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Abstract

Simulering av den Svenska elproduktionen

Simulating the Swedish Electric Energy Production

Michael Swahn Azavedo

Production of electric energy is continuously affected by many factors. Therefore,
tools for predicting the future production are needed. In turn, the production affects
the electric energy price, which is set on electric energy exchanges.

This thesis is intended to find out if the software SDDP can be used for hydrothermal
power production simulations in the Nord pool area. 

By building a simplified model of the electric energy production in Sweden with a
focus on hydro, thermal   and wind power, the intention is to see how the model is
affected by different conditions. The investigated conditions are several; higher and
lower water inflows to the hydro power reservoirs; different amounts of installed
wind power production; different price levels of emission allowances for CO2.

By using the simulation software SDDP, more wind power was seen to lower the
electric energy prices, as well as reduce the need of transmission of power from the
northern to the southern parts of Sweden.
In the simulation, Sweden was divided into four areas, connected where the main
bottlenecks in the power grid are located.

Water inflows to the reservoirs are crucial in the model. Actual inflow data can be
bought from SMHI. However, due to the limited thesis budget, estimations were
constructed instead. The estimations were difficult to make and turned out to be too
high. Consequently, no reliable evaluation of the SDDP software could be done using
this data.
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Sammanfattning 
De nordiska länderna har sammankopplade elnät. Den elektriska energin produceras inte 

nödvändigtvis där den förbrukas, vilket innebär att elen behöver överföras från producent till 

konsument via näten. På grund av fysiska begränsningar på vissa platser i nätet kommer förhållandet 

mellan efterfrågan och utbud att variera. I vissa områden finns ett elproduktionsöverskott, medan 

det i andra områden finns ett underskott.  

Elpriset i ett område baseras på utbud och efterfrågan. Det gör att priset kan skilja sig mellan 

områden med olika förhållanden. Dessa olika områden utgör s.k. prisområden. 

Vad som påverkar prisskillnaderna mellan prisområden kan undersökas genom att bygga en 

förenklad simuleringsmodell av elsystemet. 

Det här examensarbetet syftar till att bygga en sådan modell och se hur modellen påverkas av olika 

nivåer av vindkraft, koldioxidutsläppspriser samt hydrologiska förutsättningar. 

För att bygga modellen har ett elsystem med vatten- och vindkraft samt termisk kraftproduktion 

konstruerats, baserat på delvis verkliga data om elproduktionen och förbrukningen i Sveriges fyra 

prisområden. 

Modellen testas med datorsimuleringsverktyget SDDP. SDDP används i ett antal länder för att 

simulera bland annat hydrotermiska elkraftsystem. 

Modellens testas genom att simulera kraftproduktionen under 2011, med veckoupplösning. Fyra 

prisområden används, inom vilka elen antas flöda fritt. Begränsningar finns i överföringen mellan 

prisområdena. 

All termisk elkraftproduktion (kärnkraft, naturgasturbiner, biokraft, etc.) modelleras på samma sätt, 

dvs. de konsumerar bränsle med olika bränslepriser. Beroende på vilket bränsle ett termiskt kraftverk 

har, så påverkas det av utsläppsrätter. 

Vindkraftverkens produktion antas vara förutbestämd, vilket är en förenkling. Den påverkar systemet 

genom att sänka den övriga produktionen i de prisområden där verken befinner sig. 

Vattenkraftverken modelleras som en kedja av kraftverk per vattendrag, vars vatten rinner direkt, 

utan fördröjning, till nästa kraftverk eller reservoar som ligger nedströms. Enbart de ungefär 200 

största vattenkraftverken i Sverige har använts i modellen, vilket svarar mot nästan all 

produktionskapacitet. 

Elförbrukningen antas vara känd på förhand och ändras inte. Den påverkas alltså inte av elpriset. 

Modellen använder programmet SDDP för planera kraftproduktionen så att den tillgodoser 

förbrukningsbehovet på det mest kostnadseffektiva sättet för alla prisområden. Programmet 

använder en optimeringsmetod som också heter SDDP (Stochastic Dual Dynamic Programming). 

SDDP-metoden används eftersom optimeringsproblemet med enklare dynamiska 

programmeringsmetoder skulle bli så stort att det inte skulle gå att lösa tillräckligt snabbt. 
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Resultatet av simuleringar som gjordes för året 2011 visar att vattenkraften producerar för mycket. 

Ingen dyrare kraftproduktion används, vilket innebär att elpriserna blir låga och elsystemets 

påverkan av utsläppsrätter är obefintlig. Vattenkraften producerar för mycket, eftersom tillgången på 

vatten (inflödet av vatten) är för stor. Eftersom inga riktiga data om inflödet fanns att tillgå, så blev 

det nödvändigt att estimera dem. Estimeringarna är för höga och är ett för stort arbete i sig att 

förfina inom ramen av det här examensarbetet. 

Olika scenarier görs med bland annat olika nivåer på inflöden, olika andel vindkraftsproduktion etc. I 

scenarierna undersöktes elpris, elöverföring mellan prisområden mm. T.ex. sänktes elprisen när mera 

vindkraft infördes i systemet.  
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Summary 
The Nordic countries have electric grids, which are connected at some locations. The national grids 

transport power over large distances, but there are also other types of grids. Some countries are 

divided into large areas, which in some cases correspond to capacity limitations in the national grids. 

Without capacity limitations in the grid, areas with surplus of production (i.e. the supply) in relation 

to the consumption (i.e. the demand) can aid areas with production deficit. However, in real life, the 

grids are limited. Roughly speaking, this means that the demand in an area with production deficit 

will be higher in relation to its supply, compared to an area with a production surplus. 

Because the price is ideally set so that the demand meets the supply, this means that different 

electric energy prices can occur in relation to other areas. 

What affects these price differences can be investigated by building a simplified simulation model of 

the system. 

This thesis aims to build such a model, and see how different amounts of wind power, different CO2 

emission allowance prices and different hydrological conditions affect the system. 

In order to do so, a system consisting of hydro, thermal1 and wind power is set up using actual 

production data of electric energy production plants in Sweden, as far as it is feasible within the time 

constraint of a thesis, as well as other external constraints. 

The model is tested by using the simulation software SDDP. SDDP is a tool used in many countries 

worldwide to simulate hydrothermal electric energy systems, among other things. 

The model is tested on the year of 2011, with a weekly resolution. Four price areas are used in the 

model, and electric energy is assumed to flow freely within these price areas. Constraints in 

transmission capacities exist only between the price areas. 

In this model, the system of CO2 emission allowances is taken into account. This system is a 

regulation on a worldwide level, which acts on EU to lower CO2 emissions. Roughly speaking, this 

means that power plants fueled by coal, oil or natural gas are inhibited.  

The emission allowance system works in a supply and demand way. How it works, depends on which 

trading period it is in. The current system works as follows.  

Producers of CO2, i.e. the demand side in the system, have to buy ‘allowances’ corresponding to the 

amount of their emissions. The supply side is owners of allowances, which sell these to the demand 

side. Allowances are created and distributed on a national level, by the Swedish government. 

The effect of the allowances to some electric energy producers is higher production costs. The more 

they produce and emit, the more they have to pay. This is modeled as a cost per consumed fuel unit, 

for power plants using technologies that are inhibited by this system. 

Power plants inhibited by the emission allowance system are assumed to be only of thermal type.  

                                                           
1
 Nuclear power plants are a subgroup of thermal power plants in this context. 
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All thermal power technologies (nuclear power plants, natural gas turbines, biofueled plants, etc.) 

are modeled the same, except for the fuels used and corresponding emission allowance inhibitions. 

They all have fuel and maintenance costs. Depending on fuel, they also have emission allowance 

costs. 

Wind power is modeled as power plants, whose production is known beforehand. This production is 

input to the model, i.e. it is independent of anything in the model. The wind power input is installed 

capacity and wind scenarios. A wind scenario is defined as weekly production expressed as a 

percentage of the installed capacity. 

Hydropower is modeled as cascades of power plants along the main rivers. Only the largest hydro 

plants are used in the model.  

Some hydro plants have water reservoirs, which make it possible for the plants to schedule their 

production. Other are run-of-river plants, which produce when there is enough water inflow into the 

plant. Most reservoir sizes were estimated due to lack of real data. 

Load is modeled simply as an independent input to the model, known beforehand.  

The model is optimizing the production to satisfy the load by production cost minimization. The 

algorithm used by the simulation software SDDP is called Stochastic Dual Dynamic Programming 

(SDDP, the same name as the simulation program). 

The SDDP algorithm is used for high dimensional dynamic programming problems with many 

sequential decisions. Standard dynamic programming techniques create sub minimization problems, 

which are solved recursively stage by stage (backwards in this case). This leads to computationally 

demanding problems, called the ‘curse of dimensionality’ of dynamic programming. 

SDDP instead uses a form of analytical dual dynamic programming, in which a piecewise linear 

boundary curve is created in the succeeding stage, and used to solve the minimization problem in the 

current stage. The boundary curve is created from dual variables, known as simplex multipliers, of 

each stage-wise sub minimization.  

The problem with the ‘curse of dimensionality’ is circumvented by using a sample set of state 

variables to get corresponding simplex multipliers, which are used to construct the boundary curve, 

stage by stage. The recursive iterations of this curve creation, used in the sub minimization problems, 

result in a lower bound to the real problem solution. An upper bound solution is found by forward 

recursion, using the lower bound solution at the first stage to create the next stage sub solution, and 

so on. When the recursion is at the last stage, an upper bound is obtained.  

If the upper and lower boundaries are close enough, the problem is considered solved. Otherwise, a 

new backward recursion is begun by adding a sample point to the future cost function, stage by 

stage. This backward recursion results in a new lower bound, followed by a forward recursion 

resulting in a new upper bound. The algorithm converges due to improving new sample points 

generated in the previous back- and forward recursion. 

The results of the electric energy production optimization are affected mainly by the water inflow. 

Expensive data can be bought from SMHI, but it costs too much. This means that inflows are 
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estimated instead. It turned out that the estimations were too high. Hydro reservoir storages fill up 

during springtime, which is usual in the real world. However, the reservoir storages are filled up to 

maximum level and are kept there during the rest of the simulation period. Also, vast amounts of 

water is spilled, due to the high inflow into full reservoirs and maximized turbine capacity. 

This means that the market is overwhelmed by hydropower production, which is cheap, biofuels 

(which are very cheap in the model) and occasional nuclear power (which is also quite cheap in the 

model). The consequence is that no expensive power production (fuel by coal, oil or natural gas) is 

produced. This is shown by the low electric energy prices, which are determined by the production 

costs of power plants brought into production. 

The effect is no emission of CO2, and correspondingly no effect is seen by changing the emission 

allowance prices.  

In a 30 TWh scenario of produced wind energy in the system, the electric energy prices are lowered 

in SE3 and SE4 (Southern Sweden) almost all weeks. In SE1 and SE2, the prices are lowered during 

spring, summer and autumn. This may decrease the profitability of wind power. 

In a 10 TWh scenario of produced wind energy, no clear effects can be seen. 

A wet and dry scenario has little effect on the levels of inflow in the model. The only clear result is 

that the reservoirs fill up faster in the wet scenario, and a bit slower in the dry scenario. The dry 

scenario still has too much inflow, so the reservoir storages are kept at maximum once they are filled 

to the maximum. 

A sensitivity analysis of changing the reservoir storage capacity does not give better results; the 

maximum reservoir levels are only reached quicker in the case of a decrease of the reservoir 

capacity, and a bit slower with an increase of the capacity. 
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Scalar in sub minimization 
problem in stage t 

  
  scalar 

Scalar for each   in stage t used 
in the creation of FCF 

z scalar Lower bound for optimization 

 ̅ scalar Upper bound for optimization 
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  scalar Standard deviation 
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1 Introduction 

1.1 Background 
Lately, the electric grids in the Nordic region have been exposed to several changes. An increase of 

renewable production, varying weather and changes in government regulations have been in the 

focus of attention. In addition, new price areas have been introduced in Sweden and the electric 

energy certificate systems of Sweden and Norway have been joined. 

Considering all changes in the region, some factors might be affecting the electric energy prices in 

the Nordic area, i.e. the prices set on the Nordic power exchange Nord Pool Spot.  

Hydrological conditions, increase of wind power production and CO2 emission allowance prices are 

supposed to be some of the factors affecting the price levels. Naturally, it is interesting to find out if 

and how these factors affect the region.  

For instance, this can be investigated by simulating the market.  

To gather data about the entire Nord Pool area will be both difficult and time-consuming. This is why 

the simulation is limited to Sweden. 
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1.2 Objective 
The thesis aims to build a simplified Swedish electric energy production model. Then the model will 

be tested by optimizing the production by using the computer software SDDP used by ÅF / Mercados 

in Spain. 

1.3 Problem statement 
The questions to be answered are: 

What are the consequences in the model with different 

 CO2-emission allowance prices? 

 hydrological conditions? 

 amounts of installed wind power production in Sweden? 

1.4 Scope 
The production facilities in Sweden are modeled by using data from existing production facilities as 

far as data is available. To complement lack of data, approximations will be used. 

The model is limited to the Swedish electric energy system, although it is part of and affected by all 

systems in the Nordic region. 

Only the transmission capacities between the price areas in Sweden are taken into account. Apart 

from these capacities, electric energy is assumed to flow freely. 

The model is tested on the year of 2011 by using historical data and approximations when no data is 

available. 

1.5 Method 
To answer the questions at hand, a literature study is first performed. The aim of this literature study 

is to describe the electric energy system and find what approximations can and must be made in 

order to simulate it.  

In addition, a description of the algorithm used in the optimization tool SDDP is investigated. Then, 

an optimization of the electric system in Sweden will be performed by using SDDP.  

Finally, the results will be analyzed and discussed. 

2 Description of the Nordic Electric energy Market 
The purpose of this chapter is to get an overview of different aspects about the electric energy 

market that can be of interest in the simulation. Later in the Theory chapter, an evaluation of these 

aspects is presented. 

2.1 The Nordic region 
The Nordic electric energy exchange area covers the electric grids in Denmark, Norway, Sweden, 

Finland, Estonia and Lithuania. This grid area has a unified electric energy market, which is 
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deregulated. This means that electric energy can be traded as a commodity on an exchange or 

bilaterally between market actors.  

The main power exchange in the Nordic area is Nord Pool. Here supply and demand meet and the 

resulting electric energy price2 reflects the willingness to pay for needed energy and the production 

costs of satisfying this need. The actors on the market are the producers, consumers, traders and 

brokers.  

2.2 Electric energy markets 
The difference between usual commodities (say barley) and electric energy is that electric energy 

must3 be consumed immediately when it is produced. The production and consumption must at each 

moment balance each other, because the electric frequency of the grid must remain constant. If the 

consumption cannot match the production the frequency increases, and if the production cannot 

match the consumption the frequency decreases.  

Because of the immediate delivery constraint of electric energy, power trade is made in relation to 

the delivery time. 

On Nord Pool, the financial market acts long before the physical delivery. Different financial 

instruments such as futures and forwards are traded up to six years in advance. The trade on this 

market is purely financial and not connected to any physical delivery. The function of the financial 

market is to make long-term trade and risk hedging against the fluctuations on the Elspot market. 

The financial trade is made with the physical trade on Elspot as a reference (Nord Pool Spot, 2011). 

The market Elspot (also called the day ahead market) takes place until noon the day before delivery 

hour. This is the main market for selling and buying power. Here actors make bids of production and 

consumption and an hourly spot price of the physical commodity of electric energy is calculated.  

If errors in consumption prognosis or production plans occur on Elspot, there is still time to do a 

correctional trade on the Elbas market (intra-day market). This market closes one hour before the 

delivery hour, and acts as a first ‘backup’ market for Elspot.  

If for instance a sudden loss of a production facility occurs, the last backup market, the Regulation 

market, handles this in real time. This market is operated by the transmission system operator (TSO) 

(Svenska Kraftnät, 2008).   

