers can be found in section 2.3.2 Regula-

tions in the rivers  

 

2.2.2.3  Cascading hydropower 

Two or more hydropower plants can be arranged in a cascading scheme (Figure 5). 

 

 

Figure 5. Cascading scheme. 

In a cascading scheme, the upstream reservoir will regulate the river flow and hence the 

power output from the following run-of-river plants, and in a way also the output from 

following reservoir plants. Additional inflow may occur, for example from external riv-
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ers that joins the main flow. Note that the available energy in the upstream power plant 

might not be available in the downstream power plant, since it depends on the head of 

the power plant, see Equation 2. 

 

2.2.3  Turbines 

Different kinds of hydropower turbines are used for different types of power plants. The 
head, i.e. the height, of the power plant and the flow of the water decide what type of 
turbine that should be used. The three types that are used are normally divided into low, 
medium and high heads. Hydropower plants with a head of less than ten meters are con-
sidered low head, and power plants with a head of more than 100 meters are high head. 
The span in-between is referred to as medium head. However, other things can have an 
impact on the choice of the turbine. When deciding what type of turbine to use it is also 
important to know the maximum and minimum flow of the river, the average flow and 
the time dependent variation, for example the spring flood. The system also needs to be 
able to handle large amount of water caused by extreme weather, which is also regulat-
ed by floodgates (Boyle).  
 
Some turbines have a high efficiency over a small span. Some turbines have a lower effi-
ciency over a larger span (Boyle). The most common types of hydropower turbines are 
Francis, Kaplan and Pelton. 
 

 Francis turbine 
Francis turbines are used in power plants with a head of between 2 and 300 me-
ters. It is the most commonly used turbine in medium and large hydropower plants 
today. The Francis turbine can be run both horizontal and vertical. 
To regulate the power output from the Francis turbine the guide vanes can be 
turned to change the direction of the incoming water. This will change the relative 
velocity of the water that hits the runner blade and hence optimise the efficiency 
and the power output (Boyle).  

 Kaplan turbine 
Kaplan turbines are used for heads up to 70 meters. It is an axial turbine and the 
propeller blades can be bent to adjust for different flows of the water (Kuhlin, 

2014).  
 Pelton turbines 

Pelton turbines are used for hydropower plants with a high head, more than 50 
meters, and small flows. The water reaches the wheel through one or several noz-
zles. The water strikes small spoon-shaped buckets that are placed in the edge of 
the wheel (Kuhlin, 2014).  

 
Figure 6 below illustrates the different flows and heads that are suitable for the different 
turbines (Penche, o.a., 1998). This figure also includes other turbines. 
 



9 
 

 
Figure 6. Turbine selection chart. 

 

2.2.4 Pros and cons of hydropower and reservoirs 

Hydropower is a renewable energy source that also generates an increased possibility 

for water management. This will be further explained in 2.3.2, Regulation of the rivers. It 

is a very flexible resource where the power plants can be started and change their gen-

eration within minutes. The operating costs of hydropower generation are low.  

The running of hydropower is a very limited source for greenhouse gases. Construction 
result in emission of greenhouse gases from the manufacturing and transport of the ma-
terials, for example concrete and steel, which are used (Kumar, o.a.). Hydropower plants 
are neither a source for emissions of radioactivity or particulates nor chemical com-
pounds that may harm human health (Boyle).  
 
All hydropower projects will result in both environmental and social impacts. These im-
pacts can be negative and positive, and they will be strongly dependent on the site. A 
project that offers great advantages at a macro-ecological level may at the same time 
harm the environment at local levels. Hydropower projects including reservoir con-
struction may cause displacement of population but may have positive socioeconomic 
impacts from employment opportunities and electricity (Kumar, o.a.). The natural habi-
tats for animals can also be changed. Fish ladders are constructed in many places. How-
ever, the salmon wants to swim towards the place with the highest current, which is the 
turbine in hydropower plants. It would be economical unfeasible to have the highest 
current in the fish ladder, why the it need to be placed in the outer part of the river bend 
so the fish will strive to that place before it is affected by the outflow from the turbine. 
Dam failure can damage large areas and kill people downstream of the site.  
The negative impacts of hydropower need to be taken into consideration as well as a 
region’s energy demand and water management.  
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With climate change hydropower can be affected due to changes in the weather, which 
can cause alterations in the water availability, up to extreme flooding, and possibly 
droughts. The amount of precipitation will affect the river flow and hence the generation 
of hydropower (Kumar, o.a.).  
 

2.3 Hydropower in Sweden 

Hydropower plays an important role in regulating the increasing power production 
from wind and solar. This makes hydropower ”more important than the almost 50% of 
electricity production” on the paper (Bjerhag, 2014).  
 
According to the Technology roadmap - Hydropower, distributed by the International 
Energy Agency, Sweden is number ten in hydropower producing countries (IEA, 2012). 
The hydropower plants in Sweden have an average annual production of 66 TWh., Ex-
treme values of 55 TWh in 1996 and 79 TWh in 2001 have occurred. The variation de-
pends on whether it is a so-called dry or wet year. Of the total electricity production of 
145 TWh, hydropower contributes with almost 45 %. Of the just more than 2000 hydro-
power plants, about 200 are considered large, which mean they each have a capacity 
larger than 10 MW (Svensk Energi, 2012). The total installed capacity amounts to 16200 
MW. The hydropower production in Norrland, the north part of Sweden, stands for 80 % 
of the production. Hydropower is used both for base-load and peak-load due to its abil-
ity to regulate the production. This is illustrated in 2.1, Figure 3. The hydropower stor-
age capacity of the Swedish reservoirs amounts to 33 TWh (Svensk Energi, 2012).  
 

2.3.1 A short history 

The first known hydropower plants in Sweden are probably dated back to the 12th cen-
tury. It was used for mills and to thresh seed (Tekniska Museet). Hydropower was driving 
watermills and sawmills in the 13th century. The logs were transported on the rivers, an 
important path for freight. The industrial revolution (1871-1914) also enabled im-
portant development for hydropower. An outcome from the industrial revolution was 
that electricity started to be used in different ways than before. The engineers realised 
that there was large unused capacities in the rivers that could be used for hydropower 

(Vattenfall AB, 2012).  
 
In the end of the 19th century hydropower plants were built for electricity production. 
The purpose in the 1880‘s was to light industries and households. During the next dec-
ade the industries, especially ironworks and the pulp and paper industry, started to use 
electricity from hydropower to power their industries. In the beginning of the 20th cen-
tury the public utility started their building of hydropower plants. 
The introduction of 3-phase alternating current enabled power transmission over great 
distances. This made it possible for locations far from the hydropower plants to use elec-
tricity. The electrification of the railroads was one of the main purposes for some of the 
first large hydropower plants. Many of the larger public utility power plants were sub-
ject to large investigations, which could delay the completing of the power plants 

(Tekniska Museet).  
 
The main development of the hydropower occurred between 1940’s and 1970’s. In the 
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1970’s the expansion of the nuclear power stopped the exploiting of hydropower in 
Sweden. One reason was to protect the rivers (Wikner, o.a., 2012). 
  
 

2.3.2 Regulations in the rivers 

 
The meaning of water control is “modification of river flow and water levels in river for 
the benefit of other water operations” (Wikner, o.a., 2012). Regulation of the rivers is a 
controversial subject. Areas near the riverbanks were often flooded before regulation 
took place with damaged crops and arable land as consequence. The regulation of the 
rivers ensures a more even flow of the water over the year (Spade, 1999). 
 
Rivers with hydropower plants that have different owners need to have a special river 
regulation enterprise.  The responsibilities of these enterprises include correct manage-
ment of the reservoirs and water handling (Angelin, 1981). This means that it is settled 
how much water that can be used for hydropower generation and the limits of the water 
levels during at a certain point of time.  
The enterprises should also ensure that the different owners will achieve the power they 
would have produced if they were the only hydropower producer in the river (Wikner, 

o.a., 2012).   
 
Regulation of the rivers can be dated back to as early as in the 16th century. An iron-
works in Österby founded an artificial reservoir to be able to regulate the work. This 
artificial reservoir was later embanked with two lakes Österbysjön and Dynnsjön. 
Today there are regulations of the water bearings for all of the larger watercourses with 
hydropower generation. 42 watercourses are protected from expansion of hydropower.  
When the regulations were performed between the 1920’s and 1940’s the main reason 
was to even out the water bearing throughout the year. During that period the Swedish 
electricity demand was even throughout the year. The demand looks different today, 
with a larger demand during the winter followed by the increased amount of electric 
heating. This places greater requirements on the long-term regulations. The introduc-
tion of nuclear power in the 1970’s also increased the demands on short-term regulating 
generation, since nuclear power is slow regulated (Spade, 1999). 
 
