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Abstract 

The systematic implementation of intermittent energy production sources has made the energy 

system more volatile and unpredictable than ever before. This development increases the 

importance of balancing services, in particular the primary control. However, the current research 

that has been conducted on the primary regulation products is limited. Specifically, the factors 

that drive the variation in availability and price of the primary control are unknown and the 

procurement is in some aspects based on perception rather than quantitative analysis. This study 

has investigated which these factors are and their relative significance on the availability and price 

of the primary control product called Frequency Containment Reserve for Normal Operation – 

FCR-N. 

The study was conducted according to methods with both qualitative and quantitative aspects to 

cover the complex nature of the problem from different views. The study was done in 

collaboration with Fortum POT at their office to gain insight and support from a market actor. 

Given the research questions, the result from this study is threefold. Firstly, the factors that affect 

the FCR-N availability have been identified and other factors have been categorised as 

insignificant. Secondly, the factors’ relative significances are stated to show their dependency with 

the FCR-N product.  Lastly, an outlier case study showed how extreme situations changes the 

conditions for the FCR-N procurement. 

It has been concluded that the FCR-N price for normal operation on the Nordic electricity 

market can be generalised successfully through the identified parameters. It is also shown that 

deviations from normal operations have the possibility to create deviations in the FCR-N 

availability, indicating that these hours of extreme values need additional analysis in order to fully 

understand the available capacity. However, the significance of the researched parameters will be 

an indication in analysis of both the normal case and during deviations as these are the most 

important measures for the FCR-N availability and price. 

Key Words: Primary control, primary regulation, electricity market, FCR-N, Frequency 

Containment Reserve for Normal Operation, frequency control.  
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1 Introduction 

This chapter presents the nature of the problem. Starting with a brief background of the problem, the chapter leads 

to the problem identification. Following the background and problem formulation are the purpose, aim and research 

questions for this project. 

1.1 Background 

As of 1996, the Swedish energy market is deregulated with an energy price set by market forces. 

Electricity prices are determined at a Nordic level based on the principle of marginal cost. This 

means that the most costly energy production unit in operation sets the price of electricity. 

Production and consumption bids are placed prior to the delivery hour resulting in a mismatch 

between production and consumption, caused by several factors including inaccurate wind 

forecasts, production disruptions and consumption variations. The result of the mismatch is that 

regulating power has to be used for either up or down regulation in order to maintain balance 

between production and consumption. The Frequency Containment Reserve for Normal 

operation (FCR-N) is responsible for keeping the frequency stable at normal operating 

conditions. (Amelin & Söder, 2011; Damsgaard & Green, 2005; Svenska Kraftnät, 2012)  

A well-functioning electricity market should strive for perfect competition and information. This 

means that “all actors should have exact knowledge of all necessary parameters for every decision” (Amelin & 

Söder, 2011). Perfect competition and information assures that the probability of market power is 

diminished and gives all actors the possibility to act rationally. This includes every part of the 

electricity market, including the spot market and the capacity reserve products. 

In later years a rapid development in renewable energy sources has taken place on the Nordic 

market, especially in wind power (Energimyndigheten, 2013; IEA, 2011a; IEA, 2011b; IEA, 

2013). The current economic systems set for renewable energy implies further expansion until at 

least 2020 (Svenska Kraftnät, 2008). Renewable energy sources are most often intermittent which 

leads to increased volatility on the electricity market (Amelin & Söder, 2011). Another aspect of 

most renewable energy sources is their inability to effectively provide regulating capacity. A result 

of this change to intermittent power sources is thus that at the same time as the need for 

regulating capacity is increased, the possible supply is expected to decrease (Boomsma, Juul, & 

Fleten, 2014; Svenska Kraftnät, 2008). This implies an increased importance of the intraday 

market in general and FCR-N in particular, as the increased volatility will result in a greater offset 

between forecasts and actual produced volume (Almbladh, 2015; Amelin, 2015b; Nord Pool 

Spot, 2014). The Swedish Transmission System Operator (TSO) Svenska Kraftnät has noticed a 

continuous decrease in power quality during the last few years, partly due to a larger share of 

intermittent energy sources in the system which destabilises the frequency (Svenska Kraftnät, 

2014). More efficient allocation of the remaining regulating power in the system, as intermittent 

energy sources continue to grow, would therefore be required (Svenska Kraftnät, 2008). 
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1.2 Problem formulation 

The existing knowledge around primary control lacks insight in which factors affect variations in 

the procurement of FCR-N. This gives low transparency for actors on the electricity market, 

resulting in inefficiency for both the TSO and electric utility companies providing the primary 

control. This inefficiency, in turn, might affect the consumer price and reduce the possible 

community benefit.  

Furthermore, an increased need for FCR-N in the future requires more in-depth planning from 

all actors. The planning capability of today regarding regulating power is however limited due to 

insufficient knowledge of FCR-N. This knowledge gap might cause a shortage of regulating 

capacity and lead to inefficiency, high costs and ultimately an unstable electricity system. 

1.3 Purpose and aim 

The purpose of this study is to investigate which factors affects the variations in availability of 

FCR-N during the procurement in order to secure the electricity balance. The investigation will 

see to guaranteeing the supply of FCR-N, ensuring a well-functioning electricity market with high 

power quality for the TSO as well as increasing the information for both the TSO and electric 

utility companies. This includes identifying and quantifying the relationship between each factor 

and the availability of FCR-N. As the amount of demanded FCR-N capacity is fixed, the 

availability for FCR-N in the power plants and the price of the FCR-N product is directly linked. 

Specifically, the study will focus on the conditions for major electric utility companies, as these 

are the main suppliers of primary control. This thesis will be performed in collaboration with 

Fortum AB to gain insight in today’s procedures on intraday trading as well as giving Fortum a 

chance to give input on their experiences of factors affecting the FCR-N availability. 

The aim of this thesis is to create a base of knowledge to help the electricity market actors in their 

day-to-day planning for the Nordic electricity market to guarantee the supply of FCR-N. The 

thesis will also strive to increase the transparency of the electricity market by reducing the 

inequality of information amongst the market actors. The aim extends to helping the TSO 

maintain the balance on the Nordic regulating market. 

1.4 Research question 

Following the identified problem, the study will investigate the causes of variation in the 

availability and price of the FCR-N product. The main question addressed by this study is 

formulated as: 

MRQ. How can providers of FCR-N support the TSO with sufficient regulating capacity by improving 

their production planning due to more insight in the factors affecting the FCR-N? 

The following sub-questions were identified in order to address the main research question: 

RQ1. Which factors affect the procurement of the FCR-N product? 

RQ2. Are the dependencies of the factors describable in a generalised way? 

RQ3. Can each factor’s significance for the FCR-N product’s availability and price be categorised? 
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1.5 Delimitations 

This study is limited by time, as a master’s thesis study is supposed to be conducted during 20 

weeks. This is mainly shown by the fact that all quantitative data is from secondary sources, 

creating reliability issues regarding the data. Although a more thorough study might have 

collected all quantitative data first-hand, this was not possible during the limited time of this 

study as data points for each hour during several years was needed. Another consequence of the 

time constraint is that it limited the number of interviewees in the qualitative part of this study. 

The study could have gained more generalizability and avoided potential bias by interviewing 

more subjects with different background and field of expertise.  

For practical purposes, this study has been conducted only on the primary control in Sweden 

rather than the whole Nordic market. Chapter 2.2.2 through Chapter 2.2.5 show the differences 

in the procurement procedures between the Nordic countries. A generalised case would be 

difficult to create given those differences, and deemed to be unnecessary within the scope of this 

project. However, the result could still be valid to some extent on the Nordic level due to the 

interconnectivity of the system. 

Given the main research question, only the current situation is considered in this research. Future 

changes in the primary control are not taken into account or discussed within the limit of this 

study. Another limitation is that this study is entirely focused on the FCR-N part of the capacity 

reserve products. While the other regulating control products are shortly described in Chapter 

2.1, the implications that better availability of the FCR-N product will have on the other 

regulating products have not been covered in this study. Furthermore, the study is done 

exclusively on the Nordic conditions and does not take into account how other countries have 

tried to optimise their primary regulation. 
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2 The Nordic electricity system 

This Chapter will provide necessary conditions about the Nordic electricity system, in order to fully understand the 

reasoning of the report. An in-depth review of the way electricity is kept balanced through primary control follows 

the general conditions of the Nordic electricity system. This chapter is not required reading for persons with prior 

knowledge of the Nordic electricity system and functions of FCR-N. 

2.1 Overview of the Nordic electricity market 

The Nordic electricity market is operated by each country’s Transmission System Operator 

(TSO). The TSOs are commissioned to have the overall technical responsibility of the electricity 

grid; the system responsibility is regulated between the different TSOs by the system operator 

agreement (Amelin & Söder, 2011; Jacobsson, 2007; ENTSO-E, 2014). The Nordic electricity 

market functions as a sequential market; the trading takes place in order on the day-ahead market, 

the intraday market and the post-trading market. The Nordic electricity market is a so-called 

bilateral market where producers and consumers are both able to trade through a centralized 

market, operated by Nord Pool Spot and referred to as the spot market, and directly between 

each other. The spot market is a day-ahead market where bids are placed ahead of the physical 

trading period (Amelin & Söder, 2011). A schematic overview of a bilateral electricity market is 

shown in Figure 1. 

 

Figure 1 - A schematic overview of a bilateral electricity market. (Amelin & Söder, 2011) 

The bilateral market was implemented in the middle of 1990’s for the Nordic countries in order 

to create conditions for both a short-term physical trade as well as a financial market with longer 

contracts (Jacobsson, 2007).  

In addition to the day-ahead trading is the intraday market, commonly known as the regulatory 

market, where power reserves are reserved to be able to regulate the frequency of the system. The 

primary control will be discussed in-depth in Chapter 2.2. The secondary control is intended to 

automatically restore the frequency caused by imbalances in contrast to the primary control, 

which intends to stabilise the frequency (Bevrani, 2014; Monteiro, 2012). While the primary and 

secondary controls are not traded on the real-time market, tertiary control power is. The tertiary 

control’s aim is to manually restore the primary and secondary reserves and the frequency of the 
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system. The tertiary control power is traded on the regulatory market. (Amelin & Söder, 2011; 

Monteiro, 2012) 

A post-trading phase takes place after the trading period, and is constructed to balance any 

economical differences between the bids on the ahead and real time market and the actual levels 

of production and consumption. The ones responsible for the economical balance are the TSO 

and the balance responsible players. The balance responsible players will secure economical 

balance for the consumers and producers they are responsible for on the post-trading market. 

(Amelin & Söder, 2011) 

2.1.1 Spot price variations 

Due to the nature of a marginal cost market model, spot prices will fluctuate as a result of the 

availability of power and expected demand for each hour. This will result in both intraday and 

intra-year variations. The intraday variations can mostly be accounted to difference in weather 

and load patterns, which will be discussed in-depth in Chapter 3.1. The weather factor could in 

turn be split up into factors affecting intermittent power generation, as for example how the wind 

speeds influence wind power generation, and temperature and daylight variations affecting the 

consumption originating from heat and lighting (Energimyndigheten, 2006; Söder, 2014; Svenska 

Kraftnät, 2008). Figure 2 shows the intraday spot price variations during a summer and a winter 

week, for the years of 2013 and 2014. It is noticeable that the prices are higher and more volatile 

during the winter than during the summer and that the weekend prices are generally lower than 

the weekdays independent of the season. 

 

Figure 2 - Intraday spot price variations. (Nord Pool Spot, 2015a) 

Weron and Zator (2014b) acknowledge the seasonality of the Nordic spot price by referring to its 

development over the years as a “sinusoidal pattern with the minimum in the summer”. The Nordic 

electricity price is heavily influenced of the availability of hydropower coupled to the amount of 

water in the reservoirs, which creates variations between the years depending on if it is a dry or a 
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wet year (Botterud, Kristiansen, & Ilic, 2010). The actual price development between the years 

2007 and 2014 is shown in Figure 3, supporting the statement made by Weron and Zator. 

 

Figure 3 - Yearly spot price development. (Nord Pool Spot, 2015a) 

2.1.2 Price areas 

The Nordic electricity market is divided into different bidding areas, chosen by the local TSO. 

This is done in order to handle bottlenecks and prevent the need for countertrade 

(Energimyndigheten, 2004). The price areas are consequently divided where the expected need 

for capacity in the electricity lines is higher than what is actually available. Figure 4 shows the 

current bidding areas used in the system. At Nord Pool Spot, calculations of spot prices are done 

for each bidding area. If prices differ between areas, it means that there are transmission 

constraints between the two areas. The transmission of electricity will always go from the lower 

price area to the higher, as producers would want to sell to the highest priced area. This is in line 

with the theory of maximising the social benefit of a commodity. (Nord Pool Spot, 2015b)  
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Figure 4 - Bidding areas in the Nordic system. (Nord Pool Spot, 2015b) 

2.2 The primary control’s design and purpose 

A basic principal of all synchronous electricity energy systems is that it at all moments in time has 

to be an exact balance between the generated and the consumed electric energy. This relation 

between generation and consumption is described by Söder (2014) in Equation 1. 

𝑻𝒐𝒕𝒂𝒍 𝒈𝒆𝒏𝒆𝒓𝒂𝒕𝒊𝒐𝒏 = 𝑻𝒐𝒕𝒂𝒍 𝒄𝒐𝒏𝒔𝒖𝒎𝒑𝒕𝒊𝒐𝒏 𝒊𝒏𝒄𝒍𝒖𝒅𝒊𝒏𝒈 𝒍𝒐𝒔𝒔𝒆𝒔 Eq. (1) 

 

A synchronous power system means a power system that is interconnected with AC transmission 

lines and shares the same frequency. Most production units in a synchronous grid are also 

synchronous machines and have a strong relation between the frequency of the power grid and 

the rotational speed of the machine. To ensure balance between generation and consumption, as 

described by Equation 1, electricity systems are equipped with automatic regulating systems 

(Amelin & Söder, 2011; Monteiro, 2012). The primary control in the Nordic electricity system is 

divided in two parts, one for handling normal deviations called Frequency Containment Reserves 

for Normal Operation (FCR-N) and a second for handling disturbances, for example generation 

capacity shutdown, called Frequency Containment Reserves for Disturbances (FCR-D) (Svenska 

Kraftnät, 2012; Statnett, 2014). As this report is focused only on the FCR-N part of the primary 

control, FCR-D will not be covered in this chapter. 

As mentioned, the frequency in a synchronous system must be the same, which in the Nordic 

system is 50 Hertz for the nominal frequency (Svenska Kraftnät, 2013b). It should also be noted 

that most larger generation units have rotational energy stored in their turbines. If the 

consumption increases while the generation is unchanged, the rotational energy stored in the 

turbines is used to maintain the balance between the consumption and generation in the power 

system. The use of the stored rotational energy causes the rotor speed to decrease, resulting in a 

frequency drop in the system. To counter this effect, some power plants are equipped with 

frequency sensitive triggers that automatically increase their generation as the frequency decrease. 

These power plants are called primary controlled units and will continue to increase their 
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generation until there is balance between generation and consumption, and the frequency 

stabilises. The same is true for a surplus of generation, where the same primary controlled units 

will instead decrease their production. The purpose of the primary control is thus to stop the 

frequency from decreasing or increasing. The frequency balance is important as synchronous 

machines has a strong relationship between frequency and rotational speed, and are designed to 

run at the nominal speed to avoid self-oscillation. (Bevrani, 2014) 

A power plant’s regulating capacity is called gain (R) and represents the increased or decreased 

generation in MW per Hz (occasionally gain is measured in MW and then represents the maximal 

possible change in generation). Figure 5 shows the generation curve in relation to the frequency 

for a power plant participating in primary control. f0 is the nominal frequency and G0 the 

generation at nominal frequency (Amelin & Söder, 2011). In the Nordic electric system the 

primary control is active in the frequency range of 49.9 to 50.1 Hz. The change of frequency is 

expressed as ∆f, ∆f ∈[-0.1,0.1] Hz for FCR-N. (Svenska Kraftnät, 2012) 

 

Figure 5 - Generation curve for a primary controlled unit. (Amelin & Söder, 2011) 

Derived from Figure 5, a simple relationship between the change in frequency, the gain and the 

change in generation can be expressed as in Equation 2. 