Although the markets are coupled in a way, the only focus of interest in this report is the reference 

for the other markets, i.e. the Nord Pool Spot. 

2.3 The electric grid in Sweden 
The capacity of the electric energy grids is limited and this creates some bottleneck problems. To 

understand when and where these bottlenecks occur, a survey of the domestic grids in Sweden must 

be done.  

                                                           
2
 Other commodities are also traded, such as financial derivatives, forming other types of prices. 

3
 Of course batteries exist, but large scale consumption must take place immediately. 



 

19 
 

2.3.1 Grid types 

The domestic grids in Sweden can be divided into the national, regional and local grids. Then, there 

are the international grid connections that connect Sweden to foreign grids. 

2.3.1.1 Domestic grids 

The national grid is owned and operated by the Swedish Transmission System Operator (TSO), 

Svenska Kraftnät. The voltage levels of this grid are 220 kV and 400 kV (Svenska Kraftnät, 2008). This 

is a transmission grid, which means that it mainly transports electric energy over large distances 

(with some exceptions). The electric energy is then distributed locally by regional and local grids. 

As can be seen in Figure 1 the 400 kV part of the national grid is mainly in a north to south direction, 

from production facilities in the northern parts of the Norrland region. The 200 kV part is more 

closely located to the other rivers in the middle parts of the Norrland region, and then stretches in a 

north to south direction, to the parts around the Stockholm region. 

 

Figure 1: The Swedish National Grid (Svenska Kraftnät, 2011). 

The national grid transports power to the regional grids (which are also called distribution grids), but 

also directly to large consumers such as paper mills. The regional grids transport power of lower 
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voltage levels than 220 kV (Ellag (1997:857)), which usually means the range of 30-130 kV. Then, the 

local grids distribute the power even more locally on lower voltage levels and to normal consumers.  

2.3.1.2 International grid connections 

There are many international grid connections between countries in Europe. Sweden has several 

connections with the other Nordic countries, as can be seen in Figure 1. 

Most of the cross border connections are alternating current connections (AC) but there are also high 

voltage direct current (HVDC) links. As can be seen in Figure 1, most of the sea-based connections are 

HVDC whereas the connections on land are mainly AC lines. 

2.3.2 Grid areas 

There are a number of grid areas in the Nordic region. Different countries have divided their grids 

into different areas for different reasons, although they are all connected physically to each other.  

Sweden has four geographically fixed grid areas (also called bidding areas or price areas), SE1-SE4. 

These cross sections coincide with the main constraints in the physical transmission capacity in the 

national grid (Svenska Kraftnät, 2011). The areas are shown in Figure 2. 

 

Figure 2: The Swedish price areas (Svenska kraftnät, 2011). 

The main congestions in the national grid occur at these cross sections, inside the country, but also 

occur at the cross border connections. Information about the constraints in the regional and local 

grids is kept by the different companies owning them and is not public. The main constraints in the 

national grid are more public, presented in Figure 3. 
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Figure 3: Maximum Net Transfer Capacities in MW of the Nordic region (Entso-E, 2012). 

Each cross section corresponds to a price area border. The congestions and price areas are linked. 

They are explained in more detail in section 3.1 about price formation. 

2.3.3 Stability of the grid 

Due to problems such as transmission incapacities, the question arises: 

What is to be considered regarding transmission stability? A form of ‘stability classification’ is the N-1 

criterion. This means that out of N components that keep a system running, a loss of the largest 

component shall not cause interruptions in the system, and not inflict serious disturbances in other 

systems (for instance other countries). A component can for instance be a transmission line of the 

national grid or a production facility (Svenska Kraftnät, 2009).  

In Sweden, the N-1 criterion has set the dimensions for the National grid. Of course, single 

transmission lines, such as an HVDC line, are not covered by the N-1 criterion. However, an average 

of five interruptions worse than the N-1 criterion occur in the National grid each year. Most of these 

errors are caused by lightning (Svenska Kraftnät, 2009). 

2.4 Electric energy generation 
The electric energy production in Sweden is mainly hydro, nuclear, heat, wind and hydrocarbon-

based power production. As seen in Figure 4, the overwhelming part of produced energy comes from 

hydro, nuclear, miscellaneous heat and wind power.  
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Although gas and diesel only produced 0.12 % of the total electric energy, this is an important part of 

the market to take into consideration. The production cost is very high for gas (natural gas) and 

diesel. This means that the price on Nord Pool Spot is determined by these power plants (if they are 

brought into production). Why this is so will be explained in section 3.1.  

 

Figure 4: Electric energy production in Sweden 2010 (Svenska Kraftnät, 2011). 

2.4.1 Expansion of wind power 

The Swedish Government made a first proclamation in 2002 that by 2015 an amount of 10 TWh shall 

be produced by wind power in Sweden and a second proclamation in 2009 that this level shall be 

increased to 30 TWh (of which 10 TWh is seabased) by the year 2020. This level of wind power 

expansion is a guideline to the interest of wind power in the physical plans and is not necessarily the 

actual expansion plan in Sweden (Energimyndigheten, 2010). The actual expansion is up the market 

actors to decide. 

The goal for the certificate system is an increase of 13.2 TWh of new renewables during the period 

2012-2020 (the Swedish commitment to the combined certificate market of Sweden and Norway) 

(Energimyndigheten, 2010). 

2.5 Electric energy consumption 
What affects the consumption in the short run is essentially outdoor temperature. The electric 

energy consumption in Sweden is virtually unaffected by the electric energy price levels in the short 

run. In the long run, however, industrial consumption could be affected by prices (Hjalmarsson, 

2000). For instance, if the prices would double during a longer period of time, it could induce heavy 

industry consumers to make investment decisions.  

Why price levels do not affect the consumption in the short run (to any greater extent), can be 

understood in terms of marginal gain. A consumer has no gain from using more electric energy 
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because of low prices. The price level also is too low for a consumer to bother with turning off lights 

or an oven because of a sudden price peak period. 

However, there are adaptive consumption facilities, which are price sensitive, so called regulation 

objects, with the purpose of reducing the consumption, if needed. These are used in extreme cases, 

but act on the regulation market (Svenska Kraftnät, 2012). These facilities are considered to be 

outside the scope of this report. 

2.6 Regulations 
To promote ‘green energy’, the market is subject to some regulations. There are the systems of 

electric energy certificates, carbon dioxide emission allowances4, and Guarantees of Origin (GoO).  

2.6.1 Certificate entitlements 

The system of electric energy certificates is an encouragement to build new facilities of renewable 

electric energy production. This means mainly that old power plants gain no certificates even though 

one might consider them environmentally friendly. More specific rules are explained further on. 

The system works as a market with both a supply and a demand side. The supply side is represented 

by producers. They get one certificate for every MWh of electric energy produced by a source that is 

entitled to certificates (Cesar Svenska Kraftnät, 2011).  

The demand side is the retailers and large consumers. They have to fill a quota of certificates per 

MWh of electric energy they trade. This share in percentage of MWh, the ‘quota requirement’, is 

shown by year in Table 1. 

 

Year Quota % Year Quota % 

2003 7.4 2020 19.5 

2004 8.1 2021 19.0 

2005 10.4 2022 18.0 

2006 12.6 2023 17.0 

2007 15.1 2024 16.1 

2008 16.3 2025 14.9 

2009 17.0 2026 13.7 

2010 17.9 2027 12.4 

2011 17.9 2028 10.7 

2012 17.9 2029 9.2 

2013 13.5 2030 7.6 

2014 14.2 2031 6.1 

2015 14.3 2032 4.5 

2016 14.4 2033 2.8 

2017 15.2 2034 1.2 

2018 16.8 2035 0.8 

2019 18.1     

Table 1: The quota requirement in Sweden 2003-2035 (Energimyndigheten, 2012). 

                                                           
4
 The system of carbon dioxide emission rights applies to emitters of carbon dioxide in general, not only to 

electric energy producers. 
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The sources that are entitled to certificates are (Energimyndigheten, 2011): 

 Wind power plants 

 Wave power plants 

 Solar power plants 

 Geothermal power plants 

 Some biofueled plants (Regulation (2003:120), n.d.) 

 Peat power plants 

 Some hydro power plants 
o Small scale, with an installed power of less than 1500 kW in April 2003 per 

production unit. 
o New plants 
o Re-opened plants 
o Plants with increased power production 
o Plants which no longer can maintain long term profitability because of regulations or 

refurbishments 
 

Further rules for entitlement are (Energimyndigheten, 2011): 

 If the plant was activated after the introduction of the system, it is entitled certificates for a 
maximum of 15 years or at the longest until 2035. 

 If the plant was activated before the introduction of the system, it is entitled until 2012 (or 
until 2014 if it has been given governmental support after 15th of February 1998). 
 

There is no official market place for certificates. It is up to the buyer and seller to find a way of 

making the trade. The trade can for instance be conducted directly between buyer and seller or on a 

market place such as Svensk Kraftmäkling (Energimyndigheten, 2011) or later in 2012 also NASDAQ 

OMX Commodities Europe (NASDAQ OMX Commodities Europe, 2011). 

The goal for the certificate system is an increase of renewables by 13.2 TWh during the period 2012-

2020 in Sweden (the same as the goal for Norway which sums to a goal of 26.4 TWh new renewables 

during the period 2012-2020 in the combined certificate system of Sweden and Norway) 

(Energimyndigheten, 2010). 

2.6.2 Carbon dioxide emissions allowances 

Due to the global warming, a regulation of carbon dioxide emissions (the European Union Emission 

Trading Scheme, EU ETS) has been introduced in the EU. It has been introduced in several steps, 

called trading periods. The recent period, 2008-2012, was the second one. During this period, the 

emission allowances are distributed nationally by the respective government of each country. Some 

countries give most of the emissions allowances away and sell the rest on auction. The Swedish 

government determines the distribution plan of emission allowances in Sweden. Every facility must 

get permits to emit carbon dioxide by the respective county administration board. The 

Environmental Protection Agency issues emission allowances to facilities with permits 

(Naturvårdsverket, 2011).  

During the next trading period 2013-2020, the emission allowances will be distributed on an 

international level in the EU. The purpose of the carbon dioxide emission for a facility decides the 

way the emission allowances are obtained. If the purpose is electric energy production, the emission 
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allowances will be obtained on auction. Other entitled facilities will be given a share corresponding 

to the type of facility (Naturvårdsverket, 2011). 

The system of emission allowances in trading period 2008-2012 worked in the same way the 

certificate system works. There is a side, which supplies another side with allowances, i.e. a supply 

side sell allowances to the demand side. In Sweden, the suppliers are the owners of entitled facilities, 

which receive a share of emission allowances in the beginning of each year (28th of February). 

Swedish law regulates which facilities are entitled allowances. Roughly speaking, these facilities are 

emitters of carbon dioxide. The demand side is also the facilities that emit carbon dioxide. If a facility 

uses fewer allowances, the surplus allowances can be sold to other facilities that have a deficit of 

allowances.  

The system rests upon an overall shortage of allowances. This ensures an economical incentive to 

lower the emissions. 

The year after the actual production of carbon dioxide, the settlement phase takes place. This is 

when it is verified that the emission quota is fulfilled (Energimyndigheten, 2008). 

Most of the emission allowance trade is made over-the-counter (OTC), on an exchange or directly 

between buyer and seller. As can be seen in Figure 5 the largest ETS-exchange in the EU is ECX (Nord 

Pool is small). 

 

Figure 5: The largest ETS-exchanges in the EU during 2011 (Energimyndigheten, 2011). 

2.6.3 Guarantees of origin 

As a way of making it possible for the end consumer to influence the distribution of production types 

on the market, a system similar to the certificate system was introduced in 2010 (Svenska Kraftnät, 

2011). In this system, all actors producing electric energy get a Guarantee of origin (GoO) per 

produced MWh. This is then available for selling on the market. The demand side is the retailer who 

sells energy.  
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The retailer must have a description of the production mix that produces an amount of energy 

corresponding to the amount sold to the end consumer. In addition, the retailer must buy enough 

GoOs to match the production volumes in the retailer’s production mix description. This production 

mix must be presented by the retailer (Energy markets inspectorate, 2011). 

The rest is up to the end consumer’s decision of which retailer to buy electric energy from, based on 

production mix. The system rests upon that sufficiently many end consumers make active choices, 

for the production mix to change on the market.  

Trade is made bilaterally and on exchanges, but there is no transparency of the prices. 

2.6.4 Changes in market regulations 

To get a grasp of how fast the market evolves, a brief overview of what has already happened and 

what is going to happen, in the sense of market regulations, is given. 

The electric energy market in Sweden was deregulated in 1996, which facilitated market entry for 

actors. In 1999 it became possible for individual consumers to choose electric energy trading 

company (Statens offentliga utredningar, 2004).  

In 2003 the system of electric energy certificates was introduced to facilitate new renewable 

production (Energimyndigheten, 2011).  

Shortly after the certificate introduction, a system of emission allowances for inhibiting carbon 

dioxide production was introduced. In 2005-2007, the first trade period of emission allowances 

occurred and the second trade period 2008-2012 has just finished. 

In 2011 the single price area of Sweden became four and in 2012 the merger of the Swedish and 

Norwegian certificate systems occurred. 

As mentioned above, the electric energy sector in Sweden is evolving fast. National and even 

international regulations change fast, making long-term assumptions about for instance investment 

difficult.  

3 Theory 

3.1 Price formation on Nord Pool Spot 

3.1.1 The system price 

A matching algorithm sets the price on Elspot. This algorithm makes a curve out of all consumption 

bids from the market, and a curve of all production bids. The bids say how large a volume an actor on 

the market in one bidding area is willing to sell or buy at a certain price level for every hour the 

following day. The combined consumption and production curves then form an intersection point, 

called a Market Cross Point (MCP). The cheapest bids are accepted first, up to this intersection point.  

The intersection point reflects what the demand side is willing to pay for the last accepted bid of 

production that satisfies the demand. This point also reflects the maximum cost of accepted 

production that satisfies the demand.  
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Figure 6: An MCP curve from Nord Pool Spot (2011-12-23 hour 00) (Nord Pool Spot, 2012). 

The intersection point, shown in Figure 6 corresponds to the spot price for that hour. Notice that the 

purchase curve increases rapidly when the volume decreases below roughly 30 GWh. This is so 

because the demand side has a lower limit that must be satisfied, seemingly at any cost. There is a 

limit at 2000 EUR/MWh, however, set by the exchange. 

The sale curve rapidly increases when the volume rises beyond roughly 47 GWh. The left part of the 

sale curve reflects how much cheap5 production capacity is available. When the demand increases 

beyond roughly 47 GWh, more expensive production types are needed to satisfy the demand, 

because the cheapest available production types are used first.  

Observe that negative prices can occur if, for instance, the red curve is shifted enough to the right. A 

negative price means that too much energy is being produced in relation to the consumption. An 

example of this is shown in Figure 7 where the prices are negative on 26th of December 2012 in 

Denmark. Depending on the electricity contract the end consumer has signed, this might mean that 

the consumer gets paid for consuming electric energy.  

How the curve shift can occur is explained in the next section. 

                                                           
5
 Assuming that the supply bids are set with respect to the cost of the production, the price levels of the bids 

could be interpreted as the ’costs’ of the corresponding production. A low bid on the sale curve therefore could 
be said to reflect the cost of cheap production; a high bid reflecting more expensive production. 
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Figure 7: Electric energy prices in Denmark 2012-12-26 (Nord Pool Spot, 2012). 

In a price area, the spot price is the same for everyone that hour, regardless of what their bid was. 

For instance, this means that an actor bidding on a lower price level, and the bid is accepted, still 

pays/receives the price at the intersection point. 

If there are no incapacities in the grid there will be one price, the so-called system price. If there are 

incapacities between areas, the electric energy prices on either side of the cross section may become 

different. 

3.1.2 Price areas 

Consider a case, where an area has a deficit in production. Now Nord Pool will try to match 

neighboring areas’ production and consumption bids. An area with production surplus can therefore 

match bids on areas with production deficit.  

