
 
 
 
 
 
 
 
 
 

Faculty of Economics 

CAMBRIDGE WORKING PAPERS IN ECONOMICS 
   

Frequency markets and the problem of 
pre-dictability 
 
Zeenat 
Hameed  

Michael 
Pollitt 

Paul  
Kat-tuman  

Chresten 
Træholt 

 

 

Abstract 

Ancillary services markets (ASMs) are gaining higher importance in renewable-based power systems. 

They, however, remain less explored than the energy markets (EMs) of different regions. For limited 

energy units, such as battery energy storage systems (BESSs), it is vital to investigate the relative 

predictability of the two markets as suitable bidding hours of a less predictable product are more 
challenging to identify, thus entailing less certain revenues. This paper develops forecast models of the 

two markets of three Nordic countries – Denmark, Finland, and Norway – to quantify the difference in 

their predictability. Frequency containment normal reserves (FCR-N) are considered as a case of the 
Nordic ancillary service product. The dataset of 315648 datapoints contains three years (2019 – 2021) 

of their hourly FCR-N, and spot market revenues. Generalized additive models (GAMs) are used to 

develop week-ahead forecasts using smooth curves of hourly and daily patterns. The forecast allows 
both inter country – between same markets of different countries – and intra country – between different 

markets of the same country – comparison. The results show that the FCR-N markets of the Nordic 

countries are less predictable than their respective spot markets except for the case of Denmark due to 

its fixed hourly volumes. Moreover, the smoothing curves of FCR-N forecast models differ for each 
Nordic country despite their similar market requirements. This is in contrast to the Nordic spot markets 

where the smoothing curves indicate similarity in inter-country mar-ket behaviors. Considering market 

predictability differences in addition to their hourly prices is thus vital for BESS units performing multi-
market bidding. 
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1 INTRODUCTION 

In 2019, the Nordic countries issued a joint declaration to make the Nordic region 

carbon neutral by 2050 [1]. Higher integration of renewable energy sources (RES) in the 

energy sector lies at the heart of achieving carbon neutrality. From 2005 to 2018, the 

RES share in the Nordic electricity consumption increased from 63% to 73% [2]. Projec-

tions for 2050 show a five-fold increase in the wind production in the Nordic generation 

mix. However, RES intermittency and its synchronous inertia inadequacy affects the grid 

stability, reliability, and security. Ancillary service products (ASPs) including frequency 

regulation services (FRSs), voltage control services, and system restart services are thus 

becoming more important in the modern RES-based power systems [3][4].   

Traditionally ASPs were procured by transmission system operators (TSOs) from gas 

or coal-fired power plants, as by-products of their energy at administered prices [5]. 

Nowadays, new players such as battery energy storage systems (BESSs) and electric ve-

hicles (EVs) are entering the ancillary services markets (ASMs) [6]. FRSs are the greatest 

value applications of BESSs in the Nordics due to their fast response and flexible control 

[7], [8]. They are also one of the most feasible services driven from the Nordic EVs [9]–

[14]. However, unlike conventional power plants, the limited energy reservoir of BESSs 

and EVs prevents them from retaining a fixed energy capacity for ancillary services (ASs). 

Instead, they must rely on forecast techniques to identify suitable bidding hours. Since 

Nordic countries have unique pricing and procurement mechanisms – despite having 

same ASPs – it is vital for BESS owners with international assets to assess the applicability 

of similar forecast models for different countries. It is also important to compare the 

revenue potential in different countries by quantifying relative predictability. The ques-

tion of relative predictability is important as identifying the suitable bidding hours of a 

less predictable product is challenging and entails less certain future revenues. Moreo-

ver, since ASMs are relatively new as compared to the energy markets (EMs) – being 

mainly available in Europe, North America, and Oceania – benchmarking their predicta-

bility against the latter is an obvious point of comparison that can help market partici-

pants quantify market differences and identify relative business risks.      

Studies so far have mainly focused on price behaviors of ASPs of a particular region 

– Midcontinent Independent System Operator (MISO) in [15], and Electricity Reliability 

Council of Texas (ERCOT) in [16] and [17]. Since ASPs revenues depend on a country’s 

procurement methods, remuneration methods, participating entities, environmental 

policies, and operational conditions, a comparative study is important, especially in 

BESS-business context [18]. Moreover, considering procured volumes in addition to the 
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price behavior is also crucial to get a true understanding of the overall revenues. [19] 

showed the revenues earned by the same pumped storage hydro facility from providing 

FRSs in the New England ISO were one eighth of what it would earn in the MISO area. 

However, such studies have not been conducted for the Nordics. A few studies have also 

compared the behavior of ASMs and EMs. [20] found FRSs prices to be more volatile 

than underlying energy prices in Ontario, New York and ERCOT, and [21] found them to 

be more exaggerated than energy market prices in Nord Pool. However, so far, their 

relative predictability has not been quantified based on a single model for different mar-

kets. Even though both statistical and artificial intelligence models are extensively ap-

plied to forecast behavior of EM products, similar work on ASPs is scarce [22]–[25].   

