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Abstract

Short-term Regulating Capacity and Operational
Patterns of The Lule River with Large Wind Power
Penetration
Joakim Lönnberg

The growing share of installed wind power in the Swedish electricity system has
caused concerns whether the available regulating power will be sufficient. Several
studies have examined the need of regulating power using both statistical and
modelling approaches. However, there is a risk that some aspects of the short-term
regulation of hydropower might have been missed.

By using one of Vattenfall’s hydropower planning tools, the short-term operation of
The Lule River has been simulated with an increasing penetration of wind power. The
tool includes detailed models of reservoirs, generating units including efficiency curves
and start/stop costs. By introducing a day-by-day simulation with a seven-day window
price forecast, updated with a new wind forecast for each iteration, a 21-days
scenario has been simulated. Transmission limits are disregarded and the thermal
production is reduced with the average wind production.

To quantify and compare the regulation capacity, the regulation factor is introduced.
It reflects the ability to utilise high-price hours and considering that the need of
regulating power for the short-term perspective is reflected in the price it will also
reflect the regulation capacity.

It is shown that the regulating factor is correlated to the discharge factor,whichis the
relation between the maximum discharge to the average statistical discharge for a
plant. A high discharge factor provides the flexibility to utilise the fluctuations in price.
The discharge factor is adapted to the plants placement in the reach, accounting for
both reservoirs located upstream and downstream, especially for The Lule River
which has been designed to regulate for the fluctuations in the load. The flexibility
required by the rest of the Nordic rivers is quantified for future studies.

It is concluded that The Lule River is able to meet some of the fluctuations of wind
power production due to the overcapacity ininstalled power. The production can, at
the expense of decreased efficiency of the generating units, alter the production to
suit a more fluctuating price.It is important to emphasise that The Lule River alone
cannot balance a large penetration of wind power. 

To fully take into account the effects of a large penetration of wind power the study
must be expanded to include more scenarios. The study should include different types
of hydrological prerequisites and the seasonal variations in power production as well
as additional rivers.
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Svensk sammanfattning 
Den ökande mängden installerad vindkraft medför större variationer i produktionen 

och det är idag oklart om den svenska vattenkraften klarar att korttidsreglera för de 

kombinerade variationerna från vindkraftsproduktionen och konsumtionen. Flertalet 

har genom statistiska och simuleringsstudier undersökt behovet av reglerkraft med 

varierande resultat. Det finns dock en risk att viktiga aspekter med vattenkraften har 

förbisetts. 

 

Denna studie vidareutvecklar ett av Vattenfalls vattenkraftsplaneringsverktyg samt 

undersöker korttids-regleringen i Lule älv till följd av en ökande andel vindkrafts-

produktion. Planeringsverktyget baseras på detaljerade modeller av magasinen och 

aggregaten i Lule älv med verkningsgradskurvor och startkostnader för varje aggregat. 

Genom att använd en dag-för-dag simulering med ett glidande sju-dagars fönster som 

uppdaterar vindkraftsprognosen för varje iteration har ett 21 dagar långt scenario 

studerats. Begränsningar i transmissionssystemet exkluderas och den installerade 

effekten av termisk kraft minskas med medelvärdet för vindkraftsproduktionen. 

 

För att kvantifiera och jämföra regleringskapaciteten användes regleringsfaktorn. 

Regleringsfaktorn visar en stations kapacitet att effektivt utnyttja högpristimmarna 

under en given tidsperiod. Reglerbehovet kan i korttidsperspektivet anses speglas i 

priset och därmed är reglerfaktorn ett mått på regleringskapaciteten hos en kraft-

station. 

 

Studien visar att utbyggnadsfaktorn (Eng: discharge factor) är starkt korrelerad till 

regleringsfaktorn. Utbyggnadsfaktorn bestäms utifrån stationens utbyggnadsvatten-

föring samt den statistiska medelvattenföringen och det visas hur en hög utbygg-

nadsfaktor ger möjligheten att korttidsreglera för variationerna i vindkraften. Utbygg-

nadsfaktorn för en individuell station är anpassad till de fysiska förutsättningarna 

såsom storleken på magasinen uppströms och nedströms, i synnerhet i Lule Älv som 

designats för att korttidsreglera för variationerna i lasten. 

 

Studien visar hur Lule älv under den studerade perioden kan reglera för en andel av 

både de prognostiserade och de oprognostiserade variationerna i vindkraftsproduk-

tionen främst tack vare den installerade överkapaciteten i effekt. Studien visar hur 

produktionen förändras för att passa ett mer volatilt pris på bekostnad av verknings-

grad. 

  

Det är viktigt att betona att Lule älv inte själv kan reglera en storskalig utbyggnad utav 

vindkraften. Studien indikerar vilken flexibilitet som kommer att krävas av den övriga 

vattenkraften i Sverige. För att till fullo förstå effekterna från en stor andel vindkraft i 

Sverige måste studien expanderas till att inkludera flera årstider, hydrologiska år och 

vattenkraftssystem.  
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Abbreviations 
 
cf - Capacity factor 

css - start cost for one unit 

CHP - Combined Heat & Power 

D - Discrete day index 

FD - Discharge factor 

FR - Regulation factor 

FQR - Flow regulation factor 

FLH - Number of Full-Load Hours 

g - Gravitational constant 

h - Head 

HOTSHOT - Hydropower Optimisation Tool SHOrt Term 

k . Discrete time index 

K - Total number of optimised hours 

L - Local inflow 

N - Total number of hours 

NS - total number of hydropower plants 

P  - Power 

Pinst,thermal - Installed thermal power 

Pinst,wind - Installed wind power 

Pload - Load 

Prated - Rated power for wind power 

Pres - Residual load 

Psolar - Current solar power production 

Pthermal - Current thermal power production 

Pwind - Current wind power production 

Q  - Discharge 

Qave - Average discharge 

Qinst - Installed maximum discharge 

s - Spot price 

SvK  - Svenska Kraftnät 

t - Continuous time index 

TSO  - Transmission System Operator 

V - Volume of water in a reservoir 

vv - Water value 

ρ - Density of water 

η - Efficiency 
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1 Introduction 
1.1 Background 

The structure of the electricity system in Sweden is changing. Due to an increasing 

demand of renewable energy sources and a debated nuclear power, wind power has 

emerged as a serious contender on the electricity market. As is characterising for 

intermittent
1
 power sources, wind power production fluctuates with the weather and 

wind. 

 

Electricity must be produced and consumed at the same time, favouring a predictable 

and reliable production to maintain the balance. Hence, replacing a source of produc-

tion is more than trading old for new installed power. After the referendum of 1980 it 

was decided to decommission the nuclear power, but as no clear replacement is yet 

available nuclear power remains active [1]. As wind power increases its share of the 

market the possibility to replace existing nuclear power with wind power is once again 

brought into light. A wind power that is supposed to be balanced by the Swedish 

hydropower. 

 

The Swedish hydropower was expanded during the second half of the 20
th
 century 

equipped with an installed capacity of 110 % of the power demand at the time [2]. 