The demand curve is now shifted (upward) in the surplus area, and supply curve is shifted 

(downward) in the deficit area. The intersections of the curves are shifted for each price area. More 

production will be sold in the surplus area and more consumption will be sold in the deficit area. The 

area that sold more will now produce more. Power will now flow from surplus area to deficit area.  

This benefits the deficit area with more power. The new intersections of the curves make the price 

decrease in the deficit area, and increase in the surplus area.  

If there is sufficient transmission capacity between the areas, the prices will converge to the same 

price in both areas. This convergent price is called the system price.  

If the transmission capacities are constrained (a ‘bottleneck’ has occurred in the grid connections), 

the area prices will not converge all the way. The result is different prices in the two areas for this 

hour. This is when the area prices are different from the system price (Nord Pool Spot, 2011).  

The system price is a reference price that would be equal for all in the entire market area, if no 

bottlenecks existed. It is not uncommon for different area prices to form, as is shown in Figure 8. 
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Figure 8: Prices in the price areas of Sweden and the system price (Svensk Energi, 2011).  

Mainly SE3 and SE4 have price differences compared to the system price. SE1 follows the system 

price almost exactly. 

3.2 Production 
In this section, the theory for all types of production that are supported by the simulation program is 

presented. The production can be divided into wind, thermal6 and hydropower.  

3.2.1 Wind Power 

The installed capacity   of a wind turbine says what the maximum turbine power output can be. This 

is not necessarily the actual power produced. For instance, if the wind does not blow a couple of days 

there is no production at all, but some days it can produce at installed capacity. Most of the time, a 

wind turbine produces power below the installed capacity. 

For a given period of time, the capacity factor is a common measure of how much of the actual 

energy output was, compared to if it was producing at installed capacity the entire period. 

The capacity factor    for a period of time    is given by: 

    
 

  
 Equation 3-1 

where   is the total energy produced during  .  

The capacity factor should not to be confused with the technical availability,  , defined below. 

                                                           
6
 Nuclear power plants are a subgroup of thermal power plants in this context. 
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 Equation 3-2 

where    is the time a plant can deliver electric energy.  

This tells us how much of the time the power plant is fully functional waiting for the wind to blow. 

Ideally, this would be 100 percent. However, in practice, due to repair and maintenance, turbine 

failures, standstill and grid outages, the availability is less than 100 percent. Different studies have 

been made in order to find statistics for outages (Ribrant & Bertling, 2007) (Carlstedt, 2011). Ribrant 

& Bertling get an approximate value of 98 percent for the technical availability, while Carlstedt gets a 

value of 95.6 percent.  

The corresponding outage probability,  , due to technical problems is given in Equation 3-3 below. 

       Equation 3-3 

3.2.2 Thermal power 

There is a variety of thermal production technologies. This section describes the most common types 

used in Sweden. 

3.2.2.1 Condensing power plant 

In condensing power plants, a fuel is used to boil a liquid into vapour. The vapour drives a turbine, 

which in turn drives an electric generator. Then the vapour is condensed and pumped back into the 

boiler. This is a thermodynamic process and is shown in Figure 9. 

 

Figure 9: A typical Rankine Cycle system (Moran, 1999) 

Fuels used in Rankine Cycle technologies are for instance uranium, coal, oil and biofuels. 
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3.2.2.2 Gas turbines 

Gas turbines operate according to the thermodynamic Brayton Cycle (Moran, 1999). In this cycle, gas 

is mixed with compressed air, which is then ignited and drives a turbine, which in turn drives an 

electric generator. The turbine also drives a compressor, which compresses new air. The cycle is 

shown in Figure 10. 

 

Figure 10: A typical Brayton Cycle system (Moran, 1999). 

Depending on the fuel used, the process generates more or less green house gases. A fuel used by 

gas turbines is for instance natural gas. 

3.2.2.3 Combined heat and power 

A combination of different technologies is used in combined heat and power (CHP) plants. They 

produce both heat and electric energy. Almost all types of fuel can be used, depending on the 

technology used in the plant. 

3.2.3 Hydro power 

This section explains the theory behind the hydropower production in the simulation. Only supported 

features of the simulation program are taken into account. 

3.2.3.1 Turbine head 

Hydropower converts potential energy into electric energy. The potential energy stored in the water 

can be given in terms of the head  . 

The head   depends on a number of factors. To give a grasp of these factors, a simplified derivation 

of   is sketched out. 

Consider the typical installation of a hydro turbine, with forebay and afterbay:  
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Figure 11: Typical installation of a turbine with forebay and afterbay.  

In Figure 11, the variables are assumed to be known. See also the List of Symbols on p. 13. 

Now   can be defined as: 

           Equation 3-4 

where    is the specific energy of the inflow at the turbine inlet.       is the specific energy of the 

outflow at the turbine outlet (Lundin, 2010).  

To find  , expressions for    and      must be found.  

Variable Description 

v Velocity of fluid 

g Gravitational acceleration 

p Pressure of fluid 

h and z Height 

  Density of fluid (water in 
this case) 

Table 2: Description of variables in Bernoulli’s equation. 

The specific energy    with the variables defined in Figure 10 (Lundin, 2010) and Table 2 is: 

    
  

  
  

  
 

  
     Equation 3-5 

 

 
 

 
  

  

 
             Equation 3-6 
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For the fluid (water in this case), 
 

 
 corresponds to the energy stored in pressure, 

  

 
 to the kinetic 

energy, and    to the potential energy. The Bernoulli equation expresses that the sum of these 

energies is constant along a streamline in stationary inviscid flow. 

With the addition of hydraulic losses,       the energy balance for the water conduit is: 

 
  

  
  

  
 

  
    

  

  
  

  
 

  
           Equation 3-7 

The       term is mainly due to losses in the water conduit. 

Some rearrangements give an expression for 
  

  
: 

 
  

  
 

  

  
  

  
 

  
     

  
 

  
           Equation 3-8 

Using Equation 3-8 in Equation 3-5 gives: 

    
  

  
     

  
 

  
        Equation 3-9 

Here    is the gauge pressure arising at the inflow because of the depth    (the atmospheric 

pressure is set to zero) shown in Figure 10: 

          Equation 3-10 

In Figure 11, the so called static head (Lundin, 2010),    , is seen to be equal to: 

             Equation 3-11 

Solving Equation 3-10 for    and entering the result into Equation 3-11 together with Equation 3-9, 

we obtain:  

         
  

 

  
        Equation 3-12 

Bernoulli’s equation at the tailwater is: 

      
   

  
      

   
 

  
  Equation 3-13 

where     is the gauge pressure at    .     is the elevation of the tailwater which is approximately 

zero (see Figure 11). The absolute pressure of the tailwater is approximately atmospheric, making 

    approximately zero. This simplifies Equation 3-13 to: 

      
   

 

  
  Equation 3-14 

Using Equation 3-12 and Equation 3-14 in Equation 3-4 gives an expression for  : 
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Grouping the velocity terms gives 

              
 

  
   

     
    Equation 3-15 

If the last two terms are small compared to the other terms in Equation 3-15, this can be 

approximated as 

              Equation 3-16 

3.2.3.2 Turbine discharge 

Due to physical limitations, turbines have different efficiencies at different discharges. These are 

determined by the design of the turbine. 

3.2.3.3 Turbine power 

The power produced by a hydro turbine comes from the potential energy of upstream water. 

Therefore the head  , calculated in Section 3.2.3.1, is needed.   

For a hydro power plant with one or more turbines, the total maximum power is called the installed 

capacity of the plant. 

The turbine power   is given by the turbine power equation (Lundin, 2010): 

         Equation 3-17 

The variables are defined in Table 3 below. 

Variable Explanation Unit 

  Density of water kg/m3 

  Gravitational acceleration m/s2 

  Discharge m3/s 

  Head m 

  Efficiency of a turbine - 
 Table 3: Definition of variables in the turbine equation. 

The efficiency of a turbine is plotted in a Hill diagram: 
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Figure 12: A typical Hill diagram for the turbine type Kaplan (United States Department of the Interior, 2010) 

As seen in Figure 12, a fixed head and discharge level for a turbine does not exist. However, if an 

efficient production is desired, i.e. to avoid wasting water, there is an operational region in which the 

head and discharge should lie. 

3.3 Optimization 
There are many types of optimization problems and methods to solve them. The following sections 

give a quick explanation of the underlying optimization methods used to build up the actual method, 

Stochastic Dual Dynamic Programming (SDDP). Then, SDDP is explained generally. The 

implementation of SDDP to the hydrothermal scheduling problem is explained in Chapter 4. 
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3.3.1 Linear programming (LP) 

A general formulation of a maximization LP problem is presented below to explain where simplex 

multipliers come from. These multipliers are used in the section about Dual Dynamic Programming 

later on. 

Consider the case where a quantity of products    are produced of product types  ,        . Let 

    be the quantity of the resource  ,        , necessary to produce a unit of product type  . Also 

there are limits,   , to resource   and production profit    of   .    ,    and    are constants,    are the 

optimization variables. 

To find the maximum profit of producing the products with limited resources can be expressed as an 

LP problem. Here the maximum profit is expressed as a maximum profit function7  . Using common 

LP terminology, the canonical form of the LP problem is (Stokes, 2004): 

           Equation 3-18 

            {
    
   

   

  is the     matrix with elements    .  ,   and   are vectors with elements   ,   ,   , respectively. 

  is a symbol for the transpose of a vector.  

The only variable here is  .  ,   and   are constants.   is maximized for some choice of  .  

If         where   is a linear function, then we have a LP problem which can be solved by LP 

methods. For instance, the well-known Simplex method can be used (Stokes, 2004).   

Equation 3-18 is known as the primal problem, which according to LP theory has the associated dual 

problem (Stokes, 2004): 

           Equation 3-19 

            { 
    
    

   

Here the vector   is the dual variable.  ,   and   are the same as in the primal problem. For some  , 

  is minimized. The dual problem tries to minimize the value of the resources needed for the 

production. The condition is that the value of the resources needed for a product is at least equal to 

the profit of each product type, respectively.  

The optimization process can be done by calculating either the primal or dual problem formulation. 

However, depending on the problem, one of the formulations may be calculated with less 

computational effort. 

If   and   are feasible solutions for the primal and dual problem, respectively, then the weak duality 

property applies (Stokes, 2004): 

         Equation 3-20 

                                                           
7
 The cost function is generally known as the objective function (Stokes, 2004). 
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This says that the solution of the primal problem is bounded by the solution of the dual problem. 

At the optimal solution   and    to the primal and dual problems, respectively, the strong duality 

property applies (Stokes, 2004): 

            Equation 3-21a 

           Equation 3-21b 

If the primal problem is a minimization problem, its dual problem becomes a maximization problem 

(Stokes, 2004). The calculation of    or    is an output of the optimization process. At the optimal 

solution Equation 3-21 b can be applied.  

  is referred to by many names in literature, for instance, shadow price, dual variables (Stokes, 

2004), marginal values or reduced costs8 of the constraints (Bradley, Hax, & Magnanti, 1977) or 

simplex multipliers (Pereira & Pinto, 1991). It can be interpreted as the change in the objective 

function when a resource is changed, i.e.: 

    
  

   
  Equation 3-22 

3.3.2 Dynamic programming 

When optimizing a sequence of decisions, the sequence can be divided into stages (a stage is for 

instance one week). Different decisions are made in each stage, leading to different states (i.e. 

scenarios) in the next stage. Decisions, stages and states are the general terminology in dynamic 

programming (Bradley, Hax, & Magnanti, 1977). This is presented in Figure 13. 

 

                                                           
8
 The name reduced costs corresponds to when the constraints are nonnegative (Bradley, Hax, & Magnanti, 

1977). 
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Figure 13: Sequence of decisions leading to different states. 

At the first stage (e.g. the first week) there is a decision to make, which leads to a particular state    

(e.g. reservoir level) in the next stage. A specific sequence of decisions could be called a ‘decision 

path’. The optimization problem is finding which path is optimal in some sense. For instance, 

minimization and maximization are two different types of optimizations.  

One approach to solving this problem is to calculate all possible paths and choose the optimal path of 

these. This ‘brute force’ approach quickly becomes computationally infeasible (even with fast 

computers) with several decisions per stage and added stages in sequence. 

A more efficient approach to use when decisions and stages increase in number is Dynamic 

Programming (DP). 

DP uses the Principle of optimality, which states that: 

“An optimal policy has the property that, whatever the current state 

and decision, the remaining decisions must constitute an optimal 

policy with regard to the state resulting from the current decision.” 

(Bradley, Hax, & Magnanti, 1977) 

This can be formalized in terms of an Immediate Cost Function (   )9 and a Future Cost Function 

(   )10. The     depends on the decision    in the current stage t of the iteration, i.e.     

=       ).   depends on  , which is why     could be said to depend on   indirectly. This is 

determined by the definition of    , and is explained in Chapter 4.  The     depends on the state 

    , i.e. FCF=FCF(    ).    and      are vector variables.  

The      is a function of the previous    and   , i.e.               , where f is called the 

transition function. The state      belongs to the set of possible states at stage t+1,        ̅   . 

Similarly,    belongs to the set of possible allowed decisions,       ̅ . The decision   is obtained in 

the optimization process. How   is chosen is explained in Chapter 4, but for now it suffices to say 

that it can be chosen from a discrete set of vector values. 

The problem (a minimization problem is chosen as an example from now on) is to minimize the FCF 

at the first stage. 

A DP problem formulation for each stage         is: 

              {                      } Equation 3-23a 

           {

               

      ̅   

     ̅ 

  

  

                                                           
9
 The ICF is also known as the return function (Bradley, Hax, & Magnanti, 1977). 

10
 The FCF is also known as the optimal-value function (Bradley, Hax, & Magnanti, 1977). 

Equation 3-23b 

Equation 3-23c 

Equation 3-23d 
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This recursion starts at the last stage T (the last week of a optimization period consisting of T weeks, 

for instance) and continues “backwards”11 stagewise. At the last stage (i.e. the beginning of the 

recursion) the FCF is zero because there is no next stage, i.e. no “future costs” exist. This simplifies 

Equation 3-23a into (   is omitted for simplicity):  

                 Equation 3-24 

Then the scheme continues backwards stage by stage. At the first stage (i.e. end of the scheme), the 

optimal solution has been calculated. How    and      are calculated is explained in section 4.3.1. 

For the moment it suffices to say that the components of    may have discrete values, ranging from 

0 to 100 % of their respective maximum value.      is then calculated by Equation 3-23b12 which 

also involves   . 

The advantage with DP is that in each stage only the minimization of the ICF and the pre-calculated 

FCF needs to be calculated. The ‘brute force’ approach, mentioned earlier, is to calculate all possible 

combinations of routes. 

The minimization in Equation 3-23a-d depends on how ICF, FCF and f are defined. For instance, Linear 

Programming (LP) can be used if the functions are linear. 

If the state variable is continuous it is discretized, i.e. approximated by a finite number of sample 

states, for instance        . For each of the sample states Equation 3-23 is solved. If there are 

more than one state variable, each combination of the sample states is calculated for an ideal 

solution (Pereira & Pinto, 1991).  

In practice, the number of combinations grows too fast with the increase of different state variables 

and number of sample states L. This problem is known as the ‘Curse of dimensionality’ of Dynamic 

Programming (Pereira & Pinto, 1991). 

3.3.3 Dual Dynamic Programming13 

One approach to tackle the dimensionality problem is to approximate the     with linear functions 

using the sample set   
  from    , where   is the index of the elements (Pereira & Pinto, 1991).  

By using the sample set   
  in the primal problem Equation 3-23a-d, a number of ‘sample constraints’ 

is obtained. The corresponding dual problem gets sample simplex multipliers     
  by using Equation 

3-21-b. By solving the dual problem instead of the primal one, a special technique can be used. This 

technique can be used for solving large problems, which would be computationally infeasible with a 

brute force algorithm.  