For the above-recognized reasons, this paper investigates three main research ques-

tions: a) Can similar ASPs of different Nordic countries be represented using a single 

model, b) Are revenues from Nordic ASPs less predictable than corresponding EM prod-

ucts, c) Does a particular ASP differ significantly in terms of predictability in each Nordic 

country. To answer to these questions, we develop a forecast model for ASMs and EMs 

of Denmark, Sweden, Finland, and Norway using three years of hourly data of their re-

spective ASP prices, ASP volumes, spot market prices, and MW-consumption. The fore-

cast is based on generalized additive modeling (GAM), which applies smooths – splines 

along with their smoothing parameters – to fit the data. Two weeks of hourly data is 

used for data fitting, and assessing the key determinants of the fitted model, while the 

next one week is used to compute the forecast accuracy. The process is repeated for all 

three years. Relative differences in the predictability among different countries and dif-

ferent markets are assessed based on the complexity and shape of the smooths of their 

respective GAM models, the differences in the model fit, and the percentage error of 

the forecast. Moreover, considering the weekly price forecast, the revenues an 

1MW/1MWh BESS unit may earn when deployed in different Nordic countries are also 

estimated. The analysis presented in this paper is vital for investors, financiers, policy 

makers and researchers to investigate the relative business potential of bidding in the 

Nordic ASMs and compare the difference in their behavior with EMs.  

This paper has six sections. Section II overviews the Nordic ASPs. Section III discussed 

the modeling approach, while section IV applies the proposed approach to forecast rev-

enues of the Nordic ASMs and EMs. Section V discusses the results and the paper ends 

with concluding remarks in section VI.  
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2 OVERVIEW OF NORDIC ASPS  

ASPs can be procured in three ways. First, via a mandatory response which is 
required as a condition of being connected to the power network. Second, via a long-
term bilateral contract between the TSO and the ancillary service provider, and third, 
via a market-based procurement mechanism on the basis of invited bids [5]. Moreover, 
the name, the operational conditions, and the regulations requirements associated with 
ASPs vary for different synchronous areas (SAs). The SAs are a group of power systems 
that are connected and operate under the same frequency. The European network of 
transmission system operators (ENTSO-E) has five SAs, namely, the Continental Europe 
Area, the Nordic Area, the Baltic Area, the United Kingdom Area, and the Ireland Area. 
These SAs are illustrated in Fig.1a. The Nordic SA and the Continental Europe SA are 
represented in light and dark green colors, respectively. The SA are further divided into 
bidding zones. A bidding zone is the largest geographical area within which market 
participants can exchange energy without capacity allocation. The bidding zones of Nor-
dic SA are also shown in Fig.1b. Denmark has two, Sweden and has four, Finland has one, 
and Norway has five bidding zones. In the Nordic SA, voltage control is compulsory for 
all large-scale units directly connected to the grid and system restart and recovery 
services are procured as long-term contracts from specific suppliers. Depending on the 
system needs, generation and consumption units can increase or decrease their electric 
power to supply FRS and participate in market-based procurement. Five main FRSs exist 
in the Nordic SA as shown in Fig.2a. This includes two types of frequency containment 
reserve (FCR) products, namely frequency-controlled normal operation reserve (FCR-N) 
and frequency-controlled disturbance reserve (FCR-D), two types of frequency 

 

                                          

Fig. 1: a) The five synchronous areas (SA) under ENTSO-E, b) Bidding zones in Nordic SA  
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restoration reserve (FRR) products, namely, automatic FRR (aFRR) and manual FRR 
(mFRR), and the fast frequency reserve (FFR) product. Their response time, response 
duration and droop control requirements are the same for each Nordic country, 
however, their procurement and pricing mechanisms differ.   

2.1 Procurement Mechanisms 

      Energinet of East Denmark (DK2) – DK2 is henceforth called Denmark – Fingrid of 
Finland, Statnett of Norway, and Svenska Kraftnat of Sweden constitute the Nordic TSOs.  
The Nordic TSOs dimension their ASPs together that defines the total amount of 
reserves required in the system and their distribution between the individual countries. 
The total Nordic reserve requirements for FFR, FCR- D, FCR-N, and aFRR in 2022 was 300 
MW, 1450 MW, 600 MW, and 300 MW respectively [26], [27]. The volume distribution 
of FCR-N reserves among the four Nordic TSOs depends on the generation and 
consumption profile of the previous year in their respective areas and the total Nordic 
generation and consumption profile. The equation is as follows: 
 

𝐹𝐶𝑅𝑁 𝑇𝑆𝑂1 =  
𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑇𝑆𝑂1 + 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛𝑇𝑆𝑂1

∑ (𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑇𝑆𝑂𝑖 + 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛𝑇𝑆𝑂𝑖)4
𝑖=1

  

Of the total 600MW Nordic requirement, FCR-N volumes to be delivered by Denmark, 

Finland, Norway, and Sweden were 2.74%, 19.88%, 39.05%, and 35% respectively in 

2022 as shown in Fig.2d. Energinet and Svenska Kraftnat produce their respective shares 

via common Danish-Swedish hourly day-ahead market. The pricing mechanism is pay-

as-bid. There is no restriction on exchange of FCR-N reserves between the two countries 

within the limits of the transmission capacity. Moreover, since FCR-N reserves are auc-

tioned via one market only, their procured volumes are at minimum the combined Dan-

ish-Swedish need, that remains same per year. Contrarily, Fingrid procures its required 

share via two markets: hourly day-ahead market and hourly year-ahead market, both 

operating on pay-as-clear mechanism. Providers with year-ahead contracts submit plans 

to Fingrid for all hours of the following day on the capacity they can maintain. The main-

tained capacity can be maximum the contracted volume. The remaining volumes are 

procured from day-ahead market. Statnett, imposes droop control requirements for fre-

quency control on all synchronous generators. It also procures FCR-N reserves through 

hourly day-ahead and two-day-ahead markets per bidding zone operating on a pay-as-

clear mechanism. The FCR-D procurement in all four Nordic countries is handled in the 

same way as their respective FCR-N procurement [26]. It is important to note, that only 

Norway’s FCR-N and FCR-D markets have different prices per bidding zone. This is not 

true for the case for Sweden and does not apply for the case of Denmark and Finland. 