 

∆𝐺 = 𝑅 × ∆𝑓 Eq. (2) 

Where:  

ΔG= Change in generation 

R= Gain 

∆f=Change in frequency 

𝐺 = Generation at 50.1 Hz 

𝐺 = Generation at 49.9 Hz 

2.2.1 Gain in the Nordic system  

In the System Operation Agreement, signed by all Nordic TSOs (Denmark – Energinet.dk, 

Finland – Fingrid, Norway – Statnett and Sweden – Svenska Kraftnät), it has been decided that 
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the total gain of FCR-N in the Nordic electric system should be at least 6000 MW/Hz (or 600 

MW). With a fixed demand of FCR-N, the supply is directly dependent on the available capacity 

in the supplying power plants. By extension, the FCR-N availability and price are directly coupled 

due to the fixed demand. The responsibility for the regulating capacity is divided between all 

Nordic TSOs. The amount that every TSO is responsible for is determined by its country’s 

fraction of last year’s consumption in the Nordic system. An example showing how 2013 

consumption’s lay base for 2014’s distribution is displayed in Table 1. The table shows that 

Sweden is responsible for 2300 MW/Hz, approximately 38 % of the total FCR-N gain. This 

number is unlikely to change dramatically as the relative consumption between the Nordic 

countries is stable. (ENTSO-E, 2014)  

Table 1 - Gain distribution in the Nordic system for 2014. (ENTSO-E, 2014) 

Country Annual 

consumption 

2013 (TWh) 

Gain 

responsibility 

2014 (MW/Hz) 

Percentage  

(%) 

Eastern 

Denmark 

13.7 220 3.7 

Finland 85.2 1380 23 

Norway 130.0 2100 35 

Sweden 142.5 2300 38.3 

Nordic system 371.4 6000 100 

Each national subsystem is then required to have at least 2/3 of the regulating capacity located in 

its own system to prevent issues with island operation, a scenario where inter-area transmission 

connections are not functioning. (ENTSO-E, 2014)  

2.2.2 Bid system in Sweden 

The responsibility for ensuring that each nation supplies their stipulated amount of regulating 

power for the primary control is given to each country’s TSO (ENTSO-E, 2014). It is then up to 

the TSO to procure the required amount from the producers on the market. As mentioned in 

Chapter 1.2.1, they are free to buy any cheaper regulating capacity from the Nordic system, but 

no more then 1/3 can be procured from another country. In Sweden, FCR-N is procured for 

tomorrow, D-1, and the day after tomorrow, D-2; in relation to the operating day, D. Bids are 

made either on an hourly basis or for several hours in a row, called block bids (Svenska Kraftnät, 

2012). Svenska Kraftnät is then free to accept the bids that lowers the operation cost, suits the 

system and fulfils the regulations described earlier (Svenska Kraftnät, 2013b). Producers are 

compensated both for the capacity supplied according to their bid, if accepted, and for the actual 

energy generated to the system (Svenska Kraftnät, 2012). 
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Factors allowed to be included in the pricing of bids are regulated by the TSO. Equation 3 

describes the standard case pricing where only inefficiencies due to production at off-optimal 

production levels are compensated. (Svenska Kraftnät, 2010) 

𝐾 = 𝑃1 (
𝜂1 − 𝜂Δ

𝜂Δ
)

𝐸 ∙ 𝑡

𝑅
 

Eq. (3) 

 

Where: 

𝐾 = Regulating capability cost [EUR/MW] 

𝐸 = Spot price of electricity [EUR/MWh] 

𝑅 = Gain [MW] 

𝑃1 = Power at nominal frequency [MW] 

𝜂1 = Efficiency at nominal frequency 

𝜂Δ = Efficiency at the frequency’s standard deviation 

𝑡 = The time, equal to 1 for bids 

Alternatively, power plants are forced to lower their set point production in order to deliver 

primary control. This means that the power plant is systematically running at a lower efficiency. 

This can be compensated in the bids by substituting Equation 3 for Equation 4. (Svenska 

Kraftnät, 2010) 

𝐾 = 𝑃2 (
�̂� − 𝜂2

𝜂2
)

𝐸 ∙ 𝑡

𝑅
 

Eq. (4) 

 

Where: 

𝑃2 = Planned power at lower efficiency [MW] 

�̂� = Optimal efficiency 

𝜂2 = Efficiency at 𝑃2 

When production is rescheduled from a high load hour/season to a low load hour/season, 

producers will gain a lower compensation than for the scheduled time period. This opportunity 

cost can be estimated by Equation 5. (Svenska Kraftnät, 2010) 

𝐾 = ∆𝑃
∆𝐸 ∙ 𝑡

𝑅
 

Eq. (5) 

 

Where: 

∆𝑃 = Moved power from high to low price hour/season [MW] 

∆𝐸 = Price difference between present price and planned production hour/season [EUR/MW] 

During periods of high water inflow, which results in a risk of shortage of primary control 

capacity, producers might have to spill water in order to allocate reserve capacity for the benefit 

of being able to provide to the primary control. Equation 6 describes how this is compensated. 

(Svenska Kraftnät, 2010) 
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𝐾 = 𝑃𝑠

𝐸 ∙ 𝑡

∆𝑅
 

Eq. (6) 

 

Where: 

𝑃𝑠 = Power spilled [MW] 

∆𝑅 = Additional gain supplied [MW] 

Additionally, Svenska Kraftnät allows producers to include cost factors of risk and ware. Ware is 

mostly based on the type of turbine used. Risk factors are commonly failures in power plants and 

forecast errors that would force the producer to rebuy capacity from the TSO. To obtain the 

total cost of providing regulating capability, providers are supposed to base their price on either 

Equation 3 or 4; Equations 5 and 6 can then be added if applicable. (Svenska Kraftnät, 2010) 

2.2.3 Bid system in Finland 

Finland’s TSO Fingrid uses both a yearly and an hourly market to procure its FCR-N. The 

capacity is acquired through power plants in Finland, from other Nordic countries and through 

the HVDC-lines from Russia and Estonia (Fingrid, 2015a). The bidding is conducted once a year 

on the yearly market; it is not possible to enter that year’s market at a later state and the 

companies are required to fulfil their bids at all times. The most expensive bid accepted sets the 

fixed price for the year (Fingrid, 2015b). For 2015, the amount bought on the yearly market will 

be 73 MW, out of the total need of 138 MW required by the system operator agreement, and the 

fixed price will be 16.21 EUR/MW (Fingrid, 2014). The hourly market complements the yearly 

market by creating a possibility for the TSO to buy enough FCR-N to reach the required amount. 

The market accepts bids from actors who both have a yearly contract and those who stands 

outside the yearly market, the actors are compensated according to a marginal cost pricing model. 

(Fingrid, 2015b) 

2.2.4 Bid system in Norway 

Norway’s TSO Statnett uses a weekly and an hourly market, where the suppliers of FCR-N are 

free to choose if they want to participate in either or both markets (Statnett, 2014). The weekly 

market occurs before the spot prices are set and are a market where block bids for part of each 

day of the following week are given to the TSO. The suppliers of FCR-N are compensated for 

the reserved capacity, whereas the TSO gain access to the energy free of charge (Lindsjørn, 2012). 

The hourly market bidding occurs the evening before the actual delivery day and exists to cover 

the difference between the procured amount from the weekly market and the required amount, 

and includes requests from other TSOs. The market is divided like this to ensure easier short 

term planning for the suppliers and increase the TSOs ability to procure the required amount. 

(Statnett, 2014) 

Norway also uses a forced system, where every production plant over 10 MW are obliged to 

deliver a capacity of 12 % droop, where droop is the inverted gain 1/R (Hz/MW), during the 

winter and 6 % droop during the summer (Statnett, 2015). This system is intended to spread the 

FCR capacity throughout the country to prevent problems with island operation. The producers 

who are contributing outside the market are reimbursed according to a given rate (Statnett, 2014). 
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2.2.5 Bid system in Denmark 

The Danish grid is divided into price areas DK1 and DK2, as presented in Chapter 2.1.2. DK2 is 

a part of the Nordic synchronous system whilst DK1 belongs to the European synchronous 

system (ENTSO-E, 2014). Thus, only DK2 is part of the Nordic system’s requirement for FCR-

N and will be the only Danish subsystem studied in this report. 

Energinet.dk, the Danish TSO, have chosen to integrate its FCR-N procurement for the part 

belonging to the Nordic synchronous system, DK2, with Sweden’s. Thus, the procurement 

procedure follows the one described in Chapter 2.2.2. Energinet.dk receives bids from Danish 

companies who want to provide FCR-N and then forward the bids to the Swedish TSO Svenska 

Kraftnät. Svenska Kraftnät arranges both the Danish and the Swedish bids according to price. 

Svenska Kraftnät then acquires capacity according to the combined need for Sweden and DK2 

(Energinet.dk, 2012). The procurement is not limited geographically between Sweden and 

Denmark, countertrade is however needed if there is a lack of transmission capacity over the 

Öresund connection and Denmark has violated the need for two thirds of FCR-N inside the 

country’s boundaries. (Energinet.dk, 2015) 

2.3 Frequency quality 

In the Nordic power system, the TSOs share the responsibility of keeping the frequency stable at 

50 Hz (Svenska Kraftnät, 2009; ENTSO-E, 2014). Frequency quality means how well this 

agreement is met. The importance of the frequency quality is related to the synchronous 

machines connected to the grid, electric motors, generators and turbines, which are designed to 

run at 50 Hz (Amelin & Söder, 2011; Svenska Kraftnät, 2009). The Swedish TSO Svenska 

Kraftnät has reported a steady decline of frequency quality in the Nordic power system during 

the last twenty years (Svenska Kraftnät, 2014). In Figure 6, the number of incident per month 

when the frequency deviates outside of the range 49.9 to 50.1 Hz from August 1995 to February 

2009 is presented. Red line represents occasions below 49.9 Hz and green above 50.1 Hz. The 

black line is the sum of both incidents and the blue line the yearly moving average (Bäck, 2012). 

 

Figure 6 - Number of frequency deviations outside the range of 49.9-50.1 Hz. (Bäck, 2012) 
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The Accumulated minutes of frequency deviations outside the range of 49.9 to 50.1 for the years 

2010 to 2013 on a weekly scale can be seen in Figure 7. The red line is the goal set for the 

accumulated minutes of frequency deviations while the dotted red line is the goal for each week. 

The pale green line is the accumulated minutes of frequency deviation for 2013, the light blue line 

is the accumulated minutes of frequency deviation for 2012, the plum coloured line is the 

accumulated minutes of frequency deviation for 2011. The orange bars represent the minutes 

with a frequency under 49.9 Hz while the cyan bar represents the minutes with a frequency over 

50.1 Hz for 2013. From Figure 7, a conclusion could be drawn that the frequency quality 

deviations has shown to be stable over the goal of 10 000 minutes per year during the period of 

2011-2013. 

 

Figure 7 - Accumulated minutes of frequency deviations for the years 2011 to 2013. (Bäck, 2015) 

The primary control has the most important role of keeping the frequency stable and ensuring 

high frequency quality (Amelin & Söder, 2011). A consistent decline of frequency quality thus 

shows that the design of the primary control is inadequate. The Nordic TSOs has addressed a 

part of the frequency quality problem by introducing a new automatic secondary control product 

in 2013 called Frequency Restoration Reserve - Automatic (FRR-A). The purpose of this product 

is to relieve the primary control by quickly restoring the frequency to 50 Hz and thereby release 

more primary control capacity. (Svenska Kraftnät, 2013a; Statnett, 2014) 

2.4 Transmission constraints 

The activation of primary control induces transmission changes as the regulatory capacity is 

distributed in the system, and the generation or load changes are not. A change in frequency 

means that all power plants participating in the primary control will change its generation; in 

order to supply the extra power to the area where generation has been lost or load has increased, 

or reduce the surplus of energy in the area where generation has increased or load has decreased. 

However, the need for a change of production between areas might be higher than the actual 

availability in the power grid, which would create a bottleneck between the areas. (Amelin & 

Söder, 2011) 

The physical transmission capacity of a transmission line is referred to as Total Transmission 

Capacity (TTC). Due to uncertainties in future conditions of the power market, the TSO reserves 
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capacity on the transmission lines in order to fulfil the obligation of safe operation. This reserved 

capacity is called Transmission Reliability Margin (TRM). The capacity available for market actors 

to trade on is the Net Transmission Capacity (NTC), TTC subtracted by the TRM. The relation 

between NTC, TTC and TRM is described by Equation 7. (Perninge, 2009)  

𝑁𝑇𝐶 = 𝑇𝑇𝐶 − 𝑇𝑅𝑀 Eq. (7) 

The purpose of the TRM is thus to leave the TSO the possibility to move balancing power in the 

system, without considering transmission constraints. The need for TRM has been described by 

Perninge (2009) as highly dependent on the structure of the regulating power market. 
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3 Drivers in the FCR-N procurement  

This chapter presents the existing literature regarding factors that have an impact on the price and availability of 

FCR-N. The factors derive from the interviews held for this specific research.  

3.1 Variations in power consumption 

The power consumption is known for showing both daily and monthly variations. 

Due to the colder weather during the winter, power consumption is generally higher during this 

part of the year as more electricity is needed, for heating and lighting, and higher load requires 

more power generated in the system (Energimyndigheten, 2013). The relationship between power 

consumption and month is demonstrated in Figure 8, which shows the daily average power 

consumption per month from January 2012 to December 2014 in Sweden.  

 

Figure 8 - Daily average electricity consumption in Sweden. (Nord Pool Spot, 2015a) 

Hydroelectric power is used to maintain the equilibrium in the Nordic system. There are two 

different problems regarding availability of FCR-N on the Nordic market associated to the 

seasonality of consumption, referred to as the “winter problem” and the “summer problem”. The 

summer problem could be described as having a large production for the season, including a large 

amount of intermittent production, whilst the demand is low during the summer. This creates a 

situation where only the base load power production and intermittent sources are producing, 

resulting in a lack of activated regulatory reserves (Lundqvist, 2014). When this oversupply 

happens, the alternatives are to ramp down or shut off power plants. This could create 

complications as the need to reduce production from conventional plants inhibits the possibility 

to provide regulatory power (Nicolosi, 2010). The winter problem is the result of a mismatch 

between production and consumption in the system derived from lack of peak electricity power 

supply. This could lead to power shortages, as there are low or no available resources at any of 

the capacity markets to be able to provide regulating control power. As intermittent production 

cannot guarantee the production at all times, these energy sources cannot contribute to the peak 

power and therefore not alleviate the problem. (Lundqvist, 2014; Monteiro, 2012) 
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Figure 9 shows the hourly differences for a winter and summer week during two different years. 

Whilst there are a clear difference between the consumption levels of the summer and winter 

weeks, corresponding to the implications of Figure 8, a pattern of low consumption during the 

night and weekends, and high consumption in the morning and around dinnertime is presented 

in Figure 9. The hourly variation of consumption shows similar patterns throughout the year. 

  
Figure 9 - Electricity consumption by the hour. (Nord Pool Spot, 2015a) 

As with the presented summer and winter problem in this chapter, the amount and type of 

produced power in conjunction to the demand creates different availability of primary control. As 

the primary control are linked to the production levels on hydropower plants, this factor will 

influence the price and amount of primary control available for the TSO as primary control 

inhibits short term production shutdowns (Lundqvist, 2014; Franzén, 2007).  

3.2 Spot price  

Naturally there is a strong relation between the spot price and the price that the TSO purchase 

the FCR-N product for, as the spot market price represents the opportunity cost for the 

producer. Chapter 2.2.2 introduces the bid pricing model used by actors participating in the 

primary control. The FCR-N price equation is directly dependent on the spot price, which gives a 

connection between the FCR-N and the spot price. The consequence of this equation is that 

producers are obliged to base their bid on the expected spot price. Given that the spot price 

differences on a daily basis are to be taken into account, as shown in Equation 5, Both the 

current and future spot prices will affect the evaluation of profitability of FCR-N. The 

profitability of FCR-N in regard to other products will in turn affect the availability. 

Not only being a factor in the equation for FCR-N, the spot price also acts as an opportunity cost 

to the FCR-N. This relation is also confirmed in practice by Franzén (2007) in a study of the 

primary regulation costs which concludes that the profitability of participating in the primary 
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control is strongly dependent on the spot price of electricity. Jaehnert et al (2009) studied the 

Norwegian tertiary control and found a significant correlation between both the spot price and 

the tertiary control price. This gives an indication that the same will apply to the primary control 

price and volume. 

Given that the FCR-N will occupy capacity which would otherwise be available on the spot and 

intraday market, FCR-N will affect the liquidity of these markets (NordREG, 2007). Given 

Franzén’s (2007) findings on the interconnectivity between the Nordic electricity market 

products, the liquidity of each market will thus affect the whole availability on the electricity 

market. A change in the availability of primary regulation would therefore affect the power 

available for the spot and intraday markets due to the inelasticity of the FCR-N product where 

the amount needed is set regardless of price. The competition between the products includes the 

newly created FRR-A product, discussed in Chapter 2.3,  which aims to relieve the FCR-N 

product. 

3.3 Hydrological conditions 

In the Nordic electricity market, hydropower has a dominant role and accounts for about 50 % 

of the total annual electricity production (NordREG, 2014). The availability of water has a high 

influence on the price of electricity as a result of this high percentage (Botterud, Kristiansen, & 

Ilic, 2010). Most hydropower plants are coupled with a reservoir that makes it possible to store 

water for production at a later time. An illustration of typical configurations of generators and 

reservoirs are shown in Figure 10.  

 

Figure 10 - Two typical hydro systems configurations. (Hindsberger, 2005) 

The existence of water reservoirs gives the hydropower producers the ability to hold water as an 

inventory, thereby being able to plan the production more efficiently. The serial coupling of the 

hydropower plants in the rivers means that there is a strong dependability between the power 

plants in the same river. The available water in the coupled reservoirs and the value of the water 

in them has to be taken into account when planning the production (Amelin & Söder, 2011). 

Figure 11 shows how the aggregated hydro reservoirs content for Sweden and Norway varied 

during 2013 and 2014. Sweden and Norway show very similar patterns with high water levels 

during the summer, which then decreases during the winter as more electricity is used for heating 
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and lighting. The same patterns were observed by Wolfgang et al. (2009) in their study of weekly 

reservoir variations from 1980 to 2007. 

 

Figure 11 - Hydro reservoir levels for Sweden and Norway. (Nord Pool Spot, 2015a) 

The ability to hold water in a reservoir, combined with the characteristic of being able to quickly 

change the production level at low losses and production cost differences, also make it suitable to 

use hydropower as primary control. The future value of the water in comparison to the current 

electricity price is presented by Söder (2014) as an advantage for primary control delivered by 

Nordic hydropower. This advantage derives from the fact that the hydropower production is 

better to postpone to times with higher spot prices due to the limited amount of water while 

other power sources with lower marginal cost than the electricity price will always aim to produce 

at their maximum capacity. Hydropower is therefore used as the primary source for FCR-N in 

the Nordic power system (Svenska Kraftnät, 2013b). 

