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EXECUTIVE SUMMARY 
 

The ongoing price increase in the market for frequency containment reserve (FCR) coupled with long-time 

reliance on the country’s vast hydro generation reserves for FCR-N provision have prompted Svenska kraftnät 

to reconsider its FCR-N market design. The Swedish transmission system operator (TSO) aims to attract new 

providers of balancing capacity in order to increase competitiveness and tap into flexibility potential of a wider 

range of technologies, such as storage providers or wind power plants. Accommodating this approach implies, 

firstly, a switch from cost-based to free bidding, that is, allowing FCR-N providers to freely decide on their bids. 

Secondly, it implies changing the pricing rule from pay-as-bid to marginal (pay-as-cleared) pricing.  

 

Considering the concerns about market concentration and potential for strategic behavior if these market 

design changes are introduced, this project provides some answers to three crucial questions: 

1) What is the impact of a change in the market design from cost-based to free bidding?  

2) In what way is the market outcome affected by the switch from pay-as-bid to marginal pricing?  

3) What will the effect of new market entrants and different degrees of competition on the FCR-N market 

with the new market design be?  

 

To answer these questions, we used an agent-based model, Elba-ABM, to represent the Swedish FCR-N 

market design in detail. To represent new and incumbent market actors with different technology portfolios 

(hydro and wind generation as well as battery storage) and bidding strategies, we implemented bid prediction 

models and reinforcement learning algorithms.  

 

Simulation results revealed a number of valuable insights. A change of the bidding rule from cost-based to free 

bidding prompts an increase in system costs even when only one agent is behaving strategically. If only the 

incumbents are present in the market and these are allowed to deviate from their true opportunity costs, they 

tend to do so over 80% of all times if pay-as-bid pricing rule is used or over 60% of the time if marginal pricing 

is applied. In addition, strategic bidding is revealed in the agents’ tendency to withhold some of their capacity, 

leading to price spikes and to more than doubling of FCR-N market costs.  

 

A different picture, however, emerges if new market entrants are introduced. To simulate a reasonable 

medium-term scenario for the expansion for wind and storage capacities in Sweden, 1500 MW of installed 

wind capacity participating in the FCR-N market and 150MWh of battery storage were chosen. Despite the 

fact that the actual hourly bid volumes were substantially lower (75 to 83MW on average) and – in case of wind 

generation – highly variable, the impact of these new participants on the market was tangible. Firstly, the 

presence of new actors coupled with marginal pricing managed to dilute the market not just by replacing more 

expensive generation in the merit order but, more importantly, prompting the incumbents to bid much closer 

to their true costs. This is particularly important since even in the presence of new entrants, the incumbent 

agents account for the bulk of the market and of the system costs. Secondly, bid volumes were shown to have 

a crucial impact on price formation in concentrated markets. The effect of capacity withholding, as compared 

to hydro-only scenarios, was dampened, removing extreme price spikes. Thirdly, the system costs went down 

(and in some scenarios even below) the current baseline levels. This result holds even when we do not assume 

that new or incumbent agents would bid their true costs. Marginal differences in system costs among all 

scenarios with new market entrants point to the decreased impact of strategic bidding and, ergo, a more robust 

FCR-N market. Finally, all simulated scenarios revealed that marginal pricing indeed leads to a more 

competitive behavior as compared to pay-as-bid pricing. 
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1 INTRODUCTION 
 

1.1 Background, project rationale and approach 
 

In the past few years, the costs of frequency containment reserve (FCR)1 has increased significantly. The 

demand for FCR in the Swedish balancing market is mainly covered by balancing service providers (BSPs) 

with hydro assets. Their costs vary significantly over the year depending on the hydrological situation. In order 

to keep balancing costs in check, Svenska kraftnät has so far applied a cost-based procurement approach. A 

specific cost methodology is, however, available only for hydro generation.  

 

Thanks to the recent technological advancements and the growing shares of renewables, there are also a lot 

of new potential providers of FCR such as batteries, wind generators, demand-side resources, including 

potential aggregation. The cost-based pricing model in combination with the pay-as-bid rule is believed to 

weaken the incentives for the participation of new resources. 

 

At the same time, the recent EU regulation, in particular the Electricity Balancing Guideline (EBGL), provides 

for the transmission system operators (TSOs) to create the enabling conditions for the participation of new 

technologies and actors in the balancing markets. These include adaptations of balancing market design. 

 

The challenge of the cost-based methodology designed by the TSO is that it is tailored to hydro power plants. 

For other technologies, the current approach is uncertain as to how the costs should be calculated to comply 

with the cost-based requirement. In addition, inherent information asymmetry cannot be fully avoided as these 

are the BSPs themselves calculate and report their costs. The inclusion of new types of BSPs would then likely 

require a departure from cost-based bidding in the direction of free bidding in order to create sufficient 

incentives for participation2. 

 

Pricing rule has been shown both in practice and in research to be a strong influencing factor for the bidding 

strategies and incentives of service providers to participate. Arguably, the pay-as-bid rule (PaB) would require 

more sophisticated strategies of new entrants for them to benefit from occasionally high prices. A pay-as-

cleared (or marginal-pricing (MP)) model can allow them to apply much simpler bidding strategies while still 

earning the potential upside, which can be assumed would strengthen the incentives for new entrants. 

 

This leads to the following hypothesis: In the long-term, the FCR-N pricing model based on free bidding and 

marginal pricing is likely to encourage the entry of new market participants, thus strengthening competition 

and reducing balancing costs.  

 

However, in a situation with limited competition as a starting point this could lead to a situation of exploitation 

of market power leading to an overall reduction of economic surplus and to substantially increasing costs, 

which ultimately will be passed through to customers. 

 

 
1 In this report, the following abbreviations have been used: BC – balancing capacity, BESS - battery energy storage systems, BSP – 
balancing service providers, DA – day-ahead, FCR – frequency containment reserve, EBGL – European Balancing Guideline, Elba-
ABM – agent-based model of electricity balancing, IHM – internal hydro module, MP – marginal pricing, PaB – pay-as-bid, RL – 
reinforcement learning, Svenska kraftnät – Svenska Kraftnät, TSO – transmission system operator, VWAP – volume-weighted average 
price 

2 Throughout the report, ‘free bidding’ refers to BSPs freely choosing their FCR-N bid themselves. 
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Key questions 

1) What is the impact of a change in the market design: 

a. from cost-based to free bidding?  

b. from pay-as-bid to marginal pricing?  

2) What will be the effect of new market entrants and different degrees of competition on the FCR-N 

market with the new market design?  

 

In order to answer the project’s research questions, we use an agent-based modelling approach. In addition, 

to replicate profit-maximizing behavior of market actors in a highly volatile market and system environment, 

we develop a reinforcement learning (RL) algorithm for the model’s agents.  

 

The benefits of this approach are multifold: 

• Market design can be modelled in great detail and different design choices can be compared 

• Elements of market design can be analyzed explicitly as agents are directly embedded in the modelled 

market  

• Market actors are heterogenous in terms of bidding strategies and technological portfolios  

• Market design and levels (and types) of competition can be incorporated  

• No assumptions of perfect competition or perfect information  

• Actors learn and respond dynamically to changing market conditions and the actions of other market 

participants. 

 

We build on AIT’s in-house model, Elba-ABM3 and adapt it to the design of the FCR-N market and its current 

and future participants. We compare the current situation and the situation with the new market design 

assuming different types of behavior or levels of competition (e.g. current situation with few suppliers and a 

situation with new market participants and more intense competition). 

 

1.2 Overview of the FCR-N market design 
 

The Swedish FCR-market includes two separate products: FCR-N and FCR-D. The latter is procured in one 

direction only (upward regulation) and its activation follows FCR-N. In this report, we focus exclusively on the 

FCR-N market.  

 

The design of the FCR-N market is summarized in the table below. 

 

Table.1: FCR-N market design 

Design variable Choice 

Demand 240MW (FCR-N) / hour 

Frequency of demand setting Yearly 

Bidding frequency D-2, GCT15:00 

D-1, GCT 18:00 (i.e. after day-ahead) 

Product resolution Hourly (capacity)  

Bid symmetry yes 

 
3 Agent-based model of electricity balancing 
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Minimum bid size 0.1 MW 

Bid setting (free vs. cost-based) Cost-based + mark-up / special cost methodology (for 

hydro power) 

Frequency of market clearing daily 

Remuneration Capacity & energy  

Pricing rule Pay-as-bid for both capacity and energy (from the mFRR 

market) 

Clearing Merit-order-based 

Activation rule Pro rata (frequency-based) 

Market information provided to  

balancing service providers 

Public demand and weighted average FCR-N prices 4 

  

The procurement in FCR-N in two subsequent auctions in D-2 and D-1 timeframes is motivated by the dispatch 

characteristics of hydro power plants. In D-2 there is a small forecast error about the actual output as opposed 

to D-1 after the day-ahead gate closure when the forecast error is equal to zero. Importantly, in D-1 timeframe 

the BSPs already know the day-ahead (DA) market price. The planning can still be adjusted against (rather 

illiquid) intraday market. Most of the capacity is procured in the D-2 auction. Another difference between the 

two auctions is that the D-1 auction is the only common market in the Nordics enabling FCR exchange.  

 

Out of the total demand for FCR-N, maximum 1/3 can be procured from the neighboring countries. Reliability 

margins are used to ensure sufficient transfer capacity for such exchanges. The data of the exchange volumes 

indicates a strong seasonal dependence. Most imported FCR-N originates from Norway. In contrast, the bulk 

of FCR-D is procured from Finland.  

 

The balancing energy delivery is quite large since the Nordic FCR-N product is in many ways akin to the 

standard European aFRR product. However, there is no FCR-N balancing-energy product or market and the 

activated energy is settled with the mFRR market price. The profit from energy activation is marginal in 

comparison to that from capacity due to bid symmetry and FCR-N netting. The mFRR market is currently fairly 

competitive and is not addressed in the project. 

 

Structure of this report 

 

In this report, we first briefly describe the approach to modelling the FCR-N market environment using Elba-

ABM (Chapter 2). In Chapter 3, we give an overview of the methods for modelling market agents. These 

include, on the one hand, hydro-based BSPs and new entrants, BSPs with portfolios of battery storage and 

wind assets. On the other hand, we describe the cost-based bidding strategy of different technologies and the 

free-bidding strategy.  

 

In Chapter 4, we introduce the modelling scenarios and present an overview of simulation results. 

Subsequently, we discuss the implications of the model results with respect to the research questions as well 

as make suggestions for future research in Chapter 5. The results are finally summarized in Chapter 6. 

 
4 E.g. the Austrian TSO provides the hourly weighted average price. 
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2 MODELLING OF THE MARKET ENVIRONMENT FOR THE 

FCR-N MARKET 
 

Based on the discussions with the experts from Svenska kraftnät, a number of assumptions and design choices 

were made to represent the FCR-N market in the model. These are detailed in the table below. 
 

Table 2. FCR-N market design represented in the model. 