      FFR is a relatively new service in the Nordic SA, the procurement of which started in 

May 2020. Each Nordic TSO has implemented a national FFR market. Energinet and Fin-

grid procure FFR via their separate hourly day-ahead markets. The procured volumes 

depend on forecasted hourly need, and the pricing mechanism is pay-as-clear. Fingrid 

may also procure FFR via interconnectors from Estonia if needed. Svenska Kraftnat 
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procures FFR twice a week and procures volume based on the forecasted hourly need 

via pay-as-clear mechanism. Statnett has a seasonal FFR market with two different types 

of FFR products operating from May – September [26]. FFR profil allows provision of a 

fixed capacity over the season for certain hours. While FFR flex allows guaranteed deliv-

ery hours during which Statnett can order required volumes on request.   

      For aFRR reserves, Finland, Norway, and Sweden procure their required volumes in 

their respective aFRR national capacity markets. The providers are paid according to the 

most expensive accepted bid, i.e. pay-as-clear mechanism. Norway’s aFRR market has 

different hourly prices per bidding zone similar to its FCR-N, and FCR-D markets. Den-

mark (DK2) on the other hand buys aFRR from DK1 via HVDC interconnectors. According 

to ENTSO-E, in near future, a common aFFR Nordic capacity market is anticipated. So is 

a common mFRR Nordic capacity market. At the moment, the mFRR energy bids for each 

country are combined in the common Nordic energy activation market that opens four-

teen days before the day of operation and is based on marginal pricing mechanism. For 

mFRR, in addition to the common Nordic energy activation market, Denmark has long 

term contracts with reserve providers, Statnett has a national capacity market, and Fin-

grid has reserve power plants [26]. Fig.2d. details the Nordic procurement mechanisms. 

2.2 Provision Requirements 

      FCR-N reserves keep the frequency close to 50 Hz in the event of frequency devia-

tions [28]. At frequency deviations between 0 to 100 mHz, FCR-N reserves must be sup-

plied linearly by the participating units. At frequencies equal to or above 50.1 Hz, 100% 

of FCR-N downward capacity must be activated. While at frequencies equal to or below 

49.9 Hz, 100% of FCR-N upward capacity must be activated. The activation must be sup-

plied within 2.5 minutes [28]–[32]. On the other hand, FCR-D reserve is divided into two 

separate products. FCR-D-upwards and FCR-D-downwards for sudden frequencies un-

der 49.9 Hz, and higher than 50.1 Hz respectively. Participating units must maintain the 

regulation for at least 15 minutes [28]–[31].  

Fast frequency reserves (FFR) are used to regulate the system frequency when there 

is a major system disturbance in low inertia situations[33]. FFR was introduced in the 

Nordic SA in May, 2020, because the response of the primary frequency reserves was 

not enough to ensure frequency stability in low inertia situations given the reference 

incident [34]. The low inertia situation was more likely during periods of low demands 

in summers. A feasibility study was conducted to address the challenge, and FFR was 

deemed to be the most promising solution in contrast to reducing the size of the refer-

ence incident by reducing the limit of the largest generator or increasing system inertia 

through synchronous condensers. Since FFR was aimed to help low inertia situations, it 

is designed to be activated when the frequency of the system is lower than specific limit. 

There are three possible timeframes for FFR activation. It can be activated at frequency 

dips below 49.7, 49.6, or 49.5 Hz. The maximum time for full activation is 1.3 seconds, 
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1.0 seconds, and 0.70 seconds respectively. The activation durations of FFR can either 

be long or short, which are 30 seconds, and 5 seconds respectively. Participating unit 

must stay active as long as the frequency is below 49.8 Hz [33][35].   

The activation of an aFRR unit is based on a control signal sent every 10s by the 

connecting TSO. It is activated continuously, with a full activation time between 2 and 5 

minutes depending on the country. mFRR activations on the other hand are ordered by 

the regional TSOs to reduce existing imbalances or because of forecasted imbalances in 

the near future. The full activation time is 15 minutes. Fig.2a. shows the response time 

for Nordic FRS products. The fastest response time is for FFR of 1.3 seconds, followed by 

FCR-D of 5 – 30 seconds, FCR-N of 2.5 minutes, aFRR of 2 – 5 minutes, and mFRR of 15 

minutes. Fig.2c. shows the activation frequency range of FCR-N, FCR-D, and FFR re-

serves. 

 

Fig. 2: a) ASPs in the Nordic region b) Nordic countries map c) Response time and response duration 

requirements of Nordic ASPs d) Availability pricing mechanism, and volume requirements of ASPs 
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3 METHOD 

In this paper, we use generalized additive models (GAMs) to develop the revenue 

forecasts of FCR-N reserves of Denmark, Norway, and Finland as a case of Nordic ASPs. 

One bidding zone is considered for each country as market participants can in general 

submit bids in the one bidding zone where their unit is physically located. The forecast 

models developed are thus applied to compare the revenues BESS owners can earn in 

different regions while considering a case of the country’s bidding zone. DK2 (henceforth 

called Denmark, or 𝐷𝐾) is considered for Denmark as it is the only bidding zone of the 

country in Nordic SA, FI (henceforth called Finland, or 𝐹𝐼) for Finland as the whole coun-

try is one bidding zone, and NO2 (henceforth called Norway, or 𝑁𝑂) for Norway as its 

prices are most fluctuating. Sweden is not considered separately since the FCR-N prices 

of Denmark and Sweden are the same – due to the common Danish-Swedish market.  