                                                           
11

 The general term for this backward scheme is backward induction. A forward scheme, termed forward 
induction, gives a similar but different result (Bradley, Hax, & Magnanti, 1977). 
12

 Equation 3-23b depends on the way          is defined in the actual problem. 
13 The main theory of this section comes from the SDDP Methodology Manual (PSR, 2011) unless otherwise 

stated. 
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Remember that the dual solution at the optimum is the same as the primal solution. From the set of 

    
 , an approximate future cost function,     , can be constructed as a piecewise plane 

hypersurface. This is shown below. 

Similar to Equation 3-23a-d, the piecewise plane hypersurface is constructed in each stage from the 

samples   
  using a primal problem formulation (PSR, 2011): 

        {                      } Equation 3-25 

            

{
 
 

 
 

    
      

     

    
   ̅   

    ̅ 

       (    
 )

 
          

              

  

 

This means that for some      building up the continuous curve        and for some    building up  

        ,    is minimized.    is a scalar variable and introduced in Equation 3-25 instead of      , 

because      is a plane hypersurface of stage t.    is used to calculate      later on. 

(    
 )

 
 is the transpose of the vector     

 .     
  is a scalar and will be defined later on. (    

 )
 

 

and     
  are calculated in stage t+1 and are used to create        in stage t. 

The samples   
  can for instance range from 0 to 100 % of the maximum values defined by the 

constraint set  ̅   , in say 10 steps for each      (remember that   is the element index of the vector 

 ). 

The starting condition is in stage T. Here       ,     
  and     

  are zero. This makes    become 

simply         . How this minimization is solved depends on the definition of          (it is a 

linear function in this thesis) and the constraints at stage T.  

The minimization in Equation 3-25 gives the scalar value of   . Then   
 and   

  are calculated.   
   

comes from solving the dual problem using the samples   
 .   

  is then calculated from   
  as: 

   
      (  

 )
 
  

  Equation 3-27 

Then the stage T is done. The next stage is T-1. Now   
  and   

  are used for the creation of      and 

     can be calculated. 

The creation of        is illustrated in Figure 14 in the simplified case of a piecewise linear curve. In 

reality, it is a plane hypersurface, which cannot be illustrated. Observe the last constraint Equation 

3-26d. This is the necessary constraint for choosing only the dotted curve. 

   Equation 3-26a 

   Equation 3-26b 

   Equation 3-26c 

   Equation 3-26d 
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Figure 14: Piecewise linear curve representing FCFt+1 for each stage (case of one dimensional constraints). 

Because this problem is piecewise linear, LP theory can be used. The LP minimization (the primal 

problem) has a corresponding dual problem, which is a maximization problem. Hence   
  correspond 

to maximum values of the dual solution.  

Since   
  was a sample set, the corresponding   

  need not necessarily be the true optimal   , which 

would correspond to the maximum in the dual problem. The solution in the optimization procedure 

strives toward the optimal solution from a feasible region. According to the weak duality property 

shown by Equation 3-20, a non-optimal and feasible   
  means that the primal solution is bounded by 

the dual solution. This means that a better estimate of the optimal solution (higher solution) of the 

dual problem may exist. The obtained approximate solution of the FCF therefore is a lower bound to 

the true FCF and also to the primal problem.  

Continuing the iteration backwards for all stages, one ends up with      in stage 1. Here    is the 

optimal initial state at stage 1. Because the optimal solution has been calculated from lower bounds 

of the     it gives a lower bound   for the true optimal solution of the DDP problem. For clarity, the 

stage t=1 is shown below: 

        Equation 3-28 

The idea is now to find an upper bound. If the upper bound is close enough to the lower bound, a 

reasonable solution has been found.  

Finding an upper bound is done in a forward scheme. Starting at the first stage with the calculated 

optimal state   , a new    is calculated in Equation 3-26: 

            

The definition of        depends on the problem (the implementation in this thesis is shown in 

section 4.1.8.1). The     
  and     

  calculated in the backward scheme are used to calculate a new 

FCF. This makes it possible to perform a new minimization in Equation 3-25 with a new     . This 

forward scheme is iterated all the way to stage T.  
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Finally, a new sum of the upper bound  ̅ for the DDP solution can be calculated: 

  ̅  ∑     
 
    Equation 3-29 

The forward scheme creates an upper bound to the solution, because, at stage t=1,    gives a new 

estimate of      in a more focused region of interest (instead of the sampled   
 ).  This better 

estimate enables the calculation of a new better FCF. The new FCF increases the dual solution a bit 

towards the true maximum. The consequence is a higher bound for the primal solution, due to the 

weak duality property again.  

If the upper and lower bounds satisfy  ̅     , where   is some level of tolerance, the problem is 

considered solved. If not, the backward scheme is started again with the new set of      added to 

the samples, i.e.      . This adds one set of samples     
  and     

  to the old ones. This extra 

information leads to a ‘smoother’ FCF, i.e. closer to the ‘true’ FCF (Pereira & Pinto, 1991). 

Backward and forward iterations can be continued until  ̅     . 

3.3.4 Stochastic Dual Dynamic Programming14 

With the DDP fresh in mind, remember that this was a deterministic scheme. Consider a modification 

to the scheme where some variables are stochastic instead. Now, Stochastic Dual Dynamic 

Programming (SDDP) can be used (Pereira & Pinto, 1991). 

In the SDDP method15 used in this thesis, stochastic scenarios for a second state vector,     , are 

generated. For each scenario  , there is a new constraint, an associated      to the dual problem, 

and a new      (t is still the subscript for the stage). Since the variables have a stochastic nature, 

expectancies are calculated for all of them. This is shown below.  

Updating Equation 3-25 and Equation 3-26a-d for the stochastic case gives: 

          {           } Equation 3-30 

            

{
 
 

 
 

      
      

          

      
   ̅   

      ̅ 

       (    
 )

 
          

 

  

 

Equation 3-31a 

Equation 3-31b 

Equation 3-31c 

Equation 3-31d 

 

Clearly, the extra calculations needed for the expectancies add to the computational effort. 

However, as in the DDP method, the scenarios used in the creation of the analytic     still limit the 

calculations enough to make the problem feasible. This is the main advantage of the DDP method. 

  and   were calculated in stage t+1 after the scalar      had been obtained, as in the DDP method. 

The difference is that now the expectancy is taken of       . Observe that      is used to create the  

      , whereas       
  is used to keep the solution in the allowed region limited by the constraints. 

The backward scheme starts with         ,     
  and     

  all being zero.   
   and      are 

                                                           
14

 The main theory of this section comes from the SDDP Methodology Manual (PSR, 2011) unless otherwise 
stated. 
15

 Other stochastic methods such as Stochastic Dynamic Programming (SDP) also generate a number of 
scenarios (Pereira & Pinto, 1991). 
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discrete values ranging from 0 to 100 % of the constraints.       is obtained from the minimization of 

only     . Then   
  and   

  are calculated: 

      [    ] Equation 3-32 

   
    [    ]   (  

 )
 
   

  Equation 3-33 

Here   [    ] is the element wise expectancy for the scenario  , for the vector   with elements  , in 

stage  .   [    ] is the expectancy for scenario   for the scalar variable  . The backward iterations 

in SDDP are therefore not very different to the DDP solution, resulting in the lower bound   to the 

optimal solution.  

The forward scheme is then performed, as in the DDP method, with the same  ,  , FCF as in the 

backward scheme but starting with the optimal    instead, i.e. calculating new        and solving 

Equation 3-30 and Equation 3-31a-d again all the way to stage T.  

Now the total cost for each scenario can be summed as: 

∑             ( 
 
     )

 

      

  
      is the optimal solution in each stage and scenario. The expected value of ICF gives the upper 

bound to the solution: 

 ̅   [    ] 

The expectancy  [] is here taken over all k. Due to the uncertain nature of the stochastic variables 

(which are assumed to be normally distributed),  ̅ is not exact. By using a confidence interval, a 

convergence criterion can be constructed. With a 95 % confidence level the confidence interval for  ̅ 

is: 

 [ ̅         ̅       ] Equation 3-34 

Here   is the standard deviation of the estimate, defined by: 

   √
 

 
∑        ̅    Equation 3-35 

Y is the number of scenarios. If   is inside this confidence interval, the method is stopped (Pereira & 

Pinto, 1991).  
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4 Method 

4.1 Implementation 
This section presents the implementation of the theory used in the tested model. The 

approximations and assumptions used in the implementation are presented in section 4.3. 

The implementation uses the SDDP Methodology Manual (PSR, 2011) unless otherwise stated.  

4.1.1 Overview 

In order to model the Swedish electric systems (the price areas) the electric energy generation is 

optimized in terms of finding the lowest production cost for the systems for a given time period. This 

will correspond to an ideal price matching made on the Nord Pool spot market; i.e. the lowest cost 

the demand side could pay for satisfying its needs.  

4.1.2 The simulation program SDDP 

The modeling is performed in the computer software SDDP16, which is a hydrothermal dispatch 

program, performing production cost minimization of hydrothermal systems.  

Besides hydrothermal dispatch, SDDP can model transmission grids, CO2 emission and gas pipeline 

networks and wind power production.  

SDDP is used worldwide, for instance when simulating the electric energy systems in Spain and South 

America. 

4.1.3 Scenarios 

Different scenarios will be made to see how the model responds to different amounts of wind power 

production, CO2 emission allowance prices and hydrological conditions. The scenarios are described 

in Chapter 5. 

4.1.4 System overview and limitations 

The model is a simplified version of Sweden. Ideally, a larger area such as the entire area of Nord 

Pool should be modeled (or even the entire European Union). However, due to the time it takes to 

gather all input data to the model, the modeling area is limited to Sweden. Sweden is divided into 

four sub areas, called systems in this report. The systems correspond to the real price areas of 

Sweden, SE1-SE4.  

Transmission lines with maximum transfer limits connect these systems. Inside a system, the electric 

energy is assumed to flow freely.  

Each system has a number of its own production units. These units represent the supply of electric 

energy in the model. Only the main units in Sweden are used, each with its own fuel type. The fuel 

types in the model correspond to rough fuel groups (i.e. wood, peat etc. belong to the fuel type 

biofuels).  

Thermal plants can use more than one fuel type.  

                                                           
16

 The simulation program SDDP has the same name as the method SDDP. 
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The consumption is represented as a separate load for each system. This load represents the demand 

for electric energy in the model. 

4.1.5 Consumption 

The separate loads for each system are deterministic scenarios, i.e. known beforehand. Therefore, 

consumption is completely inflexible to the electric energy price. The production is optimized to 

satisfy this known level of consumption. 

4.1.6 Production 

The optimization is a matter of scheduling the dispatch of hydropower production and thermal 

production so that the cost of satisfying the consumption in the price area is the lowest possible for 

the entire period of the simulation.  

In part the implementation might seem unnecessarily tedious, but the reasons for this are outside 

the scope of this thesis. 

4.1.6.1 Wind power 

Wind power production is part of the optimization, but in a different way compared with other 

production types. The production is not planned; power is produced when the wind blows, and this 

lowers the consumption that needs to be satisfied by other more expensive production types. There 

is planning in the wind power production, such as maintenance scheduling, but this is not considered 

in this report. 

To each wind power plant there is a corresponding outage probability O (this is not to be confused 

with the capacity factor Cf). 

‘Wind data’ is entered as the capacity factor for each stage and plant. A stage is the smallest time 

interval of the simulation, i.e. a weekly resolution. The capacity factor is the plant’s production as a 

percentage of its installed capacity. The produced energy by wind power is therefore ‘known’ before 

the simulation starts. A better model would treat wind power as stochastic. 

Wind power plants are grouped according to which local and regional grid the power plants are 

connected. This roughly means a geographical grouping and specifies which price area they are 

located in. This grouping is necessary in order to simulate the effect of wind power production per 

price area in. 

Wind power production is approximated by using actual historical monthly production data. From 

this data the capacity factor has been calculated for each wind power plant group. The weekly 

capacity factors are then approximated as the capacity factor of the corresponding month.  

In the simulation, the demand for electric energy in a grid area is reduced by the wind power 

production during that stage and that grid area. 

4.1.6.2 Hydro power 

Hydro power plants are modeled as a cascade of power plants along a river, shown below in Figure 

15. 
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Figure 15: Model of hydro plant cascade. 

An upstream hydro plant is releasing water into a downstream reservoir. In this model, a power plant 

has one or zero reservoir.  

Power plants without a reservoir are called run-of-river plants. They produce when possible, i.e. 

when there is enough inflow. (As mentioned in the theory section, the turbine construction 

determines the operating conditions for the turbine. One of these conditions is that there is a lower 

limit of inflow for some turbine types). Normally, run-of-river plants have small reservoirs for daily 

planning (ESHA, 2004), but this is not taken into consideration in this model. 

Each hydro plant has its own inflow data. 

There are operation and maintenance costs to each hydro plant. 

4.1.6.2.1 Water balance 

To keep track of the hydro plants’ release of water, water balance equations are used. They are 

constraints in the solution algorithm.  

The water balance constraints are calculated recursively. In this presentation vectors are used as 

variables.  

The variables considered are the reservoir storage   , turbine outflow   , water spillage    and 

reservoir inflow   . All these variables have the unit hm3 because they refer to water volumes during 

a given time stage.    and    are both state variables and    is the decision variable.   is the current 

stage. Other variables such as irrigation and evaporation could also be considered, but are omitted in 

this model. 

The recursive calculation is: 

            ∑ (         )       Equation 4-1 
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Where index   refers to the immediate upstream power plant 17. 

The reservoir storage and turbine outflow constraints are: 

       ̅ Equation 4-2 

     ̅ Equation 4-3 

where  ̅ and  ̅ is the maximum reservoir volume and maximum turbine outflow, respectively. 

4.1.6.2.2 Hydro reservoirs 

Hydro plants may have only one hydro reservoir (in reality plants can have more than one reservoir). 

It has a minimum and maximum storage level. The minimum level is zero. If the water level reaches 

above the maximum level, water is spilled out. The reservoir has a variable depth with a maximum 

level. Storage volume is entered as a function of head.  

4.1.6.2.3 Energy production 

In order to calculate the power production, SDDP uses the concept of production coefficients. The 

energy production          of all hydro plants is a function of turbined water    and of the 

production coefficient    for stage  : 

                Equation 4-4 

Here    belongs to a set of constraints that limits the turbined water for each power plant. Also 

         is constrained, because the power produced cannot be greater than the demand for each 

stage, nor greater than the maximum production capacity of the power plant. 

   is calculated as  

         Equation 4-5 

where   is the gravitational acceleration,   the density of water and   the average efficiency of the 

turbines in the plant.  

The head   is a function of the reservoir level    
 and tailwater level    : 

      
     Equation 4-6 

4.1.6.3 Thermal plants 

Thermal plants are all treated the same by SDDP. The settings are the same between for instance a 

nuclear plant and a coal plant. The difference is in the values of the settings. 

The production cost of the cheapest thermal plants that get to produce during a stage t called the 

immediate cost function,     , is determined by: 

                   
    Equation 4-7 

                                                           
17

 The sum over   is necessary because rivers with hydro plants can merge. If a power plant is located after the 
confluence, then this power plant has m immediate upstream power plants. 
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where   is the cost per energy unit of the plants and           
  is the transposed vector of produced 

energy of the power plants.  

This minimization finds the cheapest production cost of the thermal power plants that get to 

complement hydropower production and wind power production. The total energy produced during 

a stage from thermal plants is           . 

Equation 4-7 has the following constraints:  

        
             

          
  ∑           

 

   
  

              ̅̅̅̅  Equations 4-8 

     ̅  

Here   represents the price areas,   
  is the demand in  ,   represents the price areas connected to  

 ,      the energy transfer from   to  , and      the energy transfer from   to  .        
  is the 

produced energy from wind power plants,    ̅̅̅̅  the transfer limit set to and from price area   and  ̅ 

the production limit set of the thermal plants. 

Equation 4-8 says that thermal power plants, hydropower, wind power as well as connected price 

areas together satisfies the demand during a stage   and in price area  .  