Today, thermal power and hydropower on average accounts for 92 % of the power 

production in Sweden [3]. 

 

Hydropower is used as the load-following production due to its flexibility, see Figure 

1. Effectively, this means that the production mirrors the demand from the market to 

maintain the necessary balance between consumption and production. 

 

There exists a concern amongst hydropower producers that a large share of wind 

power connected to the electricity system will alter the current structure and pattern of 

the electricity market. The producers claim that a large expansion of wind power will 

increase the maintenance costs of the generating units as well as have a negative 

environmental impact [4]. 

                                                      
1
 Intermittent production - a source of power production that is not available at all times due 

to uncontrollable factors, such as changes in weather and wind. 
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Figure 1. The Swedish power production for one week in November 2013. It can 
be seen how the wind varies throughout, the thermal power (mainly nuclear 
power and combined heat and power (CHP)) remains approximately constant 
and the hydropower follows the consumption. The difference between con-
sumption and production is the export or import. 

As shown in Figure 2, the energy produced in Sweden by wind power has grown 

drastically during the last couple of years. To reach the goal of 30 TWh annually from 

wind power by 2020 the government has made the wind power market lucrative by 

introducing tariffs, or “subsidies”, for wind power [5]. Wind power was also the most 

installed energy source during 2013 in the EU, adding an additional 11,000 MW [6]. 

 

By late 2013 the amount of installed wind power in Sweden added up to 4,470 MW 

[6]. The majority of the wind farms are located in the southern parts of Sweden but 

larger instalments are currently being prospected and built in the north, see Figure 3.  

 
Figure 2. Annual wind power production and installed wind power in Sweden 
between 1993 and 2012 [7].  
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Figure 3. Map of installed wind power (black), farms currently being constructed 
(orange) and prospected farms (green). The majority of the wind power is 
located in the south of Sweden but the biggest expansions are being made in 
the north [8]. 

It is generally agreed that wind power will increase the needed regulating capacity [9] 

[10] [11], but the capacity of the installed power reserves is debated. Regulating 

power will in this study be defined as the change in production required to maintain 

the balance between production and consumption. 

 

Based on analysis of historical data Söder claims in [12] that the Swedish electricity 

system can handle a total of 18,000 MW installed wind power. Söder argues that the 

fluctuations of the consumption exceed the expected variations of a system with a 

large penetration of wind power. Accordingly, as the hydropower is able to balance 

the fluctuations in consumption, it will be able to balance a large penetration of wind 

power in Sweden. 

 

The Swedish Transmission System Operator (TSO) Svenska Kraftnät’s (SvK) study 

[13] shows that an increase to 7,000 MW installed wind power requires an additional 

600 MW of installed regulating power to handle the fluctuations in wind power pro-

duction. 
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In 2009, ELFORSK [14] released a study on 12,000 MW of installed wind power in 

SE1 (see 2.1) based on mathematical optimisation and historical data. The study uses a 

fixed weekly volume of water. The report concludes that, including 80 % of the 

installed hydropower in SE1, the hydropower system installed today is enough to 

balance 12,000 MW of wind power.  

 

A second study performed by Obel [15], including a larger share of the Swedish 

hydropower systems, reveals similar results but is also limited by the same restrictions 

on the weekly volume of water.  

 

In 2012, Crona created a model to quantify the flexibility of a hydropower plant [16]. 

By simulating a 24 hour period the study concludes that the legal water limits impose 

the greatest limit in the flexibility of a plant. Moreover, the study concludes that the 

water limits is just one of several important aspects when evaluating the flexibility of a 

hydropower plant. 

1.2 Scope of this project 

The project uses the same software as Vattenfall uses when planning their hydropower 

production. The software contains detailed information of each station in The Lule 

River, including models for each reservoir, unit and head dependent production. Com-

pared to previous work, this study provides a method to evaluate a hydropower system 

including the forecast error in wind power production and a more flexible water 

model.  

 

The project is divided into two separate parts. The first part is to modify Vattenfall’s 

optimisation software HOTSHOT (Hydropower Optimisation Tool SHOrt Term) into 

an analysing tool for hydropower. The analysing tool should replicate the short-term 

regulation of the hydropower production if provided with a certain pattern of wind 

power production. 

 

Secondly, the study aims to investigate the regulation capacity of the hydropower in 

The Lule River. The goal is to identify the effects on the hydropower production 

originating from a large share of wind power. Also, to identify the attributes of a good 

regulation plant and how the efficiency and operations alter for increasing amounts of 

installed wind power.  

1.3 Limitations 

The study is limited to short-term regulation, i.e., four weeks or less. The study is 

limited to the effects on the hydropower in The Lule River. The results of the study 

should be interpreted with consideration of the assumptions presented in section 3.  
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2 Theory 
This section presents background information, introduces the aspects of the electricity 

market and different types of power production.  

2.1 The Swedish electricity system  

The electrical grid provides the Swedish consumers with electricity with a nominal 

frequency of 50.00 Hz. The grid is managed by the TSO that is responsible for main-

taining the correct frequency at all time.  

 

The Swedish grid is divided into four separate bidding areas named SE1, SE2, SE3 

and SE4, see Figure 4. The four sections have independent pricing of electricity based 

on the power consumption and production as well as the import/export possibilities. 

As long as there are no transmission congestions the price is the same in each area but 

sometimes the price differs. 

 

 
Figure 4. Sweden is divided into four bidding areas. SE1 is the most northern 
and SE4 the most southern. Each region has an individual spot price deter-
mined by the local production, transmission capacity and consumption of elec-
tricity. 
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2.1.1 The Swedish power production and consumption 

The base power production in Sweden is provided by nuclear power and hydropower 

and the remainder is supplied by wind power and CHP [3]. The high availability
2
 of 

the base production, about 90 % for both hydro and nuclear power, provides a stable 

base-supply of electricity for the consumers. The majority of the hydropower is 

installed in the north of Sweden while both larger cities and industries are located in 

the south, causing a large amount of electricity being transferred daily to meet the 

demand [17]. 

 

The consumption of electricity has a strong diurnal pattern. The demand is high during 

the weeks as the industry is one of the major consumers while the weekend is charac-

terised by a low demand. The intraday pattern contains one peak in the morning and 

one in the evening as the domestic consumption is high. Being a Nordic country, the 

average consumption generally depends on the temperature with an increasing demand 

during the winter. 

2.1.2 Imbalances and control systems 

Imbalance between the instantaneous production and consumption causes the fre-

quency of the grid to change. To counteract the imbalance, the primary and secondary 

control systems are used.  

 

The primary control system seeks to counteract the change in frequency by restoring 

the balance between the power production and the consumption.  

 

The secondary control system is used to replenish the primary control and to restore 

the frequency to its nominal value. The majority of the Swedish secondary control 

system is managed by hydropower [18]. 

2.2 The Nordic electricity market 

All Nordic countries, excluding Iceland, are connected to the electricity market known 

as Nord Pool, see Figure 5. Nord Pool is responsible for the trade of electricity as well 

as acting as mediator of production bids [19]. Figure 6 visualises the process of the 

Nordic market during a 48 hour period. 