3.1 Generalized Additive Model 

      GAMs are semi-parametric, additive models that relax the linearity assumption of 

linear models [36]. When the regression line of linear models is unable to capture the 

non-linear trajectory between the explanatory variables (henceforth called predictors) 

and response variables, it creates systematic patterns in the model residuals, thereby 

making the p-values and the causal inferences unreliable [37]. GAMs allow the relation-

ships between the predictors and the response variable to be described by smooth 

curves and take the general form [38]: 

 𝑔(𝔼(𝑌)) =  𝛽0 + ∑ 𝑓𝑗
𝐽
𝑗=1 (𝑥𝑗)                                     () 

Here, where 𝔼(𝑌) is the expected value of the response 𝑌. 𝑓𝑗  is a smooth function 

(henceforth called smoother) of the predictor  𝑥𝑗, and 𝛽0 is an intercept term. Each 

smoother 𝑓𝑗 is represented by a sum of 𝐾 simpler, fixed basis functions 𝑏𝑗,𝑘 multiplied 

by corresponding coefficients 𝛽𝑗,𝑘, which need to be estimated: 

                          𝑓𝑗(𝑥𝑗) =  ∑ 𝛽𝑗,𝑘𝑏𝑗,𝑘(𝑥𝑗)𝐾
𝑘=1                                  () 

Here, 𝐾 is the basis size – also known as knots – and represents the maximum complex-

ity of the smoother. Higher 𝐾 results in more wiggly smoothers which may result in over-

fitting. This is counteracted by a penalty term in the model fitting process controlled by 

the smoothing parameter 𝜆. The penalized log-likelihood used to fit the model is thus 

given by: 

                                      𝐿 −  𝜆𝛽
𝑇

𝑆𝛽                                         () 
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Here, 𝛽𝑇𝑆𝛽 is the penalty term, 𝐿 is the model log-likelihood, and 𝜆 controls the tradeoff 

between model accuracy its complexity (wiggliness). 𝜆 is selected using restricted maxi-

mum likelihood (REML). 𝐾 mainly sets the upper limit to the degree of the smoother 

wiggliness.  

3.2 Market Predictability Comparison 

      In this paper, two GAM models are developed per country: 𝐺𝐴𝑀1 for  FCR-N reve-

nues (𝐺𝐴𝑀1
𝐷𝐾 , 𝐺𝐴𝑀1

𝑁𝑂 , 𝐺𝐴𝑀1
𝐹𝐼), and 𝐺𝐴𝑀2 for spot market revenues 

(𝐺𝐴𝑀2
𝐷𝐾 , 𝐺𝐴𝑀2

𝑁𝑂 , 𝐺𝐴𝑀2
𝐹𝐼). Hourly FCR-N revenues are calculated as a product of hourly 

FCR-N prices and volumes and are considered in their logarithmic form to avoid the 

higher volume requirements of larger countries affect the comparative results. Similarly, 

spot market revenues – also considered in their logarithm form – are calculated as a 

product of the country’s hourly spot prices and net consumption as follows: 

𝐹𝐶𝑅𝑁𝑟𝑒𝑣ℎ
𝑁𝐶 =  log𝑒(𝐹𝐶𝑅𝑁𝑝𝑟𝑖𝑐𝑒ℎ

𝑁𝐶  × 𝐹𝐶𝑅𝑁𝑣𝑜𝑙𝑢𝑚𝑒ℎ
𝑁𝐶)                   () 

   𝑆𝑃𝑂𝑇𝑟𝑒𝑣ℎ
𝑁𝐶 =  log𝑒(𝑆𝑃𝑂𝑇𝑝𝑟𝑖𝑐𝑒ℎ

𝑁𝐶  × 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛ℎ
𝑁𝐶)                  () 

Here, 𝑁𝐶 = 𝐷𝐾, 𝑁𝑂, 𝐹𝐼.  

      For intra-country (different markets of the same country) and inter-country (same 

markets of different countries) predictability comparison, 𝐺𝐴𝑀1 and  𝐺𝐴𝑀2 are devel-

oped considering the smoothers of the hours of the day and days of the week only.  Do-

ing so, quantifies the market predictability based only on the patterns in the historical 

data. Interaction between the two smoothers is also modeled by a tensor product 𝑡𝑖. 

𝑡𝑖 creates a new set of basis functions that allow for each marginal function to have its 

own marginal smoothness penalty. Mathematically the models are written as:  

𝐹𝐶𝑅𝑁𝑟𝑒𝑣𝑖
𝑁𝐶 =  𝑓(ℎ𝑜𝑢𝑟𝑠𝑖) + 𝑓(𝑑𝑎𝑦𝑠𝑖) + 𝑓(ℎ𝑜𝑢𝑟𝑠𝑖 × 𝑑𝑎𝑦𝑠𝑖) + 𝜀𝑖       () 

 𝑆𝑃𝑂𝑇𝑟𝑒𝑣ℎ
𝑁𝐶 =  𝑓(ℎ𝑜𝑢𝑟𝑠𝑖) + 𝑓(𝑑𝑎𝑦𝑠𝑖) + 𝑓(ℎ𝑜𝑢𝑟𝑠𝑖 × 𝑑𝑎𝑦𝑠𝑖) + 𝜀𝑖       () 