The long-term regulation stores the water in the large reservoirs when there is high in-
flow from for example the spring flood. The reservoirs are discharged when the electric-
ity demand is increased. The long-term regulations regard regulation between seasons 
and even years. Some of the large reservoirs can store water for more than one year. 
Theses reservoirs are, in most cases, situated at the beginning of the rivers. The electrici-
ty demand can vary between the different days of the week, why the need for weekly 
regulation is fulfilled by reservoirs that change their generation over the week.  This 
regulation can also be performed by smaller reservoirs that are situated further down-
stream than the larger reservoirs. The short-term regulation covers the difference in 
demand over a day or an increase in demand over a short time, i.e. the frequency regula-
tion. 
Because of the cascading effects of hydropower, all the downstream power plants will be 
affected from the upstream reservoirs and power plants. The number of full-load hours 
for power plants close to headwater and large reservoirs are around 3000 hours per 
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year, while the power plants closer to the estuary may have twice that amount (Svensk 

Energi, 2014). When there is an instant increase in demand, the hydropower plants can 
change their generation within five to ten minutes. The hydrological interconnection is a 
limitation that needs to be considered why the time lag between power plants is an es-
sential issue. It is important that there is sufficient space in the downstream reservoirs 
to ensure that they will hold the water from the upstream power plant (Söder, 2013). 
 
In Sweden, many of the large reservoirs are situated in the north, high up in the moun-
tains. They are long-term regulating reservoirs and contain a large amount of water. Be-
cause of their placement, in the beginning of the river, large areas would be affected in 
case of dam failure. Studies have shown that up to 150 of the largest reservoirs are con-
structed in such ways that they could not handle the large amount of water that flooding 
due to climate change could cause (Sveriges Radio, 2014).  
 
According to Hans Malm, operating technician at Lanforsen powerplant in Dalälven, the 
power plant try to maintain a level that is comfortable for the surroundings if possible. If 
the water level has been low during the nesting of birds, they do not increase the water 
level in their short-term reservoir with consideration of the nesting birds (Malm, 2014). 
 
The water legislation was up until 1918 mostly about land drainage. The 1918 water 
legislation implied significant changes to the legislation. It was possible to expand the 
hydropower according to the demands of the community. In 1983 environmental issues 
was addressed in a better way, but the focus was still on exploiting. Miljöbalken, the En-
vironmental Code, is shielding a sustainable development and some rivers are protected 
from hydropower exploiting (Länsstyrelsen).  
 

2.3.3 Important rivers for hydropower 

 
The report ”Vad avgör ett vattenkraftverks betydelse för elsystemet” (Statens ener-
gimyndighet) has rated different factors that make a river considered important for hy-
dropower production. The rivers ability to regulate the flow, the installed capacity and 
the yearly production are analysed. According to these criteria’s the results from this 
report shows that the rivers that are considered the most important are Luleälven, Göta 
älv, Ångermannaälven, Indalsälven, Umeälven, Skellefteälven, Dalälven, Ljusnan and 
Ljungan (Statens energimyndighet, 2014).  
 
In Figure 7 these rivers, the ten largest hydropower plants and the largest reservoirs can 
be seen.  
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Figure 7. The nine most important rivers including power plants and storage (Svensk Energi, 2012). 

The length, size of drainage area, number of power plants, installed capacities and yearly 

production of the rivers that are discussed in this report can be seen in Table 2. The total 

installed capacities in these nine rivers amounts to 13000 MW. This is around 80 % of 

the total installed hydropower capacity in Sweden. 
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Table 2. Facts about the rivers (Kuhlin, 2014), (SMHI, 2002). 

 Length 
(km) 

Drainage 
area 
(km2) 

Number 
of power 
plants 

Installed 
capacities 
(MW) 

Yearly 
production 
(GWh) 

Lule älv 460 25 240 15 4 366 14 640 
Göta älv 93 50 229 3 326 1 635 
Ångermannaälven 460 50 229 15 1 248 16 000 
Indalsälven 430 26 730 25 1 832 9 000 
Umeälven 470 26 800 19 1 798 7 570 
Skellefteälv 410 11 700 17 1 069 4 245 
Dalälven 440 28 900 35 1 100 4 300 
Ljusnan 430 19 800 22 786 3 660 
Ljungan 399 12 850 14 479 1 980 

 
 
The largest power plants and their installed capacity can be seen in Table 3. They repre-
sent 27 % of the total installed hydropower capacity in Sweden. As seen, eight of the ten 
largest hydropower plants are situated in Luleälven. 
 

Table 3. The largest hydropower plants in Sweden (Kuhlin, 2014), (Svensk Energi, 2012). 

Number in 
map 

Name of power 
plant 

Capacity (MW) River 

1 Harsprånget 830 Luleälven 
2 Stornorrfors 591 Umeälven 
3 Messaure 452 Luleälven 
4 Porjus 440 Luleälven 
5 Letsi 440 Luleälven 
6 Ligga 343 Luleälven 
7 Vietas 325 Luleälven 
8 Ritsem 320 Luleälven 
9 Trängslet 300 Dalälven 
10 Porsi 275 Luleälven 

 
In Table 4 the largest reservoirs and their storage volume can be seen. As seen from the 
energy content, the volume of the reservoir is not the only important factor for the ener-
gy content. The height of the power plant plays a large part as well. 
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Table 4. The largest reservoirs in Sweden (Svensk Energi, 2012). 

Letter in 
map 

Reservoir Millionkm3 Energy con-
tent (TJ) 

River 

A Vänern 9 400 460 Göta älv 
B Suorva 6000 4890 Luleälven 
C Tjaktjajaure 1 675 2920 Luleälven 
D Storsjön 1250 220 Indalsälven 
E Satisjaure 1260 1030 Luleälven 
F Torrön 1180 250 Indalsälven 
G Storuman 1100 380 Umeälven 
H Trängslet 880 1230 Dalälven 
I Gardiken 870 380 Umeälven 

 
 

2.3.4 The future 

 
Most hydropower plants got their permits before the environmental code came in to 
force in 1998. The investigation of water resource management (Vattenverksamhetsu-
tredningen), (Löf, 2014) wants to review the environmental permits for hydropower 
plants and reservoirs. This means that the owners of the hydropower plants and reser-
voirs might be forced to follow these legislations, even though the environmental code 
was issued after the permits were given.  When reviewing the permits, it is important to 
consider the consequences from lower surface levels of the reservoirs or restrictions of 
the flow. Restrictions of the flow or surface level could cause flooding of downstream 
areas and also have impacts of the electricity supply (Svensk Vattenkraft, 2014).  
 
Depending on the constraints that will be set to the water discharge the power produc-
tion will be affected in different ways. There could be limitations of how fast the levels of 
the reservoirs and water flows can change. This will affect the short-term regulation. If 
the levels of the reservoirs are limited the long-term regulation will be affected. An in-
creased minimum discharge will also have an impact on the long-term regulation since 
water that would have been stored for dryer season has to be let through (Linnarsson, 

2014).  
 
In the report Vattenkraften i Sverige, En faktarapport inom IVA-projektet energiframsyn 
i Sverige, it is said that the current generation of ~65 TWh has technical potentials to be 
expanded with closer to 24 TWh. This is limited to only 2 TWh, due to environmental 
issues (IVA, 2002). However, the electricity production from hydropower will most like-
ly remain at todays level. Because of the increasing electricity demand, the share of elec-
tricity that is produced from hydropower will decrease. The increase in production will 
origin from other energy sources. This is because the possibilities of expansion of hy-
dropower are limited due to laws and legislations to protect impacts on the environment 
(Vattenfall, 2014).  
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3 Methodology 

This chapter will explain the model structure of OSeMOSYS and the level of detail of the 

different storage models that are produced in this thesis. 

3.1 Modelling framework and structure 

In this section the OSeMOSYS model structure is explained.  

3.1.1 OSeMOSYS 

OSeMOSYS is an open-source optimisation tool for long-range energy planning. The 
open-source programming language that is used is GNU MathProg and the solver GLPK 
(GNU). The need for financial investments is therefor reduced (Modelling elements of 

Smart Grids - Enhancing the OSeMOSYS code, 2012).  
Because of its open-source nature makes it very flexible. It makes it possible to recode 
the model to whatever preferences the analyst has (OSeMOSYS: The Open Source 

Energy Modelling System, 2011).  
 