The cost per unit energy,  , of a thermal plant is determined by fuel, emission18 and maintenance 

cost per unit energy;   ,    and    respectively: 

             Equation 4-9 

The vector   consists of elements, which are individual plant costs. 

4.1.6.3.1 Multiple fuels in a plant 

Some real plants have more fuels than one. SDDP uses dummy plants associated to a main plant to 

model this. A main fuel is assigned to a main plant, and secondary fuels are assigned to the 

associated dummy plants.  

The new constraints for the power plant   with dummy plants   are: 

          ̅          Equation 4-10 

 ∑ (      )     Equation 4-11 

 ̅    is the energy production limit of plant   (it is calculated from the production capacity, which is a 

fixed input of the model).        is the dummy plant  ’s production share of the total production of 

plant   . Equation 4-11 ensures that all dummy plants associated to   cannot together produce more 

than the maximum of  . 

                                                           
18

 The emission cost is cost of emitting CO2 due to the system of emission allowances. 
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4.1.7 Transmission 

The systems, SE1-SE4, are connected with transmission lines, with transmission capacity depending 

on the direction of the transmission. Inside the systems, electric power is assumed to flow freely. 

4.1.8 Stochastic hydro thermal scheduling 

This section explains the implementation of the SDDP theory section to the hydrothermal scheduling 

problem. 

Because hydropower could be considered as a “free” but limited energy source, its utilization should 

be maximized for the entire period of interest in such a way that the complementary and more 

expensive thermal power production is minimized. 

This is the hydrothermal scheduling problem, which is explained in detail below. 

Consider a number of hydro and thermal power plants that produce the electric energy of a system 

for a given time period.  

The total time period is divided into smaller periods, (e.g. weeks), which are called stages        .  

There are different initial reservoir storage volumes   
 , where         in each stage.   

  is 

obtained by discretizing the storage capacity into L equidistant volumes. For instance if    , 

  
 =100 %, 50% and 0 %.   

  is deterministic (not stochastic). 

To each storage volume there are initial stochastic inflows   
 .  

Historical inflow data is an input to the SDDP software. Using the historical data, SDDP automatically 

generates the stochastic inflows, which are used later in the optimization. 

The generation of inflow involves time series analysis and statistics that is considered outside the 

scope of this thesis. However, a brief overview if given. 

The inflow vectors   
  have a tendency to correlate in time (between stages) and space (between 

other power plants during the same stage). A Markov process can express this. A linear 

autoregressive model with lag p, i.e. AR(p), is used to generate the inflows in this process. Roughly 

speaking, AR(p) is a prediction model that takes the previous p terms of the sequence into 

consideration in generating the next term. 

The inflows can be written as a function of the inflow of the previous stage (p=1) and some random 

term: 

   
          

      
  Equation 4-12 

     corresponds to a time correlation matrix. It represents the relationship of inflows for a hydro 

plant between successive stages.  

   corresponds to a space correlation matrix. It represents the relationship of inflows for different 

hydro plants in the same stage.   
  is a random vectors, with each component having a three 

parameter lognormal distribution. 
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To represent a stochastic variation in each stage,   
   is created, where         are different 

scenarios: 

   
           

      
  Equation 4-13 

In other words the inflow is partially stochastic and dependent on the inflow of the previous stage 

and other plants.  

For simplicity, the index k is omitted in Figure 16. Here the states and stages are shown.  

 

 

Figure 16: Drawing of the states in different stages. 

The states represent the hydro reservoir storage levels and water inflows,   
  and   

 , respectively. 

The index t refers to the stages (one stage is one week).    and    are known (the initial input of the 

model). 

This is a problem that can be solved by the SDDP method.  

4.1.8.1 The stage wise backward SDDP problem 

Together with the constraints explained in previous sections in chapter 4 the stagewise backward 

SDDP problem can be expressed for the actual hydrothermal scheduling problem as: 

                                   Equation 4-14 
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      ̅   

      ̅   

 

Some simplifications for the sake of presentation have been made here. Sums over all power plants 

and scenario indices have been omitted, as well as the constraint for the construction of the       . 

     is the objective function for every sequence in the current stage.      is the thermal 

complement cost function defined previously in section 4.1.6.3.    is the volume of spilled water 

during stage t.   is the number of power plants immediately upstream to the current hydro plant, 

which have dispatch and spill of water into the current plant . The rest of the optimization algorithm 

is explained in the theory chapter. 

 

4.2 Data collection 
The data collection was done by finding data on websites, taking personal contact with owners of 

popular web sites (e.g. Leif Kuhlin, web responsible for vattenkraft.info), and by estimation of missing 

data. 

4.3 Assumptions and approximations 
In this section, assumptions and approximations are presented.  

4.3.1 System to simulate 

The chosen system was Sweden and its four price areas. This was mainly because this was assumed a 

feasible limitation, due to the time constraint of a thesis. 

In reality, Sweden is connected to other countries, which have other price areas. There is 

transmission of power between these price areas, i.e. import and export of power between 

countries. To consider this, more data on production facilities, loads etc for each price area, must be 

found. It is too time consuming to do this, which is why it is considered outside the scope of this 

thesis.  

4.3.2 Chosen time period for tests 

The model was tested on the entire year of 2011 with a weekly resolution. The reason was that with 

this year it would be possible to calibrate the model with much available historical data. In addition, 

the levels of production and regulations were the most recent, which is a good initialization of a 

model under construction. 

4.3.3 Focus of market to investigate 

Although Elbas and the Regulation market are important, the Elspot trade and specifically the Elspot 

price is the reference for all other trade. This is why Elspot is considered. 

4.3.4 Electricity certificates 

There is no support for electric energy certificates in SDDP. However, the effect of electric energy 

certificates can be simulated by reducing the fuel costs with the certificate price, i.e. subtracting the 

certificate price from the fuel cost, per MWh. This will decrease the marginal production cost of 

entitled production units, which will favor them in the optimization. Remember that only the 
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cheapest thermal plants are used in the optimization, which means that more expensive plants are 

chosen last.  

SDDP only handles constant fuel prices, which only made it possible to use a constant certificate 

price in the marginal production cost approximation. The average certificate price of 2011 was used 

because of this. 

Average electricity certificate prices per month as well as electricity spot price in Sweden are shown 

in Figure 17. The certificate price does not fluctuate as much as the electric energy price.   

 

Figure 17: Electricity certificate and electricity spot prices in Sweden 2007-2012 (SKM - Svensk Kraftmäkling, 2011) (Nord 
Pool Spot, 2012). 

By decreasing the fuel costs for the affected fuels by an amount corresponding to the average 

electricity certificate price, 187 SEK/MWh 2011 (SKM - Svensk Kraftmäkling, 2011), the result was 

negative fuel costs. This was the case for all fuels affected by certificates.  

However, the lowest fuel costs are set to zero, so as not to create any errors in SDDP.  

4.3.5 Emission allowances 

The emission allowance is simulated as the opposite of the certificates, in the sense that an extra 

marginal cost is added to the marginal cost of production that is affected by emission allowances. 

This might mean that the optimization of the production is affected for thermal plants. 

The emission levels used in the reference case and scenarios is based on Figure 18 (see the curve 

named EUADEC-12): 
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Figure 18: Price curve of emission allowances (Svensk Energi, 2012). 

In the reference scenario, the price is set to 13.5 EUR/tonCO2 (122 SEK/tonCO2) for all weeks, i.e. a 

rough mean of 2011. In comparison, the highest and lowest prices, of all time, have been 35 and 7.5 

EUR/tonCO2 (316 and 68 SEK/tonCO2), respectively. 

Extreme values are assumed for a worst case and best case when modeling the effect of how 

emission allowances can affect the electric energy price. This is why the all time high and low prices 

are chosen as scenarios (different from the reference scenario).  

4.3.6 Guarantees of Origin 

The prices of GoOs are not published on market places and the system is so new that the total 

volume of GoOs is just recently beginning to match the total amount of produced energy, as can be 

seen in Figure 19.  
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Figure 19: Issued GoOs and total electric energy production in Sweden 2011 (SCB and Svenska Kraftnät Cesar UG, 2012). 

This lag of the volume of GoOs is probably due to the entitlement registration procedure of the 

production facilities. 

The effects of GoOs are therefore omitted from the report. 

4.3.7 Production 

Simulation of the electric energy production in Sweden would require vast amounts of data from all 

facilities in operation. The time and money it takes to gather all data is a problem. 

To some extent, approximations and assumptions must be made to circumvent this problem. This 

section presents the production approximations and assumptions in the simulation. 

The total period of the model test is one year with a weekly resolution. 

Temperature, evaporation and irrigation are not considered. 

Production is optimized to satisfy the consumption for each week. Here, optimization means that 

production costs are minimized for all systems. In reality, optimization would probably be more 

focused on profit maximization for each separate actor. However, in this model the least cost 

optimization is assumed to correspond to a market where no actors can use market power, i.e. 

perfect competition is assumed. This means that cost minimization and profit maximization will lead 

to the same result. 

Whether there is perfect competition on the market or not is considered outside the scope of this 

thesis. 

Table 4 shows the installed production capacity used in the model.  
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Installed capacity (MW) 

Production Type SE1 SE2 SE3 SE4 

Hydro power 5 295 8 088 1 871 161 

Nuclear power 0 0 9 065 0 

Other thermal power 197 712 4 503 949 

Wind power 133 366 1 195 1 038 

Table 4: Installed production capacity in the model per production type and price area. 

4.3.7.1 Wind power 

Wind power is modeled simply in SDDP; i.e. by taking monthly capacity factors (from actual historical 

data) and installed capacity as input, and multiplying these (for each power plant) with time. This 

gives the produced energy of wind power (i.e. for each month, a historic monthly capacity factor 

have been used to estimate all weekly capacity factors of that month). Hence, capacity factors (per 

week) and installed capacity are input into SDDP. 

The wind production is therefore not ‘optimized’; it is known beforehand. It is independent of any 

factors. The effect of the wind production, in the optimization, is a decrease in the load of the system 

where the wind power production is located. This is a lack of functionality in the SDDP software. 

4.3.7.1.1 Wind groups  

The amount of wind power plants that can be entered into SDDP is limited. Therefore, wind power 

plants are grouped into grid areas (these are not to be confused with price areas). Each grid area has 

an installed capacity equal to the sum of all wind power plants in the area.  

The reason for the merger into grid areas is that a grid area is smaller and more localized than the 

price areas. In addition, no grid area exists in more than one price area. A division into county or 

municipality would have created this last problem. 

The capacity factors entered as scenarios are approximated as the mean of the capacity factors of all 

wind power plants in the corresponding grid area. 

4.3.7.1.2 Production outage 

SDDP can model the outage if the user enters a value for each wind power plant. This is calculated 

from the technical availability.  

The use of the median value instead of the mean is favorable in this situation, because a few turbines 

have unknown technical availability. 

Technical availability was 98 percent (Ribrant & Bertling, 2007). The technical availability is assumed 

not to change in time. A more accurate value could be to take the values in Carlstedt’s report, which 

were given per installed unit of capacity and per manufacturer. However, the time it takes to gather 

this data for all wind power plants is considered outside the scope of this simulation. 

The availability was used to obtain a general outage percentage (called outage probability in SDDP) 

for all wind power plants by using Equation 3-3, i.e. 1 - 0.98 = 0.02.  
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4.3.7.1.3 Wind forecasts 

The internet site ‘vindstat.nu’ logs production data for almost all wind power plants in Sweden. The 

produced energy per turbine is available as monthly values for all plants on the site (roughly 1 300 

plants). 

The production data was used to calculate mean capacity factors per turbine and week. Then it was 

aggregated up to grid areas. Not all turbines were matched to any location, and not all turbines had 

begun the logging of their production during 2011. 

4.3.7.2 Hydro power 

Unless stated otherwise, all data regarding hydropower comes from Leif Kuhlin (Vattenkraft.info, 

2012). 

In SDDP, the number of turbines in a power plant is an input. When this number was missing, the 

most common number for that turbine head, installed capacity and owner19 category was used.  

All water flowing from an upstream plant is assumed to be arriving to a downstream plant, i.e. no 

evaporation, irrigation or other loss of water is assumed. 

4.3.7.2.1 Number of hydro plants to consider 

Because the number of power plants in Sweden is large, some criteria must be used to filter out the 

relevant ones. The criteria are: 

 Installed capacity >10 MW 

 Inflow records must be available for the plant or for a plant upstream of it. 
 

This narrows down to 201 hydro plants. These plants comprise roughly 90 % of the installed hydro 

capacity in Sweden. 

4.3.7.2.2 Minimum discharge 

A variety of turbines, each with its own construction type, exist on the market. However, the 

characteristics of a turbine can be approximated according to its type. 

If a power plant has more than one turbine, a weighted mean 〈    〉 can be used to estimate the 

minimum discharge of the plant. This mean is defined as: 

 〈    〉  
∑ 〈    〉           

 

   

∑           
 

   

 Equation 4-15 

where 〈    〉   is the mean minimum discharge and            is the number of turbines of a certain 

turbine type  . 𝑁 is the number of turbine types in a hydro plant. 

The lowest turbine discharge usually lies in the range of 25-30 % of maximum turbine discharge 

(Lundin, 2010). 

 

 

                                                           
19

 This only happened for the hydro power station Bergvik. 
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The mean minimum turbine discharge for different turbine types is given in Table 5. 

Turbine type Average minimum discharge 
(% of maximum discharge) 

Francis 30 

semi-Kaplan 15 

Kaplan 15 

Pelton 10 

Tubular 65 

Table 5: Average minimum discharge of different turbine types (ESHA, 2004). 

For other turbine types, the average minimum discharge of the most similar one is assumed. For 

instance, diagonal and reversible turbines were estimated as Francis turbines.  

Because the discharge was found per hydro plant, the minimum discharge of a power plant with 

different turbine types mentioned in Table 5 is estimated as the weighted mean of the minimum 

discharge for the different turbine types used in that power plant (see Equation 4-15). 

4.3.7.2.3 Turbine efficiency and maximum discharge 

Turbine efficiency can be entered in different ways into SDDP, for instance by entering tables based 

on reservoir storage. However, the lack of reservoir data means that more estimations must be done, 

which is more time consuming.  

Therefore, hydropower is assumed to operate with constant turbine efficiency within a minimum and 

maximum discharge span. 

Among the 207 hydro plants with the most installed capacity in Sweden, the turbines are mainly of 

Francis, Kaplan or Tube type (Vattenkraft.info, 2012). Turbine types used are estimated as the most 

similar to Francis and Kaplan (Tubular is estimated as Kaplan for instance). The distribution of turbine 

types is shown in Figure 20.  

The efficiency of hydro plants with more than one turbine is estimated as the weighted mean of the 

different turbine types in the power plant. 
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Figure 20: Distribution of turbine types out of the 207 largest hydro power plants in Sweden (Vattenkraft.info, 2012). 

The mean efficiencies of Francis and Kaplan turbines are estimated by the values shown in Table 6. 

Turbine type Efficiency [%] 

Francis 93 

Kaplan 92 

Table 6: Average efficiency of different turbine types (Lundin, 2010). 

Most maximum discharge data was given, but when not, the mean efficiencies mentioned above 

were used for calculating the normal maximum discharge,  . From the turbine power (installed 

capacity) P from Equation 3-17,   for each turbine was obtained as follows: 

          Equation 4-16 

   
 

    
 Equation 4-17 

4.3.7.2.4 Mean tailwater level 

From Equation 3-16, the head can be written as: 

            

As shown in the theory chapter,      is a function of the tailwater level and reservoir level. To 

consider this in the simulation, functions of tailwater level and reservoir level can be entered into 

SDDP to calculate     . However, gathering canal data needed for this is considered to be outside the 

scope of this report.     is therefore assumed to be constant.  

If       is neglected   can be approximated as: 

       Equation 4-15 
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With this approximation,   will be equal to the height of the reservoir level above a ‘mean’ tailwater 

level. This can be interpreted as the power plant having the outflow directly to a reservoir of a 

downstream power plant.  