Here, 𝑓(ℎ𝑜𝑢𝑟𝑠𝑖) is the smoother for the hours of the day, 𝑓(𝑑𝑎𝑦𝑠𝑖) is the smoother for 

days of the week, and  𝑓(ℎ𝑜𝑢𝑟𝑠𝑖 × 𝑑𝑎𝑦𝑠𝑖) is the interaction between the two. The R 

representation of the models is as follows: 

 

𝐺𝐴𝑀1
𝑁𝐶 < −  gam (𝐹𝐶𝑅𝑁𝑟𝑒𝑣𝑁𝐶  ~  𝑠 (ℎ𝑜𝑢𝑟𝑠, 𝑏𝑠 = ′𝑐𝑟′, 𝑘 =  24) 

   + 𝑠(𝑑𝑎𝑦𝑠 , 𝑏𝑠 = ′ps', 𝑘 =  7) 

                            + 𝑡𝑖(ℎ𝑜𝑢𝑟𝑠, 𝑑𝑎𝑦𝑠  𝑘 =  𝑐(24, 7), 𝑏𝑠 =  𝑐(cr, ps)),    
       𝑑𝑎𝑡𝑎 =  𝑁𝐶, 𝑓𝑎𝑚𝑖𝑙𝑦 =  𝑔𝑎𝑢𝑠𝑠𝑖𝑎𝑛)   () 

 
𝐺𝐴𝑀2

𝑁𝐶 < −  gam (𝑆𝑃𝑂𝑇𝑟𝑒𝑣𝑁𝐶  ~  𝑠 (ℎ𝑜𝑢𝑟𝑠, 𝑏𝑠 = ′𝑐𝑟′, 𝑘 =  24) 
   + 𝑠(𝑑𝑎𝑦𝑠 , 𝑏𝑠 = ′ps', 𝑘 =  7) 

                            + 𝑡𝑖(ℎ𝑜𝑢𝑟𝑠, 𝑑𝑎𝑦𝑠  𝑘 =  𝑐(24, 7), 𝑏𝑠 =  𝑐(cr, ps)),    
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       𝑑𝑎𝑡𝑎 =  𝑁𝐶, 𝑓𝑎𝑚𝑖𝑙𝑦 =  𝑔𝑎𝑢𝑠𝑠𝑖𝑎𝑛)    () 
 

Here, 𝑠 stands for smoothers, 𝑏𝑠 for basis function, 𝑘 for knots, 𝑐𝑟 and 𝑝𝑠 for cubic spline 

and P-spline respectively that are types of basis functions. 

To compare the predictability of the two markets of the three countries, 𝐺𝐴𝑀1
𝑁𝐶  and  

𝐺𝐴𝑀2
𝑁𝐶  are used to forecast the spot market and FCR-N revenues. The forecast accuracy 

is measured by computing mean-absolute-percentage-error (MAPE), mean-squared-er-

ror (MAE), and root-mean-squared-error (RMSE). They are called, ‘accuracy measures,’ 

and given by the following equations:  

                                 𝑀𝐴𝑃𝐸 =  
1

𝐻
∑ |

𝐴ℎ− 𝐹ℎ

𝐴ℎ
|𝐻

ℎ=ℎ0                      (11) 

                                𝑀𝐴𝐸 =  
∑ |𝐹ℎ− 𝐴ℎ|𝐻

ℎ=ℎ0

𝐻
                              (12) 

                               𝑅𝑀𝑆𝐸 =  √
∑ (𝐹ℎ− 𝐴ℎ)2𝐻

ℎ=ℎ0

𝐻
                        (13) 

       

In the above equations,  𝐴ℎ, is the actual value at hour ℎ, and 𝐹ℎ is the forecasted value 

at hour ℎ . 𝐻 are the total hourly observations. As one week of hourly data is predicted 

in each round, 𝐻 = 168 in each iteration. 

      In addition to the actual hourly revenues, denoised revenues are also considered. 

This is achieved by using Fourier analysis. Fourier analysis is a method used for express-

ing a function as a sum of its periodic components, and for recovering the function from 

those components. When both the function and its Fourier transform are replaced with 

discretized counterparts, it is called the discrete Fourier transform (DFT). One of the al-

gorithms used to calculate DFT is fast Fourier transform (FFT). By applying FFT to the 

revenue time series, a vector of fourier coefficients is computed. This vector is multiplied 

by its conjugate and divided by its total size to calculate power spectral density (PSD). 

The PSD helps to assess the power in each of the frequencies of the fourier coefficients 

with the peaks showing most powerful frequencies. Fourier coefficients with PSD within 

certain range of the peaks are retained while the rest are considered ‘noise,’ and re-

moved. By taking inverse fourier transform, the denoised timeseries is reconstructed. 

The resulting timeseries – henceforth called denoised timeseries – is thus less noisy than 

original logarithmic timeseries – henceforth called original timeseries. The predictability 

of original and denoised timeseries is also compared for each country.  