The OSeMOSYS model is developed into different blocks of functionality. Each block has 
four levels of abstraction. 1) The plain English description of the model and the relation 
between its parameters, variables and constraints. 2) The algebraic interpretation of 1).  
3) The programming language of the implementation of the model. 4) The application of 
the model. 
The blocks used for this thesis is presented below. 
 

 Objective 
o The lowest net present value, NPV, of an energy system is estimated in or-

der to meet the demands that are given. 
 Costs 

o For each year, technology and region that is modelled the investment and 
operating costs are calculated. This is done in order to meat the objective. 

 Storage 
o In this block the storage is covered. The technologies that are related to 

storage and the constraints that are connected to the storage are stated 
here. When storage is modelled in OSeMOSYS the input parameters are 
constant throughout each time-slice. This is applicable for all input pa-
rameters, and not only for storage. The patterns for charging and dis-
charging the storage look the same until a new time-slice occur (Modelling 

elements of Smart Grids - Enhancing the OSeMOSYS code, 2012).  
 Capacity adequacy 

o For each time-slice and year there must be enough capacity to meet the 
demands. The capacity adequacy makes sure this is fulfilled. 

 Energy balance 
o As for the capacity adequacy, the energy balance makes sure that for each 

year and time-slice the production, demand and use are feasible. 
 Constraints 

o Here it is possible to limit the maximum or minimum annual investment 
or use of a certain technology. These limits may be applied in order to 
prevent OSeMOSYS from, for example, investing in future technologies be-
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fore those are fully developed and available. 
 

 Emissions accounting 
o A technology may have impacts on the environment. In this block it is 

possible to add and limit pollutants from the different technologies. 
 
The analyst defines the units for energy, power, expenditures and emissions that are 
used in the model. These need to be constant for the entire model since OSeMOSYS does 
not convert units (OSeMOSYS: The Open Source Energy Modelling System, 2011). See 
Appendix 1 List of sets and parameters for a full list of the sets and parameters and their 
description. 
 
 

3.1.2 Reference energy system 

The reference energy system (RES) is used to show the different energy carriers and 
technologies. The RES draws the boundaries of this model. A set of technologies and en-
ergy carriers are used to represent an energy system in OSeMOSYS. Because of the focus 
on hydropower in this model only a limited number of technologies and fuels are used to 
model Sweden’s energy system. In Figure 8 below boxes represent technologies and 
lines represent energy carriers. Energy carriers are produced (converted) by the tech-
nologies (OSeMOSYS: The Open Source Energy Modelling System, 2011).  
 

 
Figure 8. Reference energy system 

 
It is worth noting that also solar power and wind power require inputs to generate elec-

tricity, i.e., sunlight and wind. These are not modelled with a supply technology. Instead 

the availability of the solar and wind power technology is directly constrained via a time 

dependent capacity factor. The supply technology River (which is also constrained by a 

capacity factor) is added to let the model freely decide when to charge and discharge the 

reservoirs during the later stages of the modelling. 

The timeframe of the model stretches from 2007-2030. The early start year is because 
when adding storage, it may take a couple of years for the storage levels to stabilize. To 
optimise when to use what fuels, the year is divided in time-slices. A time-slice indicates 
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a specified timeframe with specific, constant load and demand characteristics. A full list 
of input parameters can be seen in Appendix 2 Data. 

3.1.2.1 Level of detail 

The purpose of this thesis is to evaluate the outcome of the result when the depth of de-

tail of the storage modelling is increased. The different steps are described in this sec-

tion. 

1. No storage 

The baseline scenario based on the SOS with data from NREAP (Regeringskansliet, 

2010) and Platts database (PLATTS). The RES from this model can be seen in Figure 

8 

2. One storage for all of Sweden 

Expanding the baseline scenario with hydropower storage. In this scenario all the 

capacity from hydropower storage is added up in one storage for all of Sweden. The 

RES for this scenario appears as in Figure 9. The storage facility Dam is added be-

tween the supply-technology River and the hydropower plant Hydro. The fuel, Water 

is still allowed to pass the storage directly to the power plant. For this model and the 

other models with storage, the capacity factor for hydropower is assigned to the 

supply technology River. This is so the model freely can use the water when it is 

needed. 

 

 

Figure 9. Reference energy system, with storage 

 

3. Thorough investigation of the nine most important rivers with storage 

The nine most important rivers (2.3.3) and their individual storage capacity are in-

vestigated. The remaining rivers and storage are collected in a remainder technology 

River_rest. Each river is modelled with an individual capacity factor with data from 

Fortum and Vattenfall. The fuel, water is also an independent fuel for each river. The 

RES will have the same appearance as for previous scenario, but with the difference 

that there are ten rivers with corresponding fuels and dams. This set-up is mostly 

performed as a preparation for the next step, cascading hydropower. Since Sweden is 
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an oblong country, there are large variations of the topography and flow conditions 

for the different rivers vary. The difference in this model from the previous model 

with only one storage is the individual capacity factors. If the ten rivers would all 

have the same capacity factor, the result should be the same as with one storage. 

4. Cascading  

– Cascading 1 
The entire storage capacity in Sweden is divided in two storages in cascade. 
The structure can be seen in Figure 10. 
 

– Cascading 2 
Two rivers, Dalälven and Lule älv are divided into two storages each in cas-
cade. The remaining of the hydropower capacity and its storage is also divid-
ed in a remainder in cascade. For Dalälven, the two parts Österdalälven and 
Västerdalälven was added up in  River 1, and the main river in River 2. In Lule 
älv, River 1 constitute of the hydropower plants between Ritsem and Mes-
saure, and River 2 the hydropower plants from Seitevare and Boden. 
 

 
Figure 10. Cascading scheme 

 

3.1.3 Assumptions and calculations 

3.1.3.1 General assumptions and calculations 

 Discount rate: 6 % 

 Monetary unit: USD 

 Model period: 2007-2030 

As mentioned in 3.1.2, the variation of the electricity demand over the year and the gen-

eration of hydropower were studied. This resulted in 16 time-slices that can be seen in 

Table 5 below. 
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Table 5. List of time-slices and their definition. 

Hour of the 

day 

0-6 6-12 12-18 18-24 

January-

February 

WA WB WC WD 

March-April SpA SpB SpC SpD 

May-

September 

SA SB SC SD 

October-

December 

AA AB AC AD 

 

3.1.3.2 Electricity demand assumptions and calculations 

The electricity demand for all sectors is aggregated in a total demand for all of Sweden. 

Data for historic demand is from Statisiska Centralbyrån (SCB, 2014). In order to opti-

mize the system, the future demand needs to be estimated. For this purpose the NREAP 

report (Regeringskansliet, 2010) was used to get an average growth rate of the electricity 

demand from their estimations of projected values. The electricity demand growth rate 

used in this report is 0,00923. For the first year, 2007 the electricity demand is set to 

16669,3 MWa. 2030, the last year for this modelling simulation is 19231,3 MWa. Historic 

data is used up until 2012.  

Hourly statistics from Svenska kraftnät was used to calculate the demand profile. All of 
this data is available through SCB (SCB, 2014). Due to time constraints coarse estima-
tions had to be performed where the first day of each season were used to calculate the 
hourly demand profile, see Figure 11. 
 

 
Figure 11. Electricity demand profile. 
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3.1.3.3 Electricity supply assumptions and calculations 

For this model, only a limited number of technologies are used. This is because the main 

purpose of this paper is to investigate hydropower. Beside hydropower, the technolo-

gies used are nuclear, gas, wind, biomass and solar.  The sources for the assump-

tions/estimations can be seen in Table 6 below. For full set of input parameters see Ap-

pendix 2 Data. 