A producer with the ability to stock water would want to produce when prices are high, implying 

a pattern between reservoir levels and the spot price of electricity where the reservoir level 

decreases as the price of electricity is high. Chapter 2.1.1 described the seasonal variations of the 

spot price, comparing it with the variations in reservoir levels shown in Figure 11 confirms this 

relation. This relation was also identified by Botterud et al. (2010) in their evaluation of 

relationships between spot and future prices in the Nord Pool Spot market, where they 

concluded that the hydro reservoir levels of Sweden and Norway has a high influence of the spot 

price of electricity.  

Inflow levels are another hydrological factor that influences the pricing on electricity. Figure 12 

displays the inflow levels per week in Sweden and Norway for the years 2013 and 2014. 

Hindsberger (2005) has shown a negative correlation between the average annual spot price and 
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the annual inflow. By comparing the seasonal patterns of spot prices presented in 2.1.1 and the 

patterns in Figure 12, the same can be concluded on an intra-year basis. Given this, the 

availability of the FCR-N product follows the inflow, as the inflow will impact the limitations put 

on the hydropower (Energimyndigheten, 2006). As an example, forced production due to inflows 

that will greatly raise the reservoir level, primarily during the annual spring flood in the Nordic 

countries, will with that argumentation reduce the available capacity for the FCR-N product or 

impose the need to spill water to keep capacity available for regulation (Energimyndigheten, 

2006; Söder, 2014). 

 

Figure 12 - Inflow to hydro reservoirs in Sweden and Norway. (Nord Pool Spot, 2015a) 

3.4 Wind power forecasts 

As mentioned in Chapter 1.1, wind power has a great impact on the need for FCR-N. According 

to Svenska Kraftnät (2008), 200 to 250 MW of FCR-N is needed for every 4000 MW of installed 

wind power. This is due to the difficulties in forecasting the production of wind power. Wind 

power forecasts have been found to influence the spot prices; specifically the wind power 

penetration percentage correlates with spot prices (Jónsson, Pinson, & Madsen, 2010). Figure 13 

shows the relationship between average spot prices and wind power penetration in Denmark. 

Furthermore, a higher percentage of predicted wind power results in  less intraday price variation. 

As spot prices and primary regulation prices has previously been linked in Chapter 3.2, a 

connection between wind power predictions and variation in FCR-N could therefore be 

established. 
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Figure 13 - Average spot price, categorised by intervals of forecasted wind power penetration. 
(Jónsson, Pinson, & Madsen, 2010) 

The system operating costs have been expected to rise due to the variability and uncertainty in 

wind power production. This higher operating cost derives from a larger need for reserve 

capacity, including FCR-N, as frequency control is expected to become more problematic in 

systems with higher wind power penetration (Söder, 2009). Higgins et al. (2014) have found that 

the system marginal cost rise for every increase in forecasting error regarding offshore wind 

power forecasts. Higgins et al. indicates that from a system operator’s point of view, “it is more 

beneficial when scheduling wind ahead of the trading period to forecast less wind than will be generated”. This is 

stated due to the decrease in generation cost whilst only a small increase in the systems total 

marginal cost is found.  

3.5 Production availability 

The maximum power output is not the only important factor for a stable electricity system; the 

power plants also need to be able to produce at the exact time that the power is needed (Svensk 

energi, 2015). This ability to produce includes the operational status and fuel availability for each 

power plant. As stated by the Swedish TSO Svenska Kraftnät (2013b), a supplier of primary 

regulation needs to keep the capacity offered to the TSO available at all times covered in the bid. 

The availability of each power source could therefore affect the availability of FCR-N. The 

reasons for this dependency are covered in Chapter 3.3, where the importance of the amount of 

hydro production in the system is presented. 

While sudden disturbances in producing power plants are planned to be covered by the FCR-D 

product, the FCR-N availability will also be affected if the disturbance endures. Shifting electricity 

price, the need for maintenance and regular audits are a few reasons for an alternating operational 

status for the Nordic power plants. This, in turn, affects the production mix in the system. The 

variation of hydropower production has already been covered in Chapter 3.3. Other large 

contributors to the Swedish electricity production are nuclear, wind, and combined heat and 

power (CHP) plants. The national variation in wind power plant production are covered in 

Chapter 3.4, single wind power plant failures does not have a significant impact on the Nordic 
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production mix. CHP plant’s production mostly varies in subject to the demand for heating as 

the plants produces both heat and power in the same process (Svensk energi, 2015). The biggest 

factor coupled to production availability derives from the nuclear power plants, as these are large 

and expected to produce at almost all time. To exemplify the shift in operational status for 

nuclear power plants over the year, the monthly average nuclear power production from Swedish 

nuclear power plants can be seen in Figure 14. Figure 14 shows a seasonality factor in nuclear 

power production, inherent with high production levels and availability during the winter while 

the production during the summer is lower due to maintenance (Svensk energi, 2015). As each 

reactor stands for a significant amount of power on the Nordic power market, an unplanned stop 

in any of the reactors would therefore infer a change in the production mix. In extension, this will 

affect the availability of hydropower able to supply the FCR-N product. 

 

Figure 14 - Monthly average nuclear production in Sweden. (Nord Pool Spot, 2015a)  
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4 Electricity price forecasting methods 

The interest of forecasting the future price of any commodity has yielded several different methods. This chapter will 

focus on commonly used methods for electricity price forecasting. The aim is to provide an understanding of the 

qualities each method offers in order to follow the researchers’ choice of method. 

Modelling methods commonly used for forecasting, including electricity prices, are: 

 Stochastic models, where statistical properties of electricity prices over time is analysed. 

 Artificial neural networks (ANN), which models based on artificial intelligence via 

neural networks. 

The two methods will be presented briefly, followed by advantages and disadvantages of each 

method. The purpose of studying these methods of forecasting the electricity spot price is that 

many of the factors affecting the primary control is believed to be shared with the electricity 

price. 

4.1 Stochastic models 

Stochastic methods of forecasting electricity prices originate from the financial sector. As a result, 

the fundamentals of these models are built on financial reasoning and aims to replicate the 

statistical properties of the variable studied (Weron R. , 2006). As the electricity market is coupled 

with high volatility and jumps in values, a model that takes these jumps into consideration is 

needed for this kind of data (Seifert & Uhrig-Homburg, 2007). Given the probabilistic function 

of a stochastic model, the initial data will not result in a deterministic output but rather many 

different possibilities to evolve into. Different types of stochastic models offers different 

advantages and setbacks, but in general all stochastic models lack the ability to accurately predict 

prices at the resolution of hours but can describe the main characteristics of the electricity price 

at a daily time scale. Results are usually price dynamics and correlations between commodity 

prices. (Weron R. , 2006; Weron R. , 2014a) 

Time series models are a version of a stochastic model, closely related to econometrics, where 

historical data is gathered to mathematically describe the behaviour of the price. The method is 

built on statistical data and uses different autoregressive models to predict the future electricity 

price (Aggarwal, Saini, & Kumar, 2009). Parameters for these models are for example past prices 

and volumes, load predictions, and past and forecasted exogenous factors like weather figures 

(Weron R. , 2014a). Multiple time series analysis brings the benefit of being able to analyse several 

parameters with dynamic dependencies. Common methods are different autoregressive models 

coupled with other models, such as Autoregressive Moving Average (ARMA), Autoregressive 

Integrated Moving Average (ARIMA) or Autoregressive Moving Average with exogenous inputs 

(ARMAX) (Brandt, 2007). A preferable aspect of these models, when forecasting electricity 

prices, is the fact that the model does not measure the asset’s intrinsic value, but rather the future 

performance of the price. A limitation of the method is the inability to accurately forecast prices 

during short periods of high volatility. (Weron R. , 2006) 
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4.2  Artificial neural networks 

Artificial neural networks (ANNs) are based on a family of statistical learning algorithms which 

functions are related to the central nervous system of the brain, called biological neural networks. 

The model studies input parameters relation to the output in order to learn the behaviour of the 

prediction variable (Yeung, Cloete, Shi, & Ng, 2010). A basic representation of an ANN model is 

presented in Figure 15. The input vectors gather information from the surrounding environment, 

weight vectors add weight to the information, the adder sums the incoming information, the 

transfer function then assesses the information and generates the output vector (Mohammad, 

Yamin, & Li, 2002). 

 

Figure 15 - Conceptual representation of an ANN model. (Mohammad, Yamin, & Li, 2002) 

The use of ANN models in electricity price forecast has increased vastly in the last few years 

(Gupta, Chawla, & Chawla, 2013; Mohammad, Yamin, & Li, 2002; Weron R. , 2006). The 

benefits of using this type of model are its flexibility and ability to describe non-linear 

relationships (Mohammad, Yamin, & Li, 2002; Weron R. , 2006). There is also no need to 

develop a particular model form, as the model adapts by learning from the data (Gupta, Chawla, 

& Chawla, 2013). On the down side, the ANN model has a tendency to misrepresent the output 

if insufficient input-output data is provided or if the problem consists of too many uncertain 

parameters. However, this problem has been mitigated by Rumelhart et al. (1986) by using a 

Multi-Layer Perceptron (MLP) model. The MLP model adds a hidden layer of perceptrons, 

which is the name for the algorithms used for supervised machine learning, in-between the input- 

and output layer to make the network more flexible and generalizable.   
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5 Method 

The method chapter gives an insight in how the research was conducted, according to a conceptual project model 

containing seven phases. Each phase is presented separately in sub-chapters, followed by a sub-chapter discussing 

the validity and reliability of the methods. Lastly, the limitations of this research are presented to show the intrinsic 

restrictions that are established by choosing this approach. 

5.1 Project model 

In order to visualise how the research was conducted, a workflow model was created describing 

the stepwise process that was used in this project. The workflow model for the project is 

presented in Figure 16. The research was divided into seven phases: Introduction, Interviews, 

Data collection, Comparative analysis, Model development, Significance analysis and Outlier 

analysis. Each part will be briefly described in this section as a summary of each step, a more 

detailed version can be found in the following chapters. 

 

Figure 16 - Conceptual process flow of this research.  

The nature of this research can be classified as analytical as it aims to explain how certain 

characteristics are related. Collis and Hussey (2014) mention identifying the relevant variables as 

an important aspect of an analytical research. To ensure that the focus of the research is correct 

and thereby not excluding important aspects or variables, the method of diverging and 

converging on the subject multiple times during the initial phases of this project has been used.  

The method of diverging and converging prohibits a lock-in effect on non-optimal solutions and 

creates a process of questioning the current orientation to enable to find a better one (Blomkvist 

& Hallin, 2014). 

Introduction 

The starting point of the research project was a brief discussion with Fortum Physical Operation 

and Trading (POT) about their perceived problems on the delivery of FCR-N. From there, an 

iterative process, where literature was reviewed and problem formulation redefined as more 

knowledge was acquired, was used to identify the relevant research questions. This process is 

illustrated in Figure 17. 

Introduction Interviews
Data 

collection
Comparative 

analysis
Model 

development
Significance 

analysis
Outlier 
analysis
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Figure 17 - Illustration of problem definition process. 

In addition to the literature review, some initial interviews were held with representatives from 

Fortum and researchers in the field to further increase the understanding of the phenomena 

studied and to gain insight in to different actors’ perspective of the problem. More about the 

interviews are presented in Chapter 5.3.1. The introduction phase was finalized by writing a thesis 

proposal that was reviewed by the supervisors. 

Interviews 

The second phase of the research included conducting semi-structured interviews with 

production planners at Fortum, Nordic TSOs and experts in the field. The aim of the interviews 

was to gather information about factors that affect the variations seen in price and availability of 

FCR-N. This was done in order to create a base for further, more detailed studies of the 

variations and to answer RQ1: 

Which factors affect the procurement of the FCR-N product? 

A more detailed description of how the interviews were conducted is presented in Chapter 5.3.1. 

During the Interview phase, literature addressing new topics presented by the interviewees was 

reviewed. This created an agile development of the literature study.  

The analysis method applied has been a general analytical procedure including coding according 

to categories developed from the data, as suggested by Kondracki, Wellman and Amundson 

(2002). 

Secondary data collection 

Historical data was collected in phase three, based on the factors given by the interviews. The 

data used in this research is from secondary sources, originating from the TSOs and the 

electricity market Nord Pool Spot. The data could be classified into two categories: data from 

measurements and data from calculated system properties. A six-step procedure presented by 

Boslaugh (2007) was used in order to gather the correct data for this project. More about data 

collection is to be found in Chapter 5.4. 

Comparative analysis 

The fourth phase triangulates the findings from the interviews by combining the results with the 

historical data collected in phase three. The approach used was a comparative analysis where data 

was compared to findings from the interview study. A more detailed description of the 

comparative analysis can be seen in Chapter 5.5. The comparative analysis will strive to verify the 

dependencies described by the interviewees by seeking patterns in the data collected, in order to 

answer RQ2: 

Are the dependencies of the factors describable in a generalised way? 

Review literature 

Define problems 
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Model development 

To describe and analyse the extensive amounts of data in this study, phase five aimed at 

developing a quantitative model to describe the identified factors influence on the FCR-N price 

in a generalised way. The modelling method chosen was Artificial Neural Network (ANN) for its 

reported ability to accurately model electricity markets in a timeframe that fit this project. The 

purpose of building the model was to quantify the general dependencies of identified factors, 

sought in RQ2. A more elaborated explanation of the model can be found in Chapter 5.6. 

Significance analysis 

The sixth phase aims at answering RQ3: 

Can each factor’s significance for the FCR-N product’s availability and price be categorised? 

The significance analysis method applied was developed by Kemp et al. (2007) and determines 

the relative significance of an ANN models input parameters. The method randomises one input 

parameter at a time and re-simulates the network to record the change in the model’s predictive 

power, as that parameter is uniformly randomly distributed. Using this method, the relative 

significance between all parameters can be determined which will lay the base for answering RQ3. 

The method for the significance analysis is presented more thoroughly in Chapter 5.7. 

Outlier analysis 

Finally in the seventh phase, an outlier analysis was conducted. The model cannot be expected to 

predict perfectly in every occasion. An outlier analysis was done in the form of a case study in 

order to analyse what factors was involved during the cases where the model’s prediction 

diverted the most from reality. The outlier analysis is described in-depth in Chapter 5.8. 

5.2 Introduction 

During the introductory phase, focus was directed towards reading literature as well as on gaining 

initial information from interviews. The literature review were conducted both to gain knowledge 

in the field and to identify research gaps. The focus of this literature review follows the proposals 

of Hart (1998), suggesting that the aim of a literature review is “to show command of the subject area 

and understanding of the problem; to justify the research topic, design and methodology”. As such, the literature 

review was a continuous process developed from additional findings and knowledge. The use of a 

continuous literature review method is recommended by Collis and Hussey (2014) to ensure that 

the literature review matches the full knowledge of the researchers. 

Three different methods were used to collect relevant literature. Finding literature by the use of 

academic search engines, like Google Scholar and KTH Primo, with the use of key words such as 

“FCR-N”, “Primary regulation”, and “Primary Control” combined with the identified factor was 

the main source for reviewing existing knowledge of the field. This method also resulted in 

literature found at the library at KTH.  

Additionally, a search for reports and informational texts provided by the Nordic TSOs and 

relevant governments were another method and provided insight in the procurement and 

conditions of the FCR-N, as well as general information of the Nordic electricity market.  
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In this study, interviews have been used for two different purposes. In the introduction phase, 

interviews were used to gain knowledge in the field in order to formulate the problem. This was 

done to supplement the literature review. Furthermore, each interviewee was asked to contribute 

articles they found interesting in the field of FCR-N, which gave another source of literature that 

might not have been found otherwise. 

The use of each literature collection method changed during the process as the literature review 

was split up in Chapter 2, 3 and 4 which all had different needs for the data collection.  

5.3 Interviews 

This chapter contains the methods used for the second phase of the project, the interviews. As 

the interviews were the base for the qualitative part of this study, it is essential for the method to 

be presented thoroughly to enable for replication of the study. This includes how data was 

collected by using interviews and how it was analysed.  

5.3.1 Data collection from interviews 

During the interview phase, interviews were conducted for the purpose of answering RQ1. Two 

interview approaches were use in this study, one for gaining information in the introduction 

phase and one for gathering qualitative data about the factors affecting the FCR-N availability 

and price. The two interview approaches were conducted at the same occasion with each 

interviewee, beginning with the exploratory introduction interview, followed by a semi-structured 

interview aimed to answer RQ1. All of the interviews in this study have been performed face-to-

face. 

The sample of initial interviewees was selected by recommendations from the supervisors of this 

project and by reviewing common authors of articles in the field of study. The sample consisted 

of researchers in electric energy systems and energy economics as well as intraday traders at 

Fortum. To expand the sample of interviewees, each interview ended by asking for 

recommendations of people they knew to have knowledge of the subject; a sampling method 

known as Snowball sampling (Collis & Hussey, 2014). The final sample also consisted of 

representatives from the Swedish TSO Svenska Kraftnät and Nord Pool Spot, and the CEO of 

Svensk Energi. This sampling method generates a non-random sample, which is sufficient as 

generalizability of qualitative data is always limited (Collis & Hussey, 2014). 