3.3 BESS Revenue Comparison 

      In the Nordics, two types of payments are associated with FCR-N provision. All ac-

cepted FCR-N bids receive offered price as availability payments (APs). APs are paid to 

the participating units for availability per power capacity (€/MW) per hour. The units 

also receive payments corresponding to the MWh of energy provided or absorbed in 
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response to the system frequency deviations which are known as energy payments 

(EPs). EPs are thus paid as €/MWh per hour. The revenues earned by providing FCR-N 

(𝐹𝐶𝑅𝑁𝑝) from hour ℎ0 to hour 𝐻 can thus be written as:  

 

𝐹𝐶𝑅𝑁𝑝  = ∑ 𝐴𝑃ℎ
𝑓𝑐𝑟𝑛

ℎ=𝐻

ℎ=ℎ0

+ ∑ 𝐸𝑃ℎ
𝑓𝑐𝑟𝑛

ℎ=𝐻

ℎ=ℎ0

                          ( 14)                 

 

       To estimate the approximate revenue a BESS owner can earn by bidding in FCR-N 

markets of Denmark, Finland, and Norway, a BESS unit of 1 MW power capacity and 

1MWh energy capacity is considered.  Since FCR-N market of Denmark work on pay-as-

bid mechanism, all submitted bids lower than the highest accepted bids receive APs for 

each hour based on the MW capacity. However, Energinet only publishes mean availa-

bility prices and not the marginal price per hour. On the other hand, FCR-N market of 

Norway and Finland works on pay-as-clear mechanism, the published prices are the mar-

ginal prices per hour. For 1 MW BESS unit, the hourly forecast revenues obtained from 

the 𝐺𝐴𝑀2 model are divided by hourly volumes. The resultant hourly prices are consid-

ered the price of the submitted bids. It is assumed that all submitted bids are accepted.  

      The EPs are calculated by estimating the MWh energy delivered by the 1 MWh BESS 

unit per hour. This is done by applying droop control signal (DCS). DCS determines the 

power set point of the BESS inverter [39]. It controls the power output of the BESS at 

different grid frequencies. For Nordic SA, it is set by ENTSO-E as below:  

 

 

 

                                                                            

Fig. 3:  Droop control signal for FCR-N in the Nordics  
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     The DCS thus governs the response of the participating unit to changes in system fre-

quency and is the follows the same equation for FCR-N provision in all Nordic countries: 

 

𝑃𝑖 =  {

−𝑃max                                𝑓i > 50.1
−2 (𝑓𝑖 − 49.9)+1

0.2
       49.9 ≤ 𝑓i ≤ 50.1   

+𝑃max                              𝑓i < 49.9

            (15) 

 

In the equation, 𝑓i  is the power system frequency at ith second of the day. And 𝑃𝑖  is the 

MW-power of the BESS unit at the ith second calculated according to the (15). +𝑃max is 

1 MW, while −𝑃max is -1 MW. Based on 𝑃𝑖  the per second energy (𝐸𝑖) and per-hour en-

ergy content (𝐸ℎ)  that must be supplied or absorbed by the BESS unit is computed. 

𝐸ℎ when multiplied by hourly regulation-up (𝑝𝑟𝑒𝑔−𝑢𝑝) or regulation-down (𝑝𝑟𝑒𝑔−𝑑𝑛) 

prices of each country gives hourly energy payment (𝐸𝑃ℎ) . For the hour ℎ , 𝐸𝑃ℎ is given 

by equation 16 when 𝐸ℎ is positive and equation 17 when 𝐸ℎ is negative:  

 

𝐸𝑃ℎ = 𝐸ℎ  ×  𝑝ℎ
𝑟𝑒𝑔−𝑢𝑝

                                    (16) 

𝐸𝑃ℎ = −𝐸ℎ  ×  𝑝ℎ
𝑟𝑒𝑔−𝑑𝑛

                                 (17) 

 

       To calculate 𝐸ℎ,  𝑃𝑖  for each second of each year is calculated from equation 15, 

which gives us 1.89x108 values. Since FCR-N is a symmetrical product – both up and 

down regulation must possible – it is assumed that the initial energy content (𝐸𝑏𝑎𝑡) is 

0.5 MWh. At each second, there is an increment or decrement in the energy-content of 

the BESS (𝐸𝑏𝑎𝑡  ± 𝐸𝑖). This results in continuous charging and discharging of the BESS 

unit. Here, 𝐸𝑖 is calculated per second by dividing 𝑃𝑖  by 3600 and it is ensured that 

𝐸𝑏𝑎𝑡  ± 𝐸𝑖  is maintained within its operational range of the BESS, such that: 

 

 𝐸𝑚𝑎𝑥 ≤  𝐸𝑏𝑎𝑡  ± 𝐸𝑖 ≤  𝐸𝑚𝑖𝑛                                            ( 18)                        
 

Here, 𝐸𝑚𝑖𝑛 = 0 and 𝐸𝑚𝑎𝑥 = 1. 𝑃𝑖  values are summed for each hour and divided by 3600 

to calculate 𝐸ℎ for the hour ℎ : 

 

𝐸ℎ = ∑
𝑃𝑖

3600

𝑖=ℎ+3600

𝑖=ℎ

                                     (19) 
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4 RESULTS AND DISCUSSION  

      For 2019 – 2021, hourly data on FCR-N prices in – €/MWh –  and volumes – in MWh, 

spot market prices – in €/MWh – and gross consumption – in MWh –  is used from [40] 

for Denmark, [41] for Finland, and [42] for Norway. For Denmark, the hourly volumes 

remain unchanged throughout the year. For Finland both day-ahead, and year ahead 

market revenues are considered. Finland’s hourly revenues are thus the sum of the rev-

enues from the two markets. The spot market revenues and FCR-N market revenues – 

in € – of the three countries are calculated in the logarithmic form following equations 

(5) and (6) and illustrated in Fig.4. in pink for Denmark, green for Finland, and orange 

for Norway. The grey timeseries on top is the denoised version of the logarithmic 

timeseries. Moreover, in Table 1, the mean, minimum, and maximum values of spot 

market and FCR-N market prices, volumes and revenues are shown for the three coun-

tries. The overall standard deviation (𝑠𝑡𝑑), within country std (𝑤𝑠𝑡𝑑), and between dif-

ferent countries std (𝑏𝑠𝑡𝑑) is also shown. In most cases, 𝑏𝑠𝑡𝑑 > 𝑤𝑠𝑡𝑑, indicating that 

the cross-sectional variations in prices, revenues and volumes are higher than the time 

variations.  