                                                      
2
 Availability – Percent of the year during which the plant is able to produce power. 
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Figure 5. The Nordic countries along with the Baltics are connected to the Nord 
Pool electricity market. The transmission capacity (in MW) between each price-
region is illustrated as red arrows [20]. 

 

 
Figure 6. Visualisation of the electricity market. The Elspot market is open until 
noon the day before delivery. Nord Pool (NP) will then asses the submitted bids 
and from 13.00 the Elbas market is available up until the hour of operation. 
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2.2.1 The spot market 

The spot market determines the price of electricity on an hourly basis for the following 

24 hours. By noon, every day of the week, each producer submits bids to the spot 

market consisting of the amount of energy the producer is willing to provide and a 

corresponding price. The same is done for the consumers, who submit the amount of 

energy they are willing to purchase and to what price.  

 

The bids can be divided into block and hourly bids. A block bid contains a fixed 

amount of energy and the corresponding price. This means that the market can only 

purchase the entire volume of energy while the more flexible hourly bids contain a 

function describing how the price varies depending on the purchased volume [19]. 

 

Once all bids are submitted to Nord Pool, a price curve with the current consumption 

and production bids is created. As shown in Figure 7, the final price of electricity is 

determined for the following 24 hours by the equilibrium between the consumption 

and the production for each hour. Each producer is later assigned the amount of 

energy sold for the upcoming day.  

 

The spot market works like any commercialised market. A high demand and low stock 

increases the price, while a high stock and low demand pushes the price down. Pro-

duction with a low marginal cost, such as wind power and hydropower submits 

cheaper bids than production with a high marginal cost, such as coal and oil combus-

tion power. Due to the large share of hydropower in the Nordic system, the price does 

not fluctuate much. As shown in Figure 8 the spot price will not reach high prices 

(>100€) unless the consumption drastically increases, for instance during cold winter 

days, perhaps combined with an outage of a large production unit. 

 

  
Figure 7. A simplified bidding-curve only consisting of block-bids. The price is 
determined as the point where the demand crosses the block bids. Hence, a low 
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demand gives a low price of electricity while a demand that requires combus-
tion- production drastically increases the price. 

 
Figure 8. Production curve for the spot market on the 30th of May 2013 at 12:00. 
The increase in price is small for consumptions lower than about 40 GWh. 

The demand can be seen as the residual load. The residual load is calculated as 

                                   

where Pload is the current demand, Pwind is the current wind production and Psolar is the 

current solar power production (excluded in this study). A high residual load increases 

the price due to the marginal costs of fuel, while a low residual load decreases the 

price. 

2.2.2 Intraday trade 

The intraday market, named Elbas, handles deficits or excesses in the production dur-

ing the day. Like the spot market, the producers may offer production which can be 

purchased to handle for example a reduced production. 

 

The trade consists of both up and down regulation bids. The bids are sorted by the 

amount of power production offered and price, starting at the lowest. The volumes of 

energy traded at Elbas market is small compared to the volumes handled in the spot 

market. 

 

The final production scheme for each hour must be submitted 1 hour before delivery 

which allows the producer to alter the original plan submitted to Nord Pool. This final 

plan is conclusive and is used for settling the payments of produced energy.  
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2.3 Wind power technology and characteristics 

2.3.1 Full load hours and capacity factor 

The power output from a single wind turbine can be described as the total number of 

full-load hours per year or by its capacity factor. The number of full load hours (FLH) 

is defined as 

 

    
∫     
 

 

      
            

where T is the number of hours studied, Pt is the production at time t and Prated is the 

rated power for the turbine. The FLH for land-based turbines ranges at about 1800 – 

3500 hours a year depending on type and location. Off-shore turbines provide more 

full-load hours (4000-5000 hours) but are generally more expensive to manufacture 

and install [21]. The capacity factor is defined as 

   
   

    
            

and describes the share of full-load hours in one year. The capacity factor for land 

based turbines is about 0.2 – 0.4 and 0.46 – 0.57 for off-shore turbines. 

2.3.2 Characteristics of production 

The fluctuations of wind power production can be divided into several timescales. 

Wind power generation displays a seasonal variation in average wind speed, which is 

directly correlated to the power output. The wind speed is, from a statistical point of 

view, higher during the winter than during the rest of the year and the diurnal varia-

tions are more extreme during the summer [22]. The high average wind speed during 

the winter is favourable in the Nordic regions, as winter in general has a higher energy 

demand than the rest of the year. 

 

Studies performed by Holttinen [21] determine the maximum variation within three 

timescales; 1, 4 and 12 hours. Within the hour, the wind power production is limited 

by a maximum change of ± 20 % of installed power while both 4 and 12 hours are 

limited to ± 50 % of installed power. 

 

Gusts and local fluctuations on the second to minute scale will not affect the output 

power significantly due to the inertia of the spinning blades [11]. The development 

towards larger wind turbines will even further decrease the effects of local fluctuations 

of the wind speed. 

 

The magnitude of the variations in wind power production depends on several 

parameters such as the size of the turbines and the extent of the areal distribution. 
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Distributing the wind turbines over a large area and increasing the installed amount of 

wind power reduces the effects of gusts and increase the minimum production from a 

wind power system [21]. This effect, which is known as the smoothing effect, reduces 

the fluctuations of the production in the wind power system and improves the overall 

characteristics of wind power. The Nordic power system has about 9,000 MW [6] of 

installed wind power, mainly situated in Sweden and Denmark, distributed over a 

large area and yet periods of almost zero-production occurred during 2013 [23]. 

 

The power output from wind power is directly correlated to the wind speed which 

depends on weather and location. As seen in Figure 9 the uncertainty in weather fore-

casting and fluctuations in wind power production is approximately normal distributed 

[13]. A predicted wind can also arrive too early or too late, creating an uncertainty in 

both time and magnitude. 

 

Due to the dynamics of the electricity market, the wind power producers offer energy 

to the spot market based on forecasts at a minimum of 12-36 hours before delivery. 

The forecast ranging from 12-36 hours comes with a standard deviation of about 7.2 

% of the installed wind power [13]. Hence energy offered to the market will differ 

from the energy delivered to the system causing a variation that must be met by other 

producers. 

 
Figure 9. The forecast error for wind production in Sweden on a horizon of 2 h 
[13]. The magnitude of the forecast error is approximately normal distributed. 

2.4 Hydropower technology and characteristics 

The Swedish hydropower was developed during the early 20
th
 century primarily to 

provide energy to the mining industry. By the end on the 1930’s, all the larger rivers in 

the southern and middle parts of Sweden were almost fully utilised which led to the 

expansion of hydropower in the north. Due to the large deficit of energy during dry 
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years, the installed power in the rivers up north was increased during 1970-1990 to be 

able to meet a growing demand [2]. Rivers such as Skellefte River and The Lule River 

were both provided with an overcapacity in installed power and are therefore often 

utilised to provide regulating capacity. 