The initial interviews were held as unstructured and were built around a few open questions to 

explore and gather broad information, as recommended by Collis & Hussey (2014). The 

interviewees where then probed with follow-up questions to gain further details and create a 

better understanding (Collis & Hussey, 2014). The structure of the interview was changed for the 

second part to a semi-structured approach. An interview guide was developed prior to the 

interview series, where different themes with open questions were developed. Semi-structured 

interviews were chosen as interview method for its ability to help the researchers to understand 

the interviewees’ point of view, and grasp the logics of a complex environment (Collis & Hussey, 

2014). The interviews began with some small talking to make the interviewee comfortable, 

followed by a short introduction of the research project and the researchers’ background as 

suggested by Ulfvengren (2014). During the interviews, the participants were allowed to speak 
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freely within the different themes. The interviewer only interfered to keep the focus to the 

themes and to ask probing questions to gain more information. 

All interviews in this study were performed with both researchers present and with the same 

division of roles, one taking notes and the other leading the interview. The setting was at all 

occasions a conference room or office room at the participants’ work place. All interviews were 

recorded with the permission of the interviewee for later transcription. Confidentiality was 

offered but rejected by all participants. Before publication, all interviewees were asked to review 

their citations in order to verify the interpretation of their statements. (Collis & Hussey, 2014) 

5.3.2 Interview analysis 

After each interview, the recordings were reviewed and transcribed as soon as possible to allow 

the researcher to add memos from the interview (Collis & Hussey, 2014). In this study, the 

interview data was used for methodological triangulation in combination with statistical analysis 

of quantitative data in phase four. Methodological triangulation means that more than one 

method is used to collect and analyse the data. This mixed method is beneficial when using 

exploratory interviews to identify variables for model development, as was done in this study. In 

this case, data is not recommended to be quantified but rather used as supporting quotations for 

the statistical properties identified. Thus, a general analytical procedure has been used, as 

suggested by Miles and Huberman, for analysing the interview data (Collis & Hussey, 2014). The 

general parts of the method consist of three steps: 

 Reducing the data 

 Restructuring the data 

 Detextualising the data 

The reduction and restructuring of data was done by using coding. Coding is a method where the 

data is reviewed and categorised by some common feature (Blomkvist & Hallin, 2014; Kondracki, 

Wellman, & Amundson, 2002). In this study, the categories defined were developed from the 

data material and was not predefined, as recommended by Kondracki, Wellman and Amundson 

(2002). Table 2 summarises the categories used. 
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Table 2 - Coding categories. 

Transmission constraints The interviewee discussed how 

transmission constraints might influence 

the distribution of primary control in the 

system. 

Hydrological factors The interviewee discussed how the 

hydrological situation might affect the 

supply of primary control capacity. 

Wind power forecasts The interviewee described how the 

uncertainty coupled with forecasting wind 

power could influence cost of primary 

control. 

Spot price of electricity The interviewee described the relation 

between the electricity spot price and the 

cost of delivering primary control. 

Production status The interviewee discussed how 

interruptions in different production 

facilities would affect the availability of 

primary control capacity. 

Market conditions The interviewee described how different 

market conditions affect a market actors 

decisions and risk exposure in association 

with primary control supply.  

Seasonality effects The interviewee discussed how seasonal 

variations in load, weather conditions and 

production capacities might affect the cost 

and availability of primary control. 

Time of day The interviewee presented its view on how 

the time of day could affect the availability 

if primary control. 

After color-coding all transcripts according to the categories from Table 2, the sections associated 

with each category was summarised in separate documents. These documents were reviewed 

individually and the findings from each category were then displayed in a graph, for the purpose 

of detextualising. From the table, conclusions were textualised and supported by quotes from the 

interviewees, following the general analytical procedure suggested by Collis and Hussey (2014) 

and Blomkvist and Hallin (2014). 

5.4 Data collection 

The data used for quantitative analysis has in this study been gathered from a wide range of 

sources. Common for all data collected in this study is that all data is secondary, meaning that it 

has been gathered from existing databases and not generated by the researchers. The choice of 

using secondary data should be based on both the breadth and depth of the data that is needed 

(Boslaugh, 2007). Since the data covers several years, the time of collecting this data would 
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exceed the time frame of this study. The collected data can be divided into two different 

categories: 

 Data from measurements – Generation, Load, and Hydrological factors 

 Data from calculated system properties – Spot- and FCR-N prices 

The first data category, measurements, consists of measurements of load, hydrological factors 

and different generation figures, generated by producers and TSOs. The resolution of these 

measurements is mostly hourly and at some times weekly. The second data category, calculated 

system properties, are typically provided by TSOs and power exchange pools and includes prices 

for different products at different times. The calculated system properties data was always 

collected at the resolution of hours. Table 3 shows unit, resolution and source of each data figure 

collected. In order to collect this secondary data, the following six-step procedure presented by 

Boslaugh (2007) has been used: 

1. Define the research question 

2. Specify what to study 

3. Specify what variables to include 

4. Specify what type of data is most appropriate for answering the research question 

5. Examine available data sets to see if they meet the requirements 

6. Examine the chosen data for missing data or outliers 

In the data set used in this study, some variables had missing data for a few days in the examined 

time period. The researchers of this study have chosen not to try to recreate the missing data 

point by some sort of interpolation. Instead, the whole missing data sample has been ignored and 

removed from the date set. The decision was made to avoid losing reliability, as sufficient amount 

of data was available nonetheless.  
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Table 3 - Summary of collected data with unit, resolution and source presented. 

Data figure Unit Resolution Source 

Reservoir content Sweden GWh Week Nord Pool Spot 

Reservoir content Norway GWh Week Nord Pool Spot 

Reservoir inflow Sweden GWh/Week Week Nord Pool Spot 

Reservoir inflow Norway GWh/Week Week Nord Pool Spot 

Load prognosis Sweden MWh Hour Nord Pool Spot 

Spot price System EUR/MWh Hour Nord Pool Spot 

Average FCR-N price EUR/MW Hour SVK 

Hydropower production 

Sweden 

MWh Hour SVK 

Total production Sweden MWh Hour SVK 

FRR-A hours - Hour Nord Pool Spot 

5.5 Comparative analysis 

Following each driver found in the interview analysis is an analysis by comparative case studies. 

In this research, the comparative method is used to support the statements made by the 

interviewees to improve the accuracy of the factors included in the quantitative analysis as well as 

visualising the connection. Comparative research is used to “search for similarity and variation between 

the entities that are the object of comparison” (Mills, 2008). The method could therefore work as a bridge 

between a qualitative and quantitative analysis. Comparative methods could be seen as a 

systematic way to compare two or more cases derived from empirical investigation of the reality 

(Kaarbo & Beasley, 1999). Lijphart (1971) proposes the use of a comparative method for 

situations similar to this project, as the method can be used to examine a specific set of entities in 

order to create a base for a framework where the variables could be tested in a quantitative 

environment.  

For this instance, the possible relationships identified by the interviewees are seen as the 

empirical data and are used as separate entities where secluded connections to the independent 

variable FCR-N are sought. The comparison between the independent variable and the suggested 

dependent variables was done on the same data sample and sources that was presented in 

Chapter 5.4. With the definition of the problem and identification of which variables to include 

already have been performed in previous stages of this research, Kaarbo and Beasley (1999) 

suggests focusing on the selection of the width of the case study’s variables. The width is 

controlled by having comparable case samples and by having variables that varies over time.  

The comparison was done by calculating the coefficient of determination (R2) between each 

dependent variable and the independent variable. R2 is a number between zero and one that 

measure how well the data can be explained by a regression fit, a R2 value of one shows a perfect 

fit between the data and the regression while a value of zero stands for no fit at all (Smith & 
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Draper, 2014). A higher number would indicate a good fit and thereby high correlation between 

the dependent and independent variable whilst a low number indicates that there are no clear 

correlation between the dependent and independent variable. A linear connection was sought 

after primarily for each entity, however a nonlinear connection was used for a couple of the 

entities. The nonlinearity could in those cases be derived from a clear periodicity of the data given 

by the seasonality-dependency of some parts of the electricity market. The R2 value was then used 

as a support for the selection of parameters to include in the quantitative model. 

5.6 Model development 

The model development chapter mainly addresses the technical aspects and choices for the 

chosen quantitative model. A brief discussion regarding what aspects the model is expected to 

give to this project and why the specific model was chosen over the others considered is starting 

off this chapter. After that follows a chapter describing how the model was designed and lastly is 

a compilation of each factor included and an explanation how the factor was adapted to fit into 

the model.  

5.6.1 Purpose of the model 

To be able to define the purpose of the model, it is important to know what the model will 

include. Having or creating a system, consisting of interconnected elements with dependencies 

and purpose, and in extension having an understanding of said system is imperative in order to 

successfully model anything. Choosing what to include in a model can be simplified by defining 

the system boundaries while identifying connections between the factors inside the system is 

crucial for understanding what will happen in the model. (Meadows, 2008) 

The purpose of this model should be to describe the general fluctuations due to the relationship 

between the FCR-N availability and external factors. The fluctuations are derived from the 

driving factors identified during the interviews. As the factors’ importance may shift over time, 

both short-term and long-term, it is essential that the model could handle said shifts.  

Given the complexity of the energy market, a model able to handle noisy data with large 

interferences from outside the determined system is preferable. As only the largest factors are 

included in this study due to the concept of a qualitative interview study, many factors with 

potentially large impact at specific times will not be included inside this project’s system 

boundaries. With this in mind, the model should, if possible, be able to ignore these noises in 

order to create a model as good as possible for the general case. 

The model should describe both the rapid and inert changes of the FCR-N product’s availability. 

Thus, a model able to describe both the overall trend and the hourly variability is sought after. 

Furthermore, the model should be able to handle large amount of data with shifting importance 

to the output. 

5.6.2 Choice of model 

The different types of models presented in Chapter 4 were considered as the modelling method. 

These models were chosen as they are the most common models for forecasting, curve fitting 

and pattern recognition. As the different modelling methods offers different advantages, the 

model chosen was the one which offered functions most suitable to fulfil the purpose presented 
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in Chapter 5.6.1. The ANN method, presented in Chapter 4.2, was chosen due to its high 

functionality regarding its ability to explain actual changes rather than patterns and the benefits 

gained from being a self-learning process. The ANN method entails an iterative process where 

the data is used repeatedly for the benefit of understanding the interdependencies of the 

parameters included in the model (Mohammad, Yamin, & Li, 2002). Yeung et al. (2010) describes 

the neural network learning process as:  

1. The network is stimulated by the environment. 

2. The network changes as a result of the stimulation. 

3. The network responds to the environment in a new way after the occurrence of change. 

This implies a model that satisfies the purpose of handling shift of importance for the analysed 

factors. ANN also offers great handling of noisy data as it learns to exclude certain elements, 

presented as a desired feature for the model in Chapter 5.6.1.  

The different types of stochastic models presented in Chapter 4.1 lack the possibility to 

accurately describe changes in more detail than an indicative pattern. Furthermore, time series 

and stochastic models are more dependent on knowing the importance of each factor and having 

a distribution function; the significance of each factor is part of the purpose and thus not 

available for the input data in the models.  

5.6.3 Design 

The design can be done in several different ways for an ANN model. This chapter presents the 

model used in this research, describing how the network was designed and which transfer 

function and training algorithm that were used. How the generalizability of the model’s result was 

increased in comparison to new data is also presented in this chapter. 

Network design 

The ANN model developed in this project consists of 20 input vectors, two hidden layers, one 

output layer and a single output vector. A schematic illustration of the network can be seen in 

Figure 18. The input parameters have been based on the qualitative analysis discussed in Chapter 

5.3.1 and will be described in more detail below in Chapter 5.6.4. 

 

Figure 18 - Network configuration. 

A network structure with two hidden layers was chosen, as there was a significant accuracy gain 

from using two layers over one. There is no definite way to assess the number of hidden layers 

needed for ANN models; rather testing for accuracy improvements is the common approach 

(Hudson Beale, Hagan, & Demuth, 2014). The same method of testing holds for the number of 

neurons in each hidden layer, where the trade-off is between accuracy and performance. More 
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neurons give the model more flexibility by adding more parameter to optimise. If too many 

neurons are used, the problem becomes under-characterised and will result in an inefficient 

network. It also increases the risk of overfitting which is an associated problem with all neural 

networks. Overfitting means that the model is heavily characterised by the training data, and 

performs poorly when presented with new data. (Weron R. , 2006) For this model, 15 neurons 

have been used for both of the hidden layers. More information about accuracy and performance 

figures for different network configurations can be found in Appendix C. 

The number of neurons in the output layer is, for a function-fitting problem, determined by the 

number of elements in the output vector (Hudson Beale, Hagan, & Demuth, 2014). This model 

has only one output vector and thereby one neuron in its output layer. 

Transfer functions 

As the model consists of three layers, two hidden layers and one output layer, the model requires 

three transfer functions, one for each layer. Multilayer neural networks designed for curve fitting 

commonly uses the Tan-Sigmoid transfer function for the hidden layers, and a linear transfer 

function for the output layer (Hudson Beale, Hagan, & Demuth, 2014). These standard transfer 

functions have been used without alteration in this study, as accurate results were obtained using 

them. The Tan-Sigmoid function used for the hidden layers, displayed in Figure 19, is a nonlinear 

function that gives output values between -1 and 1. This allows the network to learn nonlinear 

relationships between input and output vectors (Hudson Beale, Hagan, & Demuth, 2014). Figure 

20 shows the linear transfer function for the output layer, generating the output vector with 

values ranging from negative infinity to positive infinity. This property of the output transfer 

function is essential for a function-fitting problem in order to allow the model to output any real 

number. 

 

Figure 19 - Tan-Sigmoid transfer function. 
(Hudson Beale, Hagan, & Demuth, 2014) 

 

Figure 20 - Linear transfer function. (Hudson 
Beale, Hagan, & Demuth, 2014) 

Training algorithm 

A unique property of neural networks is their ability to learn from its environment. Yeung et al. 

(2010) describes this ability as: “Learning is defined as a process by which the free parameters of a neural 

network are adapted through a continuous process of stimulation by the environment”.  

The learning method used in this research can be characterised as supervised learning where the 

network gets an input from the environment (vector describing state of a given environment). A 

response from the network is obtained (actual response), which is then compared to the desired 

response provided by a given target (teacher). If the actual response deviates from the desired 

response, the network generates an error signal that is used to recalculate the network weights in 

order to minimise the error. This process is repeated until a desirable performance is achieved; 
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the process is illustrated in Figure 21. (Hudson Beale, Hagan, & Demuth, 2014; Yeung, Cloete, 

Shi, & Ng, 2010) 

 

Figure 21 - Illustration of supervised learning. (Hudson Beale, Hagan, & Demuth, 2014) 

In this study, the specific supervised training algorithm chosen was Bayesian regularisation. This 

algorithm was used as it has shown the ability to produce more accurate results for noisy datasets. 

This was also confirmed for this case by testing different training algorithms using the dataset 

from this study. For error measurements, Mean Squared Error (MSE) has been used as it is the 

most used error signal. 

Improving generalizability 

In order to improve an ANN model’s generalizability, meaning the ability to handle new data, 

Hudson Bale et al. (2014) suggests a method where multiple neural networks are trained, 

simulated and finally their outputs are averaged. This method is in combination with the Bayesian 

Regularisation training algorithm a powerful design for handling complex and noisy datasets. The 

model in this study has been designed to use 100 networks. The MATLAB code for this 

operation can be found in Appendix D. 

5.6.4 Input parameters 

The ANN model is built based on historical data from 20 different input parameters. The input 

parameters have been extracted from the results of the interview series and the comparative 

analysis of data. In Table 4 below, each parameter is presented combined with its specific 

characteristics. 
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Table 4 - Parameters used in the model. 

Parameter Range Unit Description 

Week 1-52 - A numerical representation of the 

current week of the data point, 

ranging from the first week of the 

year (1) to the last week of the year 

(52). 

Month 1-12 - A numerical representation of the 

current month of the data point, 

ranging from January (1) to December 

(12). 

Weekend 0 or 1 Binary Numerical representation indicating if 

it is a weekday (0) or weekend (1). 

Day of the year 1-360 - A unique numerical representation of 

each day of the year. Based on a 360-

day year, ranging from the 1st of 

January (1) to the 31st of December 

(360). 

Hour 00-23 - Describes the hour of the day when 

the data point was taken. 

Day or night 0 or 1 Binary Binary indicator specifying if the hour 

is between 23 and 04 for summer and 

00 and 05 for winter case, which is 

defined as night for each season and 

the value 1. 

Previous year’s FCR-

N 

3.273-147.4229 EUR/MW Last year’s value for the same point in 

time. 

Previous week 

average FCR-N 

5.332-43.592 EUR/MW The weekly moving average of the 

FCR-N. 

Previous 24h average 

FCR-N 

4.8383-60.2664 EUR/MW The daily moving average of the FCR-

N. 

FRR-A 0 or 1 Binary An indicator if the FRR-A product is 

in use at that particular hour. 

Reservoir level NO 25-92 % The degree of filling in the Norwegian 

hydro reservoirs. 

Reservoir level SE 16-89 % The degree of filling in the Swedish 

hydro reservoirs. 
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Reservoir inflow NO 179-10536 GWh/week The rate of inflow to the Norwegian 

hydro reservoirs.  

Reservoir inflow SE 210-6020 GWh/week The rate of inflow to the Swedish 

hydro reservoirs. 

Spot price 12h spread (-100)-84 EUR/MWh Spot price difference of the last 12 

hours.  

Spot price 1.38-138.76 EUR/MWh Spot price for the hour of the data 

point. 

Hydro production 1682.6-13359 MWh The Swedish hydro production for 

the hour of the data point. 

Total production 7294.9-25628 MWh The total Swedish electricity 

production for the hour of the data 

point. 