Design variable Choice 

Demand approx. 240MW  

Frequency of demand setting Yearly 

Timeframe of procurement D-1 GCT 18:00  

Product resolution Hourly   

Bid symmetry yes 

Min. bid size 0.1 MW  

Bid setting (free vs. cost-based) Cost-based + mark-up / special 

methodology (for hydro) 

Frequency of market clearing daily 

Pricing rule Pay-as-bid /uniform pricing 

Market information provided to BSPs Demand for balancing capacity 

(determined annually), weighted average 

FCR-N prices 
  

Considering the fact that a share of FCR-N is exchanged with the rest of the Nordic region, these exchanges 

are explicitly considered in the model, using the data provided by Svenska kraftnät (Figure 1): 

- For imports, the imported volume is subtracted from the total demand for balancing capacity.  

- For exports, the exported volume is added to the total FCR-N demand. 

 

In order to prevent BSPs from using this additional information in their bidding strategies, only the publicly 

known FCR-N demand, i.e. stable demand announced each year, is provided as a data point to the agents.  

 

Although the procurement of FCR-N is two-stage, conducted in D-2 and D-1 timeframes, we implement a 

single auction in D-1 timeframe in the model. Noteworthy is that the gate closure time (GCT) of the D-1 auction 

is at 6pm, i.e. after the publication of the day-ahead (DA) market results around 1pm. Thus, the BSP already 

knows the DA market clearing price. In addition, some capacities procured in D-1 are traded with the rest of 

the Nordic region.  
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The peculiarity of the Nordic electricity markets is that they to a large extent account for congestion within the 

TSOs’ control areas by splitting it into several bidding zones, where prices will diverge in the event of 

congestion. Sweden consists of four pricing zones, SE1, SE2, SE3 and SE4 (Figure 2). 

 

  
Figure 2. Prize zones in the Nordic region (Source: Nordpool5) 

 

This aspect is reflected in the model by assigning agents to different bidding zones and passing them zone-

relevant information. 

  

 
5 https://www.nordpoolgroup.com/the-power-market/Bidding-areas/  

Figure 1. FCR-N volumes [MW] exchanged with the other countries of the Nordic region in 2019-2020.  
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3 MODELLING OF THE AGENTS THE FCR-N MARKET 
 

3.1 Agent types and bidding decisions 
 

The current Swedish FCR-N market has a rather homogenous and concentrated nature. The product is almost 

exclusively procured from hydro power plants belonging to three largest market actors.  

 

ABM requires the portfolios and bidding strategies of market actors to be explicitly specified.  

 

The modelling of agents involves two stages: 

1. representing BSPs with a portfolio of hydro-only assets 

2. representing new market entrants: these are assumed to be operators of battery storage units and 

wind generators. 

 

The agents’ decisions in the balancing capacity markets are linked to the current and expected prices in other 

short-term markets as well as to other factors such as the water value based on storage capability and the 

expected future energy prices. Their bids are composed of two decision variables: the bid price for balancing 

capacity (BC) per generator and hour, ��,�
�� , BC bid volume ��,�

�� . Since bids are symmetric, no splitting between 

upward and downward regulation is made and the bid volume is assumed to be reserved for possible activation 

in either upward or downward direction. The hourly demand for BC, ��
�� , is set by the TSO. The generator bid 

is 	�,�
�� 
 ���,�

�� , ��,�
�� �,  ∈ �. In the daily FCR-N auctions, the BSP may submit up to 24 bids per generator for 

the next day. 

 

BC prices are related to agents’ opportunity costs per generator, e.g. the revenue forgone by not participating 

in other markets or producing at a different point in time. Market actors may have different portfolios and 

strategies and decide on the bid volumes and prices individually per generator considering their opportunity 

costs, price expectations (and their prior experience). In the model, the choice can be made between two agent 

strategies: 

1) price-taking bidders that have no influence over the market outcome and bid at their short-term opportunity 

cost: ��,�
�� 
 ��,�

���
 . 

2) profit-maximizing bidders that learn a strategy to maximize their profits based on market information and 

previous experience. Reinforcement learning (RL) is used in the FCR-N market model to represent BSPs 

with a portfolio of assets that can deviate from true costs and act in a profit maximizing manner.  

 

The different agent types and strategies are illustrated in Figure 3.  

 

It is important to point out that, since the model is designed to evaluate different market designs, it does not 

claim to provide the most accurate and detailed representation of the technological constraints and operational 

specificities of generation technologies. Instead, the main focus is placed on determining how the bidding 

strategies as well as the main technical factors, such as minimum load requirements or seasonal variability of 

available capacity, affect the bids of market participants.  

 

In this Chapter, we first focus on the modelling of traditional hydro-based BSPs bidding at opportunity costs. 

Then, the bidding strategies of new market entrants are described. Finally, we describe the reinforcement 

learning algorithm developed to represent profit-maximizing behavior of agents under free bidding. 
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Figure 3. Bidder types based on technology and bidding strategy used in the model. 

 

 

3.2 Modelling of incumbent hydro-based agents 
 

The Swedish energy mix is dominated by hydro power constituting 38 % of the total installed capacity as of 

2018. Most production is located in bidding zones SE1 and SE2 in the country’s North. In the FCR-N market, 

this dominance is even more pronounced since, at the moment, almost entire FCR-N volume is covered by 

hydro reservoir power plants.  

 

It is therefore highly important to be able to represent the bidding behavior of hydro-based BSPs in the model.  

 

Under the current market rules, BSPs with portfolios of hydro generation are expected to submit their 

symmetric FCR-N bids based on their opportunity costs. These should be calculated based on the 

methodology developed by Svenska kraftnät. The Swedish TSO reserves a right to audit the submitted costs. 

The costs of providing of FCR-N may include a number of cost components linked to potentially higher costs 

due to efficiency losses, rescheduling or water spilling. For these reasons, the opportunity costs of a BSPs can 

vary considerably throughout the day, the season and the year. Notably, in a hydrologically constrained period 

– whether due to strained hydro reserves during a dry spell or their excess after a spring flood – the prices of 

FCR tend to increase.  

 

Most hydro power plants have a complex multi-stage structure with reservoirs used for short-term to seasonal 

storage. Due to the prevalence of hydro power, hydrological situation is key to liquidity in the markets and, 

ergo, price levels. Throughout the day, a clear pattern of higher prices in off-peak periods (i.e. at night) 

corresponding to higher opportunity costs can also be recognized (Figure 4). This can be explained by 

minimum load requirements and by the fact that little generation is running due to low demand at night, making 

it especially costly to reduce output.  
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A number of factors have been identified that are expected to have an effect on the water value and, ergo, on 

the BSP’s opportunity costs and FCR-N market prices. These include:  

 

1. Hydro production (Figures 5 and 6): Prices depend on the production levels of hydro power plants: 

these are negatively correlated with the FCR-N prices6. This can be explained by the fact that at times 

of low production, the availability of downward flexibility is low, which is yet needed to offer a 

symmetrical product. Alternatively, some power plants may not run at all, as a result of which upward 

regulation cannot be provided either.  

 
6 Pihl, H. (2019) „Swedish FCR prices”. White Paper. RISE November 2019. 

Figure 4. Example FCR-N price development over a course of a few days (17-24.08.2019) with clearly recognizable time-related price 

differences. 

Figure 5. Hydro production levels in the four Swedish bidding zones in 2018-2019. 
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Figure 6. Correlation between FCR-N prices and hydro production seems to follow a 1/x curve. 

 

2. Day-ahead prices: there is a less pronounced positive correlation between the day-ahead and FCR-N 

prices. Besides, as Figure 7 shows, day-ahead prices and FCR-N prices tend to mirror each other: in 

peak periods when DA prices are the highest, FCR-N prices tend to go down. Conversely, in off-peak 

periods, FCR-N prices are the highest. 

 

 

3. Hydro reservoir levels (Figure 8) reservoir levels affect the internal value of water and, ergo, the FCR-

N price. In situations when the reservoir levels are either unusually low or are increasing, FCR-N prices 

tend to be higher7. In addition, there is a strong seasonality effect, with more water inflow in late 

summer and in fall whereas the water levels are the lowest in spring. 

 
7 Pihl, H. (2019) „Swedish FCR prices”. White Paper. RISE November 2019. 

Figure 7. Example DA market prices in SE1 (in grey) and FCR-N prices (in green) [€/MWh] over a course of a few days (06-16.08.2019). 
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4. Prices of other balancing products (aFRR and mFRR) (these are, however, not considered in this 

project) 

5. Minimum load requirements: assumed to vary between 35% and 50% 

 

According to the cost calculation methodology for hydropower plants provided to BSPs by Svenska kraftnät, 

the total opportunity costs can be allocated to four different components. These complex calculations are 

conducted by the BSPs themselves and are not disclosed. Based on the bid information, it is impossible to 

know the shares of the different components in a bid nor is it known what kind of power plant different bids of 

the same bidder correspond to or what their individual water indicators are (e.g. the exact reservoir levels of 

BSP X, the real amount of inflow per generator, specific weather forecasts, …). Therefore, some 

generalizations must be made in order to meaningfully represent hydro-based BSPs in the model. Besides, 

some of the considerations from the cost methodology can be taken into account when devising a bidding 

strategy for the agents in the model. In addition, due to high computational complexity and challenges in 

implementing block bids for reinforcement learning agents, block bids are left out of the scope of the project. 

Thus, block bids in the bids dataset over several hours are treated as individual bids in the model.  

 

Given the points above, it does not seem possible to “reverse-engineer” the bidding strategies or formulate 

them mathematically and in a standardized manner. Therefore, we chose a different approach: prediction 

models have been developed to predict FCR-N bids of hydro-based BSPs based on the historical market and 

hydro data as well as on the historical bids.  

 

 

 

Figure 8. Changing FCR-N price trend (bottom) as hydro reservoir levels (per bidding zone, top) increase over a period of several 

months between May and September 2019.  
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3.3 Modelling of new market entrants 
 

Through the adjustments of its FCR-N market design Svenska kraftnät intends, among others, to attract new 

participants to the FCR-N market. Based on their technical characteristics and the experience of their 

deployment in other EU countries (e.g. UK and Germany), battery energy storage systems (BESS) seem to 

be a likely candidate as a future FCR-N providers in Sweden. Wind generation is considered to be the second 

likely candidate given its fairly quick activation time.  

 

3.3.1 Brief status overview of BESS and wind technologies in Sweden 

 

Among the Nordic countries, Sweden has the highest potential for the future growth of the residential storage 

market, mostly thanks for the generous investment subsidy of currently up to 60%8 for storage units connected 

to renewable self-generation units. The subsidy will, however, be phased out in 2021 and potentially replaced 

with a tax deduction scheme Larger storage units were not an attractive option until recently given the country’s 

heavy reliance on flexible hydro reservoir plants. Nevertheless, the possibility of using BESS for peak-shaving 

and maximizing self-consumption as well as the prospect of participating in the ancillary service markets makes 

storage for commercial and industrial (C&I) customers an increasingly attractive option. Among C&I customers, 

the main investment into storage systems has so far been concentrated in data centers, shopping centers 

(esp. coupled with EV charging) and some industrial processes. Storage systems further offer an opportunity 

to save some network costs that have been progressively increasing due to higher frequencies of grid 

congestion. Storage market in the Nordics is still, however, in very early stages, with the annual market of ca. 