 

Table 6. Sources for electricity supply calculations 

 Nuclear Gas Coal Wind Biomass Solar Hydro 

Lifetime Nordic ETP 

(OECD/IEA, 

2013) 

Nordic ETP 
(OECD/IEA, 

2013) 

Nordic ETP 
(OECD/IEA, 

2013) 

Nordic ETP 
(OECD/IEA, 

2013) 

Nordic ETP 
(OECD/IEA, 

2013) 

Nordic ETP 
(OECD/IEA, 

2013) 

Nordic ETP 
(OECD/IEA, 

2013) 

Residual 

capacities 

 (PLATTS)/ 

calculations 

(PLATTS)/ 

calculations 

(PLATTS)/ 

calculations 

(PLATTS)/ 

calculations 

(PLATTS)/ 

calculations 

(PLATTS)/ 

calculations 

(PLATTS)/ 

calculations 

Capacity 

factor 

 (Svensk 

Energi, 2012) 

Nordic ETP 

(OECD/IEA, 

2013) 

Projected 

costs-IEA 

(IEA/NEA, 

2010) 

(Svensk 

Energi, 

2012) 

Nordic ETP 

(OECD/IEA, 

2013) 

(EIA)/Nordi

c 

ETP/calcula

tions 

(Svensk 

Energi, 

2012) 

/Fortum 

Capital cost Projected 

costs- 

(IEA/NEA, 

2010) median 

case 

Projected 

costs- 

(IEA/NEA, 

2010) medi-

an case 

Projected 

costs- 

(IEA/NEA, 

2010) medi-

an case 

Projected 

costs- 

(IEA/NEA, 

2010) medi-

an case 

Projected 

costs-IEA, 

median case 

Projected 

costs- 

(IEA/NEA, 

2010) medi-

an case 

Projected 

costs- 

(IEA/NEA, 

2010) medi-

an case 

Fuel costs Projected 

costs- 

(IEA/NEA, 

2010) median 

case 

Projected 

costs- 

(IEA/NEA, 

2010) medi-

an case 

Projected 

costs- 

(IEA/NEA, 

2010) medi-

an case 

- Projected 

costs- 

(IEA/NEA, 

2010) Neth-

erlands 

- - 

O&M costs Projected 

costs- 

(IEA/NEA, 

2010) median 

case 

Projected 

costs- 

(IEA/NEA, 

2010) medi-

an case 

Projected 

costs- 

(IEA/NEA, 

2010) medi-

an case 

Projected 

costs- 

(IEA/NEA, 

2010) medi-

an case 

Projected 

costs- 

(IEA/NEA, 

2010) Neth-

erlands 

Projected 

costs- 

(IEA/NEA, 

2010) medi-

an case 

Projected 

costs- 

(IEA/NEA, 

2010) Swe-

den 

Efficiency Nordic ETP 

(OECD/IEA, 

2013) 

Nordic ETP 

(OECD/IEA, 

2013) 

Projected 

costs- 

(IEA/NEA, 

2010) medi-

an case 

Nordic ETP 

(OECD/IEA, 

2013) 

Nordic ETP 

(OECD/IEA, 

2013) 

Nordic ETP 

(OECD/IEA, 

2013) 

(KTH) 

Storage 

parameters 

- - - - - - Svensk En-

ergi/Fortum

/ Vattenfall 
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 The residual capacities are based on the same source as SOS with data from 

Platts database. Based on the existing capacities, their lifetime and the existing 

policies in Sweden, the residual capacities for the entire model period are calcu-

lated. The residual capacities for the “nine river” model are from Leif Kuhlins. For 

the models with storage, the residual capacity for River is also estimated. For fur-

ther details on these calculations see 3.1.3.4. 

 The capacity factor for nuclear, wind and hydro are achieved from real data 

from Svensk Energi for 2013. For solar, the yearly variation from EIA was used 

and the average from Nordic ETP. As mentioned in 3.1.2.1, the models with stor-

age use capacity factor for the supply-technology River. 

 The capital cost was calculated using Equation 3 below. 

Equation 3 

𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 = 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 ∗ (1 + 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒)𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝑦𝑒𝑎𝑟𝑠 

 

Because of this, the construction time (OECD/IEA, 2013)need to be considered by 

the analyst before entering the data.  

 The residual capacities for all the technologies are based on historic capacities 

and planned new investments. When there are no planned new investments in a 

given year, the residual capacities are decreased based on any retirements of 

previously installed technologies. These retirements are calculated based on the 

construction year and the life time of existing technologies. 

 Storage parameters: The residual storage capacity for all of Sweden is from 

Svensk Energi –Elåret 2013. The weekly “Kraftläget” from Svensk Energi shows 

the average storage fill distribution. Data for the storage level variation over the 

year are from the same place.  

The residual capacity for wind is higher according to data from Vindkraftsbranchen 

(Svensk Vindenergi, 2012), but data from Platts database is used. 
 

3.1.3.4 Assumptions and calculations for models with storage 

To let OSeMOSYS decide when to use the available hydropower capacities and to charge 
and discharge the reservoirs at the optimal time, the supply technology River is assumed 
to have a residual capacity. This will let OSeMOSYS use the available water in the river 
for purpose that is best for that instance. The residual capacity for River is an estimate 
from the capacity for the individual powerplants using Equation 4below. 
 

Equation 4 

𝑃𝑖 = 𝜌 ∗ 𝑔 ∗ ℎ𝑖 ∗ 𝑞𝑖 
 
where 𝑃𝑖  is the capacity in Watt, for power plant i, 𝜌 is the density in kg/m3, g the gravi-
tation constant in m/s2, ℎ𝑖  the height of powerplant i  in m and 𝑞𝑖 the maximum flow of 
power plant i in m3/s. All values for the powerplants in one river are added and the ini-
tial storage capacity for the entire river is included for the models without cascading 
hydropower. For the models with cascading hydropower, the river were split up accord-
ing to section 3.1.2.1 Level of detail, Cascading. 
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To achieve a capacity factor for the River that reflects the available water in the rivers 
and storage a combination of flow data, energy from precipitation and storage volume 
was used. Flow data for Dalälven from Fortum and data for Lule älv from Vattenfall are 
combined with the average energy from precipitation and the storage volume of the res-
ervoirs in Sweden in 2013. This is standardized so that the highest flow is equal to one. 
This is used for the model with one storage for all of Sweden. For the model with nine 
rivers and the models with cascading hydropower, the individual capacity factor for 
each river is calculated where data is available. Rivers without available data were given 
a capacity factor from a river close by based on its geographical location, assuming simi-
lar conditions.   
 
The residual storage capacity for all of Sweden is from Svensk Energi (Svensk Energi, 

2012). To get the residual storage capacity for the individual reservoirs Equation 5 below 
was used 

Equation 5 

𝐸𝑖 = 𝜌 ∗ 𝑔 ∗ ℎ𝑖 ∗ 𝑉𝑖 
 
where 𝐸𝑖 is the energy in Joule, for reservoir i, 𝜌 is the density in kg/m3, g the gravitation 
constant in m/s2, ℎ𝑖  the height of powerplant i  in m, 𝑉𝑖 the volume of reservoir i in m3. 
The sum of the individual reservoirs will provide the total residual storage capacity for 
all the reservoirs in the river. The volume that is available for hydropower generation is 
assumed to be 95 % of the total volume. In reality this number differs between the large 
reservoirs in north of Sweden and the smaller reservoirs in the south. The weekly statis-
tics from Svensk Energi shows the highest and lowest known values since 1960, and the 
lowest filling degree in that report is 5%. 
 
The investment costs for the technology River is set to 1*1015. This is done to prevent 
OSeMOSYS from arbitrarily increasing the flow of a river by investing in “capacity addi-
tions” to the river, (something which would not represent the hydrological reality).  
 
The max capacity investments for nuclear, coal, wind, solar and hydro are set to zero. 
These constraints are set because of the policies (2.1.2 and 2.3.4) that are in place. 1 
 
The initial storage levels (called StorageLevelStart in OSeMOSYS) in the first modelling 
year were calculated by using Svensk Energis Elåret (Svensk Energi, 2014), where the 
storage level for each month is presented. For January, about 70 % of the storage is 
filled. Therefore, 0,7 times the total storage is used for this parameter. Different types of 
storages have of course different storage levels, and can be corrected for investigating 
storages one by one. However, this is only of importance for the initial modelling years, 
as the storage levels in later years will at one stage not be dependent on the initial stor-
age levels any longer, due to the optimisation of the reservoir levels within OSeMOSYS. 
 
 
 
 
 
 

                                                        
1 This could also have been done to limit River instead of the high investment cost. 
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In hydropower plants there are different kind of losses caused by friction, drag and tur-
bulence (Boyle). These losses are all included in the estimated efficiency. The variation 
of the head of the hydropower plant due to seasonal differences has not been taken into 
consideration. Instead, it is assumed to be constant. 
 
Efficiencies for Kaplan, Francis and Pelton are all estimated to 90 % (KTH).  
 