 

Hydropower uses the potential energy and flow of the river to harness energy from the 

water, see Figure 10. The power output is determined as 

 

                        

 

where η is the efficiency of the plant, h is the head
3
, Q is the rate of flow (or dis-

charge), ρ is the density of water and g is the gravitational constant. Each plant pre-

sents individual prerequisites such as minimum and maximum levels of the water in 

the reservoirs determined by the government to keep the environmental impact to a 

minimum. 

 

 
Figure 10. An overview of a hydropower plant [24]. The reservoir is used to store 
the water, which is dispatched through the control gate and into the turbine. The 
control gate determines the discharge of water and thereby adjusts the amount 
of electricity being produced by the generator. 

The problems with short-term regulation can be divided into two timescales. Regula-

tion within the hour can only be supplied if the available installed power exceeds the 

deficit in production. This creates a situation where the installed power in the river 

will be the limiting factor. More long term regulation, i.e., 4-12 hours is often smaller 

                                                      
3
 Head – Drop height for the water when passing though the turbine. 
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in magnitude but the extended duration creates an energy problem. Water must be 

either present at or transported to the plants with available installed power.  

2.4.1 Planning of hydropower production 

The planning of hydropower production can be said to follow a distinct pattern with 

some seasonal and weekly variations. Aside from providing a part of the base-load, 

the production is load-following by continuously adapting the production to the 

changes in consumption. The river-reaches with an overcapacity in installed power in 

Sweden have been adapted to regulate for the variations on both a daily and weekly 

horizon. 

 

The production is divided into seasonal and short-term planning. The seasonal plan-

ning portions the water throughout the year to ensure the availability of the hydro-

power and so that the reservoirs will be empty when next year’s spring flood arrives. 

The short-term planning aims to maximise the revenue on a weekly basis. The 

seasonal planning is reflected in the water values
4
, which is used during the planning 

of the short-term production. The basic outline of the procedure is simple, produce 

when the spot-price exceeds the water value and save the water otherwise.  

 

Based on the size of the inflow, each year is characterised as a wet, normal or dry 

year. The difference in production between a dry and a wet year can be as large as 60 

TWh for the Nordic region (~ 40 % of the annual Swedish consumption) [25]. Also, 

certain periods of time require additional restrictions of the discharge. For example 

obtaining the correct ice coating in the reservoirs during the winter to prevent blocks 

of ice flowing through the turbines.  

2.4.2 Figures of merit for hydropower 

Hydropower production can be presented as a duration curve. The duration curves are 

divided into day, night and weekend hours following a standard classification used by 

Vattenfall: 

 Daytime is defined as 06.00 – 22.00 Monday through Friday. This gives a 

total of 80 hours per week. 

 Night time is defined as 22.00 – 06.00 Monday through Friday. A total of 32 

hours per week. 

 Weekend is defined as 22.00 on Friday to 06.00 on Monday. A total of 56 

hours per week. 

                                                      
4
 Water values – A reference price of the water in a reservoir set by the producer to ease the 

planning of power production. The price is determined by the amount of available water and 

the time of the year. 
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As shown in Figure 11 the graphs are presented with the day to the left, nights in the 

middle and the weekend to the right separated by vertical black lines. The top black 

line represents the maximum power output. 
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Figure 11. Duration curve for the total production of The Lule River in 2013. The 
curve is divided into day, night and weekend hours divided by vertical black 
lines. The top line defines the maximal power output of The Lule River. Point 1 
shows that during daytime, the river has been utilised at 2050 MW or less for 
about 32% of the time. 

The regulation factor was originally developed to determine the taxation of the indi-

vidual hydropower plant. The regulating power needed in the short-term perspective is 

reflected in the spot price and the regulation factor will accordingly quantify the 

regulation capacity of a plant. The regulation factor is defined as 

   
∑        

 
   

 
 

∑    ∑   
 
   

 
   

            

where si is the spot price for hour i, Pi is the average production during hour i and N is 

the total number of hours. A plant that produces the same amount of energy regardless 

of the spot price will achieve a value of 1. Moreover, a plant able to alter the power 

production to produce energy during high spot price, i.e, higher than the average spot 

price, will achieve a value above 1. The regulation plants in The Lule River histori-

cally presented values of about 1.02–1.06 [26].  

The flow regulation factor uses a similar procedure as for the regulation factor and is 

defined as 

    
∑
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where Qi is the discharge at time k. The factor describes how the energy obtained per 

volume of water (m
3
)

 
compares to the average over the same period of time. Increas-

ing the factor effectively means that the water is used more efficiently. 
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The discharge factor quantifies the availability of a plant. The factor is often deter-

mined on a yearly basis but can be adjusted to any timescale. The discharge can be 

exchanged for the installed and average power to provide similar data. The discharge 

factor is defined as 

    
     

    
            

where Qave is the average discharge over a period of time and Qinst is the maximal 

allowed discharge through the turbines. The plants with an installed overcapacity in 

discharge presents a high value while plants often utilised at maximum are given a 

factor close to one. The discharge factor is a design factor adapted to the plants place-

ment in the reach, accounting for both reservoirs located upstream and downstream. 

The Lule River has been designed to regulate for the fluctuations in the load, hence 

containing several plants with a high discharge factor. 

The maximum generator and turbine efficiency of a hydropower plant is approxi-

mately 90 % [27]. The efficiency is often described as a function of the current dis-

charge and is calculated from Eq.4 as 

   
 

       
            

Generating at maximum efficiency provides the best conditions of operation for the 

generating units and for the power output. The available water will also be used in the 

most optimal way.  



   

 

 17 (46)  
 

2.5 The Lule River 

 
Figure 12. Schematic picture of The Lule River. The hydropower system is 
based in both The Large and The Small Lule River uniting at Porsi power plant 
forming The Lule River. The layout displays the reservoir and data for each of 
the total fifteen power plants. 
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The Lule River is regulated by fifteen hydropower plants in the two river-reaches The 

Large Lule River and The Small Lule River, which unite at Porsi power plant forming 

The Lule River, see Figure 12. The total installed power of the hydropower system is 

2864 MW and the annual production is about 14 TWh [26]. 

2.5.1 Categorisation of hydropower plants 

A categorisation of the plants is suggested to divide the plants into four types based on 

installed power, location and reservoir size: taps, daily regulators, weekly regulators 

and run-on-river type. 

    

The taps act as supplier of water to the rest of the river. The reservoirs are managed to 

supply water to the system during the entire year. For The Lule River, Ritsem and 

Vietas supply The Large Lule River with water while Seitevare and Parki supply The 

Small Lule River. The surface level in Sourva (reservoir in Vietas) can be lowered 

with as much as 30 m before depletion delivering a total of 6010 billion litres of water 

[28], the second largest reservoir in Sweden after Vänern. 

    

Both types of regulators have midsized reservoirs with a large installed power. The 

plants are used to compensate for the deficit in production and can produce large 

amounts of energy for short periods of time. The river-reach from Porjus to Messaure 

is often referred to as the “regulation-belt” and accounts for the majority of installed 

regulating capacity in The Lule River.  