6MWh in the entire Nordic region9.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
8 Energimyndigheten, „Stöd som du kan få vid investering“, Official website of the Swedish Energy Regulator, Apr. 08, 2019. 
http://www.energimyndigheten.se/fornybart/solelportalen/vilka-stod-och-intakter-kan-jag-fa/stod-vid-investering/   

9 EASE, “European Market Monitor on Energy Storage. Latest Status And Trends In Europe”, Edition 4.0, March 2020.  

 

Figure 9. Annual development of installed wind capacity in Sweden 2000-2025. Source: IEA 2020. 
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Another candidate in the Swedish FCR-N market is  wind parks. Wind technology already constitutes a tangible 

share of the country’s energy mix, 12% and annual production of 16.6 TWh (as of 2018). The amount of 

installed capacity has been growing steadily, as Figure 9 shows, and amounted to approx. 8,685 MW in 201910. 

As the country is aiming at achieving carbon neutrality by 2040 and limitations of installing new hydro 

generation, the share of installed wind power capacity is likely to further increase. Given the positive 

experience of other countries, such as Denmark and Austria, wind generation can indeed react to the TSO’s 

signal quickly enough to deliver FCR-N. However, the product symmetry is a large roadblock for wind providers 

that may limit their availability.  

 

 

3.3.2 Battery storage: main characteristics and bidding strategy 

 

Battery storage systems generally offer a very fast response time in the range of seconds. This reaction speed 

is adequate for offering balancing capacity for frequency control on the FCR market. In doing so, power is fed 

in or consumed proportionally to the frequency deviation of the power grid from the reference frequency. 

 

BESS is a special case for a number of reasons. Since BESS has a finite storage capacity, it is not possible 

for a battery to offer FCR as an independent system without additional measures, be that other technologies 

or marketplaces. Besides, due to the limited storage capacity and self-discharge, the necessary energy cannot 

be supplied in the event of long-term frequency deviations. Finally, the standby losses and the efficiency of the 

BESS (and the inverter) result in losses that must be compensated. 

 

There are, however, several strategies to circumvent these limitations. For example, another power plant can 

be used for recharging, it can be pooled with other BESS or other technologies. Alternatively, additional energy 

can be purchased in short-term electricity markets. In order to correct excessively high or low battery charge 

levels, excess energy can be sold on the intraday market or required energy can be bought. Such aspects as 

network tariffs are disregarded in the project as these are not relevant for the project’s research questions. In 

the FCR-N market, BSPs receive remuneration for both capacity and energy. However, since the balancing 

energy market is not investigated in the market model at this point, the costs of energy activation are rather 

small and the corresponding remuneration are out of the scope of this discussion.   

 

The focus of AIT’s current project, Feldbatt11, is the integration of storage into electricity grids and markets. 

Based on the simulations and field test results, the following costs and constraints have been identified for the 

years 2020-2050: 

 
Table 3. The costs and constraint of battery storage units determined and forecasted for years 2020 - 2050. 

Year Lifetime (a) Roundtrip 

efficiency 

(%) 

Power-

related 

costs 

(€/kW) 

Energy-

capacity-

related costs 

(€/kWh) 

O&M (% 

CAPEX/a) 

Full cycles 

2020 15 80 90 475 2% 5,000 

2030 15 84 75 229 2% 7,000 

 
10 https://sweden.se/nature/energy-use-in-
sweden/#:~:text=About%2012%20per%20cent%20of,are%20mainly%20powered%20by%20biofuels.  

https://www.hindawi.com/journals/jre/2018/1650794/fig1/ 

11 https://www.ait.ac.at/en/research-topics/smart-grids/projects/feldbatt/  
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2040 15 87 70 113 2% 10,000 

2050 15 90 65 92 2% 15,000 

 

In the project, it was found that even assuming constant FCR prices, the revenues from trading control power 

are not sufficient to offset the investment costs in a battery storage system within 10 years, assuming an 

investment cost estimate of 

� 
 90
€

kW
⋅ � � 475

€
kWh

⋅ � 

where � represents the nominal active power of the battery storage system and � the capacity. Furthermore, 

the development of the prices for FCR is difficult to predict and entails an additional investment risk and higher 

opportunity costs. Network tariffs and pre-qualification constraints are other factors that have a high impact on 

strategy, yet these are disregarded in this project. 

 

In general, due to still rather high energy costs, profitable operation of storage requires so-called value-

stacking, i.e. generation of multiple value streams from markets and services. Therefore, only an operation in 

combination with one of the other operating strategies, e.g. peak-load shaving or optimization of self-

consumption, would be economically feasible for BESS. It is, however, worth pointing out that balancing 

markets have indeed been the largest value stream for BESS operators so far in a number of markets, such 

as Germany and Switzerland. 

 

Based on the considerations above, BESS would be highly motivated to participate in the FCR-N capacity 

market as often as possible in an attempt to recoup its high investment costs. However, energy activation is 

unfavorable for BESS due to cycling costs and as a result will imply additional costs included in the capacity 

bid. Besides, for the participation in the FCR-N market, an additional recharging strategy is likely necessary 

so that longer-lasting frequency deviations can be dealt with. In the following, it is assumed that a battery is 

not pooled with another technology. Instead, we assume that: 

-  it can buy additional energy in the intraday timeframe in the event that the current state of charge is 

insufficient to provide the symmetric FCR-N product. 

- It does not participate in the DA market where the (expected) prices are tangibly lower and activation 

is expected. 

 

In the model, we assume that the agents with a storage portfolio bid 50% of its optimal state-of-charge to 

ensure a delivery of a symmetric product. Since FCR-N prices are considerably higher in the off-peak period 

(i.e. at night), we assume that it is then when a storage operator would submit its FCR-N bids whereas no 

volume is bid in low-priced peak periods.  

 

 

3.3.3 Wind generation: main characteristics and bidding strategy 

 

The availability and, ergo, the bid volume of a wind generator is tightly linked to the current and expected 

weather conditions and, ergo, on the accuracy of forecast results. In comparison to many other European 

countries where balancing capacity auctions take place a long time in advance – making is virtually impossible 

for a wind park operator to produce a reliable forecast – the daily FCR-N auctions in the Nordics make the 

situation much more manageable. 
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Based on the experience of other countries, the biggest issue for wind participation in the balancing market is 

symmetric bidding. Empirical evidence shows that downward regulation is significantly easier for a wind 

generator to comply with as opposed to upward regulation, which requires so-called ‘pre-curtailment’. This has 

also been confirmed by the research results in an ERA-Net project REstable12, which show that in case 

reservation in both directions is required, only a limited capacity band can be provided for balancing.  

 

All market participants are (in reality) dependent on correct forecasts to calculate their bids. BSPs using wind 

generators are an extreme case, since their availability of power/energy depends on these forecasts (while 

e.g. hydro-reservoirs are of course weather dependent, but do not lack the immediate availability in the event 

of forecast errors). Due to this, risk-aversion needs to be factored into the volume that a wind BSP intends to 

sell. 

 

In the model, it is assumed that operators of wind generation would bid conservatively in terms of volume due 

to the variability of forecasted production and empirical evidence of bidding from other countries. The bid 

volume of a wind-based BSP will also depend on the expected FCR-N price. A naïve price forecast is used for 

its determination. At the same time, we stipulate that the opportunity costs of wind generation would mainly 

depend on the DA market price.  

 

It is important to point out that the intention of the FCR-N market model is to investigate the interactions 

between market design and actor strategies. In this sense, it is not the intention of the model or the project to 

represent participating technologies in the greatest detail. The individual technological specifics matter only up 

to an extent to which these affect the agent’s bid volumes and costs.  

 

 

3.4 Modelling of profit-maximizing agents under free bidding 
 

We develop a reinforcement learning (RL) algorithm in order to allow agents to maximize their profits in the 

FCR-N market based on their own actions and the available system and market data, such as FCR-N prices, 

DA market prices, hydro reservoir levels, hour of the day, etc. that are stored in the agent’s memory. A RL 

agent is provided a discretized action space that includes bid prices and bid volumes. In terms of bid price, it 

can place a markup on its opportunity costs and, in terms of bid volume, it can reduce its bid volume in any of 

the three price bands. The RL algorithm requires a training period in order to find an optimal policy. Therefore, 

in the model, the resampled year 2017 as well as the historical year 2018 are used for training whereas in the 

year 2019 the agent behaves optimally.  

 

Such an approach allows for a dynamic bid strategy determination given a multi-round auction with a lot of 

moving parts: changing hydrological situation, market prices and the actions of multiple actors affecting each 

other. It is in this way also assumed that agents do not have a complete information about the market, neither 

do they have a perfect foresight, which corresponds to real-life market conditions.  

 

 

  

 
12 https://www.restable-project.eu/  
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4 SCENARIOS AND RESULTS 
 

This Chapter describes the scenarios selected to answer the project’s research questions and provides an 

overview of market-level and agent-level results. 

 

4.1 Overview of the scenarios 
 

This project is aimed at answering a number of interlinked questions related to market design changes as well 

as to the change of bidder landscape: 

 

1. What is the effect of the change from cost-based to free bidding? 

2. What is the effect of changing the pricing rule from pay-as-bid to marginal? 

3. What is the effect of new market entrants and different degrees of competition on the market 

outcome? 

 

Based on these questions, the simulation scenarios based on market design options with different bidding and 

pricing rules defined in the project have been clustered into 3 blocks: 

 

 Block 1 – Hydro-only scenarios: in this block (scenarios 1 to 6 in Table 4) three hydro-based agents 

represented with the help of historic bids of three BSPs use either a cost-based (true-cost) or free 

bidding (profit-maximizing) approach under either pay-as-bid pricing (PaB) or marginal pricing (MP).  

 Block 2 – All cost-based scenarios with incumbent and new market entrants considering the 

change to marginal pricing: two additional actors are added to the mix, namely an agent with battery 

storage assets and an agent with wind assets. This block (scenarios 7 a to i in Table 4) further includes 

scenarios with low or high shares of storage, low, medium and high shares of wind as well as 

combinations thereof.  

 Block 3 – Scenarios with incumbent and new market entrants taking into account the agents’ 

ability to deviate from true costs: the last block (scenarios 8 to 11) is concerned with the most 

realistic cost-based scenario when it comes to expected shares of storage and wind and testing them 

using different bidder strategies and their combinations. Assuming a reasonable medium-term market 

development, the scenario with high shares of battery storage and wind is examined further in this 

block. 

 
Table 4. Three scenario blocks simulated in the project. The scenarios differ according to the pricing rule and the ability of market actors 

to deviate from their true opportunity costs. 