3.2 Limitations 

This report only covers the Swedish electricity system, i.e., only technologies that pro-
duce electricity are covered. The demand and production of transport and heat are not 
covered. Due to the large share of hydropower and nuclear power in Sweden, the possi-
bility to model emissions are not taken into consideration, but could easily be added if 
required.  
 
Time constraints limit the number of hydropower plants that are included in this report. 
Nine rivers with their respective hydropower capacity is investigated more thoroughly.  
 
A limited number of technologies and fuels are investigated. This is to keep the model 
simple, and focus on expanding the hydropower and its storage, see Figure 8. 
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4 Results 

In this chapter the results from the different levels of detail are presented. 

4.1 Results for No storage scenario 

To validate the model, data from Svensk Energi for 2011 are compared to the model 

(Svensk Energi, 2012). The electricity mix can be seen in Figure 12 and Figure 13. As 

seen, the production from combined heat and power plants are higher in reality than in 

the model. The reason for this is probably because electricity from these power plants is 

forced into the system since it is used for district heating. 

 

Figure 12. Electricity mix in 2011 for No storage 
scenario. 

 

Figure 13. Real electricity mix for Sweden in 2011. 

 

In  Figure 14, the electricity generation for the No storage scenario can be seen. The 

model dispatch in Figure 15 shows the use during the different time-slices (see Table 5).  

It can be seen that the use of hydropower is even within each day. This is due to the ab-

sence of storage facilities that can regulate the discharge of the water in a more econom-

ical way.  
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 Figure 14. Electricity generation for No storage 
scenario. 

 

Figure 15. Model dispatch in 2020 for No storage 
scenario. 

 

4.2 Results for One storage scenario 

For the One storage scenario where all the storage capacity is gathered in one storage 

facility, the electricity generation is shown in Figure 16. The output from hydropower is 

increased in this model. This is not desired, but is a result from a capacity factor of the 

supply technology River that is estimated too high. What is important in this model is 

the model dispatch in Figure 17. Here it is visible that the use of hydropower is very dif-

ferent than in the previous model. There are variations of the use of hydropower within 

each day. 

 

Figure 16. Electricity generation for One storage 
scenario. 

 

Figure 17. Model dispatch for One storage scenar-
io in 2020. 
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The storage level for the beginning of each season is shown in Figure 18. As a compari-

son, the storage level for Sweden from Svensk Energi is shown in Figure 19. Note that 

the lowest level in the reference chart occur in the beginning of May, the same as in the 

model.  

 

 

Figure 18. Storage level for the beginning of each 
season in One storage scenario for 2020. 

 

Figure 19. Filling degree for all reservoirs in Swe-
den. The red dotted lines indicates the min and 
max values (Svensk Energi, 2012). 

 

The charge and discharge rate of the reservoir can be seen in Figure 20. The chart shows 

the charging of the reservoir from the inflowing river and discharge through the power 

plant during the different time-slices. It can be seen that the charging of the reservoirs 

occurs during the summer, the discharging is smaller than the charging during this sea-

son. This is confirmed by Figure 21, which shows the available energy from precipitation 

over the year from Svensk Energi (Svensk Energi, 2012).  

 

 

Figure 20. Storage charge and discharge rate for 
2020. 

 

 

Figure 21. Available energy from precipitation. 
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4.3 Results for Nine river scenario 

The model dispatch for the scenario with nine rivers with storage can be seen in Figure 

22. All hydropower capacity has been added in a total. The behaviour resembles the re-

sults from the One storage scenario, even if the distribution between the time-slices is 

different. When studying the results for this scenario, the total results are reliable, but 

the individual rivers show some undesirable effects. The undesirable results for the in-

dividual rivers can be seen in Figure 23 where the storage level for the beginning of new 

season is shown. The storage level for Dalälven, Lule älv and the total storage level can 

be seen in Figure 23. The total storage level follows a similar pattern as in the previous 

model, while the individual results for the storage levels cannot be compared to reality. 

This is because there are no seasonal constraints in the model, where in reality there are 

both natural limits and water legislations to follow. In future models, these limits should 

be taken into more considerations. Note that 0 % storage level means that there are still 

5 % left in the storage, see 3.1.3.4. 

 

Figure 22. Model dispatch for Nine-river scenario 
for 2020.  

 

Figure 23. Storage level in beginning of new sea-
son in 2020. 
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The first model, Cascading 1, was set up as a test, to examine the functionality of the cas-

cading modelling.  

4.4.1 Cascading 1 - One river in cascade for all Sweden 

To validate that the model charges and discharges the reservoirs in a desirable way the 

storage charge and discharge rates and the storage levels can be seen in Figure 24 and 

Figure 25. The results for the storage levels are not comparable with the results from 

previous models. The model is as mentioned, just a test, to examine that OSeMOSYS will 
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use the water in a desirable way. The reason for the diverging results are most likely 

that the hydropower and storage capacity for all of Sweden was simply split in two 

parts, two thirds for the first cascade and one third for the second.  

 

Figure 24. Storage charge and discharge rates for 
Cascading 1 in 2020. 

 

Figure 25. Storage level for the beginning of each 
new season for Cascading 1 in 2020. 

 

 

4.4.2 Cascading 2 – Three rivers in cascade 

The model dispatch in 2020 for the expanded cascading scenario can be seen below in 

Figure 26. As with previous models with storage, the use of hydropower varies over the 
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Figure 26. Model dispatch, 2020, three rivers. 

 

The charge and discharge rates for the cascading storages in Dalälven in 2020 are shown 

in Figure 27. When looking at the storage level for individual storages, the results do not 

correspond to the model with one storage. But as for the model with nine rivers, the to-

tal storage level for all storages show the same tendency as in the model with one stor-

age. Figure 28 shows the storage level for the two storages in Dalälven and the total 

storage level for all of the storages. Here it is visible that OSeMOSYS know what to ex-

pect in the future. The model knows that there will be water to fill the storages in the 

next season, why OSeMOSYS will not care about emptying the storages or what storage 

to use for hydropower production. In reality the storage level profile would resemble 

the total for the individual storages as well. This is because of the precipitation and wa-

ter legislations.   
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Figure 27. Storage charge and discharge rate for 
Dalälven in 2020. 

 

Figure 28. Storage level for Dalälven and total in 
2020. 
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5 Discussion and conclusions 

The purpose of this thesis was to create a model of cascading hydropower in Sweden 

and find out the necessary level of detail for modelling.  Several level of detail in the 

model have been implemented with various results. The use of hydropower over the 

year varies, and the results from the different models shows that if storage is included, 

OSeMOSYS uses hydropower in a way that resembles the reality better.  

The increase in intermittent electricity generation will place greater demand on hydro-

power. Hence, it will be more important to model hydropower accurately and include 

storage. Sweden has a large hydropower storage capacity, and to model all storage facili-

ty would be too time consuming. 

The level of detail that is required to model hydropower storage strongly depends on 

what the analysts are looking for in their research work. If an overview on a yearly basis 

of the electricity generation is desired, it is not required to model storage.  If a more de-

tailed model is desired, the model with one storage for all of Sweden captures the behav-

iour of the storage in a functional way. With a more thorough study of the demand 

curves and a finer time resolution, more trustworthy result will probably be achieved. 

For a model of a region where hydropower was not available all through the year, and 

the peak demand could not be covered without this, a model including storage would be 

necessary.  

 If the analyst wants to investigate the model on a time-slice level, one storage for all of 

Sweden is enough, if no changes are made according to flow and storage levels. The 

model with nine rivers would probably give better results if constraints that consider 

the environmental minimum flow and storage levels were implemented. The limits re-

garding flow and storage levels that are included in the environmental code can also be 

taken in to consideration. If this were performed, the model with nine rivers would give 

a more reliable result. To capture all the possibilities with hydropower and hydropower 

storage, a model with cascading hydropower is to prefer. To achieve results that are re-

liable and comparable with the hydropower generation of today, it is necessary to im-

plement the constraints of flow and storage level of the reservoirs. The time resolution 

of the model need to be finer in order to capture the cascading effects, including the time 

delay of the water between the power plants and reservoirs. In Sweden, a time resolu-

tion of around three hours is probably enough. This depends on the number of storages 

and how close to each other they are situated.  