Load forecast 8568-27500 MWh Day-ahead forecast of the Swedish 

load. 

Load derivative (-2200)-2759 MWh A measure of the change in load from 

the hour before to the current.  

Some of the factors presented in Table 4 require further explanation to how they were 

constructed. Firstly, the factors Week, Month, Day type, Day of the year, Hour and Day or night 

describe the seasonal and intraday patterns of the FCR-N price. The distinction between days and 

nights in the factor Day or night is not obvious. By studying at what hours a significant change in 

the price of FCR-N occurred, and comparing it to other parameters, a systematic difference 

concerning at what hour the change in price occurred was found between winter (months 10-12 

and 1-3) and summer (months 4-9). On average the change in price occurred one hour earlier 

during the summer case than the winter case, resulting in the night definition for the summer to 

be between 23 and 04 and winter to be between 00 and 05. Secondly, the Spot price 12h spread 

measures the last 12-hour price difference of the spot price. The figure gives an indication of the 

price difference between day and night and morning and evening. Additionally, an indicator 

showing if the FRR-A has active reserves for an hour or not was added as empirical testing 

showed some competitiveness in prices between FCR-N and FRR-A during those hours, making 

it a factor on similar conditions as the spot price. Lastly, Load derivative represents the change in 

load from the hour before to the current hour. This means that an increase in load will result in a 

positive derivative, and a decrease in a negative derivative. 

5.6.5 Model robustness 

To ensure that the model produces reliable and consistent results, the model has been tested for 

its robustness. MSE has been the main measure to evaluate the predictive power of the model. A 

study of the residuals, which is the difference between the model estimate and the actual target 

value, has been performed to further investigate the behaviour of the model under different 

conditions; a common method in many studies using ANN models (Hanping, Taojun, & Chien-

Shen, 2012; Cadenas & Rivera, 2010; Cao & Cao, 2006). The residuals are presented in Chapter 9, 
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summarised in a histogram to display their distribution. A good model will have its residuals 

centred at zero, with a high occurrence of close to zero values and a symmetric fall off in 

frequency of deviations in both directions from zero. Residual points that are far from following 

this behaviour will be analysed individually to explain the unique situation of the data point. The 

process of this analysis will be developed in Chapter 5.8.  

In addition to the MSE and the residuals, the regression plots of the model have also been 

analysed. Regression plots are a common tool to evaluate the performance of any model, and 

many application of it in conjunction with ANN model can be found in literature (Zhibin, 

Xiaohu, Hu, & Jun, 2014; Godini, Ghadrdan, Omidkhah, & Madaeni, 2011; He, o.a., 2011; Cho, 

Sthiannopkao, Pachepsky, Kim, & Kim, 2011). As the model in this study uses both training- and 

a test dataset, the regression plots will be presented separately for both datasets. An accurate 

model will show a linear dependability between the predicted values and the actual values. A 

common measure of how well the model describes the data is the Coefficient of Determination 

(R2), which has also been used in this study. 

Finally, the model was presented with new data for March 2015. The same analysis methods 

described above has been applied to this dataset in order to validate the generalizability of the 

model. The results from this analysis will also be presented in Chapter 9. 

5.7 Significance analysis 

In order to determine the individual importance of each driver, in relation to the others 

identified, a method for testing the significance of each input parameter of an ANN model 

developed by Kemp et al. (2007) was applied. The MATLAB code for this test can be found in 

Appendix E. The method is based on input randomization and Mean Squared Error (MSE) 

measurements. The benefits of this method in comparison to common simulation based 

approaches are that no prior knowledge about weight optimisation is required, the method’s 

versatile application with different modelling software’s and the use of the common performance 

index MSE (Kemp, Zaradic, & Hansen, 2007). 

The method is composed by the following six steps, based on the description by Kemp et al. 

(2007): 

1. Rescale the input data on the interval [-1,1] 

2. Train the network with the new inputs 

3. Simulate the network 

4. Calculate the MSE of the model 

5. Replace one of the input parameters with uniformly distributed random values in the 

interval [-1,1] and feed it to the network 

6. Repeating the procedure from step 3 for each input parameter. 

(1) The preprocessing of input data and rescaling it to a standard form allows for equivalent 

comparisons between the drivers significance for the models predictive power, and thereby the 

importance for the price. (2) Retraining is required as the value of the input parameters has been 
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altered, however this does not affect the output of the model which will give the same output as 

with the original data. (3) Simulate the network for the new rescaled data. (4) MSE is the 

performance index for the method and needs to be compared to the original case, and all 

randomized cases. (5) The randomization of one input parameter at a time is the main process of 

this method and generates a new output which has all the same features of the original data 

accept from the randomly distributed parameter. This makes the method able to compare the 

results and determine the relative significance of the drivers. (6) Finally the process is repeated for 

each input parameter to obtain the relative significance of each variable. The iterative process is 

displayed in Figure 22.  

 

Figure 22 - Schematic representation of input significance test. 

When simulating the system with one parameter randomized, the change in MSE from the 

original data will represent the parameters effect on the predictive power of the model. As all 

parameter have been standardised, the change in MSE will directly represent how big of an 

influence the driver has. Therefore, when all parameters has been randomised and simulated, the 

MSE of each run will tell the relative importance. (Kemp, Zaradic, & Hansen, 2007) 

5.8 Outlier analysis 

For some of the historical data points, the predicted value of the model and the actual recorded 

value deviate significantly. To gain a better understanding regarding the model prediction’s 

deviation from the real value of the FCR-N progress, and in extension a better understanding of 

how the price of FCR-N is affected, these points has been analysed outside of the model. A 

quantitative method for modelling usually results in a number of outliers, traditionally seen as 

errors created by the model itself. The most significant outliers from this research have been 

analysed in a case study, as it is a method that enables in-depth analysis of each outlier case to 

effectively capture the characteristics of the outlier (Timmons & Cairns, 2010).  The identification 

of outliers was made based on both MSE and the Mean Absolute Percentage Error (MAPE) to 

avoid systematically picking high or low price outliers. Thomas (2010) suggests that the case 

study should start from the existing knowledge of the researchers and thereafter go in-depth 

where it is needed. The analysis of the outliers in this study was based on the qualitative 

knowledge about the FCR-N behaviour, gained from the interview study. Additional data about 

wind power production, power plant availability, import or export, weather and hydro constraints 

were collected for the outliers to bring a richer context to the market condition at the time. If the 

value of the outlier point still could not be derived from the new context, the deviation is to be 

considered as unexplainable variance to the method of this study. The results from the outlier 

analysis are presented in Chapter 7.1. 
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5.9 Reliability and validity 

This chapter discusses the reliability and validity of this study. Both the qualitative and 

quantitative parts of this project can be evaluated by its reliability and validity, thus will all 

methods be included in this chapter. The methods discussed are therefore the literature review, 

the interviews, the use of secondary quantitative data and the ANN model. 

5.9.1 Literature review 

The amount of literature regarding the FCR-N product is scarce, as there has not been much 

research done in this field. The literature used in this paper has been from textbooks, articles in 

academic journals and conference proceedings, reports written by governmental and stakeholder 

organisations, and in some cases other master’s thesis work. The wide spread of sources has been 

chosen in order to ensure enough depth of the research and thereby increase the validity. 

Furthermore, finding different types of sources with the same content gives an indication of high 

validity for that statement.  

Peer-reviewed articles were given a focus as the main source as these in general have high 

reliability for the provided information. If no such article was available, other sources were 

considered. In cases where the literature has given information that seemed uncertain, 

triangulation was done by asking the interviewees about that particular information. The same 

approach is valid for stakeholder reports as they generally might have an agenda with the report 

and thus not provides objective information, which is crucial for high validity. 

5.9.2 Interviews 

Qualitative approaches tend to have low reliability since interpretations are highly dependent on 

how the researcher explain and understand the reality (Collis & Hussey, 2014). To increase the 

reliability of the interviews, the procedure of the interview and its associated analysis has been 

thoroughly described in Chapters 5.3.1 and 5.3.2.  

All interviews were conducted based on the same interview guide with questions phrased in an 

unbiased way. To reduce bias and increase reliability of the data collected from interviews, the 

selected interviewees were picked from different areas in the field. This way, interviewee 

perceptions could be avoided as an influence on the result. This method is referred to as data 

triangulation and aims at increasing the amount of perspectives of the same phenomena in order 

to gain a richer understanding of object of study (Collis & Hussey, 2014). 

A common problem in interview studies is interviewees having certain expectations on how to 

answer a question, or try to represent the organisational policy instead of perceived experience. 

This has been countered in this study by making the interviewee comfortable and by using 

follow-up questions, as suggested by Collis and Hussey (2014). To ensure a comfortable setting, 

each interview was conducted at the interviewee’s choice of location to provide a familiar and 

safe environment. The interview commenced by a short period of small talk to put the 

interviewee at ease and was then followed by a short introduction to the research project in order 

to give the interview a context and avoid bias.  
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Before the publication of this thesis, each interviewee was sent a draft of the sections supported 

by his or her citations for review. This was done in order to verify the researcher’s interpretations 

of the statements, for the purpose of increasing the validity of the results (Collis & Hussey, 2014).  

In addition, to improve both the reliability and validity of this study, methodological triangulation 

has been used were the findings of the interviews has been verified by the comparative analysis of 

historical data. 

5.9.3 Secondary quantitative data 

As mentioned in Chapter 5.4, secondary data has been used in this study to conduct the 

quantitative analysis. The data used for this analysis covers 20 variables, with hourly 

measurements from April 1st, 2011 to March 1st, 2015. This means that the collection of data 

would have been very time consuming. As time is a strong limitation in this master thesis study, 

the use of secondary data has been the choice as suggested with this type of data series (Koziol & 

Arthur, 2011; Boslaugh, 2007; Smith E. , 2008).  

The benefits of using secondary data has been described by Boslaugh (2007) and Koziol & 

Arthur (2011) as “saving time and money as data collection is already completed, higher quality of data as the 

collection is usually performed with expertise and professionalism and finally the breadth of data available”. The 

reliability of large-scale data is sometimes questioned as it might contain errors. But as mentioned 

by Smith (2008), a “healthy scepticism” towards all types of data is suggested as neither primary nor 

secondary data is error free. Another common criticism about secondary data is collector bias or 

manipulation by data owner (Koziol & Arthur, 2011; Smith E. , 2008). The problem originates 

from a lack of information of how data was collected and processed, leading to a possible 

misinterpretation of the data by the researcher. In this case however, the data mostly originates 

from measurements or forecasts and leaves small amounts of possible interpretations. 

Additionally, all data were gathered from EU initiated transparency programs or governmental 

organisations, whom have no incitements to manipulate the data for its own benefits. 

The validity of the secondary data was ensured by the use of method triangulation, also 

mentioned in Chapter 5.3.1. By collecting data only for the variables identified by the 

interviewees as significant for the FCR-N availability and price, the connection to the research 

question is assured and thereby the validity of the data (Collis & Hussey, 2014; Pierce, 2008).  

5.9.4 ANN model 

Artificial neural networks (ANN) have been applied in many similar studies (Deoras, 2010; Guo 

& Luh, 2004; Gupta, Chawla, & Chawla, 2013) and have proven to generate accurate results that 

imply high reliability for this kind of method. To evaluate the reliability of the particular model in 

this study, two different measures have been used: Mean Squared Error (MSE) and Mean 

Absolute Percentage Error (MAPE), the definitions of the two are presented in Equations 8 and 

9. 
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Eq. (9) 

Where: 

�̂�𝑖 = Model prediction value (EUR/MW) 

𝑌𝑖 = True value (EUR/MW) 

𝑛 = Number of predictions 

As mentioned in the Chapter 5.6.3 about the training algorithm, MSE was used as the accuracy 

measure of this process. MAPE was also calculated for every alternation of the model to 

investigate significance of variations at low prices. Most significant for the reliability of the model 

is the number of neurons in the hidden layers. For this reason, the number of neurons in each 

hidden layer has been altered and the network retrained in order to monitor accuracy and 

performance. The final choice of neurons was a trade-off between accuracy and performance 

where the most accurate configuration with reasonable runtimes was used. 

Overfitting is a potential problem for both the reliability and the validity of an ANN model as it 

results in an inconsistent behaviour of the model. To avoid overfitting during the training of the 

model, the number of neurons in each layer were increased gradually from a low level to easily 

identify when oscillations occurred, as suggested by Hudson Beale et al. (2014). 

Actions to improve generalizability have been described in Chapter 5.6.3. The purpose of these 

actions is to make the model handle new data more accurately by eliminating the models 

dependability on initial value of the training process.  

The validity of the model has been ensured by developing the model based on the interviewees’ 

descriptions of the factors interfering with the model target, giving a qualitative connection 

between the model and the reality. Additionally, cross referencing of the model output with the 

actual values for the historical data was used to further validate the model. 

5.10 Limitations 

Given the constraints of time and data presented in Chapter 1.5, a number of assumptions have 

been made in order to complete the project while keeping a satisfactory quality. The limitations 

and constraints were made with the goal that the assumptions would reflect the reality as good as 

possible. The following limitations have been made inside the boundaries of this project: 

 No data prior to April 1st 2011 has been used in this project. This limitation derives from 

a change in the product portfolio at Svenska Kraftnät where the FCR-N product was 

created as an entity. Due to this, the timeframe could limit the analysis, as not enough 

data is available to fully negate yearly deviations. 

 Wind power production data was not available for Sweden prior to 2015. Instead, data 

for DK1 has been used. This means that the connection between wind power production 

and FCR-N might show differently in the analysis than in reality. 
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 Only factors mentioned by the interviewees have been included in the statistical model. 

As the system boundaries are difficult to define in a large system such as the Nordic 

power system, choosing what to include was done by interviewing experts. While the 

experts could be said to have included the most important factors, it is possible that a few 

factors that should have been included in the model was not mentioned by the 

interviewees and therefore overlooked in this research. 

 Following a geographical restriction given by the fact that the research was conducted in 

Stockholm, only Stockholm-based interviewees was considered in order to be able to 

conduct all interviews face-to-face. Experts from anywhere else in the Nordic countries 

might have been able to contribute with more insight on a general level. 

 A critical assumption is that all stakeholders are rational, acting according to the financial 

and technical fundamentals for each day’s case. This is probably not true at all times due 

to differences in perceptions of the situation between different stakeholders. This 

research is justified in the problem formulation by the lack of rationality from all 

stakeholders due to lack of sufficient information. Given this, some unexplainable 

variance is expected in the results due to lack of rationality in some decisions from the 

actors. 

 The method of using interviewees to recommend other interviewees, referred to as 

“snowballing”, could create bias in the interview results as interviewees are likely to 

recommend friends or persons with similar opinions. This potential bias was limited by 

starting with interviewees with opposing roles and opinion; however some interview 

result bias is expected to exist. 
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6 Qualitative results 

This chapter contains the results derived from the interviews as well as the comparative analysis. First, a summary 

of the results from the interview study in presented, followed by a more elaborate presentation of the results from 

both methods simultaneously. The structure of this chapter has been developed around the factors that were 

identified by the interviewees. 

The interviews resulted in several factors perceived as affecting the FCR-N availability. Figure 23 

shows a compilation of the factors discussed by the interviewees. Following the compilation is a 

presentation of each factor separately. This chapter also includes the results from the 

comparative analysis, presented in combination with the interview results. 

 

Figure 23 - A compilation of each factor mentioned in the interviews and the number of 
interviewee who discussed the factors impact on the FCR-N product. 

6.1 Spot prices 

Spot prices were brought up by the interviewees as having a large influence on the FCR-N. This 

corresponds to the relationship between spot prices and FCR-N, which was shown in Equation 

3-6. As the spot market and FCR-N capacity are closely linked due to the fact that it is the same 

power plants producing, the opportunity cost will be reflected in the FCR-N bids (Almbladh, 

2015; Amelin, 2015b; Bergman, 2015; Bäck, 2015; Silver, 2015). The spot price opportunity cost 

as a driver agrees to Franzén’s findings presented in Chapter 3.2. Furthermore, the link between 

spot prices and FCR-N is deemed as logical due to the cost of reserving capacity being heavily 

influenced by the available energy on the market as a whole, which is mirrored in the spot price 

(Amelin, 2015b; Björklund, 2015; Söder, 2015). 

“Everything is connected to the spot price, the most important parameter is the spot price” 

– Yngve Björklund 
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The relationship between the FCR-N and the spot prices for the same hour are depicted in 

Figure 24. Whilst there is a clear connection where high spot prices always entails a low FCR-N 

price, the overall trend does not show signs of a relationship. With an R2-value of 0.0872, no fit 

could be observed between the data and the regression line. This could be seen as an indication 

that other factors have an impact on the FCR-N price beyond the spot price. 

 

Figure 24 - The relationship between FCR-N and spot prices. (Nord Pool Spot, 2015a) 

6.2 Time of day 

Chapter 3.1 verifies a fluctuating intraday electricity load. This condition is mentioned by the 

interviewees as potentially being influential on the FCR-N. With an overall lower load and less 

utilization of hydropower production during the night, this should affect the FCR-N price as less 

hydropower and lower spot prices should result in higher opportunity costs for producing at that 

time and therefore resulting in higher FCR-N prices. As the opportunity cost is more prevalent 

during the night when production could be moved to a more profitable hour, the risk of offering 

capacity at this time will be seen in the FCR-N price to cover the lost profit from the spot market 

(Almbladh, 2015; Bergman, 2015; Silver, 2015; Söder, 2015). 

This implies that the conclusions drawn from the hourly load variations presented in Figure 9, 

with low consumption during nights and weekends, should result in the inverse for the FCR-N 

prices.  