 Pricing rule Hydro New actors  

 PaB MP 
True-cost 

(TC) 

Deviates 

from true-

cost (RL*) 

True-

cost 

(TC) 

Deviates 

from true-

cost (RL*) 

Name 

Block 1        

Scenario 1     n/a n/a 3TC_hydro_pab 

Scenario 2     n/a n/a 1RL_2TC_hydro_pab 

Scenario 3     n/a n/a 3RL_hydro_pab 

Scenario 4      n/a n/a 3TC_hydro_mp 

Scenario 5     n/a n/a 1RL_2TC_hydro_mp 
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Scenario 6     n/a n/a 3RL_hydro_mp 
        

Block 2 

 
       

Scenario 7       3TC_hydro_2TC_new 

Scenario 7a       6MWh battery 

Scenario 7b       6MWh battery + 150MW wind 

Scenario 7c       6MWh battery + 450MW wind 

Scenario 7d       6MWh battery + 900MW wind 

Scenario 7e       106 MWh battery 

Scenario 7f       106 MWh  battery + 150MW wind 

Scenario 7g       106 MWh  battery + 450MW wind 

Scenario 7h       106 MWh  battery + 900MW wind 

Scenario 7i       106 MWh  battery + 1350 wind 

 

Block 3  

       

Scenario 8       3TC_hydro_2TC_new_mp 

Scenario 9       3TC_hydro_RL_new_mp 

Scenario 10       3RL_hydro_2TC_new_mp 

Scenario 11       1RL_2TC_hydro_2RL_new_mp 

Scenario 12       
2RL_1TC_hydro_1RL_1TC_new

_mp 

* RL stands for reinforcement learning and TC for true-cost 

 

Free bidding is understood as the possibility for the BSPs to set their own bid price, which may or may not 

correspond to their true costs. Keeping this in mind, the distinction is made between “true-cost” strategy and 

the one where BSPs can potentially deviate from their true-costs to maximize profits, i.e. bid strategically to 

increase profits. The latter is simulated using reinforcement learning and can be assigned to individual agents.  

 

BSPs 

Based on the historical bid information, three BSPs were chosen as the most representative market actors for 

the simulations. The internal hydro model (IHM) builds bid price and volume predictions using their bids to 

derive 3 bids for agents 1, 2 and 3 each. These BSPs represent three different types of bidding strategies and 

are therefore each separately modelled. The agents’ market shares have been distributed based on historical 

data at 20%-40%-40% for agents 1, 2 and 3, respectively.   

 

In scenario blocks 2 and 3, the agent set is extended to include an agent with battery storage assets and 

another with wind assets.  

 

Bidding zones 

It is not possible to reference the assets behind a BSP’s FCR-N bids to a specific bidding zone (SE1, SE2, 

SE3 or SE4). Since SE3 and SE4 are largely irrelevant from the point of view of the FCR-N market, in the 

simulation scenarios it is assumed that the three BSPs are located in SE1 and SE2. It is important to note that 

this does not affect prediction results in a significant way since the only big difference in the datasets between 
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the two bidding-zones consists in their respective reservoir levels as well as wind forecasts – and these tend 

to correlate quite well during the year regarding the overall seasonality. 

 

 

4.2 Simulation results 
 

4.2.1 Scenarios with the incumbents (hydro-only) 

 

In this Chapter, we review the results of the first block of scenarios: 
 Pricing rule Hydro New actors  

 PaB MP 
True-cost 

(TC) 

Deviates 

from true-

cost (RL*) 

True-

cost 

(TC) 

Deviates from 

true-cost (RL*) 
Name 

Block 1        

Scenario 1     n/a n/a 3TC_hydro_pab 

Scenario 2     n/a n/a 1RL_2TC_hydro_pab 

Scenario 3     n/a n/a 3RL_hydro_pab 

Scenario 4      n/a n/a 3TC_hydro_mp 

Scenario 5     n/a n/a 1RL_2TC_hydro_mp 

Scenario 6     n/a n/a 3RL_hydro_mp 

 

Before testing new market rules, it is essential to replicate the original market with a reasonable degree of 

fidelity. It can be estimated based on whether: 

a) Modelled FCR-N prices correspond to the historical ones in terms of magnitude 

b) Expected seasonalities are observed 

c) Daily price developments correspond to observed market results 

d) There is a high overall goodness of fit between observed market data and model output. 

 

Comparison of real FRC-N market and modelled results – baseline scenario 

 

The first scenario (3TC_hydro_pab) corresponds to the current market design, under which only hydro-based 

BSPs place bids based on their costs and are settled pay-as-bid. This scenario is used as a baseline for 

comparison with the remaining scenarios in block 1. The FCR-N price development (marginal and weighted 

average) over the year 2019 is shown in Figure 10.   
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A visual comparison of the modelled prices in Figure 10 and the historical ones in Figure 11 shows that the 

modelled results of the status quo replicate the historical 2019 market results rather closely both in terms of 

magnitude but also in terms of month-to-month price development, fulfilling criteria a) and b) listed above.  

 

 
Figure 12. Modelled weighted average and marginal price development [€/MW] over one week in mid-February 2019. 

Figure 11. Historical FCR-N prices [€/MW] during the year 2019, cost-based, pay-as-bid. 

Figure 10. Modelled weighted average FCR-N prices 2019 [€/MW], cost-based, pay-as-bid/marginal pricing. 
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Figure 12 shows that the model result closely follows the short-term price changes observable in the historical 

data, fulfilling criterion c). Specifically, day-to-day price variations, i.e. higher FCR-N prices in off-peak and 

lower prices in peak periods, are reflected in the model results. 

 

Considering that the model includes three out of about a dozen actual BSPs in the FCR-N market, this result 

implies a high influence of the modelled BSPs on the actual market outcome.  

 

Similarly, the model results demonstrate FCR-N prices for the year 2018 (Figure 14) similar to historical 2018 

prices (Figure 13): 

 

 
Figure 14. 2018 - Modelled weighted average FCR-N prices [€/MW]  – 3 true-cost bidders – pay-as-bid pricing. 

 

We can observe that the general price development and the magnitude are on the whole well-represented in 

this year as well. The model, however, ‘predicts’ more conservative prices during late summer – early fall when 

historical prices reached substantially higher levels. The extraordinary market situation was caused by a 

special hydrological situation: in May 2018, the country experienced a heat wave and all snow melted 

simultaneously leading to a lot of spillage and this limited the possibility for storing the water. As a result, later 

in the year, the market experienced a large water deficiency coupled with volatile prices for DA-prices 

prompting very high FCR-N prices.  

 

Figure 13. Historical FCR-N prices (weighted average, [€/MW]) during the year 2018 
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In general, the deviations between the modelled and historical results are explained by a number of factors 

having an impact on the model outcome: 

• In the model, 3 (instead of 10+) BSPs are represented. Understandably, additional effects would in 

reality be produced by other market actors. 

• Prices and volumes are aggregated (multiple submitted bids are clustered to 3 bid bands) and are 

based on real system, market and bid data 

• Block bids treated as single bids 

• Non-awarded bids are included when predicting agent bids. These, however, are more likely to be out 

of the merit order in the model due to its lower granularity (and assuming that all available capacity is 

bid) as compared to the real market. 

• Agents are dimensioned in such a way that their combined bids are at all times sufficient to cover 

system demand. This of course, can dampen some scarcity effects that could have been observed in 

the actual market.  

 

The graph above however shows that when it comes to marginal prices (red curve), we can indeed see a large 

price spike in the historical scarcity period. 

 

The overall goodness of fit of the weighted average price for the year 2018 (left) and 2019 (right) is illustrated 

in the scatterplots in Figure 15. The high goodness of fit, finally, fulfills criterion d), listed at the beginning of 

this chapter. 

 

 
Figure 15. Observed vs. Modelled weighted average prices for the years 2018 (left) and 2019 (right) 
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Switch to marginal pricing under true-cost bidding assumption 

 

Scenario 3TC_hydro_MP represents the change from pay-as-bid to marginal pricing while preserving cost-

based bidding or, alternatively, assuming that the agents will continue bidding their true opportunity costs.  

 

Understandably, in a cost-based scenario, the pricing rule has no effect on the marginal prices and therefore 

the outcome of this scenario is the same in terms of prices and is shown in Figures 10 and 14. System costs 

are, however, higher in this scenario since all awarded bidders receive the same marginal price regardless of 

the bid. For the sake of comparability, the numerical results will be summarized and compared at the end of 

this chapter.  

 

Based on the tested and validated results of the baseline scenario 3TC_hydro_pab, we adjust the bidding 

strategy of one or all market actors to allow for learning. In the following scenarios the agents can deviate from 

their true-costs in order to maximize profits. This is accomplished using a reinforcement learning algorithm 

(RL) described in Chapter 3.4. Each agent optimizes its actions for its entire portfolio and can place up to three 

hourly bids.  

 

Scenarios with a single learning agent 

 

In the first step, it is important to understand, to which extent a single strategic bidder can affect market results. 

In simulation scenarios 1RL_2TC_hydro_pab/mp, agent #2 that has slightly over a third of the market is 

assigned a profit maximizing strategy.  

 

In scenario 1RL_2TC_hydro_pab, we can see that besides occasional marginal price spikes in off-peak 

periods, prices increased during peak periods (Figure 17). As Figure 16 shows, spikes are particularly 

numerous and evident in early summer and beginning of fall and can in some hours reach almost 400€/MW, 

leading to a tangible system cost increase of 13%.  

 

 
Figure 16. 2019 - Modelled weighted average FCR-N prices – scenario 1RL_2TC_hydro – pay-as-bid. 
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A similar situation is observed in scenario 1RL_2TC_hydro_mp where marginal pricing was used to award 

successful bidders (Figure 18).  

 

Results show that in both cases, although the general price development remains the same, the introduction 

of a single strategic bidder leads to a frequent occurrence of price spikes and increases general price volatility 

with marginal prices exceeding 400€/MW. 

 

 

 

 

What drives the prices in these two scenarios is mainly the different distribution of bidding volumes of the RL 

agent. For instance, marginal price on May 12th at 13:00 reached 366€/MWh in the PaB scenario and 

431€/MWh in the MP scenario.  

 

For this hour in the PaB scenario, agent #2 removed all the volume from the medium-price band. As a result, 

of market clearing less than 1 MW of its capacity was accepted, yet it produced a jump in the merit order from 

154€/MWh (previous merit order position) to 366€/MWh. Notably, the agent bid with a markup of 55%, 

generating a profit despite being marginal.  

 

Figure 17. Modelled weighted average and marginal price development over one week in mid-February 2019. 

Figure 18. 2019 - Modelled marginal FCR-N prices – scenario 1RL_2TC_hydro – marginal pricing. 
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Under marginal pricing, agent #2 uses a different strategy not bidding in the most expensive band. As a result, 

both bids get awarded, yet another bid of agent #1 is marginal, raising the marginal price to 431€/MWh and 

allowing agent #2 to obtain a profit despite bidding true-cost in this (peak) hour.  

 

Already with the help of this example one can observe the first differences in bidding agents’ bidding behaviors 

under the two different pricing rules. It is also noteworthy that, despite lower average marginal prices in the 

scenario with marginal pricing, the application of this pricing rule leads to 24% higher system costs (119M€ vs. 

95M€). 