When collecting data, many assumptions have been made and the result cannot be re-

garded as real, but as an approximation of reality. Hydropower data from Fortum that 

have been used in the model is mainly from Dalälven and is most likely not applicable 

for the rivers in all of Sweden.  The behaviour of the hydropower plants in different riv-

ers and different parts of the country will most likely be different.  
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5.1 Suggestions for future work 

To get a model that can use the cascading effects fully, new equations need to be imple-

mented. The time it takes for the water to travel from one power plant to the next need 

to be accounted for. This is because the flow is varying, and the same flow might not be 

valid for two power plants at the same time. This is also important for storage purposes. 

There need to be sufficient space in the downstream reservoir when water from the up-

stream power plants reaches the reservoir. To capture the real behaviour of the flow, 

seasonal lower and upper limits according to the water legislation would increase the 

accuracy of the model. The possibility to include spillage does not exist at the moment.  

The possibility to calculate emissions is not taken into account. This could be done as 
future work. As mentioned earlier, hydropower production is a very limited cause of 
emissions, why a model that includes emission could use hydropower in a more favour-
able way.  
 
The value of the water in the reservoirs can also be accounted for in a more complex 

model. In this case cascading hydropower would give the best results. 

The time resolution would depend on how many storage facilities the analyst wants to 

include. This is dependent on the time it takes for the water to travel between the reser-

voirs. If storages that are close to each other are added in one reservoir, time-slices of 

between two and four hours would be enough. Since there are different constraints to 

the storage levels in different parts of the river and also in different parts of the country, 

I suggest dividing the country in four geographical parts based on the different bidding 

areas in Sweden. If a model were created for a different area, the flow conditions and 

geography would need to be examined to determine how to best model that area. 

To sum up what can be done in future work: 

 Time-lag between power plants 

 Seasonal constraints regarding storage level and flow 

 Include spillage 

 Better study of the demand curves 

 The results from the different scenarios can be evaluated in different modelling 

tools.  

 In the scenario with nine rivers with storage, there are some reservoirs that are 

discharging and not generating hydropower. The reason for this was not found. 

OSeMOSYS should not waste fuel for no reason. This needs to be investigated fur-

ther. 

 Include emissions. 

 Include value of water. 
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Appendix 1 List of sets and parameters 

 

 

 

Table 7. List of sets. 

Sets Description 

Years The model period, every year need to be 

entered 

Timeslice Time resolution of each year. One time-slice 

indicates a part of a day. 

Season For example Winter, Spring, Summer and 

Autumn. 

Daytype For example weekday and weekend. 

DailyTimebracket The number of time-slices each day indicat-

ed by a numbers. 

Region For example a country. 

ModeOfOperation For example charging and discharging, or 

production of electricity or heat. 

Technology Any element that converts energy from one 

form to another. 

Fuel Fuels or energy carriers. For example water 

or gas. 

Storage Reservoir or battery. 

Emission  The name of emissions to be accounted for. 
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Table 8. List of parameters. 

Parameters Unit Description 

Discount Rate Fraction Discount rate for the model period for 

each technology and region. 

DepreciationMethod 1 or 2 1 for Sinking fund and 2 for Straight 

line depreciation. 

YearSplit Fraction The length of each timeslice. The sum 

for each year should be 1. 

OperationalLife Years Lifetime of the technologies. 

Conversions 0 or 1 Converts time-slices to Daytypes, Sea-

son and DailyTimebracket  

DaySplit Fraction Length of one timebracket. 

DaysInDayType Number Number of days for each daytype. 

SpecifiedAnnualDemand MWa The demand of a fuel, for example elec-

tricity or heat. 

SpecifiedDemandProfile Fraction The proportion of energy demand in 

each time-slice. 

CapacityToActivityUnit 1 or 31,536 Used to convert GW to PJ. 

TechWithCapacityNeed-

edToMeetPeakTS 

0 or 1 0 for supply technologies. 

InputActivityRatio 100/efficienc

y 

100/efficiency 

OutputActivityRatio 0 or 1 1 for supply technologies and power 

plants 

ResidualCapacity MW Available capacity 

AvailabilityFactor Fraction Maximum time a technology may run 

for each year. 

CapacityFactor Fraction Maximum time a technology may run 

in each time-slice. 

FixedCosts $/MW capaci-

ty 

Annual cost/capacity of a technology 

CapitalCost $/MW capaci-

ty 

Total capital cost 

VaiableCost $/MWa Cost per unit of activity. O&M cost for 

technologies, fuel costs for supply 

technologies. 

TotalTechnologyAnnualActivity-

LowerLimit 

MWa Minimum activity that a technology can 

perform each year. 

TotalAnnualMaxCapacityInvest-

ment 

MW Maximum new capacity each year. 

TechnologyToStorage 0 or 1 Indicates which technology charge the 

storage 
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TechnologyFromStorage 0 or 1 Indicates which technology discharge 

the storage 

StorageLevelStart MWa Energy content in the storage at the 

beginning of the first year. 

OperationalLifeStorage Years Lifetime of the storage 

CapitalCostStorage $/MWa Capital cost per energy unit 

DiscountRateStorage Fraction  

ResidualStorageCapacity MWa Storage capacity of each storage 
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Appendix 2 Data 

The sets for the models are listed below. The input data can be seen in Table 9-. 

Overall sets: 

Technology: NuclearPP, GasPP, CoalPP, WindPP, BiomassPP, SolarPV, HydroPP, Im-

port_Uranium, Import_Gas, Import_Coal, Import_Biomass, River 

Fuel: Uranium, Gas, Coal, Wind, Biomass, Sun, Water 

Year: 2007-2030 

Timeslice: WA, WB, WC, WD, SpA, SpB, SpC, SpD, SA, SB, SC, SD, AA, AB, AC, AD 

Mode of operation: 1 

Region: Swe 

Storage: Dam (only for the models with storage) 

Seasons:1, 2, 3, 4 

Daytype: 1 

Dailytimebracket: 1, 2, 3, 4 

DiscountRate: 0.06 

For the model with nine rivers following additions are made: 

Technology: Hydro_Indals, River_Indals, Hydro_Gota, River_Gota, Hydro_Lule, Ri-

ver_Lule, Hydro_Ume, River_Ume, Hydro_Dal, River_Dal, Hydro_Anger, River_Anger, 

Hydro_ Skel, River_Skel, Hydro_Ljus, River_Ljus, Hydro_Ljung, River_Ljung, Hydro_Rest, 

River_Rest 

Fuel: Water_Indals, Water_Gota, Water_Lule, Water_Ume, Water_Dal, Water_Anger, Wa-

ter_Skel, Water_Ljus, Water_Ljung, Water_Rest 

Mode of operation: 1, 2 

Storage: Dam_Indals, Dam _Gota, Dam _Lule, Dam _Ume, Dam _Dal, Dam _Anger, Dam 

_Skel, Dam _Ljus, Dam _Ljung, Dam _Rest 

For cascading 2 following additions are made to the overall sets: 

Technology: Hydro_1_Dal, Hydro_2_Dal, Hydro_1_Lule, Hydro_2_Lule, Hydro_1_Rest, 

Hydro_2_Rest 

Fuel: Water_1_Dal, Water_1out_Dal, Water_2_Dal, Water_1_Lule, Water_1out_Lule, Wa-

ter_2_Lule, Water_1_Rest, Water_1out_Rest, Water_2_Rest 

Storage: Dam_1_Dal, Dam _2_Dal, Dam _1_Lule, Dam _2_Lule, Dam _1_Rest, Dam _2_Rest 
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Table 9. Year split 

YearSplit All years [fraction] 

WA 0.0417 

WB 0.0417 

WC 0.0417 

WD 0.0417 

SpA 0.0417 

SpB 0.0417 

SpC 0.0417 

SpD 0.0417 

SA 0.1042 

SB 0. 1042 

SC 0. 1042 

SD 0. 1042 

AA 0.0625 

AB 0.0625 

AC 0.0625 

AD 0.0625 

 

Table 10. Operational life 

param OperationalLife [years] 

NuclearPP 50 

GasPP 30 

CoalPP 35 

WindPP 25 

BiomassPP 35 

SolarPV 25 

HydroPP 80 

 

For the models with more than one hydropower plant, all of them are assumed to have 

the same operational life. 