    

The daily and weekly regulators are separated by the size of the reservoirs and maxi-

mal discharge. The daily regulators work on a horizon of about a day and account for 

the daily variations in production. Harsprånget and Ligga are typically used during the 

days and refill their reservoirs during night. The weekly regulators are plants with a 

larger reservoir than the daily, hence operating at a weekly horizon. The plants recover 

during the weekends to be able to produce energy during the weekdays. Porjus, 

Messaure and Akkats are typical weekly regulators. 

    

The strict definition of a run-on-river power plant is considered as a plant without a 

reservoir simply harnessing the “natural” flow of the river. In this report the “run-on-

river” type is characterised by small reservoirs and are often located at the end of the 

river. Those plants often handle large flows from the regulation and tap plants and 

typically run on maximum production at all time. The plants located at the end of The 

Lule River, such as Vittjärv and Boden, and the plants between the taps and regula-

tors, as Randi, are typical run-on-river. 
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3 Method 
This section presents the models and tools used for the simulations. The developed 

method is presented along with all assumptions for the case study. 

3.1 Short-term planning tools 

As shown in Figure 13, the method uses two separate models. The spot price model 

provides the simulations with input to HOTSHOT which is used to find the production 

scheme. 

 
Figure 13. Visualised use of HOTSHOT simulation tool. HOTSHOT uses the fore-
casted spot price and the physical status of the river to produce an optimal pro-
duction scheme. 

3.1.1 The spot price model 

The spot price model developed by Vattenfall aims to forecast the spot price set by 

Nord Pool. Figure 14 shows how the model accounts for the predicted production and 

consumption on an hourly basis for the countries connected to Nord Pool to estimate 

the price of electricity. 

 
Figure 14. Visualisation of the spot price model. The model accounts for the 
predicted production and consumption and forecasts a corresponding spot 
price. 
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3.1.2 Hydropower Optimisation Tool Short Term – HOTSHOT 

HOTSHOT is an optimising tool developed by Vattenfall to maximise the revenue 

from hydropower for given restrictions in the reservoirs, available water and spot price 

forecast. The simulated scheme contains the production, discharge, combination of 

units and spilling of water (also called spill) on an hourly basis for each of the fifteen 

plants in The Lule River for the pre-set horizon.  

    

Mathematical optimisation minimises or maximises a given objective function under a 

set of constraints. The problem is of linear programming type and is solved using a 

specialised version of the Simplex
5
method. 

    

The constraints are also referred to as decision variables and are determined by 

modelling the system. An optimised solution is unique for each set of constraints and a 

solution exists as long as the problem is well defined. The optimisation considers the 

entire horizon for each simulation. 

 

The objective function to be optimised is modelled as  

    { ∑ ∑                      
  

   

 

   
}              

where sk is the spot price at time k, Pi,k the production in plant i at time k, vvi the water 

value of plant i, Vi,k the amount of water in plant i at time k, css the starting cost of a 

generator, K is the total number of optimised hours, Ns the number of plants in the 

reach and hi,k the head at plant i at time k. 

Pi,k is modelled as  

         (         )             

 

         (    )             

The system maximises the combined value of the profit from sold energy and the 

value of the water in the reservoir while each start of a generator deducts profit from 

the objective function. The start cost for the generators is used to restrain the system to 

keep the number of start and stop in each unit to a minimum. The system is con-

strained by the physical limits of each plant and water legislations as 

 

                                                    

 

                                    

                                                      
5
 Simplex method – A general method for solving optimisation problems by constructing and 

solving a matrix with all ingoing constraints [29]. 
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where Qi-1,k-τ is the discharged water from the plant upstream taking τ hours to reach 

the next plant and Li,k is the local inflow at hour k. The constraints limit the amount of 

water in the reservoirs and the flow through each plant.  

3.2 Modelling and method of simulation 

The developed method uses a sliding seven-day spot-price window and a fixed total 

volume of water passing thorough the hydropower system to simulate 21 days day-by-

day. Thus, a total of 28 days of data was used to provide the price forecast for the final 

day. 

    

Figure 15 shows how HOTSHOT is utilised in the study. HOTSHOT is provided with 

a seven day forecast of the spot price and a total net volume of water for the optimisa-

tion. Once a solution is found, the data for the first day is considered as the production 

sold to Nord Pool and both the water flow and wind power forecast are updated. 

 

 
Figure 15. Flowchart of the method of simulation designed for HOTSHOT. The 
process defines the solution for one simulation. D is the current day of simula-
tion and DEND defines the length of the simulation. 

In reality, the simulated scheme is transferred into a spot bid competing at the spot 

market before determining the final production. The simulated power production is 

considered to be sold to Nord Pool without increments.  
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Transmission system limitations between the different bidding areas in Sweden are 

disregarded, thereby removing any effect caused by the geographical placement of the 

wind farms.  

    

Any changes in power production only concerns Sweden. The production is divided 

into four segments: wind power, thermal power, hydropower from The Lule River and 

other hydropower production. Also, the magnitude of the consumption is assumed to 

be the same as today considering that the development of the consumption has only 

increased marginally during the last two decades [30] which is feasible within light of 

Figure 16.  

    

The accuracy of the consumption forecast is assumed to be perfect and all production 

apart from the wind power is assumed to have an availability of 100 % for the simula-

tions.  

 
Figure 16. The development of the power consumption in Sweden between the 
years 1990 and 2011 [30]. The y-scale is given as percent of the power 
consumption of the year 1990.  

3.2.1 Wind power production 

The simulated amount of installed wind power is: 

 4,470 MW. By the end of 2013 Sweden had a total of 4,470 MW installed 

wind power. The scenario is used as reference for the study. 

 7,000 MW. The long-term study performed by SvK suggested that an installed 

amount of wind power of 7,000 MW [13] increases the need for regulating 

power by 600 MW, an amount which according to Svensk Vindenergi will be 

reached by 2017 with the current rate of development [31]. 
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 15,000 MW. The Long Term Market Outlook (LTMO) from Vattenfall con-

siders 15,000 MW as one of the plausible scenarios for year 2050 assuming a 

capacity factor of 0.3 [23].  

 20,000 MW. Studies performed by Söder [12] indicate that the Swedish power 

system can handle an expansion to about 18,000 MW.  

 

Figure 17 shows the Swedish wind power production from week 45 through 48 2013. 

The power produced from wind is linearly scaled for the different wind power 

scenarios using 4,470 MW as reference. The study takes a conservative approach to 

the smoothing effect, assuming it to be fully saturated at 4,470 MW of installed wind 

power.  

    

The wind power producer is assumed to offer all available production to the market 

and will not adjust the production. This enhances the effects of the wind power on the 

market as the flexibility of wind power production is disregarded. 

 
Figure 17. The wind power production from week 45 through 48 2013 used for 
the simulations. The production is linearly scaled to the simulated amounts of 
installed wind power. 