“By moving production from day to night, the spot price differences between night and day will 

become interesting [for the FCR-N price]”  

– Per Almbladh 
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A strong connection for intraday hourly variations can be seen in Figure 25, where the average 

FCR-N price for each hour of the day during the period of April 2011 to March 2015 is 

presented. The data displays a 0.8627 fit to a quadratic polynomial regression line according to 

the R2-value, clearly showing that the factor has a periodicity of 24 hours.  The data also 

expresses a clear distinction between day and night, indicated in Figure 25 by a steep jump in 

price during the morning and evening hours. 

 

Figure 25 - Average FCR-N prices per hour of the day. (Nord Pool Spot, 2015a) 

6.3 Seasonality  

Given that the load changes over a year, as shown in Figure 8 in Chapter 3.1, most interviewees 

pointed out that there should be a seasonality effect on the FCR-N inversely correlated with the 

load and production curve. The negative correlation is derived from Eq. 5, presented in Chapter 

2.2.2, which states that producers are allowed to charge for compensation if they could earn more 

at another time on another market.  

The price during the summer is believed to be higher than the winter as reserving the capacity 

implies that the power plant must be ran at a time with relatively low spot prices during a period 

where preserving the water for the future is preferable (Amelin, 2015b; Björklund, 2015; Jansson, 

2015; Silver, 2015; Söder, 2015; Bäck, 2015). The physical and legislative restrictions of the 

hydropower, which is presented in Chapter 6.4, further increase the seasonality effects as these 

restrictions changes over the year.  
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“With more power production with ability to deliver primary regulations, more FCR-N will be 

available to the market. In general there are more available FCR-N during the winter than 

the summer”  

– Martin Nilsson 

An analysis of data for the average FCR-N price per month from April 2011 to March 2015 

implies a strong seasonality effect, which can be seen in Figure 26. The curve follows the 

periodical pattern, with a seasonality given from the four seasons, to a degree of 0.969 measured 

by the R2-value. Seasonality could therefore be classified as a driver for the FCR-N, as both 

interviews and data show that there should be a connection between the two. 

 

Figure 26 - Average FCR-N price per month. (Nord Pool Spot, 2015a) 

6.4 Hydrological factors 

A clear majority of the interviewees named hydrological factors as essential for the price 

development and availability of FCR-N. Given the current form of the Nordic electricity market, 

the availability and in extension the production in the hydroelectric power plants have a direct 

impact of the availability of FCR-N (Almbladh, 2015; Amelin, 2015b; Björklund, 2015; Jansson, 

2015; Nilsson, 2015; Söder, 2015; Bäck, 2015). This is found due to the high share of hydropower 

supplying the FCR-N capacity. The amount of water in the reservoirs, current and expected 

inflow, discharge, and potential spillage are factors that need to be taken into consideration. 

Furthermore, the regulations surrounding hydroelectric production sometimes forces producers 

to act in certain ways that might not always be beneficial for the FCR-N capacity (Almbladh, 

2015; Björklund, 2015; Jansson, 2015; Söder, 2015). Examples of these regulations are forced 

minimum flow in the rivers and stabilised water levels during the summer to cater for the local 

resident’s needs. Not only including the values for Sweden, Norway’s hydrological conditions 

were also mentioned to be important for the FCR-N price and availability. 
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“The regulations surrounding hydropower is at least as important for regulating power 

and control capabilities”  

– Kjell Jansson 

Figure 27 displays the relationship between FCR-N prices and hydropower production. A linear 

relation of higher FCR-N prices for lower levels of hydropower production can be established 

from the data, which agrees to the interviewees’ perception of the connection between FCR-N 

prices and hydropower production. Although the data spread is quite large for the entire range, 

an R2-value of 0.5663 for the linear regression fit indicates that the hydropower has a connection 

to the FCR-N price. 

 

Figure 27 - FCR-N prices for different levels of hydropower production. (Nord Pool Spot, 2015a) 

The statement that FCR-N is affected by the inflow can be seen statistically in Figure 28, for 

Swedish values from April 2011 to March 2015. The trend line, with an R2-value of 0.7725, 

indicates a connection between higher average FCR-N prices for larger amounts of inflow. The 

same trend can be noticed for the Norwegian inflow, which can be seen in Appendix A. 
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Figure 28 - Average FCR-N price for different inflows. (Nord Pool Spot, 2015a) 

The reservoir content connection to FCR-N prices is shown in Figure 29. The data does not 

show any clear connection that was suggested by the interviewees, but still shows a fit to the 

degree of 0.6778 measured by the R2-value. Higher prices during times of low hydro reservoir 

contents can be established, the variation in the other values could most likely be derived from 

the seasonality factor shown earlier in Figure 26. A study of the Norwegian reservoir content data 

shows similarities with the Figure 29 and can be seen in Appendix B. 
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Figure 29 - Average FCR-N price for different levels in the hydro reservoirs. (Nord Pool Spot, 
2015a) 

6.5 Expected market development 

The expected market development is said to be important as the opportunity cost of other 

markets influence the FCR-N. Unpredictability and uncertainties are tied in with the FCR-N 

procurement when it comes to rescheduling of production. As the producers are reserving 

capacity, the payment has to match or exceed the opportunity cost of any suitable market at any 

physically possible trading period (Bergman, 2015; Björklund, 2015; Nilsson, 2015; Silver, 2015; 

Söder, 2015). 

“If the producers are to reserve power, they need to be compensated accordingly to 

comparable prices on other markets” 

 – Lars Bergman 

As expected market development is based on the perception of every individual actor, a 

quantifiable measure for long-term simulations is impossible to define. Expected market 

development could rather be said to account for some of the unexplained variance during the 

modelling phase.  

6.6 Transmission constraints 

Initial interviews indicated an uncertainty regarding if the TSO needed to take transmission 

constraints into account for the procurement of FCR-N. However, some interviewees pointed 

out that the TSO have adjusted their net transmission capacity in order to have a margin for 

products like FCR-N (Almbladh, 2015; Nilsson, 2015; Söder, 2015; Bäck, 2015). The FCR-N 

product is activated on frequency and not per bidding zone, thus the transmission reliability 

margin is designed to cover these types of products. The concept of creating a difference 

between total transmission capacity and net transmission capacity was described in Chapter 2.4, 
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showing that the TSO does not need to take transmission constraints into account when 

procuring the FCR-N product. Because of these findings, transmission constraints will not be 

seen as a factor affecting the FCR-N price or availability.  

“The TSO sends their transmission capacity for each hour to Nordpool before the price is 

set. Thus, incentives exist to keep a transmission margin [in contrast to countertrading]” 

– Lennart Söder 

6.7 Production status 

Several of the interviewees talked about the availability of the total electricity production capacity 

as important, where production status would have an influence on the FCR-N availability. Power 

plants under audit, maintenance work or simply not in operation due to economic reasons could 

consequently not offer any FCR-N capacity, implying that the operational status might be 

important for the availability of FCR-N (Bergman, 2015; Björklund, 2015; Jansson, 2015; Silver, 

2015; Söder, 2015; Bäck, 2015). Furthermore, a large share of production from other sources 

than hydropower gives low availability of FCR-N as more FCR-N suppliers than usual are 

disconnected (Almbladh, 2015; Silver, 2015; Söder, 2015). The other source could be wind power 

on a windy day but is not limited to that; large availability in the nuclear power plants or high 

import of electricity may have the same effect. 

“It is interesting to follow who delivers FCR-N for each hour, as the production status 

in the system should have an impact” 

 – Jan-Ola Silver 

As the production status is not compiled in a quantifiable way suitable for the time frame of this 

project, the production status cannot be included in the ANN model regardless of the indications 

given by the interviewees. Instead, production status will be used as an explanation for some of 

the unexpected variances in the model and in the case study done on the model’s outliers which 

can be seen in Chapter 7.2. 

6.8 Wind power production forecasts 

Whilst the need for FCR-N may increase due to larger amounts of wind power, the interviewees’ 

opinion differed heavily regarding if wind power forecasts have an impact on the FCR-N 

availability on a daily basis. One argument used was coupled to the wind power forecasts’ impact 

on the spot price; stating that a larger amount of wind power reduces the amount of hydropower 

plants in the system and thus affecting the availability of FCR-N (Amelin, 2015b; Silver, 2015; 

Söder, 2015; Bäck, 2015). This argument agrees to the findings in Figure 13 in Chapter 3.4, where 

spot prices are shown to be reduced for a higher share of wind power penetration. On the other 

hand, if wind power forecasts only affect the FCR-N indirectly via the spot price it could be 

argued that this factor is already covered by the spot price factor and would therefore imply that 

wind power forecasts have no connection to the FCR-N price (Almbladh, 2015; Amelin, 2015b; 

Bergman, 2015; Silver, 2015; Åhman, 2015). 

“It is hard to see a direct connection to the FCR-N product [from wind power forecasts]” 

 – Mikael Amelin 
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Figure 30 shows the FCR-N price as a function of the prognosticated wind power production in 

DK1 during the year 2013. No linear or nonlinear connection can be found between the data, 

suggesting that wind power forecasts have no direct causation on the FCR-N price. A linear fit 

gives an R2-value of 0.0023, where a zero-value would indicate no fit between the data and the 

trend line. Thus, the data seems to confirm the interviewees’ answers that wind power forecasts 

should not be a factor included in the quantitative analysis part of this project. 

 

 

Figure 30 - FCR-N price and prognosticated wind power. (Nord Pool Spot, 2015a) 
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7 Quantitative results 

This chapter covers the significance analysis which was done according to the method presented in Chapter 5.7. The 

outlier analysis follows with an individual presentation of each case in the case study. The method for the outlier 

analysis can be found in chapter 5.8. 

7.1 Significance analysis 

This chapter presents the result of the input randomization significance analysis described in 

Chapter 5.7. The graphical representations of the result are boxplots from 20 model simulations 

samples. Figure 31 shows an overview of all parameters and their individual effect on the models 

MSE. These should be compared to the actual model’s MSE, which is displayed in the figure as a 

reference and has a value of about 7.03. If a randomization of a parameter causes the MSE to 

rise, it means that the parameter is significant for the models predictive power. Specifically, a 

higher MSE gives higher significance. 

 

Figure 31 - Overview of results from significance analysis. 

Figure 31 is detailed enough to show that it is possible to separate the parameters into three 

different tiers as there are a clear distinction level-wise in the significance. The top tier can be said 

to consist of six input parameters, Day of the year, Hour, Day or night, Previous 24h average 

FCR-N, Reservoir level NO and Reservoir level SE, as these show considerably higher 
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significances than the other parameters, raising the MSE above 70. The five least significant 

parameters are covered in the bottom tier with MSEs below 20. The parameters in the bottom 

tier are Weekend, FRR-A, Reservoir inflow NO, Total production and Load derivative. The 

other nine parameters show a moderate significance to the model’s performance and are 

classified into the middle tier. 

The confidence in the boxplots was set to 95 % meaning that the ranking of the model’s relative 

input significance, shown in Table 5, is accurate with 95 % confidence. The ranking displayed 

here however, only shows the model’s significance to each parameter and does not account for 

the inaccuracy of the model. The robustness of the model will be presented in Chapter 9 and its 

influence on the significance results will be discussed in Chapter 10. 

Table 5 - Ranking of input significance. 

Randomized parameter Relative 

significance 

Previous 24h average FCR-N 1 

Reservoir level SE 2 

Day of the year 3 

Hour 4 

Reservoir level NO 5 

Day or night 6 

Spot price 7 

Spot price 12h spread 8 

Previous week average FCR-N 9 

Reservoir inflow SE 10 

Week 11 

Month 12 

Hydro production 13 

Previous year’s FCR-N 14 

Load forecast 15 

Total production 16 

Reservoir inflow NO 17 

Load derivative 18 

FRR-A 19 

Weekend 20 
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7.2 Outlier analysis 

The outlier analysis was conducted according to the case study method presented in Chapter 5.8. 

11 outliers was distinguished and analysed separately. 

Case 1 

This case happened on the date of 2012-05-15 between 07:00 and 11:00. A period of thaw during 

the late spring gave high levels of inflow during this entire week in May. Due to a cold April and 

a rainy spring, the outflow to the Gulf of Bothnia was significantly higher than the average for 

May. This fact, combined with high hydropower production for the particular hours, indicates a 

state of forced hydropower production. As the general connection between inflow and FCR-N 

shows a linear increase while the connection between hydropower production and FCR-N shows 

a linear decrease, a conflict occurs in the model where the most significant factor, inflow, forces 

the model to expect a relatively high FCR-N price. Due to the high demand of power for the 

hours, both for consumption and export, the availability of FCR-N could still be kept at normal 

operating conditions and therefore have a lower than expected price. Thus, the model overvalues 

the FCR-N price. 

Case 2 

This case happened on the date of 2012-06-11 between 05:00 and 07:00. The same arguments 

used in Case 1 are valid for these hours on the 11th of June, as the inflows are still high in 

comparison to the normal values for June. An export of almost 3500 MW is also shown in the 

data, meaning that the normal connection between load forecast and FCR-N are not applicable in 

this case. In this case, the model overvalues the FCR-N price in comparison to reality. The model 

gets the indication of a high FCR-N price due to the Month and Load forecast factor, while the 

Total production and high amount of export gives a low FCR-N price in reality. 

Case 3 

This case happened on the date of 2013-06-26 between 05:00 and 06:00. For this morning in 

June, a high share of wind power production was noted. This pushes the spot price and 

hydropower production to lower levels than usual. However, the load estimate is off by over 

2000 MW compared to the actual value. This would give the model an indication that the 

availability is lower than in reality as lower load indicates higher prices, thus making the model to 

overestimate the FCR-N price. 

Case 4 

This case happened on the date of 2013-07-14 between 07:00 and 10:00. Occurring in the middle 

of the summer, the hydropower production stands for between 27 % and 34 % during these 

hours. This is significantly lower than the yearly average and also lower than an average summer 

day. This could probably be derived from the high wind power production during a period with 

low demand for electricity. It is likely that the hydropower plants producing are also supplying 

FCR-N capacity, meaning that the availability is higher than expected for these low levels of 

hydropower production. This gives that the model interprets the numbers in a way that gives 

higher FCR-N prices than the reality shows. 
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Case 5 

This case happened on the date of 2013-08-17 between 14:00 and 15:00. This case occurred 

during the middle of the day, a rare outlier compared to the other cases. The values are mostly 

the same as the hours before and after, and comparable hours during adjacent days, which can be 

said to indicate why the model does not treat these points any differently and misses the spike 

that actually occurred. An explanation could although be found by checking the production 

status change in the hydropower plants. Several large hydropower plants that are likely to provide 

FCR-N capacity are stopped only for these particular hours, like Grundfors, Ritsem and 

Trängslet in Sweden and Svartisen in Norway. That would mean that other, more expensive 

plants would deliver the capacity for the hours and therefore create a spike in the FCR-N average 

price. 

Case 6 

This case happened on the date of 2013-08-31 between 09:00 and 21:00. During the day of the 

31st of September 2013, the model overestimates the expected FCR-N price compared to the 

actual value. The weather for the day was unexpectedly windy with wind power production 

reaching high levels. The sudden change from still conditions during the previous day, to the 

windy conditions of the 31st most likely lead to forecasting errors by the FCR-N suppliers leading 

to a lower price for this day than expected in relation to the conditions. The day after the outlier 

shows similar conditions but with a FCR-N price more similar to the model’s value. This could 

be an indication that the wind was not expected to arrive during the 31st and not accounted for in 

the price setting for the FCR-N, but included in the pricing for the day after. 

Case 7 

This case happened on the date of 2013-12-02 between 06:00 and 08:00. The morning of the 2nd 

of December 2013 was characterised by many disruptions in nuclear power plants in the Nordic 

system. Forsmark 1 had been out of service for about a week, the Finnish power plants Loviisa 1 

and Olkiluoto 1 encountered immediate failures on the 28th of November and the 1st of 

December that forced them to shut down. These disruptions led to high hydro production, to 

cover the loss in nuclear production, and to high spot prices of 50 EUR/MWh. As a result, the 

model shows predictions of FCR-N lower than the actual recorded value, as the market status 

was more strained than what the model could perceive. 

Case 8 

This case happened on the dates of 2013-12-03 between 06:00 and 08:00 and 2013-12-06 

between 06:00 and 08:00. The model creates an underestimation during these hours in December 

2013, which could be derived from the fact that the FRR-A product was also procured by the 

TSO. This would normally indicate a slower decline in FCR-N price, but the model behaves in 

this case like there would not be any FRR-A procured for the hours. A scenario including a steep 

jump between night and day are thus modelled, where a smoother decline for several hours is the 

actual sequence of events. A larger load increase than normal are observed which could explain 

why the model would try to fit these hours as day hours and underestimate the effect FRR-A will 

have on the FCR-N availability. 
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Case 9 

This case happened on the dates of 2014-05-26 and 2014-05-27. The model has difficulties 

describing the spiky and unusual behaviour of the FCR-N price during these two days of week 

22. The price does not follow its normal patterns of two distinct levels between day and night; 

rather it changes value between each hour in a random-like manor. From the data collected it can 

be observed that the week of 22 in 2014 had high amounts of inflow to the hydro reservoirs, 

about 4 600 GWh in Sweden. At the same time, a lot of hydro production was included in the 

energy mix with a peak production of about 10 000 MW or 60 % of the total production in 

Sweden. Thus, the data conflicts with reality as the production would indicate high availability of 

FCR-N while the high inflow in reality functions as the deciding factor in order to avoid 

unnecessary spillage.   