 

 

Fig. 4: a) Spot market revenues (in logs) of Denmark, Finland, and Norway, b) Ancillary market 

revenues (in logs) of Denmark, Finland, and Norway 
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To compare the predictability of the two markets of the three countries, six models are 

developed, namely: 𝐺𝐴𝑀1
𝐷𝐾 , 𝐺𝐴𝑀1

𝑁𝑂 , 𝐺𝐴𝑀1
𝐹𝐼, 𝐺𝐴𝑀2

𝐷𝐾 , 𝐺𝐴𝑀2
𝑁𝑂 , 𝐺𝐴𝑀2

𝐹𝐼  based on equa-

tions (7) − (10). Two weeks of hourly data is used for fitting these models. Adjusted R-

squared – R-sq.(adj) – is recorded as a measure of model-fit accuracy. The fitted model 

is applied to hourly data of the next week to forecast the respective revenues of each 

country for each market. MAPE, MAE, and RMSE are recorded to measure the forecast 

accuracy. Fig.5. illustrates the model-fit of 𝐺𝐴𝑀1
𝑁𝐶  and 𝐺𝐴𝑀2

𝑁𝐶  for weeks 3 and 4. The 

left side of the Fig.5. shows the fitted and forecast model of the original data while the 

right-hand side shows for the denoised data. For spot markets – upper figures – R-

sq.(adj) of Denmark, Finland and Norway is 0.77, 0.67, and 0.79. for original and 

0.76,0.95, and 0.99 for the denoised time series. However, for their respective FCR-N 

markets – bottom figures, it is 0.92, 0.46, and 0.06 for original 0.99, 0.94, and 0.72 for 

the denoised time series. In addition to the model fit, Fig.5. also illustrates the forecast 

of the next week – week 5 – obtained from the fitted models 𝐺𝐴𝑀1
𝑁𝐶  and  𝐺𝐴𝑀2

𝑁𝐶 . The 

MAPE for the spot market of Denmark, Finland and Norway is 0.91%, 0.74%, and 0.94% 

respectively. However, it is relatively higher, i.e. 1.52%, 2.26% and 4.34% for their re-

spective FCR-N markets.   

 

 

 

 

 

Table. 1: Summary statistics of data used in the GAMs model  
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The process of fitting 𝐺𝐴𝑀1
𝑁𝐶  and  𝐺𝐴𝑀2

𝑁𝐶  on two consecutive weeks and forecasting 

the revenues of the next week is repeated for all weeks of 2019 – 2021. In Fig. 6. the 

hourly forecasted and actual values are compared for each week based on equations 

(11). The percentage of weeks showing a MAPE within the range of 0-5%, 5-10%, and 

10-15% is shown. For Denmark, the MAPE of 60.65% of the weeks lies within 0-5% for 

its spot market, while MAPE of 87.1% of the weeks lie within that range for its FCR-N 

market. Thus, showing a higher predictability of its FCR-N market revenues. Contrarily, 

for Finland and Norway, MAPE of 85.16% of the weeks is in the range of 0-5% for their 

 

Fig. 5: Fitted and forecast revenues of week 3 – 5 using original and denoised data of spot and FCR-

N markets of Denmark, Finland and Norway 
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respective sport markets, while for their FCR-N market, the MAPE of 53.55% and 7.1% 

lies within that range, thus showing lower predictability of their FCR-N market. Moreo-

ver, the mean, minimum, and maximum values of R-sq.(adj), MAPE, MAE, and RMSE are 

also recorded in the table in Appendix A. The table shows that the mean R-sq.(adj) is 

lower for FCR-N markets of Finland and Norway as compared to their spot markets. The 

values also show that in the denoised timeseries, the predictability of FCR-N markets of 

Finland, and Norway improves more than their spot markets. Moreover, in appendix B, 

2-D plots of hourly and daily smoothers 𝑓(ℎ𝑜𝑢𝑟𝑠𝑖), 𝑓(𝑑𝑎𝑦𝑠𝑖) and 3-D plots of the inter-

action smoothers 𝑓(ℎ𝑜𝑢𝑟𝑠𝑖 × 𝑑𝑎𝑦𝑠𝑖) are also shown for the two markets. The shapes of 

these smoothers are similar for the spot markets of the three countries. They show rel-

atively higher values at mid-day, and mid-week with two prominent humps for all three 

countries.  The beginning and end of the day shows decreasing trends in the smoothers, 

while beginning and end of the week show increasing trend. However, for FCR-N mar-

kets, interaction smoothers are different for each country. For Denmark, contrary to its 

spot market smoothers, FCR-N market smoothers show relatively lower values mid-day, 

and mid-week. FCR-N smoothers of Finland, and Norway however do not show this be-

havior. 