This is a good approximation for high head power plants, and a bad approximation for low head 

power plants (ESHA, 2004).  

The mean tailwater levels are calculated as the sum of heads of downstream hydro plants. 

4.3.7.2.5 Maintenance costs 

Maintenance costs are assumed the same for all hydro plants, 50 SEK/MWh (Elforsk, 2011). 

4.3.7.2.6 Water reservoirs 

It is difficult to find reservoir sizes. If the following criteria are fulfilled for a hydro plant, the reservoir 

is assumed a usable reservoir: 

 If a hydro plant can be matched with a lake area (Svenskt Vattenarkiv). 

 If a reservoir’s dam limits or regulation volumes can be found (Svenskt Vattenarkiv).  
 

If the regulation volume is found, it is used. If not, the area and dam limits are used to calculate the 

regulation volume as the area multiplied by the height of the dam limits.  

This is a very crude approximation of the reservoir’s regulation volume, and is too large, since real 

lakes have sloping bottoms. Lakes with slopes are perhaps better modeled as part of a cone, but this 

is very dependent on the actual shape of the lake.  

The volume is therefore roughly adjusted by dividing it by two, so the volume becomes 50 % smaller. 

This approximation is done in order to get values for the simulation; otherwise, no reservoirs would 

be used and there would be no production planning of the hydro production. The value is not to be 

used in any simulation for a practical purpose. 

Shown in Figure 21 is the reservoir capacity in Sweden in 2011. Here, the initial capacity is roughly   

40 %, which is why the same initial level is used in the model test. 
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Figure 21: Weekly reservoir energy capacity in Sweden 2011 (Nord Pool, 2012). 

4.3.7.2.7 Hydrology forecasts 

Inflow records are found on Vattenweb for just a few power plants (Vattenweb, 2012). For power 

plants with unknown inflows, an inflow estimation algorithm is constructed20.  

The estimation algorithm is presented below: 

In the model, a power plant down river of another is receiving all water from the upstream power 

plant plus additional rain etc from its catchment area21. Evaporation and irrigation are neglected. 

The river farthest downriver is assumed to receive most water and should have the largest mean 

inflow    for a river  . 

Create a scaling factor     for each plant    in river   : 

           

Here     is the average turbine outflow per plant    in river  . The average turbine outflow is known 

for each plant. 

Take the largest mean inflow     in river   and week    (this is assumed to correspond to the inflow 

at the plant farthest down river) and calculate the unknown inflow for power plant       lacking real 

data: 

            

                                                           
20

 This algorithm is constructed by the author. Other good models probably exist, but using them are 
considered outside the scope of this thesis. 
21

 The catchment area is the area that releases excess water from rain etc, into the river. 
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The calculated value is an approximate value of an unknown inflow to a power plant. It is based on 

the scaling factor     and the value of the inflow farthest down river    , which is known for each 

week. 

A problem with this approximation is obviously that the reservoir lag effect on the inflow is not 

considered. If the power plant farthest downstream had an inflow one week, the estimation 

algorithm (mentioned above) assumes that all upstream power plants had the same inflow (that is, 

power plants with unknown inflow). This may be very erroneous, because some power plants do not 

have large reservoirs and have inflow similar to the outflow of the upstream power plant (which 

could be a known inflow that is much lower). 

However, the algorithm at least in part captures the effect of geography in Sweden. A power plant 

lying farther downriver compared to an upriver plant, may have inflow at the same time and of the 

same proportions due to weather similarities in the area.  

Another way of estimating inflow is simply to use the mean turbined outflow as inflow for an 

unknown inflow of a plant. This is assumed even more erroneous. 

These inflows (created as well as actual historical data) are input into SDDP which creates the 

stochastic inflows for the simulation. The generated stochastic inflows by SDDP capture seasonal 

periodicity as well as weekly and geographical dependence as explained in section 4.1.8. Using 

erroneous data as input into the SDDP software, of course, does not give reliable output, which 

should be taken into consideration when reading the results and analysis chapter. However, 

regardless of the quality of the input data, a general understanding of the software can be obtained. 

4.3.7.3 Thermal power 

There are many thermal production technologies, but they are all treated the same by SDDP. The 

thermal plants are grouped according to their fuel.  

Only the technologies supported by the SDDP model are considered. 

Thermal electric energy production is assumed to have endless fuel supplies and to have no start up 

costs. The fuel consumption per produced unit of energy is assumed constant for all load levels. 

The most common fuels used in Sweden are (given in no particular order): 

 Uranium 

 Biofuels 

 Coal 

 Oil 

 Natural gas 

 Biogas 
 

Supply of fuels was considered unlimited, without transportation costs. 

4.3.7.3.1 Uranium 

The nuclear power production settings were taken from the owner web sites, since there are only 

three plants in Sweden and information is publicly available. 



 

62 
 

The fuel cost of uranium was neglected. The only cost of nuclear power was assumed to be 

maintenance costs per produced amount of energy. 

4.3.7.3.2 Biofuels 

The term ‘biofuels’ used in this report is a mixture of the most common fuels, which are entitled 

electric energy certificates: 

 Waste 

 Wood-like fuels (wood chips, power wood etc)  

 Bio oil 

 Peat 

4.3.7.3.3 Fuel prices 

Fuel prices for oil and coal were found in a report from the Swedish Energy Agency 

(Energimyndigheten, 2010) shown in Figure 22. 

 

Figure 22: Average coal and oil prices during 2002-2009 (Energimyndigheten, 2010). Prices are converted into SEK from 
USD by using exchange rates from Sveriges Riksbank (Sveriges Riksbank, 2012).  

No taxes were included in the costs. 

As is shown in Table 7, the costs for biofuel and biogas are zero due to the electricity certificate effect 

explained earlier. They are very favorable in this model. Uranium is also free in this model. Average 

prices for coal and oil were used, since the input in SDDP is only a constant for each fuel type. 
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Fuel name Cost (SEK/Unit) Unit 

Biofuel 0 ton 

Coal 763 ton 

Oil 2567 m3 

Uranium 0 kg 

Natural gas 6 Nm3 

Bio gas 0 Nm3 

Table 7: Fuel costs per unit.  

4.3.7.3.4 CO2 emission facts 

CO2 emission facts were found in a report from Värmeforsk (Värmeforsk, 2011) shown in Table 8. 

Fuel Emission factor Unit 

Natural gas 0.0023 Ton CO2/Nm3 

Oil 2.8849 Ton CO2/m3 

Coal 2.6614 Ton CO2/ton 

Table 8: CO2 emission listed per fuel
22

. 

  

4.3.7.3.5 Maintenance costs 

The only cost of nuclear power was assumed to be the maintenance costs per produced amount of 

energy. These costs were found at the owners’ websites (OKG, 2012) (Vattenfall, 2012). 

Other maintenance costs were found in a report from Elforsk (Elforsk, 2011). 

4.3.7.3.6 Efficiencies 

Efficiencies for other technologies than nuclear were found in different reports (SGC, 2002) 

(Värmeforsk, 2001).  

4.3.8 Consumption 

Load is assumed a known, inflexible input, i.e. it is assumed independent of any factors and is a given 

value for each week. Production is optimized to satisfy this load each week. 

Load curves for each price area are obtained from Nord Pool with an hourly time resolution for 2011. 

These load curves are converted into weekly load curves shown in Figure 23.  

                                                           
22

 Only fuels that are inhibited by emission allowances are of interest here. 
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Figure 23: Load in Sweden 2011. 

4.3.9 The power grid 

Since the interesting aspects of the simulation are to see how production and price levels affect each 

other, and assuming the power grid to be stable enough, in a large perspective, the grid is only 

represented as transmission capacities between the price areas. 

4.4 Source criticism 
In this section, the main sources are presented. 

4.4.1 Optimization 

The theory chapter about optimization, LP and DP, was found in ‘Systems Analysis & Simulation’ 

(Stokes, 2004).  This is a booklet about simulation and optimization used in the course Simulation and 

Operation Analysis at Uppsala University. 

DDP and SDDP were explained in the article ‘Multi-stage stochastic optimization applied to energy 

planning’ (Pereira & Pinto, 1991) and discussed in the article ‘Analysis of stochastic dual dynamic 

programming method’ (Shapiro, 2011). Pereira & Pinto were the inventors of this high dimensional 

optimization technique, but other SDDP versions exist for low dimensional problems. Shapiro 

discusses the convergence criteria of SDDP among other things. 

The implementation of the theory was based on the Methodology Manual, Software User Manual 

and Files Manual to the simulation program SDDP, written by the Brazilian company PSR, which also 

is the producer of the simulation program. The program SDDP has been used in many countries that 

have hydro thermal electric energy production. 
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4.4.2 Consumption and transmission capacities 

Actual consumption and transmission limitation data for 2011 was obtained from the homepage of 

Nord Pool Spot. This is the traded consumption volumes and limitations in the transmission grid (i.e. 

the maximum transfer capacities between price areas) according to Nord Pool Spot.  

Although, the transmission capacities do change due to security planning of the system, the 

maximum transfer capacities stay the same. Only the maximum capacities are used in this model.  

4.4.3 Hydro power 

Estimated parameters are made using the Hydropower Booklet (Lundin, 2010) and Små 

Vattenkraftverk-En handbok (ESHA, 2004).  

The Hydropower Booklet is used in the hydropower course at Uppsala University. 

The European Small Hydropower Association (ESHA) was founded by initiative of the European 

Commission to facilitate new small hydro production in Europe. One of ESHA’s achievements is the 

publication ‘Små Vattenkraftverk-En handbok’ mentioned above. In it, a great deal of good startup 

information is given for new producers of small-scale hydro power plants. Only information that was 

assumed to be similar for large scale and small-scale plants was used. 

Most data regarding hydropower facilities was obtained from the homepage of vattenkraft.info. Here 

roughly all production facilities in Sweden are listed with different data. Most data was obtained 

from different sources, such as the Swedish Energy Agency, Svenska Kraftnät and manufacturer or 

owner websites. The data has been found to be accurate when compared to some of the owner 

websites; however, no verification of all data could be done. 

Vattenkraft.info is referred to by various people dealing with hydropower as probably the most 

extensive public database, containing most of the Swedish hydro power plants. It is unknown if 

updates of the data are made when power stations make upgrades. The data is considered fairly 

trustworthy.  

Some inflow data is obtained from the Swedish Meteorological and Hydrological Institute (SMHI) as 

average inflow in m3/s per day per hydrologic station (Vattenweb, 2012). The hydrologic stations are 

close to each power plant. However, only a few stations exist on Vattenweb. 

SMHI is the Swedish government agency for managing and developing information regarding 

weather, water and climate. SMHI is considered trustworthy. 

4.4.4 Wind power 

Measured production data is obtained from vindstat.nu. This site works together with the Swedish 

Energy Agency and logs the majority of all wind power plants in Sweden. The data of produced 

energy per turbine is available as monthly values for all plants on the site (roughly 1 300 plants). Not 

all wind power plants are presented here, but sufficiently many, to consider this site accurate. 

Power plant data was obtained from the Swedish Energy Agency (Energimyndigheten, 2012) which 

lists all facilities that are entitled electric energy certificates. Data in this list, for instance yearly 

production numbers, are estimated by the owners themselves in the applications for electric energy 

certificates. Data is considered accurate. 
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4.4.5 Thermal power 

Specific data on nuclear power plants have been obtained from owner websites. 

Lists of other thermal plants used in the model come from Svebio, which is an organization in 

Sweden with more than 300 company members in the bioenergy industry (Svebio, 2011). It is 

considered accurate. 

Maintenance costs have been obtained from Elforsk (Elforsk, 2011) , which is a research organization 

for electric energy matters, owned by Svenska Kraftnät (the Swedish transmission operator) and the 

trade association Swedenergy. It is considered fairly reliable, since the data in the reports often are 

average values of the production data. Better data is often found on the owners’ web pages (if it is 

available), but it is time-consuming to gather this, of course. 

Fuel data has been obtained from the Energy Agency (Energimyndigheten, 2011), 

(Energimyndigheten, 2010). Data is considered reliable. 

4.5 Sources of error 
In this section the main sources of errors are presented and discussed. 

4.5.1 Electric energy certificates 

Since there is a possibility of banking electric energy certificates, the effect of lowering the marginal 

production cost is inaccurate. Also the price of the electric energy certificates is very fluctuating, 

which makes it hard to estimate.  

Because of the merger of the Swedish and Norwegian electric energy certificate markets, the 

outcome of price levels is uncertain. 

4.5.2 Emission allowances 

The uncertainties are mainly political, with the next trade period 2013-2020 and changed market 

conditions (auctioning of every emission allowance on an EU level instead of nationally distributed 

emission allowances) (Naturvårdsverket, 2011). This makes prognosis highly speculative. 

4.5.3  Prices 

The model is assumed to produce mostly positive electric energy prices and occasionally smaller 

negative prices, as in reality. However, extreme negative electric energy prices occur in some 

scenarios, for some price areas. The levels of the negative prices created by the model could be 

several tens of thousands of SEK per MWh, which is why these prices are considered unreal.  

The reason for this could be a bad setting in the simulation software made by the user. There is a 

penalty for not meeting optimization constraints, which the user enters into the SDDP software. This 

could perhaps be adjusted to better levels, with more user experience of the software. 

The negative prices could perhaps also be explained as errors in the software. However, this is most 

likely not the case, since the software is created, analyzed and probably tested by many people with 

experience in the matter.  

Errors in the input data are probably a major factor of error. Too much inflow into the hydro plants 

combined with large reservoir sizes and cheap nuclear power plants (nuclear power production is 

very large) will result in too much power being produced. However, constraints in the optimization 
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procedure should control that only sufficient power is produced by these types of plants. They can be 

switched off when there is no need. Another source of negative prices could be a combination of 

input data from these power plants together with the uncontrolled power input of wind power. Wind 

power is always producing regardless of the demand. 

4.5.4 Production 

In this report a least-cost-to-society optimization of the electric energy production was performed. In 

a real market, however, the producers are most likely oriented towards their own profit 

maximization.  

This is a different scheduling problem, where simulation results probably will depend on the level of 

competition on the market.  

In a market with perfect competition, there is no single actor with enough market power to influence 

the market to its own gain. Each actor would be forced to compete with its production. Interpreted 

from a technical point of view, the maximization and minimization problem results would coincide in 

this market.  

On the other hand, in a market without perfect competition, an actor with enough market power can 

choose to optimize the production to its own gain, thus influencing the market by inhibiting the 

competition. This would lead to a completely different optimization result. 

A more complicated model could be made consisting of several sub-maximization problems, one for 

each actor, which together need not agree with a global optimum. However, this is not within the 

scope of this thesis, which is why any details of such a model are omitted here. 

4.5.4.1 Wind power 

Wind power forecasts (entered as capacity factors per week in SDDP) are calculated from measured 

produced energy per month and wind turbine. The average value of the capacity factors for turbines 

in a grid area was calculated for each month. Then the monthly value was used in all weeks of this 

month. This gave a crude estimate of the weekly values. 

The problem with this estimation is that the model loses the ability to simulate the effects of short 

peaks and valleys in wind power production.  

4.5.4.2 Hydropower 

Only 90 % of the installed hydro capacity is considered in this simulation. This could mean that 

production peaks become lower and that more expensive power plants are used to a greater extent 

than they should, in order to cover for the ‘loss’ of installed capacity. 

The reservoir capacities are estimated as reservoir area×depth/2. This means that the storage 

volumes could be very misguiding.  

Most hydro plants, even the smaller ones, have at least a reservoir for daily production planning. 

When no reservoir data for a power plant was found, its dimensions were estimated in some cases, 

as explained in section 4.3.7.2.6. If no data for the reservoir (or reservoirs) of a power plant was 

found it was assumed not to have a reservoir. Therefore, there are too few reservoirs in the model.  
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Inflows are perhaps the biggest problem in the model, because most plants lack measured inflow 

records. Instead, they have been estimated based on the inflow of the farthest downriver plant in the 

river for each week (these plants have known measured records) and scaled with a scaling factor for 

each plant as explained in section 4.3.7.2.7. The consequence of this estimation is that upstream 

plants are estimated based on the same weekly inflow of the farthest downriver plant multiplied 

with a scale factor (the inflow ratio     of the farthest down river plant and the plant in question). 