 

Table 11. Daysplit 

DaySplit  0.0000685 
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Table 12. Specified Annual demand 

SpecifiedAnnualDemand El [MWa] 

2007 16669.2922374429 

2008 16438.3561643836 

2009 15740.4109589041 

2010 16779.7945205479 

2011 16013.9269406393 

2012 16308.6757990868 

2013 16458.7156164384 

2014 16610.1358001096 

2015 16762.9490494706 

2016 16917.1681807257 

2017 17072.8061279884 

2018 17229.8759443659 

2019 17388.3908030541 

2020 17548.3639984422 

2021 17709.8089472278 

2022 17872.7391895423 

2023 18037.1683900861 

2024 18203.1103392749 

2025 18370.5789543963 

2026 18539.5882807767 

2027 18710.1524929599 

2028 18882.2858958951 

2029 19056.0029261373 

2030 19231.3181530578 
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Table 13. Specified demand profile 

SpecifiedDemandProfile For all years [fraction] 

WA 0.0407988537377536 

WB 0.0527646360756451 

WC 0.051365559121603 

WD 0.0476872636895026 

SpA 0.0436401957223641 

SpB 0.0460319333840075 

SpC 0.0432376561371378 

SpD 0.0452345497716018 

SA 0.0755228627629006 

SB 0.100462419738216 

SC 0.100996206441422 

SD 0.0890813512140964 

AA 0.0553842610543847 

AB 0.070786092990433 

AC 0.071538772520052 

AD 0.0654673856388799 

 

 

 

 

Table 14. Input activity ratio 

InputActivityRatio NuclearPP GasPP BiomassPP HydroPP CoalPP 

All years 
[100/efficiency] 

2.8 2.5 3.5 1.1 2.5 

 

 

 

For the models with more than one hydropower plant, all of them are assumed to have 

the same input activity ratio. 
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Table 15. Residual capacity. 

Residu-

alCapaci-

ty [MW] 

Nuclear Gas Wind Biomass Solar Hydro River Coal 

2007 9880 686.734 572.604 2327.74 0 16453.231 21400 359.3 

2008 9880 686.734 651.304 2336.94 0.162 16463.461 21400 359.3 

2009 9880 946.734 968.504 2484.54 0.162 16671.711 21400 359.3 

2010 9880 946.734 1260.554 2548.23 0.191 16684.171 21400 359.3 

2011 9880 791.234 1822.594 2367.03 0.232 16599.282 21400 178.3 

2012 9880 791.234 2424.549 2275.23 0.312 16456.172 21400 178.3 

2013 9880 791.234 2916.48 2198.68 0.312 16405.632 21400 178.3 

2014 9880 791.234 3233.281 2126.53 0.312 16437.379 21400 178.3 

2015 9880 728.514 3995.868 1964.48 0.312 16290.66 21400 118.3 

2016 9880 706.149 4448.979 1541.98 0.312 16034.834 21400 118.3 

2017 9880 704.727 4898.965 1541.98 0.312 16009.523 21400 118.3 

2018 9880 606.629 5340.93 1452.18 0.312 15992.148 21400 118.3 

2019 9880 606.629 5789.38 1452.18 0.312 15895.548 21400 118.3 

2020 9880 568.089 6212.435 1452.18 0.312 15861.898 21400 114 

2021 9880 435.489 6633.395 1452.18 0.312 15815.838 21400 114 

2022 9388 435.489 7067.47 1452.18 0.312 15706.38 21400 114 

2023 9388 435.489 7477.455 1452.18 0.312 15690.13 21400 114 

2024 8727 435.489 7890.96 1443.18 0.312 15334.53 21400 114 

2025 7810 435.489 7850.32 1437.98 0.312 15317.86 21400 0 

2026 6917 435.489 7828.3 1425.58 0.312 15288.03 21400 0 

2027 6917 435.251 7816.7 1391.68 0.312 15250.62 21400 0 

2028 6917 434.451 7810.65 1383.68 0.312 15246.61 21400 0 

2029 6917 434.351 7798.05 1292.29 0.312 14974.61 21400 0 

2030 5887 391.351 7769.85 1254.79 0.312 14708.15 21400 0 
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Table 16. Residual capacity for hydropower, Nine river scenario. 

Residu-

al ca-

pacity 

[MW] 

Hy-

dro_Ind

als 

Hy-

dro_Got

a 

Hy-

dro_Lul

e 

Hy-

dro_Um

e 

Hy-

dro_Dal 

Hy-

dro_Ang

er 

Hy-

dro_Ske

l 

Hy-

dro_Lju

s 

Hy-

dro_Lju

ng 

Hy-

dro_Res

t 

2007 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 3469.62 

2008 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 3479.85 

2009 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 3688.10 

2010 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 3700.56 

2011 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 3615.67 

2012 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 3472.56 

2013 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 3422.02 

2014 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 3453.77 

2015 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 3307.05 

2016 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 3051.22 

2017 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 3025.91 

2018 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 3008.54 

2019 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 2911.94 

2020 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 2878.29 

2021 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 2832.23 

2022 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 2722.77 

2023 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 2706.52 

2024 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 2350.92 

2025 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 2334.25 

2026 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 2304.42

3 

2027 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 2267.01 

2028 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 2263.00 

2029 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 1991.00 

2030 1832.85 326 4345 1798.7 1100.05 1247.85 1068.1 786.06 479 1724.54 

 



X 
 

 

Table 17. Residual capacity for supply technology River, Nine river scenario. 

Residu-

alcapaci

ty [MW] 

Riv-

er_Indal

s 

Riv-

er_Gota 

Riv-

er_Lule 

Riv-

er_Ume 

Riv-

er_Dal 

Riv-

er_Ange

r 

Riv-

er_Skel 

Riv-

er_Ljus 

Riv-

er_Ljun

g 

Riv-

er_Rest 

All 

years 

2289.36 408.19 5785.90 2232.30 1383.73 1549.18 1295.84 1012.05 591.06 5758.15 

 

Table 18. Residual capacity for Cascading 1 scenario. 

Residual 

capacity 

[MW] 

Hydro_1 Hydro_2 River_1 River_2 

2007 10968 5484 14866 7433 

2008 10975 5487 14866 7433 

2009 11114 5557 14866 7433 

2010 11122 5561 14866 7433 

2011 11066 5533 14866 7433 

2012 10970 5485 14866 7433 

2013 10937 5468 14866 7433 

2014 10958 5479 14866 7433 

2015 10860 5430 14866 7433 

2016 10689 5344 14866 7433 

2017 10673 5336 14866 7433 

2018 10661 5330 14866 7433 

2019 10597 5298 14866 7433 

2020 10574 5287 14866 7433 

2021 10543 5271 14866 7433 

2022 10470 5235 14866 7433 

2023 10460 5230 14866 7433 

2024 10223 5111 14866 7433 

2025 10211 5105 14866 7433 

2026 10192 5096 14866 7433 

2027 10167 5083 14866 7433 

2028 10164 5082 14866 7433 

2029 9983 4991 14866 7433 

2030 9805 4902 14866 7433 
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Table 19. Capacity factors 

Capacity 

factor 

[frac-

tion] 

Nuclear Gas Wind Biomass Solar Hydro River Coal 

WA 0.82 0.6 0.25 0.6 0 0.56 0.89 0.85 

WB 0.82 0.6 0.28 0.6 0.16 0.57 0.87 0.85 

WC 0.82 0.6 0.28 0.6 0.16 0.57 0.88 0.85 

WD 0.82 0.6 0.27 0.6 0 0.57 0.9 0.85 

SpA 0.91 0.6 0.40 0.6 0 0.47 0.53 0.85 

SpB 0.91 0.6 0.40 0.6 0.24 0.47 0.53 0.85 

SpC 0.91 0.6 0.42 0.6 0.24 0.47 0.54 0.85 

SpD 0.91 0.6 0.41 0.6 0.05 0.46 0.54 0.85 

SA 0.62 0.6 0.25 0.6 0.07 0.36 0.93 0.85 

SB 0.62 0.6 0.3 0.6 0.25 0.37 0.99 0.85 

SC 0.62 0.6 0.28 0.6 0.25 0.37 1 0.85 

SD 0.62 0.6 0.25 0.6 0 0.36 0.96 0.85 

AA 0.75 0.6 0.5 0.6 0 0.45 0.73 0.85 

AB 0.75 0.6 0.5 0.6 0.18 0.46 0.77 0.85 

AC 0.75 0.6 0.5 0.6 0.18 0.46 0.78 0.85 

AD 0.75 0.6 0.5 0.6 0 0.45 0.74 0.85 
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Table 20. Capacity factor for Rivers, Nine river scenario. 