The forecast error in wind power production is modelled as a normally distributed 

random variable in time and magnitude. The error grows linearly from 6 to 10 % from 

day two to day seven of the forecast [32]. Figure 18 shows how the outcome of day 

two differs from the forecast of day one. The forecast error creates problems with the 

optimal dispatching of water, since a hydropower system provided with a perfect fore-

cast always has water in the optimal reservoir. 
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Figure 18. Forecast error in wind power production illustrated as the hourly 
capacity factor for 48 consecutive hours. The blue line is the outcome for day 1 
and the forecasted wind power production of day 2. The yellow line illustrates 
the maximum and minimum level of the magnitude of the forecasting error and 
the red line shows the outcome of the wind power production for day 2. 

3.2.2 Hydropower production 

The installed amount of hydropower is assumed to remain the same as for the present 

situation for all wind scenarios. The Lule River is also assumed to have full avail-

ability, except for Akkats that only includes one of the two units. The water legisla-

tions are assumed to remain the same for all the scenarios and no secondary frequency 

control is included.  

    

The hydropower producer is considered to offer energy to the market in the same 

manners as today, regardless of the penetration of wind power in the system. 

 

The water is restricted so that the total net flow remains constant for all scenarios. The 

flow at the two top plants for both The Large and The Small Lule River (Ritsem, 

Vietas, Seitevare and Parki) and for the last plant in the reach (Boden) will be 

restricted to the average flow for the same week as the wind data, see Table 1. The 

discharge in one plant for one seven-day period is calculated as  
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where Qave,D+6 is the average discharge for the following 7 days, Qave,tot is the average 

discharge for the 28 days, Qd the total discharge for day d and D the current day of 

optimisation. 

Table 1. The restrictions for the average discharge used during the simulations. 

Plant Average flow of water (m
3
/s) 

Ritsem 25 

Vietas 227.5 

Seitevare 97 

Parki 152.5 

Boden 494.4 

Comparing the average historical discharges with Table 2 reveals that the restricted 

flow at Boden corresponds best with the characteristic flow of a normal-year. 

Table 2. Characteristic discharges for The Lule River for different types of year. 

Year Type of year Average flow at Boden 

(m
3
/s) 

2003 Dry-year 394 

2007 Normal-year 535 

2012 Wet-year 632 

3.2.3 Thermal power production 

The amount of thermal power is reduced in correspondence to the installed wind 

power. The amount of thermal production used during each simulation is calculated as 

 

                                                      

 

Where Pthermal is the thermal production for the simulations, Pinst are the installed ther-

mal and wind power and cf is the capacity factor of the wind for the four weeks of 

optimisation.  

3.3 Simulated price scenarios 

Figure 19 shows how replacing thermal power with wind power creates a new pattern 

of the spot price. The fluctuations in the wind production disrupt the week-

day/weekend price rhythm and create distinct price peaks as consumption is high and 

the wind power production is low.  
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Figure 19. The simulated price for the three week scenarios. The curves repre-
sent the final outcome of the spot-price model fed with the wind power data. 

Figure 20 shows how the difference in price between a high (red) and low (yellow) 

installed wind power becomes more dramatic. It is assumed in the simulations that the 

price will fluctuate equally up and down, hence having the same average spot price for 

the scenarios. 

 
Figure 20. The yellow blocks represent production with little wind power. The 
red blocks show the production with much wind power. The difference in price 
becomes more distinct as the penetration of wind power production increases. 
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The spot price is considered as the system price which neglects the effects of trans-

mission limitations. It is also assumed that the price is not affected by changes in the 

levels of the hydropower reservoirs during the simulated period.  
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4 Results 
This chapter presents selected data from the simulations. The general colour scheme 

for the figures is: 4,470 MW of installed wind power is always pictured as blue, 7,000 

MW as cyan, 15,000 MW as yellow and 20,000 MW as red. 

4.1 Simulated operation of The Lule River with different amounts of 
wind power production 

4.1.1 Regulation factor 

As shown in Figure 21, the river reaches from Porjus to Messaure along with Ritsem 

increase the most in the regulation factor. The increase in Ritsem originates from 

having Vietas downstream. The vast size of the reservoirs in Vietas enables Ritsem to 

be operated independently of the rest of the hydropower system.  

    

The increase in FR for the tap plants, e.g, Vietas, Seitevare and Parki is moderate in 

comparison with the regulators, e.g, Harsprånget, Ligga and Ritsem. However, the 

increase for the regulators suggests that the taps are able to supply the plants with a 

large amount of available power with water. 

    

The smaller plants such as Vittjärv and Boden show no larger increase in the contri-

bution to the regulation apart from Randi which almost can be considered as a second 

generator to Parki. The small reservoirs of the run-on-river plants make them unable to 

significantly regulate the discharge with respect to the spot price and are thereby 

required to use the incoming flow. 
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Figure 21. The regulation factor value for each plant for the different simulated 
amounts of installed wind power. It can be seen how the larger plants Ritsem 
and the plants from Porjus to Messaure increase the most as more wind power 
production is offered to the market. 

Figure 22 shows that the discharge factor is of great importance for the ability to take 

advantage of the fluctuations in the price. Plants with a high discharge factor have the 

available power necessary to regulate for the variations in price, thus the variations in 

the wind power production. The plants in the reach from Porjus to Messaure all have a 

high FD and can therefore increase the power production when needed. 

 
Figure 22. The regulation factor as a function of the discharge factor. A plant’s 
possibility to improve the regulation factor is proportional to the discharge 
factor. The plants with a high discharge factor will have available installed 
power which can be utilised for the more fluctuating price. 
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As shown in Figure 21 and Figure 22, having a high discharge factor is an important 

prerequisite for a high FR value. The plants with the greatest increase in the regulation 

factor have, apart from a high discharge factor, large reservoirs both up and down-

stream. The reservoir in Porjus can supply Harsprånget and Ligga with water while 

Messaure can accept the water to prevent spill. 

4.1.2 Utilisation of resources 

Figure 23 shows how the total volume of spill in each plant alters for the different 

amounts of installed wind power. The spill mainly occurs at Parki which is a known 

bottleneck in The Lule River that has to waste water in order to supply the plants 

downstream during high-price hours, see Table 3. However, the low head at Parki (13 

m) makes an expansion uneconomical. 

    

The spill in Vietas and Harsprånget originate from the flaws of mathematical optimi-

sation and would manually be removed in reality. The general lack of spill reveal how 

well planned The Lule River is, having the correct type of plant at the correct point in 

the reach. 

 
Figure 23. Total volume of spill for the simulations. The scale is given in million 
cubic meters and Parki spills the most water. 
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Table 3. The maximum allowed discharge for the plants in The Small Lule River. 
The limited discharge in Parki compared to the plants located downstream is 
the source of the spill. 

Plant Maximum discharge (m
3
/s) 

Parki 170 

Randi 485 

Akkats 450 

Letsi 370 

As seen in Figure 24, the water is used more inefficiently for the majority of the plants 

as more wind power is installed. Comparing with Figure 21 shows how almost all the 

plants with the highest increase in FR value also have the largest decrease in FQR. The 

plants not performing any regulation work, i.e., the run-on-river plants along with 

Parki and Akkats displays a value of 1 for all scenarios hence using the water equally 

efficient. Adapting the production to suit a more volatile price thereby worsens the use 

of the water, providing less MWh per m
3
. 