 

Scenarios with all learning agents 

 

In the second step, we trace the effect that occurs through all three market actors having a possibility to deviate 

from their true costs to maximize profits by assigning them the reinforcement learning strategy. 

 

In scenario 3RL_hydro_pab, the average marginal price increases to 94€/MWh (as opposed to 51€/MWh in 

the cost-based scenario) and the total system costs increase by 83% as compared to the baseline (see the 

summary at the end of the chapter). The agents manage to generate much higher profits by ‘supporting’ each 

other in pushing up the price. The market price development is illustrated in Figure 19.  

 

 

 

 

The outcome of the scenario with marginal pricing (3RL_hydro_mp) is even more dramatic (Figure 20). It 

shows that particularly if marginal pricing is applied, the volatility increases dramatically and in a few hours the 

price spikes can reach as much as 1800 €/MWh. As a result, system cost increase by staggering 120% as 

compared to the baseline. 

 

Figure 19. 2019 - Modelled weighted average FCR-N prices – scenario 3RL_hydro – pay-as-bid. 
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However, a closer look at the price duration curves (Figure 21) for the two scenarios reveals that in almost 

80% of all hours, the marginal prices in the scenario with marginal pricing were in fact (at times substantially) 

lower than the marginal price levels in the pay-as-bid scenario (see also closeup in Figure 22). It is 

approximately 20% of all times that the prices spike drive up the total system costs in the MP scenario as well 

as the distribution of bid volumes in different price categories.  

 

This outcome is also reflected in the bidding behavior of RL agents under the two market rules. As is shown 

on page 28, the agents in fact pursue a more aggressive strategy in the pay-as-bid scenario (left) as compared 

to the marginal-pricing scenario (right) and deviate from their true costs in a more stable manner. 

 

The reason for higher system costs in the MP scenario seems not to be the general proclivity of strategic 

bidders to place higher bids. Rather, it is linked to the availability of balancing capacity (see tables in the 

summary below). Remember that the RL agent has a chance not only to compete on the price but also on the 

volume and distribute its available volume among the three price bands in a most profit-maximizing manner. It 

then can decide either to bid all the available capacity or none for a given generator/price band. This can result 

in situations where an RL agent chooses to reduce capacity of cheaper generators in order to place its more 

expensive bid into the merit order when higher prices are expected.  

 

Additionally, the observed effects are correlated with the overall cost structure of hydro-based BSPs and their 

representation in the model: based on the current value of water and the available volumes, hydro-based BSPs 

price their flexibility differently for different amounts, meaning that the first batch is reasonably priced whereas 

the last few MW are extremely expensive. Similarly, in the model, these differences are represented with three 

bid bands using the k-means approach. On the one hand, based on historical bids, there are situations in 

which not all three bands of a bidder have non-zero bid volumes. For instance, if the volume is removed from 

the medium-priced band, it may be distributed between the low-priced and high-priced bids instead. On the 

other hand, large price differences between the three bands imply that taking one of the cheaper generators 

out of the merit order may cause an extreme price spike. This is indeed what we see in the results in Table 5. 

In an oligopolistic setting with only three market actors with roughly a third of the market share and free bidding, 

the agents manage to (more than) double the yearly system costs not just by raising their bid prices but also 

by withdrawing some more cost-efficient capacity from the market. 

Figure 20.2019 - Modelled weighted average FCR-N prices – scenario 3RL_hydro – marginal pricing. 
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Figure 21. Price duration curves in the scenarios with 3 strategic bidders under the pay-as-bid (3RL_PaB) and marginal pricing 

(3RL_MP) rules. 

Figure 22. Close-up of the price duration curves in the scenarios with 3 strategic bidders under the pay-as-bid (3RL_PaB) and marginal 

pricing (3RL_MP) rules. 
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Bid prices (in black) vs. opportunity costs (in gray) of agent #1 in the pay-as-bid scenario (left) and in marginal-price scenario (right) 
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Summary of the results from all-hydro scenarios (Block 1) 

 

The results of all scenarios in the first block are summarized in Table 5. 

 

Note that system costs are understood as the FCR-N procurement costs- 

 

In all analyzed scenarios, pay-as-bid pricing generates lower system costs. However, to put things in 

perspective, it is important to point out that according to the price curves in Figures 21 and 22, the marginal 

price in the PaB scenario was around 100 €/MW in 50% of all hours whereas in the MP scenario it was about 

70€/MWh. The data about the average supply shows that bid volumes and large price steps in the merit order 

have a significant impact on the market outcome. 

 

On the agent side, more profit is generated in marginal-pricing scenarios, as expected. Yet, as indicated in the 

example in scenarios 1RL_TC_pab/mp above, this does not imply that agents bid more strategically in the 

MP-scenario. Instead, they manage to make a profit even when bidding close to their true costs thanks to the 

marginal rule. Considering that the agent’s portfolio size and costs differ, to make them more comparable, their 

profits are shown per MW of prequalified capacity in Table 6. The values indicate how well the agents’ capacity 

was used.  

 

 

 

 

 

 

 

 

Table 5. Scenario Block 1. Market results 

Table 6. Scenario block 1 - Agent‘s profits per MW of prequalified capacity [€/MW] 



 

AIT Austrian Institute of Technology GmbH 

Giefinggasse 4  |  1210 Wien, Austria  |  T +43 (0) 50 550-0  |  F +43 (0) 50 550-2201  |  office@ait.ac.at  | www.ait.ac.at  |   30 

 

4.2.2 Scenarios with incumbent and new market entrants (cost-based) 

 

This part of the chapter is concerned with the second block of scenarios: 
 Pricing rule Hydro New actors  

 PaB MP 

True-

cost 

(TC) 

Deviates from 

true-cost (RL*) 

True-

cost 

(TC) 

Deviates 

from true-

cost (RL*) 

Name 

Block 2        

Scenario 7       3TC_hydro_2TC_new 

Scenario 7a       6MWh battery 

Scenario 7b       6MWh battery + 150MW wind 

Scenario 7c       6MWh battery + 450MW wind 

Scenario 7d       6MWh battery + 900MW wind 

Scenario 7e       106 MWh battery 

Scenario 7f       106 MWh  battery + 150MW wind 

Scenario 7g       106 MWh  battery + 450MW wind 

Scenario 7h       106 MWh  battery + 900MW wind 

Scenario 7i       106 MWh  battery + 1350 wind 

 

New market entrants are assumed to be BSPs with battery storage and wind portfolios. The cornerstones of 

their respective strategies, as described in Chapter 3.3: 

• The storage agent bids its maximum available capacity only in off-peak hours where FCR-N prices 

are higher while bidding zero volume in peak periods. 

• Storage agents’ costs do not only include the potential cost of buying missing energy but also its 

cycling costs.  

• Wind agents base their bid volume on the distribution between the FCR-N and DA markets but also 

on the FCR-N price expectations, bidding more volume if a higher price is expected.  

 

As shown in Table 3 in Chapter 3.3, the number of full cycles of battery storage is expected to increase between 

2020 and 2050 whereas their power and energy-related costs are expected to decrease substantially. It is 

important to keep in mind that the number of cycles refers to the number of times the battery is fully discharged. 

That said, given relatively low energy activations for FCR-N this factor will be much less limiting, i.e. will 

translate into a much larger number of cycles before the battery reaches its end of life.  

 

In each of the scenarios in this block we assume a perfectly competitive bidding (i.e. true-cost) under the new, 

marginal pricing, rule. The fundamental difference among the scenarios is the share of storage and wind.  For 

the former, the lower limit is set by the empirical status quo. For wind generation, we assumed that only a 

share of the installed wind generation (currently at about 9GW), would be prequalified and participate in the 

FCR-N market. Instead of claiming a perfectly motivated validity, this choice of technology shares is primarily 

meant to give the first idea of whether new entrants at all have an effect on the market outcome and if so, how 

the prices and system costs would change, assuming all agents to be price-takers. We deviate from this last 

assumption and provide a deeper insight into the effect of different technology shares in the next Chapter 

4.2.3.  
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Consequently, scenarios with low and high shares of batteries in the FCR-N market were simulated. The 

former corresponds to the current situation where the entire volume of battery storage in the Nordic region, 

according to the data from EASE, account for about 6MWh. The costs from 2020 in Table 3 and the power-to-

energy ratio of 2:1 were considered in this scenario. The high-storage scenarios were assumed to be more 

realistic in the medium term. As a result, the costs from 2030 were chosen. The wind agents, in turn, bid based 

on forecasted wind availability considering security margins. Their bid volume further depends on whether or 

not they expect the FCR-N price to be higher or lower than the day-ahead market price. 

 

The respective system costs in each scenario as well as the share of these costs that each of the three 

technologies account for are detailed in Table 7. Analyzing the influence of wind generation suggests a 

reduction in system cost of around 7000€ per additional MW of installed wind capacity. 

 
Table 7. Scenario block 2 - Market results 

 
 

The market share of new entrants remains marginal in most scenarios: for batteries it reaches maximum 4,7% 

whereas it can reach up to 20% in the scenario with a large share of wind. A maximum system cost reduction 

of about 12% is achieved in the scenario with high shares of batteries and wind (106MWh battery + 1350 MW 

wind). Yet, since 1) hydro-based BSPs still cover the bulk of the needed balancing capacity and 2) battery 

storage and wind are not necessarily always cheaper.  

 

At the same time, market results in individual hours depend to a large extent on wind availability, which is 

highly volatile and very high bid volumes can be expected only in a few hours of the year even in high-wind 

scenarios, as the histogram of available wind flexibility in the scenario with 450MW of prequalified wind 

capacity in Figure 23 shows. As a result, even though the total prequalified capacity may appear to be high, 

this still translates into only between 12,5 MW and 70MW of wind capacity bid in the FCR-N market on average. 

Figure 24 further illustrates these average bid volumes of wind generation and combined with low (grey bars) 

and high (green bars) shares of battery storage and their effect on system costs. The system costs are still 

slightly above the baseline, i.e. hydro-only PaB in Table 7, in all studied scenarios with new market entrants. 
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In terms of costs, battery storage and wind do present competition to incumbent hydro-based BSPs. Table 8 

shows that in all scenarios, new entrants get awarded rather frequently. Yet in terms of volume both wind and 

storage are often fringe. It is therefore their most optimal bidding strategy to bid at marginal cost (under 

marginal pricing). This strategy is later confirmed in the scenarios with reinforcement learning agents, where 

although able to bid freely, marginal storage operator keeps bidding true costs or very close to them (see 

Chapter 4.2.3). 