 

 Based on these results the following conclusions can be drawn: 

1. Spot markets of Finland and Norway are relatively more predictable based on 

the smoothers 𝑓(ℎ𝑜𝑢𝑟𝑠𝑖), 𝑓(𝑑𝑎𝑦𝑠𝑖) and 𝑓(ℎ𝑜𝑢𝑟𝑠𝑖 × 𝑑𝑎𝑦𝑠𝑖) as compared to 

their FCR-N markets.  

 

Fig. 6: Percentage of weeks with MAPE falling between 0-5%, 5-10%, and 10-15% for spot and 

FCR-N markets of Denmark, Finland, and Norway 
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2. Spot markets of Denmark, Finland, and Norway show relatively similar hourly 

and weekly behavior. FCR-N market of Denmark is relatively more predictable 

than FCR-N markets of Finland, and Norway 

3. FCR-N markets of Denmark is relatively more predictable than its spot market 

4. A higher percentage of weeks show lower MAPE for the spot markets of Norway 

and Finland as compared to their FCR-N markets, thus indicating higher predict-

ability of the former.  

5. Denoised FCR-N revenue timeseries of Denmark, Finland, and Norway show 

higher improvement in predictability as compared to their denoised spot market 

timeseries thus implying FCR-N markets in general are noisier than spot markets 

It is important to note that since the main driver of FCR-N market is the frequency of the 

power grid, the fluctuations of which are highly unlikely to be predicted accurately, this 

makes FCR-N markets less predictable. In the Nordics, main providers of FCR-N reserves 

are hydro-power plants [43]. The fluctuations in the stored MWh of hydro reserves 

therefore are one of the drivers of Nordic FCR-N prices as shown in Appendix C. 

In addition to the predictability comparison, the total revenues earned from the two 

markets of the three countries are also compared. Fig.7. shows a comprison of their log-

reveneus. Since spot markets fulfill the total energy demand of the country their yearly 

log-revneues are higher than that of FCR-N markets – that fulfill only the frequency 

control demand. However, the log-revenues of spot markets of the three Nordic 

countries are similar, so are their FCR-N market revenues. Finland’s revenues are 

relatively higher than Denmark’s and  Norway’s for all three years in both markets. 

However, the Denmark’s FCR-N market revunes would be slightly higher than that 

shown in Fig.5. its recorded APs are the mean value of accepted bids per hour, while 

that of the Finland, and Norway are the maximum value. Fig.7. also shows that if the 

discrepancy in revenues due to the size difference of the countries are ignored, their 

spot and FCR-N markets generate similar revenues. For indivudal entities  bidding in FCR-

N markets of these countries, trends in per unit revenues may not essentially be 

compareable to the trends in overall market revenues.  

 

                         

Fig.7. Yearly revenue comparison of spot and FCR-N markets of Denmark, Finland, and Norway 
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To determine the approximate revenues a 1MW/1MWh BESS owner may earn from 

FCR-N markets of each country equations (14) − (19) are used. A relative comparison 

between potential earnings in different Nordic countries is shown in Fig.8. The 

charge/discharge cycles of the BESS unit following equations (15) − (19). are shown in 

Appendix D. The potential earnings for a 1 MW/1MWh BESS are relatively higher in Den-

mark, as compared to the other two countries. Contrarily, they are significantly lower in 

Norway. Denmark’s higher revenues can be attributed to the higher predictability and 

higher availability payments of its FCR-N market. On the other hand, lower availability 

payments in Norway lead to lower BESS revenues. This is in contrast to Norway’s total 

FCR-N market revenues of Fig.7. which are comparable to the other two countries. This 

difference is due to the fact that Norway’s hourly FCR-N market volumes are higher than 

its hourly availability prices thereby increasing its total market revenues but not the in-

dividual revenues of a BESS unit – since availability payments mainly depend on market 

prices and not the volumes. The revenues shown in Fig.8. are a sum of revenues from 

availability payments and energy payments. However, energy payments revenues are in 

general quite lower as shown in Appendix E.  

 

                       

Fig. 8: Revenue comparison for 1MW/1MWh BESS in Nordic FCR-N markets 
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5 CONCLUSIONS 

In this paper we used three years of hourly data to develop forecast models of spot 

and FCR-N market revenues of Denmark, Finland, and Norway. Daily and weekly 

smoothers and their interactions are used to fit the models. The results show similar 

interaction smoothers capture the behavior of the spot markets of the three countries, 

thereby indicating similarity in market behavior and predictability. However, the 

smoothers differ in shape for their respective FCR-N markets, thereby indicating dissim-

ilarity in behavior and predictability. Moreover, even though denoising the revenue 

timeseries of both markets, improves the predictability, however, the improvement is 

higher for FCR-N markets of Finland and Norway indicating higher volatility. Further-

more, Nordic FCR-N markets are found to be less predictable than spot markets. How-

ever, Denmark’s FCR-N market is an exception, the higher predictability of which, may 

be because of the difference in its market pricing mechanism as well as volume require-

ments. Furthermore, a revenue comparison for 1MW/1MWh BESS operating in different 

Nordic countries is also conducted. It is assumed that the BESS submit bids based on the 

previously developed FCR-N market forecast of each country, and all submitted bids are 

accepted. The results show the BESS unit can earn comparable revenues in Denmark 

and Finland; however, they are comparatively lower in Norway.  
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Appendix A: Accuracy Measures of Forecast 
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Appendix B: GAM Smoothers 
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Appendix C: Relation b/w FCR-N prices and Stored Hydro MWh           
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Appendix D: Charge/Discharge Cycles of 1MW/1MWh BESS           
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