 
Figure 24. The simulated flow regulation factor FQR . The river-reach from Porjus 
to Messaure shows a decrease in FQR hence using the water more inefficiently. 
Ritsem, which had the largest increase in FR remains approximately constant for 
all studied scenarios. 

Figure 25 shows how the plant efficiency at Randi decreases as more wind power is 

installed. The fluctuations in the wind power forces the units to widen the span of 

generation as well as decrease the average efficiency of the operation point. The 

decrease in average efficiency shows how the water is used more inefficiently to be 

able to regulate for the variations in the wind power production. 
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Figure 25. Efficiency box plots for the plant in Randi. The box represents the 
upper and lower quartiles, the line in the box the average value and the 
whiskers the entire data set. The used water generates less energy as more 
wind power is installed. 

4.1.3 Operational patterns 

Figure 26 illustrates how a typical tap-type plant produces more power during shorter 

periods of time as the installed wind increases. Water is moved from the low-price 

segments to enable the increase in production for the high-yielding hours. 

 
Figure 26. Duration curve for Vietas power plant, a typical tap-type. The amount 
of zero-production hours increases as well as the high-production hours. 
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As seen in Figure 27, the production is almost constant for the plant in Seitevare. As 

more wind power is installed, hence increasing the magnitude of the fluctuations, 

more distinct on and off periods starts to appear, altering the dynamics of the river and 

increasing the amount of start/stop for the generating units. 

 
Figure 27. The production in Seitevare compared to the spot-price. The more 
volatile spot price creates a more binary production and dispatch of water.  

Figure 28 shows the typical effects on both types of regulator plants. The plants 

operate more extensively at high-production. The high-production requires more 

water, hence creating larger fluctuations of the water level in the reservoirs. The fluc-

tuations will only be an amplification of the effects of 4,470 MW of installed wind 

power and does not reach critical levels.  
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Figure 28. Duration curve for Porjus power plant. It can be seen how water is 
saved for the high-price hours. 

Comparing Figure 29 and Figure 30 show the difference in fluctuations in the reser-

voirs. The water level in a typical daily regulators (Figure 29) fluctuates rapidly as the 

production is continuously regulated whereas in the typical weekly reservoirs (Figure 

30) fluctuates more slowly.  

  
Figure 29. The surface level in the Harsprånget reservoir. The surface level 
fluctuates extensively as the daily regulator alters the production from hour to 
hour. Harsprånget is a typical daily regulator. 
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Figure 30. Surface level in the Akkats reservoir. The surface level fluctuates 
more slowly. Akkats is a typical weekly regulator. 

As seen in Figure 31 Vittjärv, which is a typical run-on-river type only alter the 

production marginally as the installed amount of wind power increases. The size of the 

reservoir forces the plants to operate against the incoming water rather than the price.  

 

 

Figure 31. Duration curve for Vittjärv power plant, a typical run-on-river. The 
production pattern changes marginally between the different scenarios. 

4.1.4 Summary for the whole river 

Figure 32 shows how the production in The Lule River evolves when increasing the 

penetration of wind power. As described in Section 3.2, each scenario reduces the 

thermal production and increases the wind power production, coloured yellow and 

green respectively. The Lule River changes the production from a strict load-following 

to a more wind following pattern. The classical hydro production with high production 

during the weekdays and recovery during the weekend becomes less distinct as the 
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fluctuations of the wind power are amplified. The Lule River will, due to its great 

flexibility be of great importance as an energy-producing and regulating power source. 

 
Figure 32. The production for the simulated weeks. The amount of thermal 
power is reduced by the average of the wind power production to provide the 
same amount of produced energy. The cyan area is the regulating power 
needed by other sources, mainly hydropower, to balance the wind power.  

As shown in Figure 33, comparing the wind power production with the production in 

The Lule River shows how Lule River increases the production as the wind production 

decreases. The production becomes more and more dependant of the wind power 
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production with large production of hydropower as the wind power production is low. 

As seen in Figure 33 d), the major portion of the spill occurs at the start of each week, 

with local peaks originating from Vietas.  

 

 
Figure 33. a) The Wind power production, b) spot price, c) The Lule River 
production and d) spill for the duration of the simulations. 

Table 4 reveals a decrease in both total production and used water as the amount of 

installed wind power increases. The fact that the production decreases more rapidly 

than the used water shows that the water is more inefficiently used for more installed 
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wind power. However, the income per sold MWh increases, indicating that The Lule 

River can alter the production to be more profitable. 

    

The simulations reveal a distinct increase in the total amount of start and stop for the 

units, indicating an additional seven start/stop for each GW newly installed wind 

power. 

Table 4. Trend summaries for the simulation during the 21 days. 

Installed 

wind power 

(MW) 

Total 

production 

in The Lule 

River 

(GWh) 

Income for 

sold energy 

(€/MWh) 

Used water 

(Gm
3
) 

Total no. of 

start/stop 

4,470 863 (-) 30.99 (-) 7.31 (-) 683 (-) 

7,000 856 (-0.8 %) 31.10 (+ 0.4 %) 7.27 (-0.6 %) 716 (+ 4.8 %) 

15,000 823 (-4.6 %) 31.81 (+ 2.7 %) 7.06 (-3.4 %) 748 (+ 9.5 %) 

20,000 802 (-7.1 %) 32.44 (+ 4.7 %) 6.95 (-4.9 %) 803 (+ 17.5 %) 

Figure 34 shows a comparison between the regulation factor for The Lule River and 

the other hydropower. The FR value for The Lule River exceeds the value for the other 

hydropower in the system for all penetrations of wind power. Using the regulation as a 

benchmark for flexibility, it can be seen that The Lule River is able to regulate for a 

part of the fluctuations in the wind power production. Whether the other hydropower 

can provide the increase needed seen in Figure 34 remains to be investigated. More-

over, the simulations show that for an installed wind power of 20,000 MW the other 

hydropower must be able to operate with the same flexibility as The Lule River today. 

 
Figure 34. Comparison of the regulation factor for the other hydropower wind 
power scenarios. The cyan curve is calculated from Figure 32 and Eq.5. The 
difference between the cyan and blue curve can be understood by observation 
of Figure 32.  
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5 Validation and discussion 
5.1 Comparison with production data 

The 4470 MW simulations can be compared to the real production of the hydropower 

in The Lule River from the corresponding weeks 45 to 48 2013. Figure 35 shows a 

comparison between the simulated and real duration curve which for the examined 

period reveals some difference. The simulated results run less time at the low produc-

tion level and generally more at the high-production. This probably originates from 

two distinguished features of the assumptions: 

1. The simulated scenarios have full availability of all units. Having a larger set 

of units ease a transition and utilisation of the higher production levels. 