The actual inflow could have happened some period before the actual week. This approximation can 

be very erroneous, because the inflows are fixed in relation to each other. The inflow of an upstream 

plant need not coincide with the inflow with the farthest downstream plant, especially if the river 

stretches over different geographical areas with different hydrological conditions.  

No better estimation was constructed. There probably exist better models, which could be 

implemented if more time and resources were available. 

Constant turbine head is also a source of error. For some real power plants the head varies a lot. 

The efficiencies of the hydro turbines are only estimated. In the model, the same efficiency is used 

for all turbine outflows, for a specific turbine. Why mean efficiencies are used is explained in section 

4.3.7.2.3 about turbine efficiency.  

4.5.4.3 Thermal power 

Thermal power plants have no startup costs and no start up time in the model. This might affect the 

production pattern in the short run. If the start up cost and time is small, a thermal power plant can 

be brought into production fast and later be quickly turned off. If the costs are high, the usage of a 

plant needs to be carefully planned. This can result in lower correlation between the thermal 

production pattern and a fluctuating demand pattern. In these situations, hydro power production 

with small start up costs and with fast start and stop times is favored. 

In a system with large and fluctuating wind power production, start up costs for thermal plants 

should therefore be carefully analyzed in a model. 

The fuel costs, which are roughly estimated, largely affect the production pattern. This is what 

determines thermal power plants’ long-term costs. If the fuels are too cheap, the production of 

thermal plants is higher, and less hydro production is used. 

4.5.5 Other countries 

Import and export with other countries is not considered in the report. This might affect the price 

levels very much, due to the way price is formed on Nord Pool, between price areas (and countries). 

For instance, Norway has plenty of cheap hydropower, and many connections to Sweden. Therefore, 

Sweden could benefit from this neighbor. 

5 Simulated scenarios 
This chapter explains the different simulated scenarios. 
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5.1 Scenario overview 
Simulations with different scenarios were performed to see how different aspects affect the system. 

In order to compare these scenarios, a reference case was determined. The other scenarios were 

then created by modifying the input data of the reference case. 

5.2 Reference scenario 
The market evolves quickly, which is why a recent year was chosen as a reference scenario. In 

addition, it was necessary that sufficient input and result data were available for the year, for refining 

the model. On this basis, 2011 was chosen as reference year. 

Values for settings was found data or estimated from found data. The reference data is explained in 

section 4.3. 

5.3 Wind scenarios 
The wind scenarios are different levels of installed capacity of wind power in the system.  

The scenarios were created by changing the reference scenario’s installed capacity of wind power to 

the desired levels of the Swedish government, mentioned in section 2.4.1.  

These levels are interpreted as the installed capacity that generates 10 TWh in a low scenario and 30 

TWh in a high scenario.  

The installed capacity in each grid area was increased, proportionally, to match the corresponding 

scenario levels. 

5.4 Hydrology scenarios 
To model how a wet and dry year affects the production, two scenarios were used. 

The levels of wet and dry inflows were estimated by using historical data. It was done by taking the 

mean yearly inflow divided by the mean inflow during the period 1950-2011. The result is shown in 

Figure 24. As can be seen, normal high and low values are roughly 1.2 and 0.8, respectively.
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Figure 24: Yearly mean inflows compared to mean inflow in Sweden 1950-2011 (Vattenweb, 2012). 

In Table 8 the relative shares (from Figure 24) of wet, dry and normal year are presented. 

 

 Type of year (yearly mean inflow/mean inflow) Percentage of years 

Wet (>1.2) 6.5 % 

Dry  (<0.8) 4.8 % 

Normal (>0.8 and <1.2) 88.7 % 
Table 9: Relative shares of wet, dry and normal year. 

The wet and dry scenarios were then created by multiplying the weekly inflows of the reference case 

by 1.2 and 0.8, respectively.  

5.5 Price scenarios for emission allowances 
Due to the third period of emission allowances, with a new issuing method, it can be of interest to 

see what effect extreme values of emission allowance prices have on electric energy production. To 

simulate this, two scenarios with high and low values of emission allowance prices were used. 

 

Figure 25: Price curve of emission allowances (Svensk Energi, 2012). 

The all-time high and all-time low prices, i.e. 35 and 7.5 EUR/tonCO2 (316 and 68 SEK/tonCO2) are 

shown in Figure 25, respectively. Due to the uncertainties with the new third period with auctioning 

on an EU level, these extreme price levels are chosen as scenarios. 
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6 Results and analysis 
In this chapter, the results are presented and analyzed. Then a sensitivity analysis is made to see how 

small changes to input data influence the results. 

The exact values of the results are not important, but their relative values are. 

6.1 Scenarios 
The results from each scenario are presented separately in the following sections.  

6.1.1 Negative electric energy prices 

The model is assumed to produce mostly positive electric energy prices, or reasonable negative 

prices, as occur occasionally in reality. However, extreme negative electric energy prices occur in 

some simulation scenarios, for some price areas. These price dips are probably due to poor user 

experience with the penalties for constraint violations in optimization. These penalty factors are 

settings in the SDDP program. 

The negative prices were in the order of several thousands of SEK per MWh, which is considered 

unreal, which is why they were set to zero in the graphs presented in the following sections. All 

electric energy prices that are zero in the graphs are extremely negative. 

There was not enough time available to try every different setting in the software (there are many 

combinations to consider) in order to get reasonable prices. The extreme negative price problem can 

presumably be overcome with more experience with the SDDP software.  

6.1.2 The reference scenario 

Electric energy prices for all price areas are shown in Figure 26. Price areas SE3 and SE4 have exactly 

the same prices for all weeks, which explains why SE3 is not visible in the plot.  
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Figure 26: Electric energy prices per MWh (prices for SE3 and SE4 are equal), reference scenario. 
Zero prices are actually negative prices, explained in 6.1.1.  

 

Electric energy prices in SE1 are clearly the lowest. The prices in SE2 lie between those in SE1 and 

SE3, as expected. The price levels were expected to be ordered like SE1<SE2<SE3<SE4. The electric 

energy prices of price areas SE3 and SE4, however, are identical.  

The prices are lowest during the summer weeks and highest during winter.  

The price levels indicate that none of the most expensive production facilities were used, i.e. plants 

fueled by coal, natural gas or oil. If so, the prices would have matched their production costs, and 

become much higher. The maximum price in Figure 26 is roughly 100 SEK/MWh, which is the cost of 

the most expensive nuclear power plant. Other thermal plants (the ones not entitled to electric 

energy certificates and fueled by coal natural gas and oil) cost much more than this.  

Of course, a price in the graph could be interpreted as an average value during the week. Due to the 

average values, no price peaks are seen. It is during these peaks the most expensive facilities are 

used, and they could last very short periods, in the order of a few hours. There are no start up costs 

in the models, which means that more expensive thermal plants should be brought into production 

very often, when the demand is high during shorter periods. 

Longer periods of expensive electric energy production cannot be seen in Figure 26, which could 

mean that the electric energy price is generally set by the cheapest production units. 
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The transmitted energy between price areas is shown in Figure 27. Only the SE4 to SE3 (SE3<-SE4) 

transmission line is visible out of the north-to-south transmission lines, because all of them are 

almost zero and lie on top of each other.  

The electric energy is almost exclusively flowing from north to south, not in the other direction. This 

is usually true in reality. Transmission is used at maximum capacity from SE2 to SE3 during the 

winter, and lessens during the summer. The transmission line from SE1 to SE2 is quite evenly used 

the entire year. The SE3 to SE4 line is slightly decreasing during the period spring-autumn. 

 

Figure 27: The transmission of electric energy between price areas, in the reference scenario. 
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The stored energy of reservoirs in each price area is shown in Figure 28. In comparison to the other 

price areas, SE4 has so little reservoir capacity that it seems to be zero, but it is not. 

The reservoir levels in SE1 are filled up during the spring and are full at midyear. For SE2 and SE3 the 

levels fill up even earlier. Compared to real values shown previously in Figure 21, this is not correct. 

This is probably due to too much inflow in the model, i.e. the input data quality is poor. The 

reservoirs are not emptied once they are filled.  

 

Figure 28: Stored energy in reservoirs, reference scenario. 

As is shown in Figure 29, the total production matches the consumption exactly, as it should due to 

the constraints in the optimization. Hydropower production is by far dominating the production. This 

is probably due to the abundance of water in the reservoirs. The causes for this can be for instance 

that the reservoirs could be too large, or that the inflows into the reservoirs are too high, or a 

combination of the two. 

The nuclear power production seems to be very low. During spring, summer and autumn it is 

constant and very low. A relatively high amount of other thermal production types is producing 

during this period.  
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Figure 29: Simulated production for all of Sweden. 

The thermal production per fuel type is shown in Figure 30. Here it is shown that biofueled 

production is almost constant almost all the time, except for late July until early September. The 

production is so cheap that it is favored all the time, almost maximizing its utilization. Biofuels are 

even producing more than nuclear power plants during spring, summer and autumn. Biogas and 

natural gas are also utilized constantly. Oil and coal are not used at all (they are the most expensive 

fuel types in the model). 

 

Figure 30: Thermal production per fuel type. 

A comparison of real and simulated nuclear power production is shown in Figure 31. Here it is shown 

that the nuclear power is not used as much as in reality. The share of nuclear power compared to 

total thermal power production is also higher in reality. This means that thermal power production 

other than nuclear power (biofueled production) is producing relatively too much. This is probably 

due to too low production costs for biofueled thermal production in the model. 
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Figure 31: Comparison of real and simulated nuclear power production. 

In Figure 32, real and simulated hydropower productions are shown. Here the real production is 

lower than simulated production. The inflow and the reservoir capacity data in the simulation are 

probably the cause of this. With better data of inflows, the reservoirs are perhaps not filled as much 

as was shown in Figure 28. If the reservoir capacity is too large, water might be stored too long. This 

increases the utilization of hydropower, which lowers the need for other more expensive production 

types. 
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Figure 32: Simulated and real hydropower production. 

In Figure 33 the simulated results from hydro power production, inflow and stored energy are 

shown. SE4 has so low values that it is not visible in the graph, which is why it is omitted. It can be 

seen that the inflow and stored energy in reservoirs are very high compared to the hydropower 

production. The power plants that have their own reservoirs have more than enough stored energy 

to be utilized at maximum during the entire simulation period. Especially SE2 has an overwhelming 

abundance of inflow as well as stored energy. This, in combination with that the installed capacity of 

the hydro plants in SE2 is too low (or rather that inflow and reservoir capacity are over-

dimensioned), makes it possible for the hydro power production to overwhelm the market with 

cheap energy.  

In the simulation the inflow in SE2 is much greater than in SE1. In reality, however, the inflow in SE1 

is probably roughly the same as in SE2. No real data was obtained regarding the inflows of SE1 and 

SE2. However, the reservoir capacities in SE1 and SE2, which are roughly the same, suggest that the 

inflows also match each other (this speculation is made by the author).  

This possible inflow error is due to the estimation algorithm of the inflows explained in Chapter 4. 

This is not shown in Figure 33, but the SDDP software has a so-called generation factor as an output. 

This factor shows the production as a percentage of the maximum energy output for each power 

plant. The generation factor is close to 100 % for all hydro plants and close to 100 % almost all the 

time for thermal plants fueled with biofuels. 
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Figure 33: Hydropower production, inflow and stored energy. 

The inflow that cannot be stored or used for energy production by the hydro plants is spilled out. SE4 

has so low production and storage values that it is not visible in the graph, which is why it is omitted. 

The spill is abundant as is shown in Figure 34. SE2 has almost as high spill as inflow. The hydropower 

production is only limited by the installed capacity of the hydro power plants, i.e. their utilization is 

maximized due to the abundance of water. 
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Figure 34: Hydropower production, inflow and spilled energy. 

6.1.3 The wet and dry year scenarios 

Here the electric energy prices for the wet and dry year scenarios are shown in comparison to the 

reference scenario, presented for one price area at a time. 

Electric energy price fluctuates a lot in SE1, as shown in Figure 35. The big dips are due to the 

negative prices problem. However, the dry scenario has a higher average than the reference 

scenario. The reference year seems to have a higher average than the wet scenario. 
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Figure 35: Electric energy prices per MWh in price area SE1. Zero prices are actually negative prices, as explained in 6.1.1. 

In Figure 36, the results for SE2 are shown. The reference scenario follows the dry scenario curve, but 

the wet scenario curve is clearly lower than both the other curves, as is expected. In addition, the 

prices seem to have levels corresponding to season; they are higher during winter and lower during 

summer. 



 

81 
 

 

Figure 36: Electric energy prices per MWh in price area SE2. 

The seasonal variation is strong in SE3 as shown in Figure 37; price levels during winter peaks are up 

to five times the summer levels. Dry and reference scenario prices are on the same level most of the 

time, but the wet scenario has clearly the lowest prices during summer. During winter, the price 

levels are the same. This is probably due to that the consumption is so high that other more 

expensive production types need to be used.  

The price is the same in all scenarios in the beginning of the year, but not in the middle of the year. 

The reason for this could be explained with how continuous the price levels are as a function of 

production type. The price levels becomes more continuous as the price goes down, due to that 

there are more production types in the cheap segment than there are in the high cost segment in this 

model. This means that the model is more sensitive to changes when there is low consumption in the 

system, i.e. when only cheap production types need to be used. Changing between wet, reference 

and dry scenario should therefore affect the model more when the consumption is low, compared to 

when it is high.  

This ‘sensitivity’ is seen when comparing Figure 35, 36 and 37. The consumption lies in a higher price 

range in SE3 than in SE1 and SE2, which is why there is more stability here. 
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Figure 37: Electric energy prices per MWh in price area SE3. 

There are identical results in SE4 and SE3, which is why the graph for SE4 is omitted. The reason for 

this is the good transfer capacity between the price areas, which evens out price differences between 

the two areas. Most of the time, energy is transferred from SE1 to SE2, from SE2 to SE3 and from SE3 

to SE4. Due to the high consumption in SE3, the import into SE3 from SE2 is not enough. This means 

that the more expensive production types are also used in SE3. SE3 also exports power to SE4 (which 

also has high consumption in relation to its production capacity). This means that SE4 receives at 

least the same prices as SE3 does. If the transfer capacity and supply are sufficient, the prices are the 

same in SE3 and SE4. The identical price curves of SE3 and SE4 indicate that the transfer limits 

between these areas are so high that all needed extra power in SE4 is supplied by SE3 (since the 

consumption is so large in SE4 that power is needed from other areas). 

In Figure 38, the transmitted energy between price areas is shown for the wet and dry year scenarios 

compared to the reference scenario. All transmission flows are shown in the same graph. The south-

to-north directed flows are almost zero every week, and lie on top of each other in the bottom of the 

graph. 

The transmission of electric energy in the dry scenario is slightly lower, compared to the reference 

and wet scenarios. The difference is biggest in transmission flow SE1 to SE2 and SE2 to SE3. This is 

also where the main differences are expected, since most hydropower (the production type directly 

affected by dry and wet year) is located in SE1 and SE2. Transmission flow SE3 to SE4 is virtually 

unaffected. 
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The transmissions in the south-to-north direction are almost zero. However, one particular difference 

compared to the reference scenario does exist. During weeks 15 and 16, some energy is transmitted 

from SE3 to SE2 in the dry scenario. 
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Figure 38: The transmission of electric energy between price areas, wet and dry year scenarios. 

Stored energy levels in the reservoirs for each price area are shown in Figures 37 - 40. 

In Figure 39, the reservoir storage fills up faster in the wet scenario than in the reference and dry 

scenarios. The maximum levels are reached during the spring flood. The levels in SE1 are filled almost 

as fast in the reference and dry scenario. 