 

 
Figure 24. Extent of the effect of new capacities of battery storage and wind in the FCR-N market under assumption of cost-based bidding 

 

h
o
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Figure 23. Bid volume distribution of a wind-based BSP in medium-wind scenarios (450MW) 

MW 
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Table 8. Scenario block 2 - Agent results 

 

 

4.2.3 Scenarios with new market entrants in the new market design 

 

Finally, in this part of the Chapter we address the last block of scenarios: 
 Pricing rule Hydro New actors  

 PaB MP 
True-cost 

(TC) 

Deviates 

from true-

cost (RL*) 

True-

cost 

(TC) 

Deviates from 

true-cost (RL*) 
Name 

Block 3        

Scenario 8       3TC_hydro_2TC_new_mp 

Scenario 9       3TC_hydro_RL_new_mp 

Scenario 10       3RL_hydro_2TC_new_mp 

Scenario 11       
1RL_2TC_hydro_2RL_new_

mp 

Scenario 12       
2RL_1TC_hydro_1RL_1TC_n

ew_mp 

 

The shares of battery and wind simulated in the second block of scenarios were partially determined based on 

empirical data about currently available battery storage and wind generation in Sweden (see also Chapter 

3.3.1). Yet, in order to estimate what a sensible assumption a future scenario with high shares of wind and 

storage would be, an additional analysis needs to be conducted. The outcome of this analysis has then been 

fed into the final simulation block. 

 

An analysis of the potential system costs in the presence different shares of new technologies are presented 

in the heatmap below. It is assumed that hydro-based incumbents as well as new market entrants may deviate 

from their true costs and behave strategically. It shows that system costs are to a large extent dependent on 

the available share of wind generation. 

 

The datapoints in the heatmap were generated by interpolating expected system costs (and other agent and 

market parameters) based on three given scenarios (values are total prequalified capacity): 

1. low (30 MW storage, 500 MW wind) 

2. medium (150 MW storage, 1500 MW wind) 

3. high (300 MW storage, 2500 MW wind) 
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These scenarios were fully simulated using our model. We interpolate between these prequalified capacities. 

This is done by adjusting every bid based on a given factor (e.g. the selected storage size is 10% larger than 

in our simulation result, every storage bid is increased by 10%). Each point in the heatmap in Figure 25 

represents a separate simulation result: using adjusted storage and volumes as the only changing variable, 

we then calculate a merit-order based market-clearing for every hour which results in new market prices, 

awarded volumes, etc. The resulting system-costs are plotted using a 2D heatmap in order to visualize 

dependencies on the installed storage/wind capacity.  

 

 

Figure 25. The effect of different shares of installed battery storage (on the x axis) and wind generation (on the y axis) on total FCR-N 

costs, assuming the presence of three major hydro-based BSPs in the market. 

 

Another goal of this analysis was to make a more informed decision about what can be considered a ‘high 

wind -high battery’ scenario. The logical goal would be to ensure that the system costs under the new market 

design do not exceed historical costs. In our cost-based/pay-as-bid scenario these costs amounted to 

approximately 85M€. Therefore, the remaining batch of scenarios for ‘high wind – high battery’ is tested 

assuming 150 MWh of battery and 1500 MW of wind. Note that these amounts refer to total prequalified 

capacity and not actually bid one (see Figure 23 to appreciate the variability of the available bid volume from 

wind generators). 

 

Motivated by these considerations, the total prequalified capacity parameters for storage and wind in “high 

wind – high battery” set of scenarios were set at 150MWh and 1500MW, respectively. Note that these amounts, 

though may seem rather high, are not equal to the actual bid volume in the FCR-N market (see the average 

storage/wind bid volume in Table 9).  
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In block 3, we studied several scenarios, as shown in Table 9, assuming 3 hydro-based agents, a storage 

agent and a wind agent and assigned different combinations of strategies to them. In order to estimate the 

effect of the choice of strategies, all the remaining scenario parameters, such as volumes of prequalified 

capacity, simulation year and market design remained the same.  

 

In all studied scenarios, the results approximate the system costs determined in the baseline scenario (hydro-

only market with cost-based bidding and PaB pricing). This is a significant improvement in comparison to 

hydro-only scenarios (see Chapter 4.2.1). Hydro generation, regardless of the scenario, still accounts for the 

largest share of resulting system costs, varying between 75% and 80% (Table 9). At the same time, wind 

generation could cover about a third of the balancing capacity demand, making it a much more evident 

competitor for the hydro-based agents.  

 

Table 9. Overview of market results in the scenarios in block 3. 

 
* as compared to the total bid volume. How often wind generation or storage was awarded was calculated as 

the share of the technology’s total awarded volume in a year out of the total yearly bid volume. 

 

Storage does not only stand in competition with hydro generation but also with wind generation and we can 

see that as the availability of wind is higher, this chips at the market share of storage, pushing it out of the 

merit order together with more expensive hydro-based bidders. 

 

An important observation from the results in Table 9 is that the total system costs among all the simulated 

scenarios are quite similar, the deviation from the true-cost baseline does not exceed 5%. This implies that 

the choice of the bidding strategy or its assignment to individual bidders is much less relevant that in the 

scenarios with hydro-only agents. New entrants dilute market concentration quite efficiently as all agents tend 

to bid their true costs or close to them frequently.  

 

The scenario with hydro-based agents following an RL strategy leads to competitive results. There are several 

factors influencing this result. Strategic bidders attempt to ‘push each other out of the market’ by bidding lower 

and de factor pushing down the marginal price. In addition, through true-cost bidding new entrants, this 

pressure is increased. In particular, it can be observed very well in the RL agents’ proclivity to deviate from 

their true-costs which ranges between 16% and 51%, which is significantly lower than in hydro-only scenarios 

(Cf. 56% - 67% under MP and 66%-88% under PaB pricing). 



 

AIT Austrian Institute of Technology GmbH 

Giefinggasse 4  |  1210 Wien, Austria  |  T +43 (0) 50 550-0  |  F +43 (0) 50 550-2201  |  office@ait.ac.at  | www.ait.ac.at  |   36 

 

Table 10. Frequency of deviation from true costs per agent and scenario. 

 
Note, however, that this indicator does not provide information on how aggressively an agent bids, i.e. to which 

extent the bid price deviates from the opportunity costs. This information can be observed in bid price duration 

curves on page 37, using the example of agent #2. Similar effects are observed for the other hydro-based 

generators. 

 

A caveat of the model design is that hydro-based BSPs either place a full bid or zero, i.e. cannot bid volume 

in small increments and e.g. create a situation where 99% of all available capacity is bid low and 1% at a high 

price, creating a windfall profit. A more detailed investigation of the effect of bid volume granularity would be 

an interesting subject of future work (see also Chapter 5.4 for a full list of suggestions). 

 

Unlike previous cost-based scenarios, new technologies in these scenarios are often no longer fringe.  

 

A closer comparison of the scenarios with true-cost bidders with a scenario with several RL agents in Figure 

26 shows that the marginal prices in the latter case are slightly lower 92% of all times: 

 

 
Figure 26. Price duration curves in all-true-cost scenario (3TC_hyro_2TC_new_mp) and the scenario with a several reinforcement learning 

agents (1RL_hydro_2TC_2RL_new_mp). 
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Bid price curve of agent #2 in hydro-only scenarios (left) and in the scenarios with new market entrants (right) 
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In addition, daily price development shows that while prices in the two scenarios are virtually the same in off-

peak hours, in the true-cost scenario they are often higher in peak hours. See for example a week in September 

in Figure 27 vs. Figure 28. 

 

 
Figure 27. FCR-N price development in modelled September 2019 in scenario 1RL_2TC_hydro_2RL_new_mp 

 

 
Figure 28. FCR-N price development in modelled September 2019 in scenario 3TC_hydro_3TC_new_mp. Encircled areas point to the 

off-peak periods with high prices. 

 

This outcome is motivated by the fact that a true-cost bidder cannot shift its available volume into other price 

bands. The RL agents besides being able to choose a bid price might also decide to bid more or less in a 

given band. Specifically, in the example of September 18th at 13:00 (see Figure 27) bidder #2 shifted all of its 

capacity in the medium band to the cheap band (in anticipation of lower prices during a peak period). In both 

cases the bid capacity was awarded, yet in the scenario with true-cost bidders the volume was not enough to 

cover the demand, so two generators had to be activated, leading to a 30% marginal price increase.  
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Despite bidding lower in peak periods, the overall strategy of hydro-based agent #2 leads to a considerably 

higher profit in the scenario (approx. 4M€ vs. 6M€, Table 11) where it can use learning to maximize profit, 

which is partially achieved by redistributing capacity among the three price bands.  

 

Table 11. Agents' profits per scenario in Block 3. 

 
 

To summarize, in this block of scenarios we show that new entrants do manage to dilute market concentration. 

More importantly, the incumbent hydro-based BSPs are not simply pushed out of the market. Instead, they are 

consistently incentivized to bid closer to their true costs, which is a clear change of strategy compared with the 

hydro-only scenarios.  

 

New actors stand in competition not just to the hydro-based BSPs but also to each other and the storage agent 

does not seem to affect market outcome much and accounts only for a marginal share of system costs. That 

is not to say that it is ‘too expensive’ as it does get awarded rather frequently, yet it bids only in off-peak periods 

and its costs are still higher than those of wind generators. Wind market actors, in turn, manage to obtain about 

a fifth of the market share (although it varies greatly due to wind availability) and impacts the market the most. 

High wind variability seems to produce an additional risk factor prompting other agents to bid more 

conservatively. Under these circumstances, tacit collusion among the BSPs that could be observed in the 

hydro-only scenarios (3RL_hydro_pab/mp) no longer possible. 

 

All in all, we demonstrate that bid volumes play a crucial role in price formation on par with bid prices and the 

effect of increased competition is clearly observable. Applying marginal pricing, lower system costs can be 

achieved. Finally, market performance is more robust with the entry of new agents since the relevance of the 

possibility to bid strategically is substantially lower as marginal differences in system costs among the 

scenarios with new market actors show.  
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5 DISCUSSION  
 

In this report, we have shown that the market outcome is produced through a complex interaction of market 

design, market actors as well as technological landscape and the levels of competition. Given a relatively small 

size of the FCR-N market the latter component is even more relevant.  

 

In this Chapter, we present a more detailed analysis of the model results and their implications for the research 

questions posed in this project from the point of view of the three components mentioned above.  

 

5.1 Market design 
 

Based on theory and empirical evidence, the Swedish FCR-N market design already possesses a number of 

characteristics that on the one hand encourage a more competitive behavior and that, on the other hand, 

would allow smaller, more distributed market actors and technologies to participate.  

 

For instance, the minimum bid size of 0.1MW allows for a very high bid granularity and would be possible for 

even small-scale BSPs to fulfill. Secondly, balancing capacity auctions are usually characterized by a very low 

frequency (e.g. monthly in the Netherlands or even yearly in France). Daily auction frequency in the Swedish 

FCR-N market makes it possible for BSPs to have a much better estimation of their flexibility potential on a 

given day. This estimation can then be further updated in D-1 timeframe after the DA market result is already 

known. Finally, the exchanges of FCR-N reserves with the rest of the Nordic region do not only allow to expand 

the pool of available resources. It also introduces a certain degree of demand flexibility since a share of FCR-

N could be procured elsewhere.  

 

Yet, as we show with the help of the simulation results, such a design still does not fully inoculate the market 

from potential strategic bidding. With slightly over a dozen BSPs and a few of them having a relatively large 

market share, the market remains fairly concentrated. Certainly, if in such conditions marginal pricing is 

introduced, it is likely to lead to adverse consequences for the market efficiency and its costs.  