Case 10 

This case happened on the dates of 2014-09-16 between 21:00 and 23:00 and 2014-09-19 

between 20:00 and 22:00. Two evenings of September 2014 shows lower FCR-N prices than 

predicted by the model. During the hours that this outlier occurred, the FRR-A product was also 

procured by the TSOs. The models predictions follows the normal pattern of hours with FRR-A, 

with a slightly higher price the without FRR-A. However, the FCR-N behaves like FRR-A was 

not procured during these two days. The logical explanation would be that there has been 

extraordinarily good availability of regulating power during these hours that could not be derived 

from the aggregated hydropower production but rather the specific composition of power plants 

supplying on these nights. 

Case 11 

This case happened on the date of 2014-09-27 between 06:00 and 08:00. During these two 

morning hours, the model overestimates the price of FCR-N. The conditions of this autumn 

morning were very windy with the Swedish wind power production reaching about 3700 MW 

during these hours. This high wind power production led to an extremely low hydropower 

production of only 2 700 MW while still having an excess of 2 000 MW for export. The 

overestimation derives from the extremely low hydro production that indicates a lack of 

regulating power, however sufficient amount of FCR-N could be provided by the hydropower in 

operation in this case.  
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8 Overview of the analysis 

This chapter summarises the qualitative and quantitative results in a four-field matrix. The four-field matrix is 

used for the purpose of combining the two different types of results in a comprehensible way. It is also a way to 

present the similarities and differences found by the two types of methods used in this research.  

This chapter compares the qualitative and quantitative results by illustrating them in a four-field 

matrix. By the nature of the results, only three fields are used. The three fields used are: not 

mentioned by the interviewees as significant but found as a significant factor in the quantitative 

analysis, mentioned by the interviewees but not found as a significant factor in the quantitative 

analysis and mentioned by the interviewees and found as significant in the quantitative analysis. 

The fourth field, not mentioned by the interviewees and not found as a significant factor, is not 

applicable in this study as this would include even the most implausible factors and the field is 

therefore shown as grey in the matrix. 

 Not found as a factor in the 

quantitative analysis 

Found as a factor in the 

quantitative analysis 

Factor not mentioned 

by the interviewees 

 Wind power 

FRR-A 

 

Factor mentioned by 

the interviewees 

Weekend 

Reservoir inflow 

Production status 

Spot prices 

Time of day 

Seasonality 

Hydro 

production 

Water availability 

Figure 32 - Four-field matrix of the qualitative and quantitative results. 

Factors not mentioned by the interviewees but found as a factor in the quantitative analysis 

The wind powers influence on the FCR-N price was omitted by most interviewees by arguing 

that the wind power penetration only affects the long-term need of regulatory capacity, or that 

the impact would be indirect via the spot price. The findings in the comparative analysis also 

reaffirmed the omitting of the relationship between the two. However, the outlier analysis of the 

quantitative results has shown that high output from the wind power plants usually results in low 

hydro production, making the FCR-N product a scarce resource for the TSOs. 

Additionally, the newly introduced capacity reserve, FRR-A, was not mentioned by any of the 

interviewees as a plausible factor of the availability of FCR-N. But by studying the price of FCR-

N during hours of FRR-A procurement and comparing it to hours without FRR-A during similar 

conditions, a systematic increase of the FCR-N price during FRR-A hours was found. 
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Factors mentioned by the interviewees but not found as a factor in the quantitative analysis 

The Day of the week, and especially Weekend was mentioned by several interviewees as a 

significant factor, implying higher prices during weekends as the total generation is lower during 

these days. The quantitative analysis however showed that the Weekend factor has a very low 

significance and no outliers were found to be explained by this factor either. 

Another factor mentioned by the interviewees as a significant factor was the Reservoir inflow. 

Interviewees argued that high inflow levels could put constraints on the hydropower production 

and altering the supply of FCR-N in both directions. However, the significance analysis 

performed showed very low significance of the inflow to the FCR-N price. On the contrary, the 

outlier analysis has shown that some hours during weeks with high inflows have resulted in 

unexpected behaviour of the FCR-N price. The low significance reported by the significance test 

is probably a result of the low resolution on the inflow measurements, as they are recorded 

weekly. 

Similarly to the inflow, production status in different power plants were mentioned as a factor by 

the interviewees but could only be found as a factor in specific cases in the outlier analysis. 

Specifically, disruptions in any of the Nordic nuclear power plants or in several major 

hydropower plants generated outliers.  

Factors mentioned by the interviewees and found as a factor in the quantitative analysis 

The interview study yielded Spot price as one of the most important factors for the price of FCR-

N, as the capacity otherwise would have been used to produce electricity for the spot market. It 

was confirmed in the comparative analysis that high spot prices increased the probability of low 

FCR-N prices. Moreover, the significance analysis showed a moderate significance of the Spot 

price for the FCR-N price. 

The significant difference in availability of FCR-N between day and night was mentioned by 

several interviewees, arguing that the lower load during the night lessens the supply of FCR-N 

capacity. The comparative analysis confirmed these statements by showing consistently higher 

prices of the FCR-N during nights compared to daytime. This relation was further validated by 

the significance analysis, which added the insight of the night shifting to earlier hours during the 

summer compared to the winter. 

Most of the interviewees named seasonal variations as a factor that affects the price and 

availability of the FCR-N product because of the changing load depending on the season, 

alternating the production mix which was described in Chapter 3.5. It was also pointed out that 

the producers are allowed to include the loss of income from the spot market, if they choose to 

supply FCR-N capacity during summer with low spot prices, in their bids. All of these arguments 

imply higher prices of FCR-N during the summer. The comparative analysis and the quantitative 

significance analysis further confirmed the seasonal patterns described by the interviewees. 

Similarly to the seasonal factor, most interviewees indicated high importance for the amount of 

hydropower in the system. Interviewees argued that FCR-N is almost exclusively supplied by 

hydropower plants in the Nordic system, and therefore the number of hydropower plants in 

operation and their relative output would be significant for the availability of FCR-N. The 
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comparative analysis revealed a negative linear correlation between the FCR-N price and the 

amount of hydropower production, where high production levels yielded low prices and low 

production levels gave high prices. The significance test gave moderate significance to the 

hydropower production, placing it in the middle tier, confirming the overall relationship. 

The Reservoir level was described by several interviewees as an important factor for the FCR-N 

pricing as it can both put constraints on the hydro production and cause producers to hold back 

production. The comparative analysis proved correlation between low water levels in the 

reservoir and high FCR-N prices supporting the argument of water savings driving up the price. 

The significance analysis put the Reservoir level in the top tier, as one of the most important 

factors evaluated. This strongly confirms the interviewees’ perception of the Reservoir level’s 

influence for the availability and price of FCR-N.  
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9 Model performance 

The behavior and performance of the model is essential for the results that have been presented 

above. In order to evaluate the performance, the method presented in Chapter 5.6.5 has been 

applied. A Mean Square Error (MSE) of 6.6 and 8.8 was recorded for the training- and test 

datasets respectively. The slight decrease in performance for the test data in comparison to the 

training data is expected, as complete generalizability cannot be reached. The model is in this 

thesis used to describe the general relations between identified factors and the availability of 

FCR-N. Thus, the predictive power of the model is deemed sufficient to draw such conclusions. 

However, if the model were to be used as a trading aid, more effort has to be put on tuning the 

model to lower the MSE. Individual regression plots of the training, test and total data, together 

with their R2-value are presented in Figure 33, Figure 34 and Figure 35. The red line in each 

figure describes the true data and a R2 of one would mean that all points are on this line. The 

yellow lines are the model’s prediction bounds with a confidence level of 95 %, meaning that 95 

% of all predictions will fall in-between these two lines. The R2-values indicates that the model 

can describe more than 96 % of the variation in the studied FCR-N variable, leaving less than 4 

% as unexplained variance.  

 
Figure 33 - Regression plot of training data. 

 
Figure 34 - Regression plot of test data. 

 
Figure 35 - Regression plot of all data. 
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No significant difference in the models predictive power can be found between the training and 

the test dataset, indicating that the model generalises well to new data. In order to further 

investigate the generalizability of the model, a new dataset for March 2015 was presented to the 

model. The MSE from this simulation was 4.8. The results once again show that the model is not 

biased by the training data. 

In addition to the regression plots, residual distribution for all data was studied; the results can be 

seen in Figure 36. As described in Chapter 5.6.5, the desired distribution will have its centre at 

zero and a symmetric rapid falloff in both directions. Figure 36 shows a very symmetric 

distribution and a squeezed bell shape compared to the normal distribution. A common 

distribution of residuals in financial modelling is the Normal Inverse Gaussian (NIG) distribution 

and has been displayed in the same graph. It is clear that the NIG distribution approximate the 

residual distribution well. The residual mean was -0.0065, showing that the model has a minimal 

tendency to underestimate the value of FCR-N. 

 

Figure 36 - Residual distribution. 
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10 Discussion 

This chapter discusses the results and how these could be interpreted. The discussion also serves the purpose of 

building an understanding of the results to be able to draw conclusions. First is a general discussion regarding the 

study, followed by an in-depth discussion for each factor. 

With an ever-changing electricity market towards a more smart system, the importance of 

knowledge regarding every part of the system is constantly increasing. With this study, knowledge 

regarding the FCR-N availability and price were sought by investigating the factors that was seen 

as important with a qualitative approach and investigating them in quantitative way. The 

quantitative model used was developed for the purpose of identifying relationships and the 

findings of the significance analysis are dependent on the performance of the model, therefore 

was the performance evaluated in Chapter 9. Chapter 8 has shown that there exists a discrepancy 

between the prevailing perception of the drivers of the FCR-N availability in the industry and the 

actual significance given by the model. This is likely to create inconsistencies in the procurement 

and hinder the TSO from getting the FCR-N product with an optimal utilisation of the system 

resources. The discrepancy likely originates from the changing electricity market, where old 

factors might not have the same importance as before and new factors has not yet been analysed 

to their full extent. By this logic, a suboptimal availability might exist due to the apparent lack of 

knowledge. With this research, it is possible that the FCR-N product could be available to the 

TSO at more stable prices and that the procurement can be driven fully by knowledge rather than 

perception. 

10.1 Spot prices 

As seen in Chapter 8, Spot prices are a factor considered as significant by both the interviewees 

and the significance analysis. This result was to be expected as the basic price equation for FCR-

N, which can be seen in Equation 3, is heavily influenced by the current spot price. However, the 

result from the significance analysis showed that the current spot price have less of an impact 

than expected by being placed in the middle tier. This could be seen as an indication that it is not 

only the current situation that has an impact on the FCR-N product; future expectations of the 

electricity market development are ubiquitous. A sign that the spot prices have a relatively low 

impact could also be seen throughout the outlier analysis, where the spot prices behaved as 

expected but the FCR-N divided from the normal behaviour. It has thus been concluded that the 

long-term trend is of more significance for the FCR-N price then short-term variations. 

10.2 Time of day 

The Time of day was identified as important by the interviewees as the load and production 

varies depending on the activity of the society for the specific hour. Specifically, the shift between 

day and night was mentioned as important due to the fact that less available FCR-N capacity to a 

low price is a result of lower production and lower spot prices. Thus, the suppliers of the capacity 

will have to be compensated according to their opportunity cost or loss of profit from other 

markets. This concurs to the significance analysis, where the Hour and Day or night factor is 

placed into the top tier. Time of day can therefore be said to be an established and well-known 

factor. 
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Another aspect is the competition and interference from other products during different times of 

the day. The FRR-A product was not mentioned in the interviews. However, the difference 

between before and after the FRR-A product was introduced is clear. Where there was a clear 

spike between the FCR-N for the night and day hours are now a smoother change during the 

duration of the FRR-A product. The normal behaviour of the FCR-N price during hours of 

FRR-A procurement is slightly higher than a comparable hour without FRR-A. This is a result of 

the shared and limited capacity available on the market for these two products. The importance 

of FRR-A could not be seen in the significance analysis, suggesting that other factors are more 

prevalent during the FRR-A hours than FRR-A itself. 

Outliers were found due to misses in the interrelation with the secondary regulation FRR-A. Case 

8 underestimates the FCR-N price, acting like there would be no correlation between FCR-N and 

FRR-A prices. Case 10 also shows that the FRR-A could create scenarios that interfere with the 

FCR-N availability. This is shown in the significance analysis in Chapter 7.1 where FRR-A has 

one of the lowest significances. In most cases, the parameters Hour in conjunction with Month 

are sufficient to describe the FRR-As effect on the FCR-N price. However, in the outliers, other 

more significant parameters likely has interfered and pushed the expected price of FCR-N down 

lower than the actual availability suggests. This shows that the FRR-A factor have an impact 

larger than suggested by the significance analysis for specific cases. 

10.3 Seasonality 

The seasonal variations of consumption, production and spot prices on the Nordic electricity 

market were covered in Chapters 2.1 and 3.1. The summary in Chapter 8 shows that both the 

results from the interview study and the quantitative analysis supports the extension of these 

behaviours to the FCR-N product. The significance analysis placed the factors linked to 

seasonality in either the top or the middle tier. This finding was expected due to the coupling of 

the spot market and the FCR-N product, where the same units are used to deliver the power for 

both products. By describing the seasonal variations in the availability of the FCR-N product, this 

study has developed knowledge about when the availability of FCR-N is low. Given the increased 

understanding of the seasonality, producers and the TSOs can benefit from this knowledge by 

improving production planning to keep higher availability during periods where the supply is 

usually low. However, the seasonal factors can only describe the periodical mid-term variations of 

the FCR-N. The data series studied in this thesis (from April 2011 to March 2015) has revealed 

large deviations between each year, implying that other factors such as the hydrological 

conditions of the year has an impact on the cost of delivering the FCR-N capacity.  

10.4 Wind power production forecast 

As can be seen in the matrix from Chapter 8, the interview series and the comparative analysis 

yielded the wind power forecast as an insignificant factor, which then was excluded from the 

quantitative model and the significance analysis. However, the outlier analysis revealed that 

several of the outliers happened during periods of high wind power production, specifically Case 

3, Case 4, Case 6 and Case 11. The data also contained other numbers that diverged from the 

normal, like low spot prices, low hydropower production or low total production. These other 

deviances could probably be derived from the high wind power production due to the 

functionality of the marginal cost market pricing. All of these cases occurred during periods 
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where the load is relatively low for daytime, in June, July and September, indicating that the wind 

power production is more significant when it has a large impact on the production mix. While it 

was found in Chapter 6.8 that there is no clear connection between FCR-N availability and wind 

power forecasts, it seems like an influence could be established for specific summer days during 

daytime. The price of FCR-N is likely to be lower than the production mix suggested, as 

summertime puts many constraints on the hydro production. Minimal flow levels must be met 

and water levels must be kept, which can lead to low forced production levels in multiple rivers, 

resulting in a higher supply of regulatory capacity than otherwise.  

The findings suggest that high amounts of wind power production during the summer might 

sometimes increase the availability of FCR-N and lower its price. This finding is contradictory to 

the relation established between hydro production and FCR-N availability, as the increased wind 

power usually results in a lower hydro production. The increased availability in FCR-N capacity 

can for the summer cases be explained, as mentioned above, by the hydrological constraints 

during the summer. These findings could lead to the conclusion that a high wind power 

penetration does not affect the regulatory capabilities of the Nordic electricity market, opposed 

to what was described by some of the interviewees. There could however, with further expansion 

of wind power in the Nordic system, occur situations of shortage in the supply of FCR-N during 

windy winter days. But these future situations are outside of the scope of this study and were not 

investigated.  

10.5 Production status 

The production status in some key Nordic power plants, such as audits, repairs or malfunctions, 

was pointed out in the interviews as a factor that could have great impact on the short-term 

availability of FCR-N. As these situations are highly irregular, the outlier analysis was the only 

analysis tool that was expected to catch the behaviour of this factor. 

A few outliers could be observed at times where major power plants were not fully operational. 

Case 5 included a sudden change in production rate in the Swedish hydropower plants while Case 

7 involved an abnormally low availability in the Nordic nuclear power plants for a day in 

November. Planned disruptions should have a larger impact than sudden failures, as the bidding 

for FCR-N occurs one and two days ahead of delivery rendering it impossible for the actors to 

change their bids to the new market situation. This could be seen for Case 5, where there is no 

apparent change in production levels but a planned disconnection from several hydropower 

plants, removing their availability of FCR-N, that probably forced the other plants to increase 

their production but not increasing the overall FCR-N availability. The disruptions in nuclear 

power production in Case 7 created a scenario where the model could not interpret the situation 

in a correct way and therefore resulted in outliers. This implies that large production disruption 

and the stress it have on the system have a potential to interfere with the availability of FCR-N, 

as mentioned by the interviewees in Chapter 6.7. The limited amount of outliers does however 

suggest that a large, medium-term failure or production changes do not automatically imply 

changed conditions for the FCR-N availability but have the possibility to change said conditions, 

depending on the current system status when the failure happens. 

  



72 

 

10.6 Hydrological factors 

Hydrological factors, such as Reservoir inflow and Reservoir levels, were expected by the 

interviewees to be important factors due to the fact that it is the hydropower that supplies most 

of the FCR-N capacity. This was confirmed by the significance analysis, with the Reservoir level 

in Sweden ranking as the second most important factor in the whole analysis. However, a large 

spread between the different hydrological factors was observed. Specifically, the Reservoir inflow 

in Norway was the second least important factor, which indicates that not all hydrological factors 

are essential during decision-making. The spread also shows that greater knowledge in this field 

creates a possibility to select key factors while discarding unnecessary elements, which before this 

research could be considered as significant. It is likely that the widespread notion of importance 

for the hydrological factors between all actors surrounding the electricity market have created 

scenarios where the inclusion of less important hydrological factors has result in suboptimal 

solutions. By this logic, the increased knowledge of the FCR-N product given by this research 

could result in a better understanding of each case and therefore lead to better availability of 

FCR-N for both the suppliers and the TSOs. It can also be noted that the Swedish hydrological 

conditions are more significant than the Norwegian, suggesting that most of the capacity Svenska 

Kraftnät procures is supplied by Swedish hydropower plants.  