During the chosen period of time, several units were disabled for upgrading 

which limited the production capacity of the river. 

2. The real data includes production on the intraday market Elbas, which is 

excluded from the simulations. 

The total production for the three weeks differs 3.0 % between simulated and histori-

cal data, producing somewhat more energy during the simulations. 

 
Figure 35. Comparison between simulated and real operation of the hydropower 
in The Lule River for weeks 45 to 48 2013. 

The total amount of start/stop in The Lule River for the simulated period was 683 

while the real added up to 680. The similarity is probably a coincidence to some extent 

but it still indicates validity of the study.  

 

As seen in Table 5, the values for the regulation factor FR based on historical produc-

tion data show a difference when compared to the simulated. The difference most 

probably originates from the difference in the spot price between the simulated and 

historical data. 
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Table 5. Comparison between simulated and historically determined values for 
the regulation factor, FR. 

Plant Statistical FR Simulated FR  

Porjus 1.08 1.052 

Harsprånget 1.075 1.056 

Ligga 1.052 1.048 

Messaure 1.02 1.046 

5.2 Sources of error 

The results also corresponded well to the valid expectations of Vattenfall’s production 

planning staff. As HOTSHOT uses mathematical optimisation to determine the 

production scheme, the solution is only as good as the model. The optimisation 

contained some “odd” planning that would be manually removed before dispatch. The 

simulations showed some spill at Harsprånget and Vietas that would have been 

removed manually, but the spill is not of a significant magnitude and should not affect 

the overall results.  

 

By only restricting the flow for the top and bottom plants, the simulations are able to 

use different total amounts of water. Water can be moved internally within the hydro-

power system, but the restrictions in input and output of water in the system still in 

some manner limit the internal flow. However, figures of merit such as FR, FQR and 

efficiency are either normalised towards the total production or the total discharge, 

hence removing the effects originating from the different amounts of used water. 

 

By assuming that the smoothing effect is fully saturated at 4,470 MW the possible 

effects of the fluctuations in wind power is enhanced. Adding more wind power to the 

system generally reduces the fluctuations of wind production but the extent is debated.  

 

By selling all simulated hydropower production without increments to Nord Pool, the 

effects on the production dynamics may be overestimated. In reality, the bid competes 

at the market and all production might not be sold. 

 

All scenarios disregard the possible effects of congestions in the transmission grid. 

Including the dynamics of the transmission grid will add limits to the system hence 

possibly increasing the effects of a high penetration of wind power. 

 

The exclusion of intraday trade and frequency control production remove any possible 

effects of the unexpected production. The intraday trade will enforce some of the 

effects of the forecast error such as unexpected starts of the generators. 
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6 Conclusions 
A 21 days period has been simulated for four different scenarios of installed wind 

power. The study presents a day-by-day approach with a sliding seven-day forecast 

window, updating the forecasted wind power production for each iteration. The 

hydropower model used contains extensive modelling of each plant and reservoir in 

The Lule River including head dependency, efficiency curves and start-up costs. The 

study was validated by historical data. 

 

The results show how The Lule River is able to regulate for a share of the fluctuations 

in the wind power production, both predicted and unpredicted, due to its overcapacity 

in installed power. The production is adjusted to suit a more volatile spot price without 

causing an extensive amount of spill. A higher penetration of wind power widens the 

span of generation in the hydro power units and lowers the overall efficiency.  

 

A categorisation is suggested dividing the plants into four types: taps, weekly regula-

tors, daily regulators and run-on-river. The weekly and daily regulators are operated 

more extensively at high production as the amount of installed wind power increased. 

The same can be said for the tap-type while the run-on-river type operates approxi-

mately the same regardless of installed wind power. 

 

The study shows how the regulation factor is strongly correlated to the discharge 

factor. A high discharge factor provides the flexibility to adapt the production to a 

fluctuating price. The plants presenting a high discharge factor such as Ritsem, 

Harsprånget and Ligga are able to significantly increase the regulation factor as the 

penetration of wind power increased.  

 

It is shown how the total number of start/stop in the units increases for a growing 

penetration of wind power while the total spill remains negligible. The validation 

shows coherence in produced power and total amount of start/stop where the differ-

ence originates from the availability of units and the exclusion of the Elbas market. 

 

To conclude, The Lule River can alter the production to suit a market with a high 

penetration of wind at the expense of an all-pervading decrease in efficiency. The 

flexibility and design of the current hydropower system is enough to provide regula-

tion power for the fluctuations in the wind power. It is important to emphasise the fact 

that The Lule River only is able to regulate for a share of the fluctuations. Additional 

regulating power is needed which must be supplied by other producers, mainly hydro-

power, based on the requirements in Figure 34. 

 

 

To fully comprehend the effects of a large penetration of wind power on the Swedish 

electrical system, the study must be expanded to include additional scenarios and 
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rivers. The results presented did however display the great flexibility of The Lule 

River and its ability to alter the production to suit a new price climate. The hydro-

power systems with an installed overcapacity in power will be of great significance if 

the transition into a more wind based power production is to be feasible. 
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7 Outlook 
This section presents suggestions of future work based on the developed method. The 

versatility of the developed method provides the opportunity to investigate several new 

aspects of hydropower planning and production. 

 

 Expand the simulation to include more scenarios and multiple rivers. 

This study has investigated a four week scenario. To fully comprehend the 

effects of large penetration of wind power on the Nordic electrical system, the 

study must be expanded to include all types of rivers, different seasons and 

different types of hydrological years. The method developed provides a tool to 

extend the research so that the effects of large-scale wind power can be inves-

tigated more thoroughly. 

 

 Investigate the effects of possible future development of the electricity system 

This study was exclusively directed towards wind power, but the long-term 

development of the electricity production might also include solar and wave 

power or new consumption patterns. The study can provide valuable input to 

the debate and long-term goals of a larger share of renewable energy produc-

tion in the modern society. 

 

 Evaluation of possible new water legislations for the reservoirs 

Due to the current re-evaluation of the restrictions in the reservoirs, an 

extended research into the effects of any increments of the current restrictions 

along with the possible effects on the regulating capacity of a river reach can 

be evaluated. 

 

 Implement improvements in HOTSHOT 

The objective function cost values in HOTSHOT are of great importance for 

the output. By introducing more flexible cost functions for the reservoir limits 

and start-up costs for the units the system might become more flexible and 

profitable.  

 

 Study the impacts of long-term disturbances on the electrical grid. 

The developed method can be used to investigate how a river reach would 

respond to large disturbances such as, for example, several nuclear power 

plant loses all production capacity of a storm destroys all wind turbines in the 

south of Sweden. 
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 A more thorough investigation of the abilities that characterises a good 

regulation plant. 

The study indicated some important aspects of regulation capacity. A more 

thorough research can hopefully identify a model to determine the regulating 

capacity of a river simply based on technical data such as discharge factor, 

head, size of reservoir etc.. 

 

 Investigate the value of future investments. 

For example, investigate and identify the optimal restrictions for a certain type 

of plant characterised by placement in the reach, installed capacity, etc..   
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