 

Furthermore, the current reliance on a single technology for FCR-N provision makes the market and the system 

as a whole extremely prone to this sole technology’s constraints and operational specificities. The year 2018 

with a challenging hydrological situation and its strong effect on the FCR-N market exemplifies this point well. 

At the moment, cost-based bidding also relies on a hydro technology-specific cost calculation methodology, 

which de facto restricts access to other viable technologies even though they could easily fulfill the market 

rules. In addition, information asymmetries when it comes to cost estimation (and audit) of individual 

technologies are unavoidable and their truthfulness cannot be fully controlled by the TSO.  

 

These aspects cannot be solved through market design alone and require additional measures to diversify the 

landscape of BSPs. In this context, it becomes crucial to adapt and define new product specifications for FCR-

N that would be specific enough and feasible for new entrants to comply with. 

 

Asymmetric bidding 

 

In the Swedish FCR-N market, symmetrical bidding is used. As a result, market actors do not have to face a 

decision of which of the two directions, upward or downward they submit their available capacity to. So as long 

as the (expected) FCR-N prices are high enough, i.e. higher than DA market prices, the actors have an 

incentive to bid all the available capacity in the balancing capacity market respecting minimum load 
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requirements and possible activation in either direction. Based on the latter, however, the total band of 

available capacity will be lower than the capacity that would have been available in one direction only.  

 

There are several arguments for and against symmetric bidding. 

 

Pros:  

1) Simpler structure and a lower overhead as one auction is used instead of two. 

 

2) Balancing procurement can end up being cheaper if the risk of strategic bidding is high. This is particularly 

true for balancing energy. However, empirical evidence from other EU countries shows non-zero prices for 

negative balancing capacity as well even when actors technically face zero opportunity costs from reducing 

output. 

 

3) Procured volume is effectively two times smaller than in asymmetric bidding since flexible volume in both 

directions is paid for once. 

 

Cons:  

1) In order to provide a symmetric product, a BSP needs to ensure in advance at all times that he or she 

participates in the DA market, yet not running at full capacity, which might not be the best strategy from the 

point of view of allocative efficiency.  

 

2) Participation is more complicated for small-scale providers and variable RES. In particular in the Swedish 

context, where the potential of wind generation for the provision of FCR-N seems to be the highest as well as 

its expected effect on market results, allowing bid submission in one direction only may allow wind generators 

to provide more flexibility to the market. Conversely, low hydro production creates high FCR-N prices due to 

the fact that at times of low production, the availability of downward flexibility is low, which is yet needed to 

offer a symmetrical product. If asymmetric bidding were allowed, this requirement would not hold: this would, 

for instance, make a better use of wind generation for downward and of hydro generation for upward regulation.  

 

Introduction of asymmetric bidding would, on the other hand, increase decision-making complexity as an actor 

needs to make an explicit decision about which direction to bid its flexibility in or whether to split it in some 

way. This more complex market-actor interaction can be analyzed in more detail in the future to quantify the 

effect of this design change and anticipate potential pitfalls (see Chapter 5.4 for the full list of suggestions for 

future work).  

 

5.2 Agent landscape and behavior 
 

We show that allowing free bidding does significantly affect FCR-N market results. Good trading opportunities 

are obtained as the FCR-N market is relatively small compared to the DA market making it easier to learn and 

to control market outcome, in particular when only three large players are present.  

 

Diversification of the agent landscape meant that the market outcome is no longer purely dependent on the 

operational specifics of hydro power. Figure 29 shows that, in addition, the price curve flattens and shifts 

downwards in the scenario with new entrants. 
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Figure 29. Comparison of the marginal prices in the baseline hydro-only scenario (top) and the scenario with new market entrants using 

marginal pricing (bottom) shows a noticeable decrease in particular in higher price periods. 

 

A closeup on a single month (Figure 30) makes this change even more evident. The price levels in both peak 

and off-peak changed. In the hydro-only scenario (3TC_hydro_pab), the off-peak prices were oscillating 

between 90€/MW and slightly over 100€/MW whereas peak prices lingered around 60€/MWh. In the scenario 

with new entrants (3TC_hydro_2TC_new_mp), the off-peak prices were around 80€/MWh while off-peak 

prices were between 40€/MW and 60€/MW and below 30€/MWh in some cases.  

 

On the other hand, in a largely homogenous BSP landscape (hydro-dominated in this specific case), the 

bidding strategy of the dominating technology is observable and other (non-hydro) actors might be tempted to 

adjust their strategy to that of hydro-based bidders rather than revealing their own true costs. For instance, the 

prices are currently highly dependent on the production levels of hydro power plants: these are negatively 

correlated with FCR-N prices. Other technologies then might be tempted to orient – at least to an extent – their 

bidding behavior to that of hydro bidders. 

 

This is one of the reasons why in the last block of scenarios with new entrants it was important to move away 

from the assumption that all agents would necessarily reveal their true costs. In the scenarios with lower 

volumes of new technologies it was reasonable to assume true-cost bidding behavior. Yet, in the last group of 

scenarios where high shares of storage and wind were assumed, we did not uphold the assumption that new 

entrants would necessarily always bid competitively although these do tend to exhibit a more competitive 

behavior as compared to hydro-based agents. 
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Figure 30. Marginal FCR-N prices in scenario 3TC_hydro (top) and 3TC_hydro_2TC_new (bottom), modelled results for September 2019. 

 

We show, however, that even though agents, including new entrants, do occasionally deviate from cost-based 

bidding, this tendency decreased significantly in comparison with hydro-only scenarios and leads to an overall 

more cost-efficient FCR-N procurement. 

 

If we assume that hydro-based BSPs are currently bidding at cost, then, by introducing free bidding, prices are 

only going to increase, requiring additional measures. Results show that as much as free bidding has an effect 

on the market outcome, we identify an equally large effect of bid volumes on FCR-N prices. This was in 

particular illustrated in the hydro-only scenario with all profit-maximizing bidders, 3RL_hydro_mp, in which the 

bidding and pricing changed but the agents remained the same. A concentrated market environment creates 

opportunities for tacit collusion observable in these scenarios, in which agents jointly push the price upwards. 

The agents obtained windfall profits not as much by bidding substantially higher but rather by withholding 

capacity. In contrast, under pay-as-bid pricing (scenario 3RL_hydro_pab), the agents had a noticeably higher 

incentive to bid above their opportunity costs. At the same time, withholding capacity is less sensible under 

pay-as-bid pricing and indeed in the simulation scenarios with pay-as-bid pricing, the amount of withholding 

was minimal. Yet, due to the cost structure of hydro bids and the division into highly diverging price blocks, 

withholding of even a few MW of capacity from the market could produce a spike of several hundred euro.  

 

To compare this outcome with the scenarios with new market entrants, sufficient capacity is almost always 

available in the market to offset potential withholding leading to much more stable prices.  
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It is important to point out that in the cost-based bidding scenarios we assume that cost-based bidding BSPs 

do not just bid their true costs but also all their available volume. However, the results of scenarios with new 

market entrants have shown, among others, that such a true-cost scenario is not necessarily the most 

competitive scenario if a lot of expensive capacity is bid into the market. This argument can be explained by 

way of an example. Suppose a hydro-based BSP places 3 bids, low, medium and very high, corresponding to 

its total available capacity. A storage-based BSP places a bid that is higher than the low bid but lower than the 

medium bid. Due to marginal pricing, an agent in a scenario with reinforcement learning may choose to move 

all the volume to the cheapest price band (as this would guarantee the highest payoff) and instead of the 

medium-high bid being activated, the bid of the storage agent – the next in the merit order – is activated. 

Alternatively, an agent might bid in the low and high price bands instead of the medium band to hedge its 

position if higher prices are expected. Another alternative scenario, in which an agent would bid in the more 

expensive price bands only and nothing in the cheap one would be counterproductive. First, the agent is not 

exposed to only one bid of competition (in our example, storage) but there are other actors that could easily 

cover the demand instead. Note that in all scenarios available FCR-N supply is always larger than demand. In 

addition, agents’ opportunity costs are largely different, i.e. the cheapest bid in a high markup might still be 

lower than a medium-priced bid.  

 

Effect of model assumptions on model results 

 

The ability of model agents to shift all their bid volume in the cheapest band (if they have a choice) is a model 

assumption that exemplifies the effect of bid volumes or capacity withdrawing on the market. It is true that in 

reality, technical constraints of hydro power plants limit the amount of MW that could be offered at the low 

price. The model results however are still valid:  

1) Since agents are allowed to deviate from their actual costs, they can bid a large chunk of the volume 

in the lowest price band with a markup. This means that the provided flexibility will not be that ‘cheap’ 

after all.  

2) In reality, BSPs place a substantially higher number of bids on average whereas in the model they can 

place a maximum of three bids. Thus, the results can be interpreted in such a way that the more 

expensive bids that these BSPs would have placed in reality would have ended outside of the merit 

order and therefore would not have had an effect on the market outcome.  

3) Moving all of the available volume into the cheapest band could be seen as some sort of a block bid 

(which are left out of the scope due to their complexity) or other form of conditional/grouped order. 

This can be illustrated by way of an example: Assuming the “first MW” to be the most expensive, 

imagine a BSP placing three bids (assuming none of those is the marginal bid): 

a. 5 MW at a price of 100 EUR/MW 

b. 15 MW at a price of 60 EUR/MW 

c. 30 MW at a price of 30 EUR/MW 

Bid (b) can only be accepted while accepting (a) and for the TSO to use bid (c) bot of the previous 

bids need to be (fully) awarded. This results in an overall sum of 50 MW and 2300 EUR for the whole 

amount (or 46 EUR/MW on average). This kind of behavior is not easily achieved by a non-RL true-

cost bidder. But, one of our agents could decide on cancelling their medium- and high-band, moving 

all its capacity (assume this is 50 MW over all bands for our example) into the low band (assume a 

true-cost of 36.8 EUR/MW), place a markup on its true-cost (assume this to be 25%) and therefore 

place a bid with 46 EUR/MW for 50 MW. This essentially mimics the given real-world example that 

facilitates conditional orders using a single non-conditional order and our RL framework. 

 

In the model, the agents are assumed to be in the D-1 timeframe, i.e. the two bidding periods, D-2 and D-1, 

have been aggregated in the model. The actual possibility of bidding in the after-DA-market phase raises the 
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question of opportunity costs. Technically, these will depend on the value of water and on the intraday market 

as in D-1, the DA market already closed so there are no other commercialization opportunities. It raises the 

question of whether it is at all justified to use the market price as a proxy for opportunity costs in D-1, especially 

if the Swedish ID market is illiquid. 