The Outlier analysis in Chapter 7.2 showed that depending on the current hydrological 

conditions, extreme inflows will have different impact on the hydropower productions. Case 1, 

Case 2 and Case 9 are all said to have originated from high levels of inflow, but it can be seen 

that the Nordic system handles these cases differently. From the outliers in Case 1 and Case 2 

where the model overestimates the FCR-N price, it is obvious that the positive correlation 

between inflow and FCR-N is not always as strong as suggested by the interviewees and the 

comparative analysis presented in Chapter 6.4. This is likely due to an interaction between the 

inflow and other hydrological factors like Reservoir level and regulations like maximum water 

level changes, which was suggested as a possible contributor by some interviewees in the same 

chapter. The probability of spillage might therefore have a higher impact on the FCR-N 

availability than the inflow for extreme levels. The situation when inflow forces producers to 

generate unusually much hydroelectric power for the season, might sometimes not affect the 

availability of FCR-N as usual. When the hydrological conditions allow the majority of the 

hydropower plants to run at a lower capacity than the maximum capacity, the plants still have 

available FCR-N capacity to be supplied as if the high inflow did not affect the production plan. 

During other periods of high inflows, it seems as hydrological regulations and physical 

constraints have forced producers to optimise their production to meet these requirements rather 

than optimising it based on spot price for optimal profitability. As a result, an abnormal price 

pattern where no difference in price levels between day and night and random spikes occurred as 

producers was face by different constraints according to local conditions. Successful forecasting 

of the inflow and accordingly customised reservoir content would therefore be important in 

order to be able to supply the TSO with sufficient capacity at times of high inflow. 
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10.7 Expected market development 

A factor that was mentioned by several of the interviewees was the expected market 

development, pointing out that not only the current situation but also the perceived development 

in the foreseeable future. This does not only describe the importance of future prices set in the 

price equations, but also shows the current process where qualitative aspects such as experience 

or a “gut-feeling” are given room besides the clear quantitative parts during decision-making. It is 

possible that the importance of expected market development is based on the lack of 

understanding for the quantitative factors, meaning that increased knowledge might decrease the 

importance of personal perceptions. 
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11 Conclusions 

The conclusions chapter describes the contributions this research has brought to field of research. The conclusions are 

drawn based on the qualitative and qualitative results and the discussion that was held for each result. The 

contributions are given both as theoretical contributions as well as practical contributions.  

11.1 Theoretical contributions 

This chapter reviews this research’s theoretical contributions. To increase the clarity, the 

contributions are presented according to each research question. 

RQ1. Which factors affect the procurement of the FCR-N product? 

By answering RQ1., an expansion in the knowledge surrounding FCR-N is made. This 

expansion, in turn, contributes to the field of electric energy systems and its functionality on a 

systemic level. With Figure 32, it is clear which factors that are perceived to, and actually affect 

availability of FCR-N. The heightened understanding may also be used in the future during 

system changes, as more information will increase the ability to define the system, its boundaries 

and its inputs. The importance of being able to define the system boundaries and inputs was 

brought up in Chapter 5.6.1 for the model used in this thesis, the arguments used holds for every 

system and the factors found in this report are therefore fundamental in future, larger system 

definitions. 

RQ2. Are the dependencies of the factors describable in a generalised way? 

The model developed in this thesis is used to answer RQ2. It is shown that an ANN model is 

able to describe the dependencies for the purpose of modelling the defined system. The model 

performance is described in Chapter 9, showing that the model can describe the factors’ 

dependencies by having a normal value close to zero and evenly distributed residuals. ANN 

models have shown success in describing various fields such as electricity spot price forecasting 

which was brought up in Chapter 4.2; it can be established that ANN models can be used for 

modelling FCR-N prices as well by the findings in this study. This will give future researchers of 

the FCR-N availability a tested tool for their modelling. 

RQ3. Can each factor’s significance for the FCR-N product’s availability and price be categorised? 

A significance analysis could be conducted on the factors that were included in the ANN model. 

The significance analysis exhibited a large spread of significance between the factors, enabling the 

construction of an internal ranking. Three categories was distinguishable from the significance 

analysis: a top tier with the factors of high importance, a middle tier with intermediate 

significance and a bottom tier which includes the factors with almost no significance at all. This 

categorisation is equivalent to what was sought after in RQ3. 

MRQ. How can providers of FCR-N support the TSO with sufficient regulating capacity by improving their 

production planning due to more insight in the factors affecting the FCR-N? 

The three research questions leads to the full picture needed in order to be able to answer the 

MRQ. The theoretical contributions have so far been stated for each research question. Due to 
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the nature of the MRQ., the conclusions for this will be of a practical nature. The practical 

contributions derived from the main research question will thus be presented in the following 

chapter, Chapter 11.2.  

11.2 Practical contributions 

This chapter will describe this research’s implications on the electricity market, which enables for 

practical use by the TSO and electric utility companies. The aim of this research has been to 

increase the knowledge about variations in the availability of the primary control reserve, FCR-N. 

The study has shown that the FCR-N product follows clear seasonal patterns, where higher 

prices are prevalent during the summer. A utility company owning production units capable of 

providing FCR-N capacity should realise that many production units do not run at full capacity 

during the summer, due to hydrologic regulations, and therefore aim to provide FCR-N capacity 

at these time of low supply. The action of increasing the liquidity of FCR-N during times of low 

availability will benefit both the individual producer providing it as well as the TSO, as the 

average price can be decreased for these periods. 

Both the interview study and the significance analysis have emphasised the importance of 

hydrological conditions, especially the availability of water, for the supply of FCR-N. Chapter 

10.6 discusses the individual coupling of each hydrological factor to the FCR-N availability. The 

knowledge of how the supply shifts according to current, and future, hydrological conditions will 

support utility companies in their production- and pricing strategy. Which, in extension, will lead 

to a more efficient allocation of resources and increased efficiency in the procurement of FCR-N 

for the TSO. 

The outlier analysis has identified the production status in different generation units as an 

important factor of the availability in FCR-N. Situations when disruptions occur in nuclear power 

plants, when major hydropower plants are under audit or when unexpected changes in the 

production mix occur have shown to affect the supply of FCR-N capacity. To avoid shortage in 

the supply, causing the price to rise steeply, it is essential to further increase the transparency of 

the Nordic electricity market, in order to allow producers to plan for the changing conditions. 

Combining the knowledge developed in this thesis with increased transparency on the overall 

electricity market will allow for a more efficient procurement process for both the TSO and the 

suppliers of FCR-N. 
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12 Implications on sustainability 

This chapter discusses this study’s impact on sustainability. This is done to highlight the contribution of this study 

towards a sustainable future. The discussion is based on the tree pillars of sustainability, thus covering a variety of 

viewpoints. 

Sustainability has become an integral measure in both the academic and business world as long-

term economic growth has been coupled with sustainable development in a justifiable way. The 

Brundtland Report (1987) defined the most accepted and commonly used definition of 

sustainability, stating that sustainability is “the development that meets the needs of the present generation 

without compromising the ability of future generations to meet their own needs”. Holdren (2007) points out 

the energy sector as the most complex sector for sustainability, partly due to the interconnection 

to other sectors where expansion and economic growth has so far been dependent on increasing 

energy supply and the energy sector’s strong connection to national security. Thus, the results’ 

implications on sustainability in the energy sector are relevant to discuss since it have the 

possibility to contribute in the direction of a simplification of the complex energy sector. The 

implications on sustainability will be discussed according to the three pillars of sustainable 

development: economic, social, and environmental sustainability.  

Economic Sustainability 

The construct of FCR-N with its limited market capability gives that economic sustainability 

should be obtained not only for the providers of the capacity but also for the buyers, in this case 

the TSOs. The economic sustainability is thus ensured by improving the conditions surrounding 

the FCR-N procurement. Dodds and Venables (2005) state that finding solutions that have high 

durability and flexibility is imperative for having a low impact system, which also gives economic 

benefits. Improvements for the FCR-N product will guarantee the stability for the energy system 

as a whole and the working conditions for renewable energy technology specifically, making the 

transition to renewable energy more profitable and less risky for both the energy companies, the 

TSOs and the society.  

Social sustainability 

Social sustainability describes the societal need to lead humanity towards a common good, by 

focusing on the change of expectations, ambitions and requirements of life (Gröndahl & 

Svanström, 2010).  The change towards a more volatile energy system due to the implementation 

of intermittent energy production has the possibility of creating a situation with discontent on a 

societal scale; the expectations from the consumers on the electric energy system would be based 

on the old, stable system rather than the new one. With this research, it is possible to further 

increase the efficiency of the primary regulation capabilities, thus making the change to a more 

volatile system less troublesome for the society. Another problem is mentioned by Chopra and 

Meindl (2013), labelled as “the tragedy of the commons”. The meaning of this is short-term individual 

focus over sustainable common good. Due to the low amount of knowledge surrounding the 

FCR-N availability, it is possible that actors have planned their capacity on a short-term scale. A 

more optimal and efficient use of the FCR-N product from all actors, given the increased 

knowledge gained from this study, will likely improve the long-term sustainability for the society.  
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Environmental sustainability 

Gröndahl and Svanström (2010) defines environmental sustainability as the use of natural 

resources under the constraints of the ecological capacity of the planet, with a focus on a 

sustainable need for material and energy resources whilst having an effective residue 

management. This is ensured in this study by improving the resource handling on the energy 

market. Dodds and Venables (2005) list efficient planning and management as one of the guiding 

principles for obtaining a sustainable solution, stating that all actors should “ensure that the effort and 

resources devoted to avoiding un-sustainable development remains in proportion to the anticipated effect”. This can 

be said to have been the aim of this report, a result of this work is increased transparency that 

should develop the FCR-N procurement in the same direction as Dodds’ and Venables’ principle. 
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13 Further research 

This study has been limited by a number of factors such as time and experience. A deeper understanding could 

consequently be gained by developing this research theme. Additionally, the research has gained further insight in 

the field of electric energy system, making it possible to design more specific research topics. This chapter will present 

the suggestions made by the researchers’ of this project for future development on this research topic. 

A major delimitation of this research has been the strict focus on the primary control product 

FCR-N. This was necessary as the timeframe of the project was limited to 20 weeks. However, 

the study has shown that all of the capacity reserves, regulatory power and spot market interact, 

as the same production units participate in most of the marketplaces simultaneously. It would 

therefore be interesting to conduct a more widened study, where the interactions between the 

marketplaces and how they affect each other’s liquidity are examined. 

Only the variations in availability and price for the Swedish FCR-N product have been 

considered during this study. In reality, the FCR-N product is highly dependent of the availability 

in the other Nordic countries. A future study could therefore focus on outlining the similarities 

and differences between the different Nordic FCR-N products. Additionally, an even more 

thorough study would examine the interconnections between the products based on said 

similarities and differences. 

The study has also indicated that the availability of FCR-N for the TSO could benefit from 

having more suppliers on the market. It could thereby be motivated to investigate how more 

actors could be introduced to the Nordic primary control market. By doing so, the liquidity 

would be improved and price spikes could possibly be avoided. 

Finally, this study has applied the perspective of the current conditions of the electricity market. 

However, future changes on the electricity market would be interesting to investigate. This was 

not able to fit in the timeframe or scope of this study. Additional research is thus needed to 

identify future consequences from further development of wind power, stricter constraints on the 

hydropower production and a possible decommissioning of nuclear power 
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Appendices 

A. Average FCR-N price for different inflows in Norway 

 

B. Average FCR-N price for different levels in the Norwegian hydro reservoirs 
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C. Neural network configurations 

Table 6 - Different network configurations that were tested. Reporting time consumption and 
performance. 

Configuration Neurons 

layer 1 

Neurons 

layer 2 

Time (s) Training 

performance 

Test 

performance 

1 5 5 223 20 18,6 

2 10 10 1030 11,5 13,6 

3 15 15 1835 9 12 

4 20 20 4270 7,4 11,6 

5 20 10 2277 8,3 12 

6 25 5 1945 8,5 18,8 

D. MATLAB code for Multiple Neural Networks 

datestr(now) 
%------------------------------ 
%Fetch data from database 
%------------------------------ 
Data =load('Database.mat'); 
X=Data.X; 
y=Data.y; 
%------------------------------ 
%Preprocessing of data 
%------------------------------ 
y=mapminmax(y')'; 
Q = size(X,1); 
Q1 = floor(Q*0.80); 
Q2 = Q-Q1; 
ind = randperm(Q)'; 
ind1 = ind(1:Q1); 
ind2 = ind(Q1+(1:Q2)); 
x11 = X(ind1,:); 
t1 = y(ind1,:); 
x22 = X(ind2,:); 
t2 = y(ind2,:); 
[x1,PS]=mapminmax(x11'); 
x1=x1'; 
x2=mapminmax('apply',x22',PS)'; 
X=mapminmax('apply',X',PS)'; 
%------------------------------ 
%Initiate 100 networks 
%------------------------------ 
net = feedforwardnet([15 15]); 
numNN = 100; 
nets = cell(1,numNN); 
%------------------------------ 
%Training of 100 networks 
%------------------------------ 
for i=1:numNN 
disp(['Training ' num2str(i) '/' num2str(numNN)]) 
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nets{i} = trainbr(net,x1',t1','useparallel','yes'); 
end 
%------------------------------------------- 
%Initiating error and performance variables 
%------------------------------------------- 
perfs = zeros(1,numNN); 
perfstest = zeros(1,numNN); 
perfstot = zeros(1,numNN); 
y2Total = 0; 
ytestTotal = 0; 
ytotTotal = 0; 
%------------------------------ 
%Simulation of the 100 networks 
%------------------------------ 
for i=1:numNN 
neti = nets{i}; 
y2 = neti(x1')'; 
perfs(i) = mse(neti,t1',y2'); 
y2Total = y2Total + y2; 
ytest = neti(x2')'; 
perfstest(i) = mse(neti,t2',ytest'); 
ytestTotal = ytestTotal + ytest; 
ytot = neti(X')'; 
perfstot(i) = mse(neti,y',ytot'); 
ytotTotal = ytotTotal + ytot; 
end 
%------------------------------ 
%Display results 
%------------------------------ 
perfs 
perfstest 
perfstot 
y2AverageOutput = y2Total / numNN; 
perfAveragedOutputs = mse(nets{1},t1',y2AverageOutput') 
ytestAverageOutput = ytestTotal / numNN; 
perfAveragedOutputstest = mse(nets{1},t2',ytestAverageOutput') 
ytotAverageOutput = ytotTotal / numNN; 
perfAveragedOutputstot = mse(nets{1},y',ytotAverageOutput') 
r=y-ytotAverageOutput; 
MAPE=mean(abs(r./y*100)); 
datestr(now) 

E. MATLAB code for significance test 

%---------------------------- 
%Initialise error variables 
%---------------------------- 
perfs = zeros(19,numNN); 
perfstest = zeros(19,numNN); 
perfstot = zeros(19,numNN); 
p=1; 
for p=1:size(X,2) 
    %------------------------------ 
    %Randomise each input parameter 
    %for each dataset 
    %------------------------------ 
    y2Total = 0;  
    ytestTotal = 0; 
    ytotTotal = 0; 
    randomparatot=-1+2.*rand(size(X,1),1); 
    Xrandomtot=X; 
    Xrandomtot(:,p)=randomparatot; 
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    randomparatr=-1+2.*rand(size(x1,1),1); 
    Xrandomtr=x1; 
    Xrandomtr(:,p)=randomparatr; 
    randomparatest=-1+2.*rand(size(x2,1),1); 
    Xrandomtest=x2; 
    Xrandomtest(:,p)=randomparatest; 
    %------------------------------- 
    %Simulate the network with the 
    %parameter uniformly distributed 
    %randomly 
    %------------------------------- 
    for i=1:numNN 
        neti = nets{i}; 
        y2 = neti(Xrandomtr')'; 
        perfs(p, i) = mse(neti,t1',y2'); 
        y2Total = y2Total + y2; 
        ytest = neti(Xrandomtest')'; 
        perfstest(p, i) = mse(neti,t2',ytest'); 
        ytestTotal = ytestTotal + ytest; 
        ytot = neti(Xrandomtot')'; 
        perfstot(p, i) = mse(neti,z',ytot'); 
        ytotTotal = ytotTotal + ytot; 
    end 
%---------------------------- 
%Calculate the performance 
%---------------------------- 
y2AverageOutput = y2Total / numNN; 
perfAveragedOutputs(p) = mse(nets{1},t1',y2AverageOutput'); 
ytestAverageOutput = ytestTotal / numNN; 
perfAveragedOutputstest(p) = mse(nets{1},t2',ytestAverageOutput'); 
ytotAverageOutput = ytotTotal / numNN; 
perfAveragedOutputstot(p) = mse(nets{1},z',ytotAverageOutput'); 
r=z-ytotAverageOutput; 
MAPE(p)=mean(abs(r./z*100)); 
end 
%---------------------------- 
%Display the results 
%---------------------------- 
perfAveragedOutputs 
perfAveragedOutputstest 
perfAveragedOutputstot 
MAPE 