 

Figure 39: Stored energy in reservoirs in price area SE1, wet and dry scenarios. 

In SE2, as shown in Figure 40, the results are more clear, the wet scenario fills up the fastest, 

followed by the reference scenario and then the dry scenario. This is the expected order of the fill up. 

 

Figure 40: Stored energy in reservoirs in price area SE2, wet and dry scenarios. 

Reservoirs in SE3 fill up faster, as shown in Figure 41, in the wet and reference scenarios than in the 

dry scenario. This is expected, but then an unexpected result is that reservoirs in the dry scenario 

reach higher levels than in the reference scenario. 
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Figure 41: Stored energy in reservoirs in price area SE3, wet and dry scenarios. 

Compared to the other price areas the storage levels in SE4, shown in Figure 42, are negligible. They 

fluctuate much and reach their maximum storage level during the spring. 

 

Figure 42: Stored energy in reservoirs in price area SE4, wet and dry scenarios. 

6.1.4 High and low emission allowance price scenarios 

The high and low emission allowance price scenario results are omitted, because they are identical to 

the reference scenario. No thermal production affected by emission allowances is ever used in the 

simulation, due to the cheap and overwhelming hydropower production.  

Reservoir storage, electric energy prices and transmissions of electric energy were unaffected by the 

emission allowance prices. All of these curves are identical, which is why they are omitted in this 

chapter. They are presented in the appendix. 

6.1.5 10 and 30 TWh wind power scenarios 

Adjusting the installed wind power capacity per year gave results shown in the following section. 
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The electric energy prices are always lower in the 30 TWh scenario compared to the reference 

scenario in price areas SE3 and SE4. During summer the prices are also lower in SE1 and SE2. The 

results for the 10 TWh scenario are roughly the same as the reference scenario. 

The results for SE1 are shown in Figure 43. Clearly, there is a decrease in the electric energy prices in 

the 30 TWh scenario. The prices are, roughly speaking, cut in half during spring, but then the model 

creates negative prices, which are due to errors in the set-up of the model. 

The 10 TWh scenario is almost the same as the reference scenario. 

 

Figure 43: 10 and 30 TWh wind power scenarios in price area SE1. Zero prices are actually negative prices, as explained in 
section 6.1.1. 

Shown in Figure 44, the model generates negative values for SE2 during summer. Otherwise, during 

spring, the prices are much lower in the 30 TWh scenario. The prices for the 10 TWh scenario are 

roughly the same, with slightly lower values and some negative values during summer. 
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Figure 44: 10 and 30 TWh wind power scenarios in price area SE2. Zero prices are actually negative prices, as explained in 
section 6.1.1. 

As in SE1 and SE2, the model also generates negative prices during summer in SE3, as shown in 

Figure 45, but otherwise the prices are lowered significantly in the 30 TWh scenario. Tendencies 

toward lower prices are noticeable mainly during autumn in the 10 TWh scenario.  

The curves in Figure 44 (SE2) and Figure 45 (SE3) are almost identical during spring, summer and 

autumn (i.e.  during week 14-45). When demand gets high (i.e. during week 1-11 and 45-52) in SE3, 

price differences between SE2 and SE3 do occur. 
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Figure 45: 10 and 30 TWh wind power scenarios in price area SE3. Zero prices are actually negative prices, as explained in 
section 6.1.1. 

The results of the price levels in SE4 are omitted, because they are identical to the levels in SE3. 

The transmitted energy, shown in Figure 46, is lowered much in the 30 TWh scenario, but also in the 

10 TWh scenario. In the 30 TWh scenario the effect is largest in the SE2 to SE3 transmission flow, 

with large seasonal dependence. The SE3 to SE4 transmission is affected more evenly during the 

entire year. The SE1 to SE2 transmission flow is only affected during summer compared to the 

reference scenario.  

The transmission between the grid areas are lowered in the 30 TWh scenario because more of the 

demand is satisfied by wind power produced ‘locally’. This results in a lowered need of energy from 

other grid areas. 

Around week 21 there is an amount of energy transmitted in the direction SE3 to SE2, i.e. south to 

north. 
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Figure 46: Transmission of electric energy between price areas, 10 and 30 TWh wind power scenarios. 

Storage levels, as shown in Figure 47, were virtually unaffected by the wind power scenarios, in all 

price areas but SE4. While the results for SE4 are presented below, the rest of the results are omitted 

in this chapter. They are presented in the appendix. 

The maximum reservoir levels in SE4 are very small, even unnoticeable when compared to the levels 

in SE1, SE2 and SE3. SE4 has roughly 1.25 GWh storage capacity, while the other price areas have 

capacities >1000 GWh. This means that storage levels in SE4 have little effect on Sweden in general. 

 

Figure 47: Stored energy in reservoirs in price area SE4; 10 and 30 TWh wind power scenarios. 

6.2 Sensitivity analysis 
In order to test a model’s sensitivity, small changes of the input can be done to see how the output is 

changed. 

There seems to be enough water in the simulations to use hydropower as primary production and 

only secondarily use nuclear power. However, in reality, nuclear power is used primarily and 

hydropower secondarily. A sensitivity test was therefore performed by changing the reservoir’s 

volumes by ±20 % for each reservoir.  

The reference scenario then resulted in different storage levels and different electric energy prices. 

In Figure 48 the stored energy is presented for SE2. 
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Figure 48: Different storage levels with changes in storage reservoir capacity in SE2. 

The maximum storage levels are reached for all cases, even in the –20 % case. The differences are in 

the time it takes to fill the reservoirs to the maximum level and how high the maximum levels are. 

The price areas SE1-SE3 have roughly the same results, which is why the results for SE1 and SE3 are 

omitted here. 

Below is the case for SE4. Here the stored energy levels are apparently stabilized somewhat by both 

the increase and the decrease of reservoir capacity. The difference between the decreased and 

increased storage cases is roughly a shift of the curve along the energy axis.  

The reference case, however, is fluctuating a lot more. 

 

Figure 49: Different storage levels with changes in storage reservoir capacity in SE4. 

The prices due to changes in the storage capacities are mildly affected, as is shown by Figure 50. For 

most weeks, the prices are the same as in the reference case. However, differences do occur during 
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the summer weeks. Here, the prices are lower in the increased storage volume case, but they are 

also higher for some weeks.  

In the decreased storage volume case, some weeks have lower prices compared to the reference 

case, but mostly they are the same. 

 

Figure 50: Different price levels with changes in storage reservoir capacity in SE2. 

For SE1 the prices fluctuate much, and generate too many instances of negative prices (in section 

6.1.1.  the validity of negative prices is explained). Therefore, the result for SE1 is considered 

uncertain and is not presented here. For SE3 and SE4 the results are identical, which is why only the 

SE3-result is presented here, in Figure 51.   
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Figure 51: Different price levels with changes in storage reservoir capacity in SE3. 

In SE3 the prices are affected the same way as in SE2; the prices are roughly the same most of the 

time, but have some weeks with lower prices during summer, and also a few weeks with higher 

prices during summer and in the end of the year. 

The lack of response to the changes in reservoir capacity is probably due to that inflow is so high that 

the small changes to the reservoir capacity do not matter. Once the reservoirs are filled, the hydro 

power plants can produce at maximum capacity.  

7 Discussion 
The price levels in the reference scenario suggest that no expensive production is used. This is 

probably due to too much energy stored in the reservoirs and too much inflow.  

As shown in Chapter 6, the stored energy in the reservoirs reaches its maximum in the beginning of 

the year, in all scenarios, and is never reduced after that.  

The reservoirs in the dry scenario fill up slightly slower than in the reference scenario, even though 

the inflows are 20 % lower, and never decrease once the maximum level is reached. This indicates 

that the estimated inflows are too high. Of course, this particular year could have been an extreme 

wet year, meaning that a decrease in inflows by 20 % was too small to be noticed. However, this year 

was not an extreme year in that sense. It was extreme in other ways: In the beginning of 2011 the 

cold winter caused high load in the systems, which should have had hydropower running at full 

capacity, draining some of the reservoirs. However, all scenarios show increasing storage levels 

during this period. 

A conclusion is that inflow data needs to be more accurately estimated, which probably means 

lowering the inflows. Another suggestion is to buy data from SMHI. 
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The consequence of the high inflows is that only cheap hydro production, and occasionally nuclear 

power plants, are needed to satisfy the load. The hydro production is simply running on too high 

levels. The prices are therefore pressed down in price areas SE1 and SE2, because this is where most 

hydropower is located.  

Due to the incapacities in the transmission, the hydropower in SE1 and SE2 cannot be transmitted to 

satisfy the loads in SE3 and SE4 completely during high load periods of the winter. As seen in Figure 

38 and 46 showing transmission between price areas, the maximum levels are reached during these 

periods in the SE2 to SE3 lines. The other lines are never transmitting at maximum capacity, which 

leads to the conclusion that the SE2 to SE3 line becomes the major bottleneck for Sweden in the 

model. Between SE3 and SE4 there is sufficient transmission capacity in the model.  

In reality, the bottleneck has been the transmission between SE3 and SE4 (Svenska Kraftnät, 2013). 

This difference (between the model and reality) is due to that no export from SE4 to other countries 

is taken into account in this simulation. If high export from SE4 to for instance Denmark occurs at the 

same time as high consumption occurs in SE4, there will be a high transmission flow from SE3 to SE4 

and onward. This makes the transmission flow from SE3 to SE4 more vulnerable to transmission 

incapacities. Historically, the power flow to neighboring countries was constricted by Sweden when 

incapacities occurred in the SE3 to SE4 transmission flow (in order to ensure grid reliability) (Svenska 

Kraftnät, 2013).  

If no high power flow occurs from SE4 to neighboring countries (as in this model), there will be less 

incapacities in the flow from SE3 to SE4. This could explain why the only bottleneck occurs in the SE2 

to SE3 transmission flow, in this model. 

As can be seen in Figure 26, during the winter, prices are pushed up by more expensive thermal 

plants in SE3 and SE4 (since it is the most expensive power plant brought into production that sets 

the electric energy price). The nuclear power plants are the most expensive power plants used during 

the winter peaks.  

A conclusion is that the SE2 to SE3 transmission causes higher prices in SE3 and SE4, which could 

possibly be avoided if the capacity is increased. This conclusion would probably not be valid in an 

international model. 

The electric energy prices during the summer, the low load period, are lower than the maintenance 

cost of hydropower (50 SEK/MWh). This means that the power is produced solely by cheaper power 

sources. The cheaper sources are some thermal production plants entitled to electric energy 

certificates, i.e. plants fueled by biofuels and biogas. This is due to the certificate price level chosen in 

the model. The certificate price is unchanged in the model, because the software does not support 

certificate modeling. The certificate price is subtracted from the cost per MWh, lowering the 

production cost per MWh to zero23. Wind power plants have no variable production cost in the 

model, i.e. it is a ‘free’ energy source in SDDP.   

In the wind power scenarios, the prices in SE2, SE3 and SE4 are lowered considerably during the 

summer. For SE1 the prices fluctuate too much, and too many negative prices are created for any 

                                                           
23

 The SDDP software does not support negative production costs per MWh, which is why it was simply set to 
zero. 
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certain conclusions to be made. The 30 TWh wind power scenario is taking the prices below the 

hydropower prices most of the year. A conclusion is that when increasing the wind power to this 

level, SE2, SE3 and SE4 get much lower prices, thereby affecting production profitability. 

With the assumed hydrology levels, the market is entirely dominated by hydropower and cheaper 

thermal power production. In order to draw any conclusions about the effects of emission allowance 

prices, the hydrological conditions need to be more accurately estimated. An inflow estimation 

algorithm was used, due to lack of actual inflow data. Constructing a better algorithm would 

probably take a lot of work and time.  

Because the estimated inflows were so high in the reference scenario, little effect of changing the 

storage levels could be seen. The effect was limited to slightly lower prices in the increased storage 

scenario for some weeks. Other than that, the storages filled up to maximum level and remained 

there during the rest of the year, even in the increased storage volume scenario. Large volumes of 

water were spilled due to the maximized reservoir levels. 

However, some weeks in the decreased and increased storage scenarios had identical prices, which 

were lower than the prices in the reference case, see Figures 50-51. This is quite unexpected, 

because prices in the reference case should be ‘in between’ those of the increased and decreased 

storage cases. This can possibly be explained by the stochastic nature of the inflow creation by SDDP. 

By increasing the number of inflow sequences, ‘better’ expectancies might possibly be calculated (i.e. 

the expectancies explained in section 3.3.4). 

7.1 Conclusions 
The estimated inflow data of the model is too high. The reservoirs fill up to the maximum levels 

during springtime and are never lowered again. This is the same in all scenarios. Better inflow data is 

needed. 

The assumption of constant head (H) for each hydropower plant should be removed or modified. 

The SE2 to SE3 transmission line is the major bottleneck for Sweden, causing higher prices in SE3 and 

SE4 than necessary. The transmission capacity between SE3 and SE4 is so large that no price 

differences exist between these price areas. In reality the major bottleneck is between SE3 and SE4, 

due to export to and import from other countries. 

Increasing the wind power production to 30 TWh per year benefits SE2, SE3 and SE4 with lower 

prices. The prices are lower almost all the time in SE3 and SE4, while in SE1 and SE2 the prices are 

lowered mainly during spring, summer and autumn.  

The SDDP software can model hydrothermal dispatch scheduling fairly well. How trustworthy the 

results are, depends heavily on the inflow data.  

With good input data, the SDDP software can probably be used to simulate some aspects of the 

electric energy market in the Nord Pool area. The main aspect is hydrothermal electric energy 

production.   
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9 Appendix 

9.1 High and low emission allowance price scenarios 
In this section, the high and low emission allowance price scenarios are presented (section 6.1.4). As 

is shown, different emission allowance prices do not affect electric energy prices, storage volumes or 

transmission of electric energy between the price areas. All results here are identical to the reference 

scenario.  

The cause is probably that the inflows are too high. This means that hydropower and occasional 

nuclear power can satisfy the load all the time, without the need for any more expensive power 

plants. The effect is that no emission allowance prices, not even the extreme values used in this 

model (the all time high and low prices of the emission allowance), affect the model. 

 

 

Figure 52: High and Low emission allowance price scenarios in SE1. 
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Figure 53: High and Low emission allowance price scenarios in SE2. 
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Figure 54: High and Low emission allowance price scenarios in SE3. 
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Figure 55: High and Low emission allowance price scenarios in SE4. 
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Figure 56: Transmission of electric energy between price areas, high and low emission allowance price scenarios. 

 

Figure 57: Stored energy in reservoirs SE1, high and low emission allowance price scenarios. 

 

Figure 58: Stored energy in reservoirs SE2, high and low emission allowance price scenarios. 
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Figure 59: Stored energy in reservoirs SE3, high and low emission allowance price scenarios. 

 

 

Figure 60: Stored energy in reservoirs SE4, high and low emission allowance price scenarios. 

9.2 10 and 30 TWh wind power scenarios 
In this section, results from the wind power scenarios are presented. Stored hydropower energy is 

shown to be unaffected by the levels of wind power production. The only affected storage that is not 

virtually identical to the reference storage is that of price area SE4, but the levels are very fluctuating, 

so no certain conclusions can be drawn from it. 
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Figure 61: Stored energy in reservoirs SE1; 10 and 30 TWh wind power scenarios. 

 

 

Figure 62: Stored energy in reservoirs SE2; 10 and 30 TWh wind power scenarios. 
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Figure 63: Stored energy in reservoirs SE3; 10 and 30 TWh wind power scenarios. 

9.3 Sensitivity to reservoir storage volume   
Sensitivity results from changing the reservoir storage capacity by ±20 % are presented in this section 

(results for SE2 and SE4 were presented in section 6.2). 

 

Figure 64: Price levels at ±20 % change in reservoir storage capacity of SE1. 
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Figure 65: Price levels at ±20 % change in reservoir storage capacity of SE3. 

The results for SE4 are identical to SE3, which is why they are omitted here. 