 

In addition, although in the D-1 auction, the BSPs already know the DA price and the market outcome, it is 

only true under the assumption of perfect allocative efficiency. Allocative efficiency signifies the efficient 

distribution of flexibilities among different markets, e.g. that only the most expensive generators participate in 

the balancing market whereas the plants that are inframarginal in the DA market, are allocated there. Such an 

outcome cannot necessarily be guaranteed in practice as the two markets are not co-optimized. Instead, it is 

up to individual BSPs to determine the allocation of flexibility to different markets based, among others, on 

their price expectations. Since regulation in both directions must be provided, the BSP inevitably faces the 

decision what amount of capacity to submit to the BC market prior to the gate closure time (GCT) of the DA 

market. The bid price, however, can be adjusted based on the actual DA market price.  

 

In reality, market actors can provide a number of balancing products and, given limited flexibility, will have to 

make a strategic decision as to how this flexibility can be best distributed among them. Such considerations 

as expected balancing capacity and energy prices or the probability of being awarded in the respective 

marketplaces will play a significant role in the actors’ decisions. The interactions between interdependent 

bidding strategies in several markets lends itself to an analysis using collaborative reinforcement learning and 

could be investigated in the future (see Chapter 5.4 for the full list of suggestions for future work). 

 

5.3 Effect of growing competition 
 

The answer to the effect of growing competition on market efficiency is less straightforward than it can appear. 

For instance, if the volume of a competing technology is high but the costs are relatively expensive then, 

despite the former, its ultimate effect on the market (or other actors’ strategies) will be marginal. 

 

Given rather high rungs of the bid price ladder in the FCR-N market, relatively small changes in individual bid 

volumes can cause serious price spikes, as was shown in the simulation results. Therefore, it is more relevant 

to identify how often the most expensive bids end up out of the merit order as compared to business-as-usual. 

Consequently, in the view of the intention to increase competition, it is important to understand how much new 

capacity is needed in order to push the most expensive bids out of the merit order. The answer will depend on 

the technology and its cost structure but will also differ, for instance, due to additional effects of the time of day 

and seasonalities. 

 

In our scenarios, for instance, battery storage agents reduce the influence of the most expensive hydro 

generators only in off-peak hours according to the bidding assumptions, whereas wind generation has a higher 

impact during peak hours. Therefore, in the simulated scenarios, it was essential to consider not a single 

technology but a combination thereof. Based on the analysis conducted in the previous chapter we concluded 

that approximated 150 MWh of battery storage and 1500MW of wind generation would be necessary to dilute 

potential market power in the market, given model assumptions.  

 

In different scenarios with new market entrants, the share of system costs resulting from committing battery 

storage did not reach more than 5% whereas for wind generators this share varied between 2.5% and 21%. 

This means that hydro generation will likely play an important role in the future FCR-N market. Yet, the 

presence of other bidder types did seem to have an effect on hydro-based bidders in three ways: 
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1) Highly volatile wind availability and ergo, bid volume creates a large market uncertainty, prompting 

strategic bidders to stick to their true opportunity costs much more often. As a result, new entrants to 

an extent bind the ability of the incumbents to influence the marginal price.  

2) The occurrences of capacity withholding fell significantly as compared to hydro-only scenarios. 

3) Slight differences in system costs in all scenarios with new entrants demonstrate the reduced effect 

of strategic bidding on the final outcome. 

 

Despite these positive results, it is clear that they will not materialize overnight. Current shares of battery 

storage in the Scandinavian region remain low and are unlikely to expand very fast. Besides, depending on 

the exact bidding strategy and the link to specific generation technologies, storage can end up placing higher 

or lower bids. The share and effect of wind generation on the FCR-N market is likely to become quite 

significant. We assumed that, given the current installed capacity of approximately 9 GW, it is fair to assume 

that a tangible share (but not all) of wind generation would enter the FCR-N market is the prequalification 

requirements are feasible for it to fulfill. As our results show, wind generation can at least in some hours cover 

a large share of the required FCR-N capacity and generally lower costs of wind generation may facilitate price 

discovery. Highly variable wind generation implies that in many hours its available volume – even in aggregate 

– would remain marginal. However, such volatility also creates risks for the incumbents incentivizing a more 

risk-averse strategy.  

 

Even assuming that actors do not interact directly, their interaction is manifested indirectly through participation 

in a market and a reaction towards “jointly created” market outcomes. Playing this repeated game, actors do 

not only have to form assumptions about the expected market outcome (mainly price) but also (expected) 

strategies that other actors may follow. Specifically, this lack of full information and certainty “bounds” market 

actors’ rationality making them more likely to come up with decisions that would deviate from a theoretical 

economic optimum.  

 

On the other hand, it is a very strong assumption that all actors have the same attributes. In fact, in the energy 

sector they will differ by their attitude to risk, size (linked to the former), portfolio type and how flexible it is. 

Technological and regulatory change add yet another level of uncertainty to the participants’ decision-making 

process.  

 

Market actors do not have full information about the market and other actors and in the face of uncertainty 

may not necessarily be aware of all potential options or choose the most optimal strategy is such a strategy 

may not be readily identified.  

 

Market design changes, like empirical evidence shows, always create price swings mainly caused by the 

adjustment of actor strategies. It is therefore fair to expect that especially new market actors but also existing 

actors within often changing market environment would use trial and error before an acceptable solution is 

found or frequent strategy changes. It can lead to outcomes highly deviating from efficient outcomes. This can 

create tangible price shocks (as has recently been experienced in the German aFRR and mFRR markets). 

This transition time before the market ‘settles in’ also creates fertile ground for market exploitation. In addition, 

empirical evidence shows again and again that changing market rules changes market actors’ strategies but 

does not necessarily make them more competitive, although some rules are more conducive to such behavior 

than others. For instance, in the model we showed that bid prices and, ergo, FCR-N prices are generally lower 

if marginal pricing is used.  
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However, we also showed that if the market itself remains concentrated; market design alone can hardly incite 

competitive behavior. Throughout the analysis we have emphasized the relevance of bid volumes and overall 

supply of balancing capacity. As a second factor, we also argued for the benefit of diversifying the technological 

pool of FCR-N providers. Therefore, having considered different possible adaptations of the pricing rule in the 

FCR-N market, we instead argue that safeguarding a surplus supply of FCR-N would be more efficient in 

absorbing potential shocks caused by market design changes. This can, for instance, be ensured by 

conducting the prequalification process of new technologies prior to introducing market design changes.  

 

Finally, another aspect that the experience of other EU balancing markets showed to have an impact on the 

BSPs is the information availability and particularly the timing of this availability. Since in the model learning 

agents are provided with numerous data points based on which they decide on the most profit-maximizing 

strategy, the available dataset can be adjusted in future simulations to observe the impact of available market 

data on agent bidding.  
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6 CONCLUSIONS 
 

The last few years have seen a growing rise in the costs of frequency containment reserve whereas the market 

is largely dependent of hydro generation and the hydrological situation. At the same time, the currently 

applicable cost-based bidding rule and pay-as-bid pricing arguably reduces the incentive of new market actors 

and resources to provide their flexibility to the FCR-N market. With growing decarbonization and 

decentralization trends, the transmission system operators recognize a high potential of new resources to 

provide FCR-N, such as wind generation or battery storage.  

 

The entry of new FCR-N market participants can arguably be encouraged through adjusting market design. 

This would include a change of the market model 1) from cost-based to free bidding and 2) from pay-as-bid to 

marginal pricing. The latter is expected to simplify the bidding process for new, smaller-scale participants. 

Despite the expected benefits of market design changes, these also create a risk of market power leading to 

higher system costs for the TSO and, as a result, for consumers.  

 

This report investigates and quantifies the effect of planned market design changes on the bidding behavior 

of market actors as well as their potential impact on the market outcome in the absence or presence of new 

market actors and technologies.  

 

For this purpose, multi-agent model with reinforcement learning, Elba-ABM, was adapted to the Swedish FCR-

N market. It has further been augmented with a detailed hydro module predicting the bidding strategies of 

hydro generation based on system, market and bid data. This allowed us to emulate the seasonal price 

developments in the FCR-N market with a great degree of precision. New market entrants were assumed to 

be agents with portfolios of wind generation and battery storage based on their technical properties. The profit-

maximizing behavior of the agents in the scenarios with free bidding was represented with the help of a custom-

made reinforcement learning algorithm. In this way, bidding strategies could be analyzed given a heterogenous 

actor landscape and avoid unrealistic assumptions of perfect information and competition.  

 

Simulation results confirmed the initial concerns that the change of market design to free bidding and marginal 

pricing would be detrimental for the overall market efficiency. It led to over doubling of FCR-N costs and 

significantly increased price volatility and occurrence of price spikes. The agents could jointly create a strong 

upward pressure on the FCR-N price. The results revealed that, in the model, the latter were not as much 

caused by large deviations from true opportunity costs but rather by a tendency to withhold capacity, especially 

the one in the most cost-efficient price band. 

 

If under cost-based bidding, other market actors are introduced, the costs of FCR-N procurement reduced by 

up to 12% as compared to the true-cost hydro-only scenario in which marginal pricing is used. The exact cost 

reduction depends on the simulated shares of battery storage and wind generation participating in the market. 

We show that, given model assumptions, the new entrants manage to compete with the incumbent agents and 

get awarded a substantial share of all times, yet hydro generation remains the dominant technology accounting 

for the bulk of system costs. The impact of storage is likely to be limited both due to relatively low expected 

volumes and higher costs, as compared to wind generation. The latter’s market presence largely depends on 

wind availability and therefore the impact on the FCR-N market results varies in significance: even with high 

total shares of wind, high volumes are bid only occasionally. 

 

Additional analysis was conducted to identify a reasonable high wind-high battery scenario that could be 

expected in the medium term. Assuming free bidding, i.e. that new entrants as much as the incumbents are 
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allowed to deviate from their true costs, and marginal pricing, the conducted analysis shows approximately 

1500 MW of wind and 150 MWh of storage can allow to bring system costs down to or below the baseline level 

(hydro-only cost-based scenario with pay-as-bid pricing). These shares of new technologies entering the FCR-

N market were used to assess their effect on the market outcome given the new market design, free bidding 

and marginal pricing. 

 

The results of the simulations with the shares of battery storage and wind under the new market design show 

a considerable improvement of the market performance. Although the share of hydro generation remains the 

biggest akin to the other scenarios, the share of new entrants can reach up to almost a fourth of the market 

size. In these circumstances, new entrants do not only exert downward pressure on the market prices. More 

importantly, increased competition coupled with additional risk from wind volatility, prompts all agents to 

moderate their bids. As a result, we show that all agents tend to bid their true costs more than 50% of all times 

and the rest of the time bid much closer to them, as compared to hydro-only scenarios. Furthermore, the slight 

differences in total system costs reveal the reduced significance of strategic bidding: these differences do not 

exceed 5% in the scenarios where different actors can potentially bid strategically. We also show that the use 

of marginal pricing in this last scenario cluster with more intense competition allows to bring system costs close 

to the baseline levels. Last but not least, the effect of bid volumes and capacity withholding in the scenarios 

with incumbent agents only is eliminated in the scenario with new market entrants. Considering the fact that 

bid volumes were shown to be a crucial factor in price formation, the measures ensuring surplus supply of 

FCR-N capacity from new entrants prior to the introduction of market design changes seems to be an essential 

step in ensuring a smoother transition to the new design.  
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