Capacity 
factor[fr
action] 

Ri-
ver_Inda
ls 

Ri-
ver_Gota 

Ri-
ver_Lule 

River 
_Ume 

Ri-
ver_Dal 

Ri-
ver_Ang
er 

Ri-
ver_Skel 

Ri-
ver_Ljus 

Ri-
ver_Ljun
g 

Ri-
ver_Rest 

WA 0.55 0.85 0.67 0.67 0.98 0.55 0.67 0.55 0.55 0.98 

WB 0.57 0.85 0.67 0.67 0.95 0.57 0.67 0.57 0.57 0.95 

WC 0.6 0.85 0.67 0.67 0.97 0.6 0.67 0.6 0.6 0.97 

WD 0.58 0.85 0.67 0.67 1 0.58 0.67 0.58 0.58 1 

SpA 0.4 0.66 0.58 0.58 0.57 0.4 0.58 0.4 0.4 0.67 

SpB 0.4 0.66 0.58 0.58 0.56 0.4 0.58 0.4 0.4 0.7 

SpC 0.41 0.66 0.58 0.58 0.59 0.41 0.58 0.41 0.41 0.75 

SpD 0.41 0.66 0.58 0.58 0.59 0.41 0.58 0.41 0.41 0.7 

SA 0.87 1 1 1 0.56 0.87 1 0.87 0.87 0.73 

SB 0.95 1 1 1 0.57 0.95 1 0.95 0.95 0.9 

SC 1 1 1 1 0.58 1 1 1 1 0.95 

SD 0.99 1 1 1 0.51 0.99 1 0.99 0.99 0.85 

AA 0.7 0.72 0.82 0.82 0.47 0.7 0.82 0.7 0.7 0.69 

AB 0.75 0.72 0.82 0.82 0.48 0.75 0.82 0.75 0.75 0.82 

AC 0.78 0.72 0.82 0.82 0.48 0.78 0.82 0.78 0.78 0.85 

AD 0.77 0.72 0.82 0.82 0.48 0.77 0.82 0.77 0.77 0.76 
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Table 21- Capacity factor for Cascading 1 scenario. 

Capacity factor [fraction] River_1 River_2 

WA 0.89 0.89 

WB 0.87 0.87 

WC 0.88 0.88 

WD 0.9 0.9 

SpA 0.53 0.53 

SpB 0.53 0.53 

SpC 0.54 0.54 

SpD 0.54 0.54 

SA 0.93 0.93 

SB 0.99 0.99 

SC 1 1 

SD 0.96 0.96 

AA 0.73 0.73 

AB 0.77 0.77 

AC 0.78 0.78 

AD 0.74 0.74 
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Table 22. Capacity factor for Cascading 3 river scenario.. 

Capacity 

factor 

[fraction] 

River_1_Dal River_2_Dal River_1_Lule River_2_Lule River_1_Rest River_2_Rest 

WA 0.98 0.98 0.67 0.67 0.98 0.98 

WB 0.95 0.95 0.67 0.67 0.95 0.95 

WC 0.97 0.97 0.67 0.67 0.97 0.97 

WD 1 1 0.67 0.67 1 1 

SpA 0.57 0.57 0.58 0.58 0.67 0.67 

SpB 0.56 0.56 0.58 0.58 0.7 0.7 

SpC 0.59 0.59 0.58 0.58 0.75 0.75 

SpD 0.59 0.59 0.58 0.58 0.7 0.7 

SA 0.56 0.56 1 1 0.73 0.73 

SB 0.57 0.57 1 1 0.9 0.9 

SC 0.58 0.58 1 1 0.95 0.95 

SD 0.51 0.51 1 1 0.85 0.85 

AA 0.47 0.47 0.82 0.82 0.69 0.69 

AB 0.48 0.48 0.82 0.82 0.82 0.82 

AC 0.48 0.48 0.82 0.82 0.85 0.85 

AD 0.48 0.48 0.82 0.82 0.76 0.76 

 

 

 

Table 23. Capital cost for all scenarios. 

Capital cost 

[$/MW capaci-

ty] 

Nuclear Gas Wind Biomass Solar Hydro Coal River 

All years 6167891 120112

8 

2488880 6137305 6366360 4310096 2694125 1E+15 

 

For the models that include more than one hydropower plant and river, the capital cost 

is the same for all of the plants and rivers. 
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Table 24. Variable cost for all scenarios. 

Varia-

ble-

Cost 

[$/MW

a] 

Nucle-

ar 

Gas Wind Bio-

mass 

Solar Hydro Coal Imp_ga

s 

Imp_bi

o 

Imp_Ur

n 

Imp_co

al 

All 

years 

129122 39244 192019 39595 262362 132889 52735 535411 604965 81730 159519 

 

For the models that include more than one hydropower plant, the variable cost is the 

same for all of the power plants. 

 

 

 

Table 25. Minimum production each year. 

TotalTechnologyAnnualActivityLowerLimit [MWa] Hydro 

All years 1875 

 

 

 

Table 26. Minimum production each year for Nine river scenario. 

Total-

Technol

nolog-

og-

yAnnu-

alActiv-

ityLow-

erLimit 

Hy-

dro_Ind

als 

Hy-

dro_Got

a 

Hy-

dro_Lul

e 

Hy-

dro_Um

e 

Hy-

dro_Dal 

Hy-

dro_Ang

er 

Hy-

dro_Ske

l 

Hy-

dro_Lju

s 

Hy-

dro_Lju

ng 

Hy-

dro_Res

t 

All 

years 

208.870 37.151 495.153 204.979 125.361 142.204 121.720 89.579 54.587 395.396 
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Table 27. Minimum production for Cascading 1 scenario. 

TotalTechnologyAnnualActivityLower-

Limit 

Hydro_1 Hydro_2 

All years 1250 625 

 

 

 

Table 28. Minimum production for # River cascading scenario. 

TotalTechnologyAnnu-

alActivityLowerLimit 

Hydro 

_1_Dal 

Hydro 

_2_Dal 

Hydro 

_1_Lule 

Hydro 

_2_Lule 

Hydro 

_1_Rest 

Hydro 

_2_Rest 

All years 61.4 63.5 323.6 171.5 836.6 418.3 

 

 

 

Table 29. Storage level at beginning of the first year, One storage scenario. 

StorageLevelStart Dam 

 2561.93 

 

 

Table 30. Storage level at beginning of the first year, Nine river scenario. 

Stor-

ageLevel-

Start 

[MWa] 

Dam_I

ndals 

Dam_

Gota 

Dam_

Lule 

Dam_

Ume 

Dam_

Dal 

Dam_A

nger 

Dam_

Skel 

Dam_

Ljus 

Dam_L

jung 

Dam_

Rest 

 89.95 16.99 571.9

0 

73.86 63.67 51.76 14.12 68.78 16.26 1594.

61 

 

 

 

Table 31. Storage level at beginning of first year, Cascading 1. 

StorageLevelStart 

[MWa] 

Dam_1 Dam_2 

 1707.953 853.977 
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Table 32. Storage level at the beginning of first year, Cascading 3 rivers. 

StorageLevel-

Start [MWa] 

Dam 

_1_Dal 

Dam 

_2_Dal 

Dam 

_1_Lule 

Dam 

_2_Lule 

Dam 

_1_Rest 

Dam 

_2_Rest 

 56 8 405 238 1284 642 

 

 

 

Table 33. Residual storage capacity, One storage scenario. 

ResidualStorageCapacity 

[MWa] 

Dam 

All years 3659.9 

 

 

 

Table 34. Residual storage capacity, Nine rivers. 

Resid-

ualStor

ageCa-

pacity 

[MWa] 

Dam_In

dals 

Dam_G

ota 

Dam_L

ule 

Dam_U

me 

Dam_D

al 

Dam_A

nger 

Dam_S

kel 

Dam_Lj

us 

Dam_Lj

ung 

Dam_R

est 

All 

years 

128.5 24.3 817.0 105.5 90.9 73.9 20.2 98.3 23.2 2278.0 

 

 

 

Table 35. Residual storage capcity, Cascading 1. 

ResidualStorageCapacity 

[MWa] 

Dam_1 Dam_2 

All years 2439.93 1219.97 

 

 

Table 36. Residual storage capacity, Cascading 3 rivers. 

ResidualStorageCa-

pacity [MWa] 

Dam_1_D

al 

Dam_2_D

al 

Dam_1_Lu

le 

Dam_2_Lu

le 

Dam_1_Re

st 

Dam_2_Re

st 

All years 79 12 579 238 1835 917 

 


